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ABSTRACT 

In this thesis, three methodological issues pertaining to the geochemical analysis and 

characterisation of stone tools were investigated. The first consisted of evaluating the 

potential of Portable X-Ray Fluorescence (PXRF) analysis as a means of characterising 

archaeological basalt adzes. Several of the methods currently used to analyse stone tools 

require the partial destruction of specimens and are comparatively expensive, factors 

which tend to impose limits on the quantity of specimens that can be analysed. In 

contrast, PXRF technology is relatively inexpensive and non-destructive. The initial 

testing of the PXRF instrument was unsatisfactory and found the in-built calibration 

software to be the main limiting factor. Substantially improved results were obtained by 

processing the raw spectra data independently. 

The second part of this study assessed multivariate methods of discriminating among 

volcanic stone sources. Two techniques, Discriminant Function Analysis (DFA) and 

Classification Tree (CT) analysis were examined. The implementation of CT analysis 

developed in this study incorporated Support Vector Machine (SVM) algorithms to 

determine optimum node divisions. Both of the techniques performed well. However, CT 

analysis was found to possess several advantages over DFA; it was more robust to 

unequal and skewed data distributions and the tabular and graphical results were 

conducive to interpretation and evaluation. 

The third part of this research involved applying the methodological findings to 

investigate the distribution of stone tools on the Marquesan island of Nuku Hiva in East 

Polynesia. Stone adzes collected from late-prehistoric (i.e., post — A.D. 1600) contexts at 

four valleys on Nuku Hiva were geochemically and morphologically analysed. The 

assemblages were found to have derived from six distinct stone sources, five local Nuku 

Hiva sources and one on Eiao, an island approximately 100 km to the north. Almost one-

half of the adzes were imported from Eiao and were common in all of the valleys. In 

contrast, tools made from local stone were not widely distributed far from their source 

areas. The morphological analysis found that, while the full range of forms were made 

from both local and imported materials, stone from Eiao appears to have been preferred 

for some adze forms that are thought to be functionally distinct. 

 

Keywords: archaeology; Marquesas; Polynesia; interaction; stone tools; geochemistry, 
PXRF; discriminant function analysis; classification tree; support vector machine  



 ii

ACKNOWLEDGEMENTS 

A great many people were instrumental in bringing this study to completion 

and I am grateful for the assistance that they have provided. First and foremost, I 

would like to thank Melinda Allen for inviting me to participate in her research 

project on Nuku Hiva and giving me the opportunity and inspiration to conduct this 

study. As my supervisor, Melinda’s enthusiasm and seemingly unlimited patience has 

never wavered, even when suffering through several ill-conceived drafts of these 

chapters. 

Peter Sheppard, my co-supervisor, is also thanked for sharing his extensive 

knowledge of geology and analytical chemistry and for offering useful feedback on 

my draft chapters. 

The staff and students of the Anthropology Department at the University of 

Auckland provided much appreciated encouragement and advice, especially Simon 

Holdaway, Rod Wallace, Roger Green, Bruce Floyd, Geoff Irwin, Tim Mackrell, 

Jeanette Remeka, Tony Fiske, Alice Storey, Andie Crown, Mara Mulrooney, Jen 

Huebert and Anneka Anderson. 

John Wilmshurst, at the University of Auckland’s Geology Department is 

thanked for instructing me on the preparation of samples for WDXRF analysis and for 

providing valuable advice on the WDXRF and PXRF instruments that were used in 

this study. 

 This research would not have been possible without the ongoing assistance 

and support of many members of the community at Nuku Hiva. In particular, Moetai 

Huioutu and Anne Ragu at Taioha‘e and Moetai’s family at Hatiheu, the 

Teikiehuupoko family — Mama Tehina, Papa Roger, Panui, Dadou, Sylvia and 

Keha—  have opened their homes to me and treated me like one of the family. I 

remain deeply indebted to them.  

Tuaki and Maia Vaianui have not only provided me with a second home at 

Anaho for many field seasons, but also, along with Moetai and Tioka, have shared 

Marquesan music with me. Tehetu and Tioka Puhetini and other members of the 

Vaianui family — Leo, Teiki, Louise, Coco and David — have also made my work at 

Anaho a very enjoyable experience.  

 

 



 iii

At Pua Valley, my field work was greatly assisted by the hospitality of the 

landowners, the Pahuatini family, particularly Mama Marie and Vincent. Iris Tetohu, 

Patrick Dourlet and Bobi Tetohu are thanked for allowing me to work on their 

property at Hakaea Valley and for providing hospitality. The Mayors on Nuku Hiva, 

Yvonne Katupa at Hatiheu and Benoit Kautai at Taioha‘e, are also thanked for 

providing support. 

Over the course of several field seasons on Nuku Hiva, a number of friends 

and colleagues have assisted with the work that is presented here and also engaged me 

in thought-provoking discussions; they include Melinda Allen, Panui Teikiehuupoko, 

Moetai Huioutu, Tehetu Puhetini, Tioka Puhetini, Patrick Allen, David Addison, 

Andie Crown, Jen Huebert, Ella Ussher, Victoria Wichman, Randy Wichman, Pierre 

Ottino and Paul Niva. In particular, Moetai and Panui have been instrumental to this 

study, not only by facilitating my own field work but also by making the wider 

Marquesan community aware of some of the potentials offered by archaeology. 

Tamara Maric and Belona Mou at the Service de la Culture et du Patrimoine 

of the Ministére de la Culture de Polynésie Française have provided invaluable 

assistance facilitating the field work. Tamara is also thanked for providing reference 

samples from the Terre Deserte quarry site on Nuku Hiva for analysis.  

John Sinton, from, the Department of Geology and Geophysics,  

University of Hawai‘i at Mānoa, graciously shared unpublished geochemical data 

from Eiao, and for this I am grateful. Michel Charleux is also thanked for discussing 

his work on Eiao with me. 

This research was primarily funded by a University of Auckland Doctoral 

Scholarship. Grants from the University of Auckland, Faculty of Arts Research Fund, 

the Department of Anthropology and the Royal Society of New Zealand, Skinner 

Fund provided additional funding for field work and geochemical analysis. This work 

has also benefited in no small measure from Allen’s larger research project in the 

Marquesas. Ergo Consulting is thanked for providing the use of their printing 

facilities. 

Finally, and most importantly, I would like to thank my partner, Carla. This 

work would not have been possible without her sustained support and understanding. 

 



 iv

TABLE OF CONTENTS 

 
CHAPTER 1 — INTRODUCTION 

 
1.1 Introduction ..................................................................................................... 1 
1.2 The aims of this study ...................................................................................... 2 
1.3 Approaches to identifying interaction in Polynesia ........................................... 5 

Materials ............................................................................................................ 5 
Analytical techniques ......................................................................................... 7 

1.4 The structure of this thesis .............................................................................. 11 
 
CHAPTER 2 — BACKGROUND TO THE STUDY AREA 

 
2.1 Introduction ................................................................................................... 14 
2.2 Environmental and geological background ..................................................... 15 
2.3 Ethnographic background to study area .......................................................... 20 

Historical sources ............................................................................................. 20 
Regional variation ............................................................................................ 23 
Social structure ................................................................................................ 23 
Trade ............................................................................................................... 29 
Summary ......................................................................................................... 34 

2.4 Archaeological background to the study area.................................................. 34 
Settlement Period ............................................................................................. 38 
Developmental Period ...................................................................................... 38 
Expansion Period ............................................................................................. 39 
Classic Period .................................................................................................. 40 
Archaeological evidence of interaction ............................................................. 41 

2.5 Summary ....................................................................................................... 42 
 
CHAPTER 3 — FIELD WORK 

 
3.1 Introduction ................................................................................................... 43 
3.2 Approaches to the field work.......................................................................... 44 

Selection of locations ....................................................................................... 44 
Surface collections ........................................................................................... 45 
Artefact visibility ............................................................................................. 47 
Selection of specimens ..................................................................................... 48 
Sampling methods............................................................................................ 49 

3.3 Field work ...................................................................................................... 50 
Hakaea Valley.................................................................................................. 50 
Pua Valley ....................................................................................................... 55 
Anaho Valley ................................................................................................... 60 

Excavated specimens ................................................................................... 61 
Hatiheu Valley ................................................................................................. 62 
Summary ......................................................................................................... 68 

3.4 Reference specimens ...................................................................................... 68 
3.5 Summary ....................................................................................................... 81 

 
 



 v

CHAPTER 4 — X-RAY FLUORESCENCE METHODS 
 
4.1 Introduction ................................................................................................... 82 
4.2 Wavelength dispersive X-ray fluorescence ..................................................... 83 
4.3 Portable energy dispersive X-ray fluorescence ............................................... 84 

Initial testing of the PXRF instrument .............................................................. 88 
4.4 X-ray fluorescence principles ......................................................................... 95 
4.5. Calibration of the PXRF spectra .................................................................... 99 

Noise reduction .............................................................................................. 102 
Normalisation ................................................................................................ 107 
Background continuum estimation ................................................................. 113 
Measuring peak intensity ............................................................................... 122 
Calibration methods ....................................................................................... 128 
Summary ....................................................................................................... 137 

4.6. Summary .................................................................................................... 139 
 
CHAPTER 5 — GEOCHEMICAL PROVENANCING METHODS 

 
5.1 Introduction ................................................................................................. 141 
5.2 Previous provenancing methods ................................................................... 142 
5.3 Multivariate methods ................................................................................... 144 
5.4 Discriminant Function Analysis ................................................................... 149 

Multivariate normality ................................................................................... 150 
Homogeneity of variance ............................................................................... 151 
Multicolinearity ............................................................................................. 151 
Group sample size .......................................................................................... 151 
Number of groups .......................................................................................... 152 
Variable selection .......................................................................................... 152 
Probabilities ................................................................................................... 154 
Data transformation ....................................................................................... 158 
Examination of data distributions ................................................................... 162 
Summary ....................................................................................................... 171 

5.5 Classification Tree analysis .......................................................................... 171 
Archaeological applications of classification tree analysis .............................. 172 
Classification tree implementations ................................................................ 173 
Advantages and limitations of classification tree analysis. .............................. 174 
Bivariate approaches ...................................................................................... 177 
Support Vector Machine analysis. .................................................................. 182 
SVM function algorithms ............................................................................... 185 
Variable selection .......................................................................................... 185 
Cost parameter (C) ......................................................................................... 188 
Unequal sample size ...................................................................................... 191 
Data scaling ................................................................................................... 191 
Multiple classes ............................................................................................. 191 
Validation ...................................................................................................... 193 
Summary ....................................................................................................... 194 

5.6 Summary ..................................................................................................... 196 
 
 
 



 vi

CHAPTER 6 — ANALYTICAL APPROACHES TO PROVENANING 
 
6.1 Introduction ................................................................................................. 197 
6.2 The reference dataset.................................................................................... 197 

Data from geological studies .......................................................................... 198 
A regional dataset .......................................................................................... 200 
Combining data from different sources........................................................... 204 

6.3 Analytical approaches .................................................................................. 206 
Geographical units of analysis ........................................................................ 206 
Preliminary examination of the data ............................................................... 209 

6.4 Summary ..................................................................................................... 219 
 
CHAPTER 7 — GEOCHEMICAL PROVENANCING RESULTS 

 
7.1 Introduction ................................................................................................. 220 
7.2 Analysis of the WDXRF dataset ................................................................... 220 

Analysis at the geographical scale of archipelago ........................................... 221 
Classification Tree analysis ........................................................................ 221 
Discriminant Function Analysis ................................................................. 240 
Principle Components Analysis .................................................................. 245 
Summary.................................................................................................... 245 

Analysis at the geographical scale of island .................................................... 247 
Classification Tree analysis ........................................................................ 247 
Discriminant Function Analysis ................................................................. 251 

Analysis within Nuku Hiva ............................................................................ 251 
7.3 Analysis of the PXRF dataset ....................................................................... 259 

Analysis at the geographical scale of archipelago ........................................... 259 
Classification Tree analysis ........................................................................ 259 
Discriminant Function Analysis ................................................................. 260 

Analysis within the Marquesas Islands ........................................................... 270 
Classification Tree analysis ........................................................................ 271 
Discriminant Function Analysis ................................................................. 280 

Examination of the specimens assigned to northern Nuku Hiva ...................... 295 
Summary ....................................................................................................... 296 

7.4 Discussion.................................................................................................... 298 
Comparison of results .................................................................................... 298 
Confounding factors ....................................................................................... 301 

Missing data ............................................................................................... 301 
Absent sources ........................................................................................... 303 
Sample size ................................................................................................ 303 

7.5 Summary ..................................................................................................... 304 
 
CHAPTER 8 — MORPHOLOGICAL ANALYSIS 

 
8.1 Introduction ................................................................................................. 307 
8.2 Approaches to artefact analysis .................................................................... 308 

Attributes and attribute states ......................................................................... 311 
Summary ....................................................................................................... 313 

8.3. Nomenclature .............................................................................................. 313 
8.4 Review of Marquesan adze studies ............................................................... 317 



 vii

Summary ....................................................................................................... 334 
8.5. Descriptions of the specimen attributes ....................................................... 336 
8.6 Analysis of the sample ................................................................................. 341 

Analysis of cross-section shape ...................................................................... 344 
Estimation of complete artefact size ............................................................... 345 
Examination of the Bevel Attributes............................................................... 350 

Bevel angle ................................................................................................ 350 
Cutting edge width ..................................................................................... 356 
Cutting edge curvature. .............................................................................. 357 

Examination of the triangular specimens ........................................................ 362 
Examination of other cross-section shapes ..................................................... 371 
Summary ....................................................................................................... 377 

8.7 Summary ..................................................................................................... 382 
 
CHAPTER 9 — ANALYSIS OF THE RESULTS 

 
9.1 Introduction ................................................................................................. 383 
9.2 Spatial distributions...................................................................................... 384 
9.3 Morphological analysis ................................................................................ 393 

Manufacturing stage ....................................................................................... 393 
Adze form ...................................................................................................... 396 
Adze size ....................................................................................................... 400 

    Summary ....................................................................................................... 403 
9.4 Excavated specimens ................................................................................... 408 
9.5 Discussion.................................................................................................... 410 

 
CHAPTER 10 — CONCLUSIONS 

 
10.1 Introduction ............................................................................................... 417 
10.2 Evaluation of the PXRF analysis ................................................................ 419 
10.3 Source discrimination methods ................................................................... 422 

Discriminant Function Analysis ..................................................................... 423 
Classification Tree analysis ............................................................................ 424 
Summary ....................................................................................................... 426 

10.4 Discussion of the substantive results .......................................................... 427 
10.5 Suggestions for future research................................................................... 431 

 

APPENDIX 1 — WDXRF GEOCHEMICAL DATA ............................................ 433 

APPENDIX 2 — PXRF GEOCHEMICAL DATA ................................................ 445 

REFERENCES ...................................................................................................... 457 

 



 viii

LIST OF FIGURES 
 

2.1. Map of the Pacific Ocean showing the position of the Marquesas Islands .......... 16 
2.2. Map of the Marquesas Islands ........................................................................... 17 
2.3. Geological map of Nuku Hiva ........................................................................... 19 
2.4. Map of Nuku Hiva showing the localities discussed in the text.. ........................ 22 
2.5. Comparison of temporal sequences for Marquesan prehistory. .......................... 36 
3.1. Map of the Hakaea survey area. ........................................................................ 52 
3.2. Map of the Pua survey area. .............................................................................. 57 
3.3. Map of the Anaho survey area. .......................................................................... 63 
3.4. Typical stratigraphic profile from excavations at the Teavau‘ua coastal flat ...... 64 
3.5. Map of Nuku Hiva showing the locations of the reference specimens................ 70 
3.6. Outcrop of dyke-stone near Structure 92. .......................................................... 73 
4.1. Innov-X Alpha 4000 series PXRF analyser mounted in test stand. .................... 87 
4.2. Comparison of EDXRF reported values to WDXRF values after calibration. .... 90 
4.3. Comparison of EDXRF reported values to WDXRF values after calibration 
  using fusion discs. ........................................................................................... 94 
4.4. The principles of X-ray fluorescence. ................................................................ 96 
4.5. The principle components of an EDXRF X-ray spectrum. ................................. 97 
4.6. PXRF spectra of a typical of basalt, produced by the Innov-X analyser ........... 100 
4.7. Example of moving average smoothing applied to a Sr Kα peak. ..................... 103 
4.8. Example of 9-point polynomial smoothing on a single point of a Sr Kα peak ... 104 
4.9. The effect of moving average and 2nd order polynomial smoothing 
  using different numbers of points. ................................................................. 106 
4.10. Linear regressions for Sr Kα height: a) raw peak heights; b) normalised 
  to Compton peak scattering of Ag Kα line. .................................................... 112 
4.11. Linear interpolation of background. BL and BR are portions of background 
   either side of the peak of interest. ................................................................. 114 
4.12. Examples of 3rd, 4th and 6th order polynomial background fitting. ............... 115 
4.13. Comparison of peak stripping methods due to Clayton et al. (1987) 
   and Van  Espen (2002). ................................................................................ 119 
4.14. Linear regressions based on peak heights using different methods 
   of background estimation ............................................................................. 120 
4.15.  Example of fitting a Gaussian over a peak .................................................... 124 
4.16. Linear regressions for Sr using normalised peak height (left), integrated 
   peak area calculation (middle), and fitted Gaussian peak area (right). ........... 126 
4.17. Linear regressions for K, Ca and Ti ............................................................... 127 
4.18. Linear regressions for K, Ca, Ti and Fe ......................................................... 132 
4.19. Linear regressions for Cr, Mn, Ni, Cu and Zn ................................................ 133 
4.20. Linear regressions for Rb, Sr, Zr and Nb. ...................................................... 136 
5.1. Plot of P2O5 versus log10(Ti2O/Fe2O3) for: a) reference samples, and b) 

archaeological specimens. .............................................................................. 143 
5.2. Example of a pentagonal scatterplot used to display five variables 
 simultaneously . ............................................................................................. 146 
5.3. Example of the method used to partition groups in DFA ................................. 157 
5.4. Example showing the effect of logarithmic transformation. ............................. 159 
5.5. Example of a classification tree generated using SYSTAT’s expanded mode. . 178 
5.6. Examples of bivariate node splitting procedures .............................................. 180 



 ix

5.7. Examples of the division of bivariate feature space into quadrants. ................. 187 
5.8. Examples of SVM models using different values for the cost parameter. ......... 190 
6.1. Silica versus total alkali plots: a) shows reference samples by archipelago; 
  b) shows reference samples in grey and archaeological samples in red. ......... 211 
6.2. Scatterplots of: a) CaO versus Al2O3 and, b) TiO2 versus P2O5. ....................... 214 
7.1. Scatterplots of the two highest-scoring paired variables for the first 
  node split (Node 1). ....................................................................................... 223 
7.2. Scatterplots of SiO2 against K2O showing the results of SVM analysis ............ 224 
7.3. Scatterplots of the two highest-scoring paired variables for the second 
  node split (Node 3). ....................................................................................... 228 
7.4. Scatterplot of SiO2 against CaO showing the results of SVM division of  
  Node 3 onto Nodes 4 and 5 ........................................................................... 229 
7.5. Scatterplots of the two highest-scoring paired variables for the third 
  node split (Node 5). ....................................................................................... 231 
7.6. Scatterplots showing the results of SVM division of Node 5 into 
  Nodes 6 and 7: .............................................................................................. 233 
7.7. Scatterplots of the two highest-scoring paired variables for the fourth 
  node split (Node 7). ....................................................................................... 235 
7.8. Scatterplots showing the results of SVM division of Node 7 into 
  Nodes 8 and 9. .............................................................................................. 236 
7.9. Alternative bivariate split for Nodes 8 and 9 in Figure 7.8 ............................... 237 
7.10. Classification tree for the WDXRF dataset at a geographical scale 
  of archipelago ............................................................................................... 238 
7.11. Bivariate plots for the node splits for the classification tree shown in Figure 

7.10. ............................................................................................................... 239 
7.12. Scatterplots of the first three discriminant scores of the WDXRF dataset 
  grouped at the geographical scale of archipelago. .......................................... 244 
7.13. Scatterplots of the factor scores of principle components analysis of the 

WDXRF dataset grouped at the geographical scale of archipelago ................. 246 
7.14. Classification tree for the WDXRF dataset at a geographical scale 
  of island. ....................................................................................................... 248 
7.15. Bivariate plots for the node splits for the classification tree shown in 
  Figure 7.14. ................................................................................................... 249 
7.16. Scatterplot of alternative variables for separating samples from Nuku Hiva 
  and Eiao. ....................................................................................................... 250 
7.17. Scatterplots of the first two discriminant scores of the WDXRF dataset 
  grouped at the geographical scale of island. ................................................... 253 
7.18. Scatterplots of the elements used to demonstrate the separation of Eiao in 

previous Marquesan provenancing studies ..................................................... 254 
7.19. Scatterplots of the reference data and archaeological samples assigned to 
  Nuku Hiva. ................................................................................................... 257 
7.20. Factor scores from principle components analysis of reference data and  
  archaeological samples assigned to Nuku Hiva.............................................. 258 
7.21. Classification tree for the PXRF dataset at a geographical scale 
  of archipelago. .............................................................................................. 261 
7.22. Bivariate scatterplots for the node splits for the classification tree shown in 

Figure 7.21. .................................................................................................... 262 
7.23. Scatterplot of the variables used to separate Nodes 4 and 5 in Figure 7.22, 
  using log10-transformed values for Ni ............................................................ 263 



 x

7.24. Scatterplot of the first two discriminant functions from the DFA analysis of the 
PXRF dataset ................................................................................................. 267 

7.25. Scatterplots of the discriminant functions from the DFA analysis of 
  the PXRF dataset after the removal of the Samoan data. ................................ 269 
7.26. Classification tree for PXRF dataset within the Marquesas Islands. ............... 272 
7.27. Bivariate scatterplots for the node splits for the classification tree shown 
  in Figure 7.26 ................................................................................................ 273 
7.28. Scatterplots of alternative variable pairs for splitting Node 3 into 
  Nodes 6 and 7 in classification tree shown in Figure 7.26. ............................. 276 
7.29. Scatterplots of alternative variable pairs for splitting Node 7 into 
  Nodes 12 and 13 in classification tree shown in Figure 7.26 .......................... 277 
7.30. Scatterplots of alternative method of splitting Node 13 into 
  Nodes 16 and 17 in classification tree shown in Figure 7.26 .......................... 279 
7.31. Scatterplots of the discriminant functions from the DFA analysis of 
  the PXRF dataset at a geographical scale of island ........................................ 282 
7.32. Scatterplots of the discriminant functions from the DFA analysis of 
  the PXRF dataset separating Eiao and Nuku Hiva ......................................... 285 
7.33. Scatterplots of the discriminant functions shown in Figure 7.32 using 
  SVM divisions .............................................................................................. 287 
7.34. Scatterplots showing the separation of the archaeological specimens ............. 288 
7.35. Scatterplots of the discriminant functions from the DFA analysis of the 
  PXRF dataset within Nuku Hiva ................................................................... 291 
7.36. Scatterplots of the discriminant functions from the DFA analysis of the 
  PXRF dataset within northern Nuku Hiva ..................................................... 294 
7.37. Scatterplots of a) Zr and log10(Cr) showing the archaeological specimens 
  assigned to north-east Nuku Hiva, and b) the first two principle components 
  of PCA analysis for the same dataset. ............................................................ 297 
8.1. Terminology commonly used for Polynesian adzes. ........................................ 315 
8.2. Common adze cross-section forms .................................................................. 316 
8.3. Histogram of front-to-back shoulder width ratios, showing Emory’s (1968) 

division points................................................................................................ 346 
8.4. Kernel density estimates using same data as Figure 8.3. .................................. 347 
8.5. Front to back shoulder width ratios (after Emory 1968) plotted against 
  shoulder thickness and shoulder index ........................................................... 348 
8.6. Ratios of front to back shoulder width ratios plotted against shoulder 
  thickness showing a division into three categories ......................................... 349 
8.7. Scatterplot showing the relationship between weight and cross-section area 
  for complete adzes and preforms ................................................................... 351 
8.8. Scatterplot showing the relationship between bevel angle and shoulder 
  index for adzes and preforms with distinct bevels .......................................... 355 
8.9. Scatterplots of a) shoulder thickness against cutting edge width (mm), and 
  b) shoulder index against the ratio of cutting edge width to shoulder width. .. 358 
8.10. Illustration of the methodology used to construct an index of cutting edge 

convexity. ...................................................................................................... 363 
8.11. Examples of cutting edge convexity for specimens with complete 
  cutting edges ................................................................................................. 364 
8.12. Histograms and KDE’s showing distributions of attributes measurable 
  in the majority of triangular-sectioned specimens .......................................... 366 
8.13. Scatterplots showing bivariate relationships between the four attributes 
  measurable in the majority of triangular-sectioned artefacts .......................... 367 



 xi

8.14. Bivariate KDE contours for the pairwise combinations of the four 
  attributes measurable in the majority of triangular-sectioned artefacts ........... 368 
8.15. Scatterplots showing bivariate relationships between the four attributes 
  measurable in the majority of triangular-sectioned artefacts .......................... 369 
8.16. Bivariate KDE contours for the pairwise combinations of the four 
  attributes measurable in the majority of triangular-sectioned artefacts. .......... 370 
8.17. Scatterplots showing bivariate relationships between the four attributes 
  measurable in the majority of non-triangular artefacts ................................... 373 
8.18. Bivariate KDE contours for the pairwise combinations of the four 
  attributes measurable in the majority of non-triangular .................................. 374 
8.19. Scatterplots of, a) cross-section area against shoulder index for the non- 
  triangular artefacts, and b) shoulder width ratio against cross-section area 
  for the quadrangular and reversed-triangular artefacts ................................... 376 
8.20. Examples of the adze groups identified in this study. .................................... 378 
9.1. Examples of fall-off curves. ............................................................................ 388 
9.2. Relative proportions of total stone sources represented at each valley.............. 391 
9.3. Relative proportions of Nuku Hiva stone sources represented at each valley ... 392 
9.4. Examples of petrographic thin-sections from adze specimens assigned to 
 Nuku Hiva and Eiao ....................................................................................... 399 
9.5. Boxplots showing comparative size differences between archaeological 

specimens assigned to Nuku Hiva and Eiao. ................................................... 406 
 



 xii

LIST OF TABLES 
 
 2.1. List of historically-documented items circulated in the Marquesan Islands. ...... 32 
 3.1. Summary of the surface structures at Hakaea. .................................................. 53 
 3.2. Summary of the surface-collected archaeological specimens from Hakaea. ...... 54 
 3.3. Summary of the surface structures at Pua. ........................................................ 58 
 3.4. Summary of the surface-collected archaeological specimens from Pua. ............ 59 
 3.5. Summary of the structures associated with the surface-collected 
  archaeological specimens from Anaho Valley. ................................................ 65 
 3.6. Summary of surface-collected archaeological specimens from Anaho. ............. 66 
 3.7. Summary of excavated archaeological specimens from Anaho Valley. ............. 67 
 3.8. List of Marquesan reference samples used in this analysis. ............................... 71 
 3.9. List of reference samples used to characterise Eiao. ......................................... 80 
 4.1. Detection, determination and quantitation limits for WDXRF analysis 
  on fusion discs using 2 g samples. ................................................................... 84 
 4.2. Correlation coefficients for whole rock and fusion discs. .................................. 93 
 4.3. Summary data for calibration test specimens. ................................................. 110 
 4.4. Correlation coefficients for linear regressions based on raw peak heights 
 and peak heights normalised to Compton peak scattering of the Ag Kα line. .. 111 
 4.5. Correlation coefficients and error estimates for PXRF linear regressions. ....... 134 
 5.1. Summary of average group univariate skewness (RMSskew) by element 
  for raw data and selected transformations. ..................................................... 164 
 5.2. Statistics and p-values for Small’s Q1 and Srivastava’s bp1 tests for 
  multivariate skewness by archipelago, using raw data and selected 
`  transformations. ............................................................................................ 166 
 5.3. Levene’s statistic for equality of variances (W) using raw data and selected 
  transformations. ............................................................................................ 167 
 5.4. Summary of correlations between group means and variances by element 
  for raw data and selected transformations. ..................................................... 168 
 5.5. Classification results for raw, log10 transformed and Box-Cox transformed 
  data. .............................................................................................................. 170 
 6.1. List of geological reference specimens included in this study.. ....................... 203 
 6.2. Summary data of major element concentrations (wt%) and distributions for 

archaeological and geological specimens used in this study. ........................... 215 
 6.3. Summary of the reference datasets after the removal of cases with extreme 
  values............................................................................................................ 216 
 6.4. Means and standard deviations for major element concentrations (wt%) of 

reference samples after the removal of cases with extreme values. ................. 217 
 6.5. Geochemical concentrations of two distinctive archaeological specimens 
  compared to averages for similar geological reference samples.. ................... 218 
 7.1. Approximate p-values for paired variables used to determine first node 
  split (n=432) ................................................................................................. 221 
 7.2. Comparison of misclassifications and cases within the margin for SVM 
  analysis of the three most promising source groupings. ................................. 225 
 7.3. Approximate p-values for paired variables used to determine second node 
  split (n = 402) ............................................................................................... 227 
 7.4. Approximate p-values for paired variables used to determine third node 
  split (n=382) ................................................................................................. 230 
 7.5. Approximate p-values for paired variables used to determine fourth node 
  split (n=127) ................................................................................................. 234 



 xiii

 7.6. Summary statistics and results of DFA, discriminating at the geographical 
  scale of archipelago using the WDXRF dataset. ............................................ 242 
 7.7. Conditional probabilities, posterior probabilities and squared Mahalanobis 
  distance for archaeological samples and the misclassified reference sample. . 243 
 7.8. Summary statistics and results of DFA, discriminating at the geographical 
   scale of island using the WDXRF dataset. .................................................... 252 
 7.9. Summary statistics and results of DFA, discriminating at the geographical 
   scale of archipelago using the PXRF dataset................................................. 266 
 7.10. Summary statistics and results of DFA, discriminating at the geographical 
   scale of archipelago using the PXRF dataset after the removal of the 
   Samoan samples ........................................................................................... 268 
 7.11. Summary statistics and results of DFA, discriminating at the geographical 
   scale of island using the PXRF dataset. ........................................................ 281 
 7.12. Summary statistics and results of DFA, discriminating between Eiao and 
   Nuku Hiva using the PXRF dataset. ............................................................. 284 
 7.13. Summary statistics and results of DFA, discriminating within Nuku Hiva 
   using the PXRF dataset. ............................................................................... 290 
 7.14. Summary statistics and results of DFA, discriminating within north coast 
   of Nuku Hiva using the PXRF dataset. ......................................................... 293 
 7.15. Comparison of source assignments for the archaeological specimens 
   common to both datasets. ............................................................................. 299 
 7.16. Summary of source assignments for the WDXRF and PXRF datasets. ......... 302 
 8.1. Frequency distributions of Suggs’ adze types. ................................................ 323 
 8.2. Emory and Sinoto’s (1964) adze typology for the Maupiti assemblage ........... 329 
 8.3. Emory’s (1968) cross-section shape criteria. .................................................. 331 
 8.4. Summary of the metric attributes measured in this study. ............................... 338 
 8.5. Summary statistics for correlations between weight (g) and shoulder cross-

section area (cm2) for complete adzes and preforms. ...................................... 352 
 8.6. Means and ranges for bevel angle measurements, separated by artefact class 
  and cross-section shape. ................................................................................ 353 
 8.7. Means, medians and ranges for cutting edge width, and cutting edge width 
  to shoulder width ratio, separated by cross-section shape. ............................. 359 
 8.8. Results of two-group t-tests for artifacts with complete cutting edges 
  separated by cross-section shape. .................................................................. 360 
 8.9. Means and ranges for selected attributes separated by cross-section shape. .... 372 
 8.10. Means and ranges for selected attributes separated by morphological group. 379 
 9.1. Counts, percentages and rank orders for the archaeological specimens, 
  by source....................................................................................................... 385 
 9.2. Counts and percentages of blanks, adzes and preforms, separated by source 
  and valley. .................................................................................................... 395 
 9.3. Counts, percentages and rank orders of archaeological specimens by source 
  and morphological group .............................................................................. 398 
 9.4. Summary metric data for archaeological specimens assigned to Eiao and 
  Nuku Hiva. ................................................................................................... 401 
 9.5. Results of t-tests for equalities of means between Group A and Group B1 

archaeological specimens assigned to Eiao and Nuku Hiva. ........................... 404 
 9.6. Results of Mann-Whitney tests for independent samples between 
  archaeological specimens assigned to Eiao and Nuku Hiva. .......................... 405 
 9.7. Summary metric data for length-to-width and length-to-thickness ratios for 

complete archaeological specimens assigned to Eiao and Nuku Hiva. ............ 407 



 xiv

 9.8. Summary of the excavated archaeological specimens from Anaho 
  excluded from the distributional analyses. ..................................................... 409 
 



 1

CHAPTER 1 

INTRODUCTION 

 

The fact that Pacific adze distributions are barren of valid clues to migration 
courses is therefore ominous for the success of efforts to find such clues in the 
distributions of other artefacts. 

(Sharp 1960:41) 

1.1 Introduction 

In the early 1960’s there was some disagreement over how Polynesia was 

settled. A few years earlier, Andrew Sharp (1956) had published Ancient Voyagers in 

the Pacific in which he challenged the prevailing notion that the settlement of 

Polynesia was the product of intentional voyaging and colonisation (e.g., Buck 1950). 

Instead, he claimed that traditional Oceanic maritime technology was incapable of 

navigated open-sea travel over distances greater than 300 miles or so, and that the 

much of the Pacific was settled as a result of accidental drift voyaging by canoes that 

had strayed from their intended courses. In addition, Sharp argued that, once settled, 

most island groups remained isolated until they were visited by Western voyagers. 

Sharp’s claims were taken seriously and triggered an extended, and sometimes 

spirited, debate (Sharp 1960, 1961, 1963; Duff 1960; Golson 1962; Howard 1967). In 

many respects this exchange of ideas was timely because it stimulated several lines of 

research, including experimental voyaging using traditional navigation techniques and 

equipment (Lewis 1966, 1971, 1972; Finney 1967, 1977), Polynesian historical 

linguistics (Green 1966; Biggs 1967) and computer simulations of ocean currents and 

probable sailing routes (Levison et al. 1973; Irwin 1990, 1992). Another area of 

research that began to develop in the Pacific at that time was the use of materials 

science to examine the physical and chemical properties of portable artefacts with a 

view to identifying their geographical origins and subsequent movements (Green 

1962, 1964; Ward 1972, 1974a, 1974b, 1974c; Leach 1977). 

In the same year that Sharp (1960) dismissed the utility of artefact analysis in 

Oceania, Edward Hall (1960) used X-Ray Fluorescence (XRF) to determine the 

chemical composition of a Roman coin, possibly the first archaeological application 

of this technique (Shackley 2010a:11). Since that time, XRF has become an integral 

part of archaeological science worldwide; in the Pacific, geochemical provenancing 
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studies of volcanic stone adzes have played a major role in identifying the long-

distance movements and interactions of ancient mariners, (e.g., Best 1984; Best et al. 

1992; Weisler 1993a, 1996, 2008; Allen and Johnson 1997; Sheppard et al. 1997; 

Collerson and Weisler 2007).  

In common with many of his contemporaries, Sharp was not trained as a 

scientist1 and did not anticipate the burgeoning technological advances that would 

allow techniques such as analytical chemistry to become commonplace. Although 

Sharp’s claims of accidental drift voyaging have since been undermined, his ideas laid 

down a challenge to his detractors that provided much of the motivation to conduct 

Polynesian archaeological research from an objective science-based perspective. As 

demonstrated in this study, it is now possible to trace the movement of materials at 

various geographical scales, not only between archipelagos but also within island 

groups. 

 

1.2 The aims of this study 

This study builds on the existing body of research that has been undertaken in 

the Pacific by examining two methodological aspects of geochemical provenancing 

and applying them to an archaeological question. The first methodological objective 

was to investigate Portable X-Ray Fluorescence (PXRF), a comparatively recent 

variant of XRF analysis, as a means of characterising basalt artefacts. In this study, 

PXRF is compared to Wavelength Dispersive X-Ray Fluorescence (WDXRF), a more 

established, but destructive and comparatively expensive method. An overview of 

PXRF is provided below. 

The second methodological issue, and one that comprises a substantial part of 

this study, consists of evaluating some of the methods that are available for 

discriminating among sources of toolstone. To date, the majority of Polynesian stone 

provenancing studies have used relatively simple methods for assigning 

archaeological specimens to geological sources. The most common approaches have 

been the use of bivariate scatterplots and ternary plots of element concentrations or 

ratios of element pairs (e.g., Best 1984; Weisler 1993a, 1998; Allen and Johnson 

1997; Clark et al. 1997; Rolett et al. 1997).  

                                                
1 Sharp spent most of his professional life as a diplomat for the New Zealand Government. 
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While these types of approaches have been able to conclusively separate many 

sources of stone,  some researchers have found that, even with relatively small 

reference datasets, certain sources overlap significantly, and have questioned the 

continuing usefulness of these methods (e.g., Best et al. 1992:64; Parker and Sheppard 

1997:210; Walter and Sheppard 2001). As the quantity of reference data from 

Polynesian stone sources has increased over the last decade or so (e.g., P. Johnson 

2005, 2010; Mills et al. 2008, 2010; Lundblad et al. 2007, 2008; Collerson and 

Weisler 2007; Winterhoff 2007; Kahn et al. 2009), problems with overlapping sources 

have been exacerbated to the point where more sophisticated methods for separating 

Oceanic sources are likely to become mandatory. 

In this study, two multivariate methods are critically evaluated. The first, 

Discriminant Function Analysis (DFA), is one of the more popular multivariate 

methods used in archaeometric studies and has been employed in several Oceanic 

stone tool provenancing studies (e.g., P. Johnson 2005, 2011; Sheppard et al. 2010, 

2011). In common with other parametric techniques, DFA makes certain assumptions 

concerning the distributions of the input data. Some of these assumptions are 

examined, and the consequences of violating them considered. The second method 

that is investigated in this study is a statistically-based recursive partitioning 

technique known as Classification Tree (CT) analysis. In contrast to DFA, CT 

analysis has not been widely employed in archaeometric studies (but see Nance 2000; 

Sheppard et al. 2011), and for this reason it is examined in detail. 

The third objective involves applying the analytical methods that are examined 

in this study to a practical problem, both as a means of evaluating different 

methodological approaches to provenancing and also to gain a better understanding of 

the use of stone resources in Polynesia. Nuku Hiva, the largest island in the 

Marquesas archipelago, was chosen as the study area. In comparison to many other 

Polynesian island groups, such as the Cook Islands (e.g., Weisler 1993a; Walter and 

Sheppard 1996, 2001; Allen and Johnson 1997; Sheppard et al. 1997), Samoa (e.g., 

Weisler 1996; Clark et al. 1997; P. Johnson 2005, 2010; Winterhoff 2007; Crews 

2008) and Hawaii (e.g., Lebo and Johnson 2007; Lundblad et al. 2007; Mills et al. 

2008, 2010; Kahn et al. 2009), few provenancing studies have yet been carried out in 

the Marquesas Islands. 
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To date, only two studies have been published (Rolett et al. 1997; Rolett 1998; 

see Chapter 2), and both found that Marquesan adzes were made from several sorts of 

stone, suggesting that stone from different sources was commonly distributed around 

the islands. Unfortunately, these studies were hindered by a lack of suitable reference 

data. For example, in Rolett’s (1998) geochemical analysis of a lithic assemblage 

from Hanamiai, a site on the island of Tahuata in the southern Marquesas, four 

different sources of stone were identified but only one could be conclusively assigned 

to a specific geographical location. 

Little is currently known about the sources of stone that were used to 

manufacture adzes in the Marquesas. The best known source is the extensive basalt 

quarry complex on the island of Eiao (Linton 1925:106; Candelot 1980; Rolett 2001). 

Adzes made from Eiao basalt have been identified throughout the Marquesas (Rolett 

et al. 1997; Rolett 1998) and in a number of other Polynesian archipelagos (e.g., 

Weisler 1998, 2008; Di Piazza and Pearthree 2001; Collerson and Weisler 2007; see 

Chapter 2). Other basalt sources in the Marquesas are, however, at present poorly 

documented. Apart from Eiao, only four archaeological studies have published 

original geochemical data for Marquesan basalt sources, and they total only 13 

samples (Best 1985; Weisler 1993a; Rolett et al. 1997; Rolett 1998). For this study, 

91 geological reference samples were collected from various locations on Nuku Hiva, 

increasing that total considerably. 

To gain some understanding of how stone tools from different sources were 

distributed on Nuku Hiva, archaeological specimens were collected from domestic 

contexts in three valleys on the north coast of the island (Anaho, Hakaea and Pua). In 

addition, a private collection of stone tools from Hatiheu Valley was made available 

for analysis.  

Although geochemical provenancing provides an objective means of studying 

interaction, investigations that rely solely on the compositions of artefacts are limited 

to identifying their distributions. To make these sorts of studies more encompassing it 

is often necessary to incorporate additional information about the artefacts themselves 

(Bradley and Edmonds 1993:8; Odess 1996, 1998; Pollard et al. 2006:9). For this 

reason, a morphological analysis of the stone tools that were collected also was 

conducted. 
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1.3 Approaches to identifying interaction in Polynesia 

Most of the earliest investigations of interaction between Polynesian social 

groups drew on similarities and differences in artefact form and style as a proxy 

measure of contact between communities (e.g., Linton 1923; Burrows 1938; Duff 

1959, 1970; Suggs 1961; Sinoto 1962, 1966, 1968; Emory 1968). However, 

inferences based solely on artefact form can lead to ambiguous conclusions because 

similarities in appearance do not necessarily indicate ongoing physical contact. Once 

a particular form or style has been introduced to a new locality (assuming that it was 

not an independent innovation [see Green 1971]), it can be reproduced from local 

materials in the absence of sustained contact. In other words, artefact form may be 

able to identify initial contacts but cannot quantify their intensity or duration. 

Consequently, most recent studies have tended to favour objective analytic techniques 

that can identify differences in the raw materials of portable items. 

 

Materials 

The selection of raw materials suitable for identifying interaction must satisfy 

at least two criteria. The first is that they are preserved in archaeological contexts in 

sufficient quantities to allow a reasonable chance of recovery. For this reason, 

commonly-occurring and durable materials are generally preferred. Secondly, in order 

to identify translocation, it is important that a material’s geographical origin can be 

identified with some degree of confidence. To this end, it is useful if materials are 

compositionally distinctive and unevenly distributed in the region of interest. These 

types of materials are, of course, also the most likely to be circulated.  

In the eastern Pacific, the range of suitable materials is very limited. Many of 

the materials that have been used in other parts of the world, including various types 

of metals (e.g., Hosler and Macfarlane 1996; Knapp 2000), bitumen (e.g., Schwartz et 

al. 1999; Wendt and Lu 2006) and manufactured glasses (e.g., Saitowitz and Read 

2001), were unknown in Polynesia before European contact. Even the sorts of 

artefacts that have been employed in similar studies in the western Pacific, such as 

ceramics (e.g., Kennett et al. 2004) and shell valuables (e.g., Kirch 1988:108; Aswani 

and Sheppard 2003), are absent or rare in eastern Polynesia (see Weisler 1993a:19; 

1997a).  
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It is for this reason that most East Polynesian interaction studies have 

concentrated on artefacts made from volcanic stone. Although sedimentary stone 

forms in most environments, sizeable amounts of tool-quality materials, such as 

cherts, are rare in many tropical Polynesian contexts, including the Marquesas Islands 

(Chubb 1930). This is reflected in the Marquesan archaeological record, where only a 

small number of chert artefacts have been recovered (e.g., Suggs 1961:125; Kahn 

1996: Table 6.7; Allen 2004:177). In addition to its comparative rareness in tropical 

Polynesia, a number of studies have noted difficulties separating of chert sources 

(e.g., Ward and Smith 1974; Luedtke 1979, 1992; Sheppard and Pavlish 1992; 

Sheppard 1996, 1997; Shackley 2008). 

To the east of the Andesite Line, which runs between Tonga and Samoa, only 

volcanic stone is present in appreciable quantities (Weisler 1997a:9). Archaeological 

studies in the Pacific often divide volcanic toolstone into two broad categories: 

crystalline rock commonly referred to as basalt but also including hawaiites and 

basanites as well as true basalts (see Figure 6.1b), which was used to make both 

ground tools (e.g., adzes) and flake tools (e.g., scrapers), and non-crystalline rock, 

such as volcanic glass and obsidian, which was generally restricted to flake tools. 

In Polynesia, the earliest lithic provenancing studies were conducted on 

obsidians and volcanic glasses, most commonly in New Zealand (Green, 1962, 1964; 

Green et al. 1967; Ward 1972, 1974a, 1974b, 1977; Armitage et al. 1972; Reeves and 

Armitage 1973; B.F. Leach 1977; Leach and Anderson 1978; Leach and Fankhauser 

1978). However, the restricted distributions of these materials limited investigations 

to specific regions. The formation of volcanic glasses requires parent materials that 

are relatively rich in silica (generally around 70 % SiO2 or more) and the rapid 

cooling of lavas  (Shackley 1989:164; Glascock at al. 1998:18), conditions which are 

found in few tropical Polynesian contexts and mainly restricted to Rapa Nui (e.g., 

McCoy 1976; Stevenson et al. 1984, 2007) and to lesser extents in the Hawaiian 

Islands (e.g., Weisler 1990), Samoa ( Sheppard et al. 1989), Tonga (Ward 1974c) and 

the Henderson-Pitcairn-Mangareva region (Weisler 1997b; Weisler and Green 2001). 

In the Marquesas Islands, volcanic glass is extremely rare; to date, very few 

specimens have been reported in archaeological contexts (e.g., Suggs, 1961:174; 

Kahn 1996: Table 6.7).  
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Basaltic stone, on the other hand, is much more common in tropical Polynesia. 

Through the geochemical analysis of basalt tools, archaeological investigations have 

identified several interaction networks in East Polynesia that persisted for a 

considerable time after colonisation (e.g., Best 1984; Best et al. 1992; Weisler 1993a; 

1994, 2002; Allen and Johnson 1997; Sheppard et al. 1997; Rolett 1998; Walter 1998; 

Di Piazza and Pearthree 2001; Collerson and Weisler 2007). For many island groups, 

contacts with other archipelagos and between individual islands within groups were 

likely to have been an important factor in the viability and development of early 

communities (Kirch 1988; Irwin 1992; Weisler 1993a, 1997b, 2008; Walter 1996; 

Weisler and Green 2001). Even in well-established communities, it is probable that 

the circulation of high-quality stone tools to craft specialists was integral to several 

aspects of Polynesian economic practices (Leach and Witter 1987; Withrow 1990; 

Lass 1994; Bayman 2003; Winterhoff 2007).  

 

Analytical techniques 

Because basalt tools are currently the best single means of identifying 

interaction in East Polynesia (Weisler 1993a:21), it is essential that the methods used 

for characterising materials and assigning artefacts to particular sources are reliable. 

At the same time, it is important to cause as little damage as possible to artefacts in 

the course of investigations, both in deference to their intrinsic cultural value and so 

as not to compromise any subsequent analyses that may be deemed useful. For these 

reasons, non-destructive techniques are often preferred, provided that they offer levels 

of performance that allow different sources of stone to be reliably characterised and 

separated from one another (Weisler 1993a; Biró 2005; Craig et al. 2007).  

To date, the majority of Oceanic basalt provenancing studies have employed 

destructive WDXRF as their primary means of characterisation. Laboratory-based 

WDXRF instruments are operated by the University of Hawaii (Allen and Johnson 

1997; Rolett et al. 1997; Sinton and Sinoto 1997), the University of Auckland (Best et 

al. 1992; Parker et al. 1993; Parker and Sheppard 1997) and Washington State 

University (Weisler 1993a). Benchtop operated non-destructive Energy Dispersive X-

Ray Fluorescence (EDXRF) analysers also have been successfully used to 

characterise Oceanic basalts and are becoming increasingly common (Weisler 1993a; 

Lundblad et al. 2007, 2008; Mills et al. 2008, 2010; Kahn et al. 2009). Other 

characterisation techniques, such as Instrumental Neutron Activation Analysis 
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(INAA) (Ayres et al. 1997; P. Johnson 2005, 2010), ion microprobe XRF (Allen and 

Johnson 1997), Inductively Coupled Plasma Optical Emission Spectrometry (ICP 

OES) (Collerson and Weisler 2007) and radiogenic isotope analysis (Weisler and 

Woodhead 1995; Woodhead and Weisler 1997), have seen limited use in Oceanic 

provenancing studies.  

Recently, a related technology, PXRF, has become widely available, and has 

allowed the increasing use of XRF analysis in several industrial and scientific fields 

(see Potts and West 2008), including archaeological science. Portable XRF 

instruments were developed in the mid-1960’s (e.g., Karttunen et al. 1964; Karttunen 

and Henderson 1965; Bramstedt et al. 1976; Brown and Jones 1980). Early units 

tended to be relatively bulky and were not equipped to store data internally (see 

Cothern 1972). Many of the earlier PXRF systems employed for archaeological 

research were assembled by their users from separate components, which minimally 

consisted of a power supply, excitation source, and detector. A cooling system 

(usually liquid nitrogen) was also required if a solid-state (i.e., semiconductor diode) 

detector was used (e.g., Hall et al. 1973; Helmig et al. 1989; see also Karydas 2007; 

Williams-Thorpe 2008:175-6). 

Over the past decade or so, technological advances in microprocessing, 

thermoelectric (i.e., Peltier effect) cooling, semiconductor detectors (e.g., Si PIN 

diodes) and low-powered X-ray tubes have allowed the miniaturisation and 

integration of portable instruments. Several manufacturers now offer off-the-shelf 

handheld or benchtop PXRF analysers at competitive prices (see Liritzis and 

Zacharias 2010 for overviews of some recent models). Most current instruments (e.g., 

Bruker, Niton, Innov-X) include in-built software that is capable of automating the 

operating conditions, calibrating spectra and storing the results of successive analyses 

internally, resulting in instruments that can be operated with little or no training and 

can literally produce data at the touch of a button. 

Portable analysers do not require the destruction of samples, so are suitable for 

analysing rare or valuable artefacts (e.g., Milazzo and Cicardi 1997; Karydas 2007; 

Cesareo et al. 2008). Another feature of PXRF analysers is their low operating cost; 

because samples are usually analysed whole, no processing equipment or chemical 

binders are needed (see Chapter 4) and the only running costs are a modest supply of 

electricity, often supplied by rechargeable batteries, and general wear and tear. These 

two features also apply to many laboratory-based EDXRF instruments (e.g., Weisler 
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1993a; Shackley 2010a). Portable analysers are, however, considerably less expensive 

than most laboratory-based instruments (Liritzis and Zacharias 2010), and can be used 

in-situ on large immovable objects, such as stone and brick structures and rock 

formations (e.g., Emery and Morgenstein, 2007; Liangquan 2008; Williams-Thorpe 

2008). 

 These features have made PXRF analysis attractive for a range of applications 

(see Potts and West 2008) including archaeometric studies (e.g., Williams-Thorpe et 

al. 1999; Romano et al. 2006; N. Craig et al. 2007; Phillips and Speakman 2009; 

Nazaroff et al. 2010; Sheppard et al. 2010, 2011; Goren et al. 2011). However, as is 

the case with any sort of new technology, there is also the potential for misuse. 

Shackley (2010a, 2010b) in particular, has voiced concern over the uncritical use of 

PXRF in archaeometric studies. In his view, part of the problem is insufficient 

scientific training among some users and a readiness to accept quantitative results at 

face value. As Shackley (2010a:13) notes, most PXRF instruments are not supplied 

pre-calibrated and must be set up by the user. Additionally, some manufacturers’ in-

built calibration software may not be suitable for archaeometric purposes (Shackley 

2010b:19). 

A characteristic of many PXRF analysers, particularly inexpensive models, is 

the use of software incorporating a method known as Fundamental Parameters (FP). 

The FP technique uses concentration estimates that are considered to be typical of the 

material under investigation in its calibration algorithms (R. Johnson 1984; Elam et al. 

2006; Markowicz 2008; see also Chapter 4) and is most useful where the main 

objective of an analysis is the rapid qualitative (i.e., presence/absence) or semi-

quantitative identification of specific elements. Because FP algorithms are usually 

optimised for specific types of materials, such as soils or metallic alloys (two common 

applications for portable instruments), they will not necessarily be as accurate when 

used on other materials, such as volcanic stone. Consequently, an empirical 

calibration is generally required to obtain reliable quantitative data (Shackley 

2010a:13). 

A number of comparative tests have been conducted on PXRF instruments in 

archaeological contexts (e.g., N. Craig et al. 2007; Drake et al. 2009; Nazaroff et al. 

2010). Following Hughes (1998), Nazaroff et al. (2010) distinguish between two 

aspects of PXRF performance — reliability, which pertains to the accuracy and 
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precision of determinations, and validity, which addresses the ability to discriminate 

among source groups. 

In comparison to laboratory-based EDXRF units, the main factors that affect 

the reliability of PXRF instruments are: 1) comparatively low-powered excitation 

sources; 2) the lower resolving power of detectors; and 3) the use of an air (rather than 

vacuum) path between the sample and the instrument. Some of these issues are being 

addressed in newer generations of portable analysers, and the incorporation of 

vacuum chambers and Silicon Drift Detectors (SDD) offer significantly improved 

sensitivity (see Goren et al. 2011). Other issues affecting reliability relate to the 

samples that are analysed, and include surface weathering and patination (Potts et al. 

2006; Lundblad et al. 2008; Williams-Thorpe 2008), grain size (Emery and 

Morgenstein, 2007; Liritzis and Zacharias 2010) and surface morphology (Karydas 

2007; Liangquan 2008). These issues arise from the analysis of whole specimens and, 

while not specific to PXRF analysis, may exacerbate some of the technique’s inherent 

limitations, such as low detection resolution and air path attenuation.  

Together, these factors may have significant impacts on the accuracy and 

precision of PXRF determinations. Drake et al. (2009), for instance, found that 

portable XRF measurements of the trace elements Rb, Sr, Zr and Y differed from 

laboratory-based quantifications by approximately 6 %. However, the errors were 

identified as systematic and could be corrected (Drake et al. 2009:15). Other studies, 

using different instruments, have reported similar issues (e.g., N. Craig et al. 2007; 

Nazaroff et al. 2010). 

The second aspect of performance, validity, relates to the ability of 

determinations obtained from PXRF instruments to discriminate among potential 

sources of stone. Validity depends on the distinctiveness of source compositions and 

will vary for different sets of data. Some stone sources can only be separated using 

elements that are difficult to detect and poorly quantified with PXRF, such as Ba and 

Y (see Shackley 2010a:14). In other cases, sources can easily be discriminated on the 

basis of easily detected and accurately quantified elements, such as Rb, Sr and Zr (N. 

Craig et al. 2007; Nazaroff et al. 2010). For these reasons, the validity of PXRF must 

be evaluated on a case by case basis. 

The general consensus of comparative tests and other commentaries (e.g., 

Williams-Thorpe 2008; Shackley 2010a, 2010b; Liritzis and Zacharias 2011) is that, 

although significant quantification errors are common in PXRF determinations, they 



 11

tend to be systematic and can often be corrected, or at least mitigated, using some 

form of data treatment. In many cases, the accuracy and precision levels of portable 

XRF data are sufficient to distinguish among individual sources and assign 

archaeological specimens to one or another. 

In the Pacific region, archaeological applications of PXRF have, to date, been 

limited to the study of obsidians and volcanic glasses (e.g., Phillips and Speakman 

2009; Sheppard et al. 2010, 2011; Jia et al. 2010; Golitko et al. 2010). However, 

studies in other parts of the world have shown that PXRF is also useful for 

characterising various types of volcanic and sedimentary stone (e.g., Potts et al. 1997; 

Markham and Floyd 1998; Williams-Thorpe et al. 2003; Ixer et al. 2004; Williams-

Thorpe 2008). In this study, the effectiveness of PXRF as a means of characterising 

Oceanic basalts is examined. 

 

1.4 The structure of this thesis 

The next chapter provides an overview of the study area. Included are brief 

descriptions of the Marquesan environment, accounts of Marquesan society from the 

early historic period and the findings of archaeological investigations. The body of 

archaeological and anthropological literature available for the Marquesas Islands is 

considerable and, in the interests of economy, Chapter 2 is focussed on the aspects 

that are most relevant to this study, namely archaeological evidence and historical 

accounts relating to stone tool use and trade and exchange. 

Chapter 3 documents the field work that was carried out for this study. 

Archaeological specimens were collected from three valleys on Nuku Hiva: Anaho, 

Hakaea and Pua. To gain a better understanding of the geochemical variability of 

Nuku Hiva, a number of geological reference samples were collected from various 

locations on the island; they are also described in this chapter.  

Two methods of geochemical analysis were used in this study: WDXRF and 

PXRF. The WDXRF analysis was conducted at the University of Auckland’s Geology 

Department using instrumentation that is regularly employed for geological and 

archaeological research (see Parker and Sheppard 1997; Felgate 1993; Sheppard et al. 

1997; Molloy et al. 2008). In contrast, the PXRF analysis was carried out using an 

instrument that was recently acquired by the University of Auckland’s Anthropology 

Department. During the course of calibrating this instrument, it was found that the in-

built FP quantification software was inadequate for reliably characterising Oceanic 
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basalts. For this reason, an alternative means of processing of the instrument’s 

spectrum output data was evaluated and found to provide markedly better results than 

the machine’s in-built software. The procedures that were used are discussed in detail 

in Chapter 4. 

In Chapter 5, two multivariate methods, DFA and CT analysis, are described 

and examined in detail. Classification Tree analysis actually consists of a family of 

related methods rather than a single technique; several CT implementations are 

outlined in this chapter. The variant of CT analysis used in this study differs from 

simpler implementations of this method in that bivariate rather than univariate criteria 

are used to discriminate among different sources of stone. Some of the methods that 

have previously been used to discriminate among basalt sources in Polynesia are also 

discussed in this chapter. 

Chapter 6 outlines the analytical approaches that were used in this study. In 

addition to the reference specimens collected and analysed for this study, data from a 

number other Oceanic provenancing studies were used to compile a reference 

database that encompassed the wider Polynesian region. The selection of appropriate 

geographical scales at which to conduct provenancing studies is also discussed in this 

chapter.  

In Chapter 7, the methods discussed in Chapter 5 are applied to the data 

collected for this study.  As noted earlier, two of the main objectives of this study 

were to evaluate PXRF as an alternative to WDXRF for characterising Oceanic 

basalts and to compare different multivariate methods of discriminating among basalt 

sources. To realise these objectives, four separate sets of analyses were required; first, 

the WDXRF data were analysed using DFA and CT analysis, and second, the same 

techniques were applied to the PXRF data. The results of these analyses are reported 

in this chapter. 

Chapter 8 describes a morphological analysis of the archaeological specimens. 

The aim of the analysis was to document variability in tool form and to consider how 

this might relate to tool function. An evaluation of existing typologies that have been 

employed on Marquesan adzes found that no one scheme was well-suited to 

identifying variability in tool function. Therefore, a metrically-based analysis based 

on the findings of studies by Turner (2000) and Ottino (1985a) was conducted on the 

collected artefacts. This set the stage for examining possible relationships between 

tool form, function and raw material selection. 
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In Chapter 9, the results of the geochemical characterisation (Chapter 7) and 

the morphological analysis (Chapter 8) are brought together to examine the 

circulation of stone tools on Nuku Hiva. Specifically, these data are employed to 

identify the extent and scale of stone tool distributions from different sources, and to 

investigate whether specific sources of stone were preferentially used to manufacture 

certain forms of tools. 

In the concluding chapter, the findings of this study are summarised. In regard 

to the methodological investigation, the efficacy of PXRF as a characterisation 

technique for Oceanic basalts is discussed and the comparative strengths and 

weaknesses of DFA and CT analysis are evaluated. The substantive findings of this 

study are also examined. In particular, the possibilities and limitations of investigating 

interaction at relatively small geographical scales are discussed. Finally, some 

suggestions for future research are offered.
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CHAPTER 2 

BACKGROUND TO THE STUDY AREA 

 

2.1 Introduction 

In this chapter, a brief overview of the environmental, geological, 

ethnographic and archaeological contexts of the study area is given. Traditional 

Marquesan society has been a subject of great interest to anthropologists because 

several of the social practices that developed in the archipelago differed markedly 

from those documented in other Polynesian societies. Consequently, a substantial 

body of historical and ethnographic literature is available on traditional Marquesan 

society. Comprehensive discussions are provided by Handy (1923), Williamson 

(1924), Maranda (1964), Dening (1980), Thomas (1986, 1989, 1990, 1992) and 

Ferdon (1993). 

Similarly, a considerable number of archaeological studies have been 

conducted in the Marquesas. Since Ralph Linton’s (1923, 1925) initial investigations 

and Robert Suggs’ (1961,1962) pioneering excavations in the late 1950’s, researchers 

have made important contributions that have both broadened and refined our 

understanding of Marquesan prehistory (e.g., Sinoto 1966, 1970, 1979; Kellum 1968; 

Bellwood 1970, 1972; Skjølsvold 1972; Kirch 1973, 1991; Ottino 1985a, 1990; Rolett 

1989, 1998, 2001, 2002; Anderson et al. 1994; Rolett and Conte 1995; Millerstrom 

2001; Anderson and Sinoto 2002; Addison 2006; Chavaillon and Olivier 2007). 

The substantive component of this study is part of a larger research 

programme directed by Melinda Allen and aimed at investigating temporal change in 

Marquesan socio-political structure. Allen’s project incorporates several distinct lines 

of investigation, including refining the temporal sequence (Allen and Addison 2002; 

Allen 2004, 2009; Petchey et al. 2009; Allen and McAlister 2010), documenting 

changes in settlement patterns and domestic architecture (Allen 2009; Allen and 

McAlister in press) and investigating the potential causal influences of environmental 

variability (Allen et al. 2005a; Aswani and Allen 2009; Allen 2010; Allen et al. in 

press). To date, four graduate theses have resulted from this project (Cowie 2009; 

Crown 2009; Huebert 2009; Ussher 2009; see also Huebert et al. 2010).  
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Another of the questions arising from Allen’s research programme is the role 

that interaction may have played in Marquesan socio-political relations. This study 

contributes to that question by investigating one aspect of Marquesan interaction: the 

production and distribution of stone tools on the island of Nuku Hiva. 

In order to keep this chapter to a reasonable length, the section discussing the 

archaeological background provides only a very general overview of the Marquesas 

Islands as a whole. The sections that discuss the ethnographic and archaeological 

background focus on accounts of stone tool production and use, and evidence for 

trade and exchange, and the specific valleys on Nuku Hiva that were investigated 

during the course of this research are described in more detail in the next chapter.  

 

2.2 Environmental and geological background  

The Marquesas archipelago is in a relatively isolated position in the eastern 

Pacific, approximately 1400 km east of the Society Islands, 500 km north of the 

Tuamotu Islands and 3000 km south of the Hawaiian group (Brousse et al. 1990; see 

Figure 2.1). The archipelago consists of eight main islands with a few smaller islets 

and seamounts (Figure 2.2). The islands are usually placed into two groups: the 

northern (leeward) group consisting of Nuku Hiva2, Ua Pou, Ua Huka, and Eiao, and 

the southern (windward) group- Hiva Oa, Tahuata, Fatu Iva and Motane (Adamson 

1936, 1939; Stoller 1958; Legendre et al. 2005). Most of the islands consist of high 

central peaks, up to 1200 m above sea level, dissected by deep valleys running out to 

the coast. As the islands are almost completely lacking in coral reefs, there are no 

lagoons, and coastal plains are not well developed (Chub 1930; Adamson 1936:11) 

Although the island group is situated close to the equator, the climate is 

relatively stable and mild because of cool ocean currents, ranging from 25 - 29° C 

(Brousse et al. 1978:57).  Seasonal variation is not clearly defined in the Marquesas 

but it is usually wetter between May and September (Decker 1970). There are, 

however, marked climatic differences within individual islands. Prevailing winds 

from the southeast generally bring more rain to the southern and eastern coasts than to 

the northern and western sides of the islands, making the windward sides more 

favourable to agriculture.  

                                                
2 There are numerous variations in the rendering of Marquesan place names in the literature, including 
differences in spellings (e.g., Fatu Hiva — Fatu Iva), contractions (e.g., Nuku Hiva — Nukuhiva, Ua 
Pou — ‘Uapou) and the placing of diacritical marks (e.g.,  Hatihe‘u — Hatiheu, Toovii — Tōvi‘i,). 
This study follows the conventions used by Allen (2010). 
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Figure 2.1. Map of the Pacific Ocean showing the position of the Marquesas Islands 
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Figure 2.2. Map of the Marquesas Islands showing archaeological sites discussed in the text 
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Rainfall is lower than in many other Pacific islands, with a mean annual 

precipitation of between 700 mm and 1400 mm (Cauchard and Inchauspe 1978; 

Addison 2006: Appendix 1), and is often unpredictable. This has resulted in extended 

periods of drought, some which have caused severe famines in the historic past 

(Crook 2007:156; Robarts 1974:274; Terrell 1982:110; Addison 2006; Allen 2010). 

Climatic variability also appears to be tied to El Niño-Southern Oscillation (ENSO) 

activity, which may have acted as a contributory factor to socio-political and 

economic changes in the past (Allen 2010; see also Thomas 1990; Addison 2006). 

As is the case in the rest of eastern Polynesia, the Marquesas possess a 

restricted native fauna (Adamson 1939), with many economically important species, 

such as the pig, chicken and dog being introduced by Polynesians, and goats, sheep 

and cattle by Europeans. Similarly, the native flora has been considerably altered by 

Polynesian and European plant introductions (Decker 1970). At European contact, 

much of the traditional Marquesan agricultural economy was based on introduced 

cultivars, which included breadfruit (Artocarpus altilis), banana (Musa spp.) and 

coconut (Cocos nucifera). Addison (2006: Chapter 3, Appendix 2) provides a detailed 

discussion of traditional Marquesan agriculture. 

The Marquesas group lies on an oceanic crust between 53 and 49 million years 

old (Ma) (Legendre 2003:10). The islands are volcanic in origin, probably having 

formed from plate motion over a stationary hotspot (Le Dez et al. 1996:198). Island 

ages decrease from northwest to southeast, ranging from 5.8 – 4.7 Ma for Eiao, the 

northernmost island in the group, to 2.5 – 1.3 Ma for Fatu Hiva, the southernmost 

island (Brousse et al. 1990:933-4). Nuku Hiva, the largest of the islands (380 km2) 

and the main focus of this study, is composed of two nested volcanoes (Figure 2.3). 

The older event, the Tekao edifice (4.8 Ma), is a partially-collapsed shield volcano, 

whose caldera has been filled by the younger Taioha‘e volcano (3.6 Ma) (Legendre et 

al. 2005). The lavas of the Taioha‘e cone derive from an enriched mantle and fall into 

six main types: basaltic, hawaiitic, mugearitic, trachytic, pyroclastic breccias and 

parasitic edifices (Legendre 2003:225; see Figure 2.3). By comparison, the lavas of 

the Tekao shield are less complex, composed almost exclusively from tholeiitic flows. 

Differences in the composition of the two flows are thought to be the result of a lower 

degree of melting in the Taioha‘e lavas (Legendre et al. 2005:306). Between the 

ridges of the two volcanoes is an elevated area of relatively flat land called Tōvi‘i, 

which is composed mainly of basaltic, hawaiitic and mugearitic flows (Legendre 
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Figure 2.3. Geological map of Nuku Hiva (from Legendre et al. 2005). 
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2003:225). A number of geological studies have identified geochemical differences 

among the volcanic deposits on Nuku Hiva, in particular between the Taioha‘e and 

Tekao formations (Dupuy et al. 1987; Le Dez et al. 1996; Legendre 2003; Legendre et 

al. 2005).  

 

2.3 Ethnographic background to study area 

Historical sources 

The Marquesas were among the first of the Polynesian islands to be contacted 

by Europeans3. The southern islands were first sighted in 1595 by Álvaro de Mendaña 

de Neira en route from Peru to the Solomon Islands and named Las Marqueasa de 

Mendoza after Mendaña’s patron, the viceroy of Peru. Mendaña did not survive the 

voyage, but his navigator Quirós compiled several accounts (see Markham’s notes in 

Quirós 1904). The first encounter between Marquesans and Europeans was both brief 

and bloody, lasting only eight days and resulting in the deaths of over 200 

Marquesans (Quirós 1904:26).  

The islands are not known to have been visited again by Europeans for almost 

two centuries, until Captain James Cook briefly stopped at Tahuata in April 1774 

(Cook 1971; Thomas 2003). Regular contact between Marquesans and Europeans 

began the last decade of the 18th century when the islands became a regular stopping 

point for European traders and whalers, many of whom published accounts of their 

visits (e.g., Ingraham 1793; Roberts and Magee 1795; Vancouver 1798; Wilson 1799; 

Fanning 1834; see also Murdoch 2000). In addition to supplying European ships with 

food and fresh water, the islands were briefly exploited for their limited supply of 

sandalwood (Santalum insulare; Butaud et al. 2003, 2005), a fragrant timber traded in 

the Cantonese markets (Shillibeer 1818:38; Roquefeuil 1823; Åkerrén 1983; see also 

Dening 1980). 

Two particularly valuable accounts from the early contact period are the 

journals of William Pascoe Crook (2007), a missionary, and Edward Robarts (1974), 

a British sailor who deserted his ship. Both of these men lived in the Marquesas for 

extended periods; Crook from June 1797 until January 1799, and Robarts, who 

arrived as Crook was leaving, remained for over six years until February 1806. A 

                                                
3 In this study, the term “European” is used for convenience to collectively refer to voyagers of 
European ancestry and includes those from the American continents.  Indeed, many of the earliest 
vessels to visit the Marquesas Islands were registered in the United States (e.g., Ingraham 1793; 
Roberts and Magee 1795; Porter 1822; Paulding 1831; Stewart 1832). 
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French sailor, Joseph Kabris (also known as Jean Cabri or Cabrit) was living in the 

Marquesas at the same time as Crook and Robarts but left only a brief account of his 

life there (see Terrell 1982). Other detailed descriptions of early contact period 

Marquesan culture were recorded by the officers of a Russian Navy scientific 

expedition to the Pacific commanded by Krusenstern, which visited the Marquesas in 

1804 (e.g., Krusenstern 1813; Lisiansky 1814; Langsdorff 1817; see also Sokol 1952; 

Govor 2010). 

In 1813, during the War of 1812, Captain David Porter of the United States 

Navy established a military base (Fort Madison) at Taioha‘e on the south coast of 

Nuku Hiva (see Figure 2.4) from which to raid British ships and hold captured vessels 

and prisoners-of-war. During this time, Porter, whose contingent included 

approximately 200 marines, became actively involved in local warfare and politics. 

Porter annexed the islands for the United States, but the claim was never ratified 

(Porter 1822:79, 1823; Thomas 1990:161). The archipelago was formally annexed by 

France in 1842, and to this day maintains political links with France. 

 Following Porter’s occupation, contact between Marquesans and Europeans 

became more frequent, especially after the arrival of resident missionaries, doctors 

and French government officials. Many of these residents left accounts, some of 

which included material from earlier works to form more comprehensive pictures of 

traditional Marquesan life (e.g., Shillibeer 1818; Stewart 1832; Dumont d’Urville 

1834; Lefils 1843; Belcher 1843; Gracia 1843; Vincendon Dumoulin and Desgraz, 

1843; Radiguet 1882; Clavel 1885; Thomson 1980). 

The well-known authors Herman Melville and Robert Louis Stevenson both 

lived on Nuku Hiva for several months and wrote of their experiences on the island. 

Melville’s Typee (1846) purports to be a non-fictional account of the author’s 

adventures and observations on Nuku Hiva. However, recent criticism of the work 

(Suggs 2005; Bercaw Edwards 2009) has uncovered a number of historical and 

geographical inconsistencies in the text, which suggest that Melville drew heavily 

from earlier works, such as Porter (1822, 1823). In contrast, Stevenson’s In the South 

Seas (1900) is a more straightforward account of Polynesian society in the late19th 

century (i.e., 1888). Stevenson’s mother, Margaret, also travelled to the Marquesas 

and provided some additional insights into Marquesan life in a series of published 

letters (see Balfour 1903).  



 22

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4. Map of Nuku Hiva showing the localities discussed in the text. 
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Regional variation 

The Marquesas are usually divided into northern and southern groups by 

modern writers on the basis of the geographical position of the islands (e.g., Adamson 

1936; Stoller 1958), linguistic variation (e.g., Green 1966; Mutu and Teìkitutoua 

2002) and cultural differences (e.g., Handy 1923; Linton 1925). It is, however, 

uncertain whether Marquesans made such a distinction in prehistoric times (Thomas 

1990:195). Some early European visitors linked linguistic variation to a degree of 

isolation between the groups. For instance, Thomson (1980:44), a missionary who 

lived on the islands in the 1830’s, thought that “little intercourse between the 

windward and leeward has occasioned a slight difference between the dialects”. 

Handy (1923), and Linton (1925:445-6) note differences in material culture, the 

southern group generally having a more developed wood and stone carving tradition, 

and the northern group developing monumental architecture to a greater degree. Some 

writers have considered these cultural differences to be long-standing, possibly as a 

result of separate episodes of colonisation (Suggs 1961; Maranda 1964:314; Ferdon 

1993:8). Rolett (1998), however, has suggested that regional variation may be more 

recent, and linked to decreasing frequencies of inter-island contact in late prehistory. 

Rolett’s findings are discussed later in this chapter. 

 

Social structure 

At the time of European contact, the basic Marquesan social grouping was the 

tribe (mata‘eina‘a), consisting of approximately 200 - 800 individuals and usually 

occupying a single valley, although some tribes inhabited several small neighbouring 

valleys and large valleys were sometimes shared by more than one tribe (Crook 2007; 

Porter 1822; Handy 1923:31; Thomas 1990:20; Millerstrom 2001:144). Tribes 

generally formed loose alliances with neighbouring groups, who were often related by 

descent from common ancestors and by more recent marriages between chiefly lines. 

Many of the islands were politically divided into two broad factions, one located on 

the eastern side, and one on the western (Thomas 1990:20; Williamson 1924:306). On 

Nuku Hiva, the eastern tribes from the valleys of Taipivai, Ho‘oumi, Ha‘atuatua, 

Anaho and Hatiheu were collectively known as the Taipi, and the western tribes from 

Taioha‘e, Hakau‘i, Pua, Hakaea and A‘akapa were known as the Tei‘i (Crook 

2007:235; Porter 1822:30-33; Handy 1923:31; Williamson 1924:307; see Figure 2.4). 
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Although these tribal groupings usually formed alliances during large-scale conflicts, 

internecine hostilities sometimes broke out within each division (Crook 2007:258; 

Thomas 1990:24, 97-101).  

Much of the anthropological discussion about Marquesan social organisation 

has centred on the fluid nature of power relations (e.g., Thomas 1989, 1990; Sahlins 

1957, 1958; Goldman 1958, 1970; Kirch 1991; Allen 2010). In many Polynesian 

societies, chiefs were linked to deities through genealogical ties to tribal ancestors and 

were considered responsible for the fertility of the land, which was maintained 

through chiefly ritual. It was through this association that chiefly entitlement, in the 

form of tribute, was sanctioned (Thomas 1989:56). In the Marquesas Islands, 

however, the responsibility of continued fertility did not lie with chiefs (haka‘iki) but 

was instead associated with inspirational priests or shamans (tau‘a). Chiefly power 

was further undermined in the Marquesas by a class of professional warriors (toa) 

who took command in battle and divided the spoils of war among themselves and 

their supporters (Handy 1923:125). Although these social positions were distinct, they 

were not necessarily exclusive and, in some instances, an individual could hold 

multiple positions (e.g., haka‘iki and toa) simultaneously (Crook 2007:52). There also 

existed a class of independent landowners (‘akatia), whose rights of ownership were 

established by long-term occupation and inheritance rather than by allotment from 

chiefs or other elites (Handy 1923:57: Thomas 1990:49). 

In contrast to many other Polynesian societies, social status in the Marquesas 

did not depend primarily on genealogical links but, instead, was largely determined by 

personal achievement. In this way, it was possible for individuals to increase their 

social standing through specific activities, such as prowess in warfare, favourable 

ritual outcomes and the production of surpluses through property ownership (Crook 

2007:123; Handy 1923:137). 

As was the case in other parts of Polynesia, an important section of Marquesan 

society consisted of craft specialists (tuhuna or tuhuka) who produced and supplied 

particular goods and services for their communities (Linton 1925:447: Maranda 

1964:338-40). Handy (1923:144) provides a list of Marquesan craft specialists, in 

which he includes two classes of stone workers and several types of woodworkers: 
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tuhuna  tekai ke‘a stonemasons who cut house foundation 
blocks 
 

    “      tekai ke‘a tuki popoi makers of stone pounders used for 
preparing breadfruit paste (popoi). 
 

    “      hakatu fa‘e, or tuhuka atu ha‘e master housebuilder 
 

    “      ha‘a tiki tiki   skilled wood carver 
 

    “      a‘aka pahu   drum maker 
 

    “      ta‘ai, or tekai, vaka   master canoe carver 
 

    “      ta‘ai tiki image maker 
 

    “      ta‘ai, or tekai papa, or tuhuka tao coffin carver 
 

    “      ta‘ai tokotoko pio‘o staff maker 
 

 

Although Handy did not mention adze makers as a separate class of craft 

specialists, he noted that his list was not complete. In other traditional Polynesian 

societies, there is evidence to suggest that adze manufacture was specialised. David 

Malo (1898:76-7), for instance, refers to Hawaiian adze makers (poi ka-ko‘i) as a 

“greatly esteemed class”, indicating that they formed a distinct type of specialist (see 

also Cleghorn 1982, 1984; McCoy 1990:110). Other researchers, however, believe 

that non-specialised adze production also was practiced in Hawaii (e.g., Withrow 

1990; Lass 1994, 1998; Bayman and Moniz-Nakamura 2001). In Samoa, Winterhoff 

(2007) has argued that adze manufacturing became more specialised over time, and 

by late prehistory was practiced by professional workers who were under the control 

of chiefs and formed a class separate from woodworkers (see Chapter 9). 

While there are no historical accounts that specifically identify the status of 

Marquesan adze makers, there is some evidence to suggest that at least some instances 

of adze production were integrated with other social practices. Handy provides an 

account of adze manufacture that is associated with a boy’s coming of age rite:  
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The sacred stone block or blocks, called Tu-fatu and Hoa-fatu, consisted of a 
slab of hard, dark stone suitable for making adzes, which was brought to the 
tona pou4 for the occasion from the tribal sacred place (me‘ae), where it was 
kept at other times. During the rite a chip was broken off with which to make 
an adz for a boy. These blocks are said to have been tribal possessions, each 
tribe having one or more. All adzes were made from them. Although the 
blocks themselves were sacred, adzes were not. Where the blocks came from 
no one knew. Tradition recounts that Motuhaiki, a legendary canoe builder 
and patron of canoe building, dug them out of a hole. 
 

(Handy 1923:320) 

 

 

Handy’s account indicates that at least some adze-stone was kept as a 

community supply, and its storage at a restricted religious site (me‘ae) suggests that 

the distribution of this material was controlled by one or more of the elite classes 

(priests and possibly also chiefs). If this stone was imported from another locality, 

Handy’s account also indicates that it was circulated as a raw material and 

manufactured into tools locally. This notion is supported by archaeological evidence, 

where unfinished adzes (i.e., blanks and preforms) and manufacturing debris have 

been identified in several Marquesan domestic assemblages (e.g., Suggs 1961; Ottino 

1985a; Kahn 1996; Rolett et al. 1997; Rolett 1998; Allen 2004; Allen and McAlister 

in press; see also Chapters 3 and 8).  

In the passage cited above, Handy states that “all adzes” were made from this 

supply of stone, but elsewhere he notes that “adzes were made everywhere out of the 

best available stone” (Handy 1923:148), suggesting that there may have been several 

mechanisms of stone distribution.  In addition to the classes of Marquesan tuhuna that 

would have used adzes and other stone tools in the course of their specialised work, it 

is almost certain that non-specialists would have used adzes for day-to-day tasks, such 

as land clearing, tree felling, and firewood preparation. 

  

                                                
4 The meaning of tona pou in this context is uncertain. Elsewhere, Handy (1923:155, 326) identifies the 
term as a chant or oration associated with canoe building but, in this passage, he seems to refer to a 
physical locality, possibly the place where the rite took place and where the tona pou chant was recited. 
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In contrast to descriptions of stone tool production, there are a number of 

accounts of the use of traditional Marquesan woodworking tools. In 1595, Quirós, the 

first European to document Marquesan society, observed some canoe-builders 

working, but mentioned only bone and shell adzes5: 

 
They work with adzes, which they make of thick fish-bones and shells. They 
sharpen them with large pebbles, which they have for the purpose.  
 

(Quirós 1904:28) 
 
 

Several of the other early visitors to the Marquesas Islands also gave 

rudimentary accounts of Marquesan woodworking tools. Kabris, for example, 

described woodworking tools made from a variety of materials, but gave no further 

details: 

 
The tools used for their manufacturing work are the axe, which they call 
toekitoue [toki], made from a sharp stone fastened to a piece of wood; the 
knife and the razor, which they call cohaie [kohe] made from human or fish 
bones, or pieces of bamboo carved into very sharp blades. 
 

(Terrell 1982:110) 
 
 
 Marchand, however, gave a more complete description of Marquesan 

woodworking tools, which included details on the hafting of stone adzes: 

 
Their hatchet is a black and hard stone, somewhat similar to that which we call 
touch-stone, of which it has the property; it is shaped like an elongated wedge, 
or rather like a mortise-chisel; and, by several close turns of small sennit made 
of cocoa-nut bass, it is strongly fastened on the extremity of one of the 
branches of a piece of crooked wood: its shape is that of one of our short-
handled pick-axes; and some of these tools weigh as much as twenty five 
pounds. They employ, besides, pieces of shell, of various shapes and sizes, 
sharp-edged or toothed like a saw, bones formed into points, and the rough 
skin of some fish, to fashion and polish their different works of carpentry or 
sculpture. It does not appear that they have hitherto learned to make any use of 
the iron tools which they may have received from Europeans. 
 

(Marchand 1810:145) 
 
 
                                                
5 Linton (1923:347) has noted Quirós’ failure to mention stone tools and suggested that he may have 
confused the Marquesas with one of the low coral atolls that also were encountered on the same 
expedition. 
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Marchand’s account of adze hafting matches the later ethnographic 

descriptions of Linton (1923) and those from other parts of Polynesia (e.g., Buck 

1949:187). Marchand also commented briefly on Marquesan attitudes to European 

woodworking tools, noting that they seemed reluctant to accept iron: 

 
A ribband6, a bit of red cloth, any trifle whatever, always obtained the 
preference over a hatchet, a saw, or some carpenter's or joiner's tool, which 
other nations of the Great Ocean seek with so much avidity, because the 
advantage which these tools have over theirs, for a quick execution in labour, 
cannot escape reflection, and determines their choice. 
 

(Marchand 1810:150) 
 
 

The apparent reluctance of Marquesans to appreciate the value of iron tools 

may have been due in part to their relative scarcity in the islands at that time; only 

three contacts with Europeans are recorded before Marchand: Mendaña’s (in 1595), 

Cook’s (in 1774) and Ingraham’s (in 1791). In the decade following Marchand’s 

visit, European contact with the Marquesas increased rapidly. Murdock (2000:160), 

for example, lists 16 ships visiting the archipelago between 1791 and 1801. During 

this time, metal became more familiar; Krusenstern, who visited Nuku Hiva in 1804, 

noted that stone tools were being replaced by iron at that time: 

 
Their tools are extremely simple, and consist of a pointed stone to bore holes 
with, and an axe made with a flat black stone. This latter they never use but in 
the total absence of all European tools; for the smallest piece of iron that they 
received from us, they instantly fastened to a handle, after sharpening the edge 
of it. I have, however, seen a stone axe made use of in the construction of a 
canoe. 

 
(Krusenstern 1813:162) 

 
 
 In other parts of Polynesia that had experienced increased European contact, 

iron tools seem to have been used in preference to stone. For instance, after leaving 

the Marquesas Islands in 1797, Wilson visited Tahiti where he met a group of local 

men building a canoe: 

 

                                                
6 The meaning of ribband in this passage is unclear. The term is used to describe a timber beam used in 
ship construction. However, ribband was formerly used as a synonym for ribbon (Webster's Revised 
Unabridged Dictionary 1913), and this meaning seems more likely in the context of the passage. 
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They all had iron tools; the hatchets were taken off the helves, and fixed as 
adzes. I inquired for a stone hatchet, which will soon be a curiosity to 
themselves; but they had none: also how long it took them to build a canoe 
with iron tools; they answered, about one moon. I then asked them how long 
they formerly were in doing it with their stone hatchets: at this they laughed 
heartily, and counted ten moons. 
 

(Wilson 1799:190) 
 

 

By the 1840’s, traditional tools appear to have been almost completely 

replaced by iron. Gracia (1843:121), for example, lamented that Marquesans formerly 

made stone adzes but now used only “small and worthless adzes” (misérables petites 

herminettes) fashioned from iron barrel hoops. Similarly, Thomson mentions only 

iron tools: 

 
They use their piece of iron with which they work whether it be a chisel, piece 
of iron hoop, an old knife, or whatever it may be, in the manner of an adze, 
secured to a crooked handle by a piece of string, formed of the husk of the 
cocoanut or the inner bark of the hibiscus tree. 

 
(Thomson 1980:27) 

 

Trade 

Early accounts of Marquesan life provide relatively few details about trade 

between tribal groups. Trade in raw materials and staples seems to have been almost 

completely lacking, possibly because each of the inhabited islands possessed much 

the same range of resources, as was noted by Robarts (1974:256). One exception to 

this was a special type of baked turmeric (ena) produced only in the valley of Muake 

on Nuku Hiva, and distributed throughout the archipelago (Crook 2007:167, 248). 

Robarts (1974:261) attributed the special qualities of this turmeric to ‘peculiar springs 

of water’ only found in this valley, although it may have been the manufacturing 

process, rather than the raw materials that gave this product its value. On one 

occasion, Robarts (1974:148) accompanied the relative of a chief from Nuku Hiva on 

a journey to sell turmeric at Tahuata. This trip may have involved several 

transactions, as they travelled via Ua Huka and Hiva Oa on both the outward and 

return journeys. Unfortunately, Robarts was occupied visiting friends and did not 

witness these transactions. 
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Another commodity that may have been valued for its raw materials was high-

quality basalt from Eiao, the northernmost island in the archipelago. Linton 

(1925:107) visited Eiao in 1921, and found a number of adze workshops, but as he 

could not locate any quarries, he speculated that adze material might have been 

obtained from riverbeds7. He also noted a possible connection between Eiao and 

Nuku Hiva: 

 
According to Nukuhivan informants the tribe inhabiting Eiao was an offshoot 
of one of the Nukuhivan tribes and the adzes made by them were first carried 
to Nukuhiva and from there traded to other islands of the group. The industry 
was not limited to Eiao, but was carried on independently throughout the 
Marquesas. It seems probable that the larger and coarser types of adzes were 
made of local material but that the superior Eiao stone was preferred for the 
finer forms. 

 
(Linton 1925:107) 

 
 

Linton makes two other interesting observations. Firstly, as no grindstones 

were found, he considered it likely that adzes were exported in unfinished condition, 

and secondly, he noted that most of the adze forms were “of the smaller and thinner 

forms used in carving” (Linton 1925:106). Linton’s findings were supported by 

Handy (1923:23), who reported that informants in Ua Huka told him that people from 

Hiva Oa used to travel to Nuku Hiva to obtain stone adzes. Handy did not state 

whether these adzes originated from Eiao or Nuku Hiva, or from both locations. 

While there is limited evidence of trade in raw materials, there are a number of 

references to inter-island exchange involving a range of manufactured goods. Handy 

(1923) lists some of the distinctive items exported from particular islands (see Table 

2.1). In particular, he notes that porpoise-tooth crowns were an exclusive product of 

Ua Pou. Maranda (1964) mentions some additional exports but does not provide 

sources for his information, making it unclear whether these items were part of a 

long-standing tradition, or had developed during the historic period.  

Apart from turmeric produced on Nuku Hiva, which appears to have been 

traded during special trips in November and December, when favourable winds blow 

(Robarts 1974:261), the context in which other items were traded was not recorded. 

No other mention is made of special trading trips by the early observers, but several 

                                                
7 Several adze quarries have since been located on Eiao (Rolett 2001; Butaud and Jacq 2007; M. 
Charleux per. comm. 2010; see also Chapter 3)  
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accounts indicate that items were exchanged in the course of various ceremonial 

gatherings. For example, Robarts (1974:91) briefly mentions warriors exchanging 

spears and fans during a formal peace-making ceremony. In a more detailed account, 

Roquefeuil (1823:65), a sandalwood trader, describes two double canoes from Hiva 

Oa arriving at Taioha‘e, on Nuku Hiva, in 1817, and staying for over a month. During 

the visit, the guests from Hiva Oa were entertained with feasts and musical recitals by 

the inhabitants of Taioha‘e and neighbouring valleys: 

 
During the day, these strangers, to the number of about forty, brought us, 
besides some pieces of cloth, gourds, and other productions of their country, a 
poem, in honour of the eldest son of the young chief, the grandson of 
Keatanoui Porter…The strangers from Ohevahoa [Hiva Oa] departed on the 
16th for their own country. They had derived good profits from their 
merchandize… 
 

(Roquefeuil 1823:65-6) 
 
 

Roquefeuil does not make it clear whether the recipients of the items (whom 

he simply refers to as “us”) are his fellow European seamen or the people of Taioha‘e, 

but it seems unlikely that the poem was intended for the Europeans. Neither does he 

elaborate on the nature or source of the “good profits” made by the visitors from Hiva 

Oa. Again, it seems unlikely that the Europeans were involved in the exchange, as 

they were only interested in obtaining sandalwood. 

By the time of Roquefeuil’s account, sandalwood traders had been operating 

in the Marquesas for almost a decade. The Swedish traveller, Graaner, who was on 

Nuku Hiva two years after Roquefeuil, recorded that Marquesans would now only 

accept guns or iron tools as payment for sandalwood: 

 

They have bartered this product for guns and powder… and these are now the 
only articles of value to them…Trinkets such as beads, mirrors, ribbons, 
feathers, buttons, etc., which were so much desired by them a few years ago, 
are now regarded as having little or no value, … Apart from guns and powder, 
only razors and other knives, hatchets, and axes are seriously sought-after 
objects for which something of value can be obtained. 
 

(Åkerrén 1983:40) 
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Table 2.1. List of historically-documented items circulated in the Marquesan Islands. 
 
Island Exports Destination Date Source 
Hiva Oa Bark cloth 

Gourds 
Large canoes 
 

Nuku Hiva and others? 
unknown 
Nuku Hiva (for turmeric) 

1819 
1817 
c.1800 

Åkerrén 1983 
Roquefeuil 1981 
Robarts 1974 

Nuku Hiva Tumeric (“ginger”) 
Stone adzes 
Large canoes 
Dried fish 
 

All other islands? 
Hiva Oa 
Ua Pou 
traded within Nuku Hiva 

c.1800 
n/a 
c.1800 
1800 

Robarts 1974 
Handy 1923 
Robarts 1974 
Crook 2007 

Ua Huka Pounders 
 

Hiva Oa n/a Handy 1923 

Ua Pou Porpoise teeth 
Tumeric (“ginger”) 
 
Fans 
 

Tahuata and Hiva Oa 
Tahuata (for pigs) 
  
Nuku Hiva and others?  

n/a 
1800 
n/a 
1819 

Handy 1923 
Crook 2007 
Maranda 1964 
Åkerrén 1983 

Fatu Hiva Wooden sculptures 
Fans 
Pipes 

unknown 
unknown 
unknown 
 

n/a 
n/a 
n/a 

Maranda 1964 
Maranda 1964 
Maranda 1964 

Tahuata Stone adzes 
Pounders 
Pae1 
Large canoes 
Pigs 
 

Leeward Islands 
unknown 
unknown 
Nuku Hiva (for turmeric) 
Nuku Hiva 

n/a 
n/a 
n/a 
n/a 
n/a 

Maranda 1964 
Maranda 1964 
Maranda 1964 
Ferdon 1993 
Ferdon 1993 

Eiao Stone adzes All other islands? 
(via Nuku Hiva?) 

n/a Linton 1925 
Handy 1923 

 
1) The identification of this product is unknown. 
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 In his account, Graaner makes another interesting observation, which appears 

to show priests on Nuku Hiva manipulating the flow of trade: 

 
The inhabitants of the island used to make their clothes themselves from the 
bark of a tree that resembles the mulberry, but the priests, for what reason I do 
not know, demanded an oath of the people that they would no longer occupy 
themselves with this, and the manufacturing of cloth from this tree was laid 
under taboo, so that the cloth now made on Nukuhiva is only of the bark of the 
breadfruit tree, other kinds being fetched from Hivaoa or St. Dominica [an 
early European name for Hiva Oa]. 
 

(Åkerrén 1983:40) 
 
 

Counter to Robarts’ (1974:62) contention that the tumeric trade was “the 

whole of their commerce”, the examples cited above suggest that Marquesans were 

involved in a range of trading activities at the time of European contact. However, the 

frequencies and contexts in which most of these exchanges occurred are unclear: the 

turmeric-selling voyage described by Robarts seems to have been ostensibly a 

commercial venture, while Roquefeuil’s account suggests that goods were exchanged 

in the course of a commemorative feast. While the destinations of some exports are 

not certain, it is likely that all of the inhabited islands were involved in trade to at least 

some extent.  

These accounts further suggest that there may have been a special relationship 

between Nuku Hiva and Hiva Oa, the largest islands in the northern and southern 

groups respectively. However, this may be due to observer bias, as these two islands 

were the most commonly frequented by Europeans. With a few exceptions, such as 

stone tools from Eiao, none of the trade items’ raw materials were unique to particular 

islands, nor (with the possible exception of turmeric from Muake on Nuku Hiva) did 

they depend on any proprietary manufacturing technique. Graaner’s account of the 

prohibition of paper mulberry (Broussonetia papyrifera) cloth production suggests 

that at least some avenues of trade were actively created and managed, by priests in 

this case, but possibly also by other members of the elite classes. It may also be 

significant that the trading events recorded by both Robarts and Roquefeuil involved 

either members of chiefly families or warrior classes. 
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Summary 

Although most of historical sources cited in the above discussion provide 

accurate descriptions of contemporary Marquesan life, traditional society changed 

rapidly during the 19th century as a result of contact with Europeans. Thomas (1992) 

suggests that the increased availability of firearms after Porter’s arrival had a 

profound effect on Marquesan society, both as a means of gaining ascendancy in 

warfare and also as a prestige commodity. Even as early as 1797, a limited number of 

guns were in circulation in the Marquesas. Crook (2007:253, 199) had a musket 

among his supplies, but noted that a warrior named Tama regularly used one in battle. 

Indeed, many of the European traders found that guns and ammunition were among 

the most sought-after exchange items (e.g., Roquefeuil 1823:59; Paulding 1831:58-9; 

see also Thomas 1992). 

Other historically-introduced economic activities, such as the commercial 

harvesting of copra (dried coconut meat) and planting of cotton for export (often by 

immigrant Chinese planters) are likely to have impacted traditional Marquesan 

agricultural practices (Eyriaud Des Vergnes 1877:70; Le Chartier 1887:211). The 

introduction of alcohol, tobacco and opium, which accompanied European and Asian 

immigration, was criticised on health grounds (e.g., Clavel 1885:127) but, no doubt, 

also affected the traditional economy. 

For these reasons, historical accounts cannot be assumed to reflect earlier 

Marquesan social and economic practices, even those that were in place in the 

decades immediately preceding regular European contact. These accounts do, 

however, suggest that at least some materials, including adzes and adze-stone, were 

distributed through organised networks in prehistoric times. In the following section, 

a brief review of the archaeological evidence for Marquesan interaction is provided. 

 

2.4 Archaeological background to the study area 

The Marquesas Islands have played a key role in studies of Remote Oceanic 

prehistory. The first culture history for the Marquesas was proposed by Suggs 

(1961:21), who divided the archaeological record into four periods, and named each 

after the stage of cultural development that he thought they represented: Settlement 

Period, Development Period, Expansion Period and Classic Period (Figure 2.5). 

Suggs’ excavations at Ha‘atuatua, on Nuku Hiva, uncovered a sequence of 

occupation, the earliest of which he dated to approximately 150 B.C. (Suggs 1961:20) 
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on the basis of artefact seriations (e.g., house foundations, fishhooks, coral abraders 

and stone adzes) and a small number of radiocarbon determinations. Because of this 

early date, and because the excavations produced ceramics, some of which 

subsequently were thought to have originated in Fiji (Dickinson and Shulter 1974), 

the archipelago was identified as a likely candidate for the original East Polynesian 

dispersal centre (Emory 1979; Sinoto 1970; but see Bellwood 1970). 

Although Suggs based his chronological model exclusively on evidence from 

Nuku Hiva, he contended that the archaeological sequence was valid for the entire 

group on the grounds that cultural differences between islands were not markedly 

different at the time of European contact (Suggs 1961:16). However, earlier 

investigations by Linton (1923: 185-9; 1925:30; see also Handy 1923; Maranda 1964) 

noted regional variation in material culture and architecture. Subsequent studies have 

also shown that significant linguistic variation exists between the northern and 

southern groups (Green 1966), and also between individual islands (Mutu and 

Teìkitutoua 2002). More recently Stefan and Chapman (2003) have identified regional 

variation in human physical characteristics. 

Archaeological studies also have found regional variation in the temporality of 

occupations at different sites. Sinoto’s (1966, 1970, 1979) excavations at Hane, on Ua 

Huka, prompted him to revise the temporal depth of Suggs’ original scheme, moving 

the date of settlement to around A.D. 300 for that site. Further archaeological 

investigations at Hanamiai, on Tahuata (Rolett 1989, 1993, 1998), at Hatiheu (Orliac 

2003; Millerstrom and Coil 2008) and Anaho (Allen and Addison 2002; Allen 2004, 

2009; Allen and McAlister 2004, 2010; Allen et al. 2005) on Nuku Hiva, at various 

locations on Ua Huka (Conte 2002, Conte and Poupinet 2002; Conte and Anderson 

2003), and renewed excavations at Ha‘atuatua (Rolett and Conte 1995; Rolett et al 

1997), have tended to produce relatively recent radiocarbon dates, generally no earlier 

than the latter half of the 1st millennium A.D. There have, however, been a few 

notable exceptions, such as Ottino’s (1985b:36) determination of 150 ± 95 B.C. on a 

charcoal sample from the lower layer of the Anapua rockshelter site on the island of 

Ua Pou.  
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Figure 2.5. Comparison of temporal sequences for Marquesan prehistory as proposed by 
Suggs (1961), Sinoto (1970) and Allen (2004). 
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These findings, together with reassessments of radiocarbon dates throughout 

East Polynesia, have resulted in some researchers truncating the depth of the 

archaeological sequence for the Marquesas Islands. Spriggs and Anderson (1993), for 

example, have suggested a date range of A.D. 300 – 600 for the settlement of the 

archipelago. Taking a more conservative approach, Anderson and Sinoto (2002:251) 

have argued that current acceptable radiocarbon determinations place the initial 

occupation of the Marquesas at a time no earlier than about A.D. 900. Other 

researchers (e.g., Kirch 1986:35; Allen 2004:186-7) have suggested that many of the 

sites excavated to date do not represent colonising occupations in the archipelago (see 

below). On this basis, Allen (2004) has proposed a revised chronology that includes a 

hypothesised period of settlement dating to approximately A.D. 700 (see Figure 2.5). 

As indicated by the preceding discussion, the timing of initial Marquesan settlement 

remains largely unresolved. There is, however, unambiguous evidence for established 

settlement throughout the archipelago by A.D. 1000 – 1250 (see Rolett 1989, 1998; 

Rolett and Conte 1995; Allen 2004, 2009; Allen and McAlister 2010). 

Equating Suggs’ chronological periods to distinct stages of cultural 

development has also been problematic. Rolett (1989:68, 1998), for example, has 

stressed the importance of developing local sequences for particular Marquesan sites; 

in his study of the Hanamiai site, Rolett has characterised the archaeological sequence 

as a series of localised “phases” (i.e., Phase I, Phase II etc.) rather than attempt to 

accommodate them into Suggs’ cultural periods . Similarly, the temporal sequence in 

Allen and McAlister’s (2010) study of the Hakaea Beach site is presented in terms of 

prevailing environmental conditions rather than stages of cultural development. 

Some of the chronologically-based artefact seriations that Suggs used to define 

his cultural periods have also been re-evaluated. In a recent study of Marquesan stone 

structures at Anaho, Allen (2009) has found that much of the domestic architecture 

dates to the recent past (ca. post-A.D. 1640), calling into question the usefulness of 

Suggs’ (1961) typology for house foundations as a method for relative dating. This 

study suggests that there are similar issues with Suggs’ adze typology (see Chapter 8). 

Despite these difficulties, Suggs’ cultural sequence provides a useful framework in 

which to discuss previous archaeological research. In the following sections, some the 

key findings are summarised.  
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Settlement Period 

Defining the Marquesan Settlement Period is problematic. Apart from the 

dating issues discussed above, it is not clear whether certain sites represent colonising 

settlements in the archipelago or the movement of populations already established in 

the Marquesas into new locations. As Allen (2004:186) points out, many of the sites 

with the earliest currently accepted dates are not situated in the sorts of prime 

locations that would be expected if they were colonial settlements. Other researchers 

have noted that the artefacts found in the earliest Marquesan layers are quite different 

in form from those found in western Polynesian sites, (e.g., Bellwood 1970; Davidson 

1976; Kirch 1986), suggesting that there may be as-yet undiscovered Marquesan 

temporal phases containing artefacts more closely related to those from western 

Polynesia. In addition, some of the artefacts found in the earliest Marquesan strata, 

such as stone tools from distant sources within the archipelago (Rolett et al. 1997; 

Rolett 1998; see below) and locally-produced pottery (Dickinson et al. 1998), indicate 

that the inhabitants had a detailed knowledge of the availability and distribution of 

many of the key resources throughout the archipelago by this time (Allen 2004:186).  

Under the chronology proposed by Allen (2004:187), the Settlement Period 

also covers the later movement of settlements into secondary occupation areas, such 

as Hanamiai and Hane, both of which are coastal sites dating to approximately A.D. 

1000 (see Rolett 1998; Anderson and Sinoto 2002). Faunal evidence from these sites 

suggests that a varied range of food was consumed during the initial occupation 

phase, and included a high proportion of wild resources, such as native birds, turtles 

and other marine taxa (Kirch 1973; Rolett 1989, 1998; Steadman and Rolett 1996). 

Developmental Period 

Suggs recorded very few differences between the Settlement and Development 

Periods. He argued that settlement patterns did not change markedly, with occupation 

still being restricted to coastal areas and river-mouths, and that material culture did 

not change appreciably either, but noted that a few adze forms disappeared (Suggs 

1961:182; see Chapter 8). In spite of the thousand-year duration he allotted to the 

Developmental Period, Suggs (1961:20) based the timing of this period on only two 

radiocarbon determinations both from Ha‘atuatua (1090 ± 180 BP, 1270 ± 150 BP) 

and both dating to the later part of his Development Period chronology (i.e., A.D. 100 

- 1100). Furthermore, both of these dates are considered potentially unreliable by 
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Anderson et al. (1994:34), as one is derived from human bone and the other is from a 

stratigraphically inverted context. 

Evidence from sites with firmer stratigraphic sequences and more 

comprehensive assemblages, such as Hanamiai (Rolett 1989, 1998) and, to a lesser 

extent, Hane (see Anderson et al. 1994), suggests that perhaps the most significant 

change during the Development Period was a shift in subsistence from a marine-based 

gathering strategy to one of terrestrial agriculture and animal husbandry (Kirch 

1973:38). Suggs (1961:182) has argued that breadfruit became more economically 

important at this time, on the basis of an increase in the number of cowrie shell 

(Cypraea sp.) scrapers. But, as Allen (2004:188) notes, this sort of scraper could 

conceivably have been used on other starchy foods as well, suggesting that other 

domesticates may also have been important (see also Addison 2006). 

Certain taxa, in particular birds, but also turtles and large marine mammals 

decrease in relative abundance in the archaeological record at Hanamiai, (Steadman 

and Rolett 1996, Rolett 1998). Although Anderson et al. (1994:47) agree that numbers 

of vulnerable wild taxa decreased at Hane too, they dispute Kirch’s (1973) conclusion 

of an overall shift to terrestrial subsistence on the grounds of errors in stratigraphic 

interpretation and small sample sizes. At Anaho Valley, on Nuku Hiva, there is also 

indirect evidence that suggests a shift in subsistence; the relatively low numbers of 

taxa vulnerable to human predation, such as turtles and native birds, recovered from 

Layer IV at Teavau‘ua (ca. A.D. 1160 – 1400; see Chapter 3) suggest that people may 

have exploited those resources from this area before this time (Allen 2004: 165). Also 

of note are large amounts of worked pearlshell and basalt flakes throughout the Anaho 

assemblages, indicating that the area was involved in the manufacture of both 

fishhooks and adzes. 

Expansion Period 

Suggs (1961) and Sinoto (1966, 1970) both consider that a major increase in 

population took place during the Expansion Period. Suggs (1961:20) argues that 

people began to settle in the interior of valleys and other marginal zones at this time. 

However, because all of his radiocarbon dates for this period derive from the coastal 

rockshelters at ‘Uea, a small and relatively isolated valley on the western coast of 

Nuku Hiva (see Figure 2.4), it is difficult to verify the timing of movements to inland 

regions (Allen 2004:189). 
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 Sinoto (1970:111) notes several differences in material culture at Hane, with 

some items, such as shaped whale-tooth pendants, pottery and Conus-shell discs 

dropping out of the archaeological record, and new artefact types appearing. Among 

the new items were conical pounders, which Suggs (1961:184) considered to be of 

Tahitian origin. He attributes their presence in the Marquesas to contact with the 

Society Islands, either through direct trade, or indirectly through traders from the 

Tuamotus, a group of low atolls situated between the Societies and the Marquesas 

(see Figure 2.1). Sinoto (1970:112) also notes changes in fishing gear at this time, 

which he suggests may indicate a decline in deep-sea fishing. Rolett (1998:246) has 

identified similar changes in fishing practices at Hanamiai during Phase III (1300-

1450 AD). 

 

Classic Period 

According to Suggs (1961:185), the Classic Period was characterised by an 

increase in status differentiation and the emergence of prestige rivalry, as evidenced 

by the elaboration of religious and ceremonial structures, such as terraced ceremonial 

complexes (tohua), monumental stone sculpture and megalithic domestic structures 

(paepae) with large cut-stone facing slabs. Suggs considered the main cause of 

prestige rivalry to be competition over habitable land due to increasing population 

levels, a view shared by several other researchers (e.g., Rolett 1989, 1998, 2002; 

Thomas 1990; Kirch 1991). As a result of increased rivalry, intertribal warfare might 

also have escalated during this period (Rolett 1998:255, Suggs 1961:185). 

Because none of the structures that he attributed to the Classic Period were 

radiocarbon dated, temporal framework proposed by Suggs (A.D. 1400 – 1790) was 

largely speculative. More recently, Allen (2009) has suggested that much of the 

megalithic architecture that has been associated with the Classic Period may, in fact, 

be more recent, and argues that more securely-dated archaeological sequences are 

needed before the timing of this period can be established. Indeed, Rolett (1998:248) 

found only one significant architectural structure (“an irregular pavement or low 

platform”) dating to Phase IV (A.D. 1450 – 1800) at Hanamiai, and noted that the site 

was transformed into ceremonial complex only after European contact (i.e., post-A.D. 

1800). 
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Archaeological evidence of interaction 

 Suggs (1961:184) employed similarities in artefact form to argue that the 

Marquesas were in contact with the Society Islands for much of the prehistoric period. 

Other studies have also suggested that similarities in artefacts, especially fishhooks, 

may be indicative of Marquesan contact with other island groups (e.g., Bellwood 

1970; Rolett 1993). Arguments for prehistoric inter-archipelago contact have since 

been strengthened by direct archaeometric evidence. Stone artefacts from the 

Marquesan island of Eiao have been identified in many other archipelagos including 

the Tuamotu group (Collerson and Weisler 2007), the Society Islands (Weisler 

1998:523; Weisler 2008a), the Line Islands (Di Piazza and Pearthree 2001:150) and 

Mangareva (Weisler 1998, 2002; Weisler et al. 2004). As noted earlier, a small 

number of pottery sherds of probable Fijian origin have been found in Marquesan 

sites (Dickinson and Shulter 1974; Dickinson et al. 1998) 

Evidence for interaction within the Marquesas is, however, quite limited; only 

two geochemical provenancing studies have been conducted to date. At Hanamiai, on 

Tahuata Island in the southern Marquesas, Rolett (1998:188-98) geochemically 

analysed 84 basalt specimens distributed over four stratified layers spanning 

approximately A.D. 1025 — 1800. A total of four distinct sources were identified. 

Unfortunately, a lack of suitable reference data prevented Rolett from conclusively 

identifying the locations of all but the Eiao source. Approximately half of the total 

sample was assigned to Eiao, a source which decreased in relative abundance over 

time, in particular after A.D. 1450. In Rolett’s (1998:255) opinion, this decline 

suggests that, during the 15th century, interaction had become highly competitive and 

hostile in nature, a development he associates with the emergence of monumental 

architecture and competitive emulation between chiefdoms (see also Rolett 2002). 

In another study, Rolett et al. (1997) analysed a small sample of specimens 

from Ha‘atuatua, on Nuku Hiva, and found that coarse-grained material was of local 

origin, while fine-grained specimens came from Eiao and another unidentified source, 

possibly in the southern Marquesas. While this study demonstrates that lithic 

materials were transported to Nuku Hiva from sources in the northern and possibly 

also southern groups, it was not possible to identify any temporal trend, as only 11 

samples were analysed from four stratigraphic layers (Rolett et al. 1997: Table 8.4). 

These studies are discussed in relation to the findings of this study in more detail in 

the following chapters. 
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2.5 Summary 

 This chapter has provided a general overview of the environmental, 

geological, ethnographic and archaeological backgrounds to the study. Early historical 

and ethnographic accounts indicate that Marquesans were involved in a range of 

trading activities at the time of European contact, although the contexts in which they 

occurred are not always clear. In contrast, archaeological evidence of exchange is at 

present still limited, with only two studies having been carried out within the 

archipelago (i.e., Rolett et al. 1997; Rolett 1998). Other studies have, however, 

identified Marquesan stone in a number of distant east Polynesian archipelagos, 

suggesting that the prehistoric movement of materials within the Marquesas may have 

been more common than is currently documented.  

In the following chapter, the collection of the lithic specimens that were 

analysed in this study is discussed and the specific valleys on Nuku Hiva that were 

investigated during the course of this research (i.e., Anaho, Pua, Hakaea and Hatiheu) 

are described in more detail.
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CHAPTER 3 

FIELD METHODS 

 

3.1 Introduction 

This chapter describes the field work that was conducted for this study. 

Archaeological studies that seek to determine the provenance of raw materials 

generally require two types of sample data: 1) reference data with which to 

characterise raw materials and discriminate among potential sources and, 2) 

archaeological specimens with which to identify the circulation of these materials in 

the region of interest. 

At the beginning of this study, a relatively limited number of geochemical 

reference samples suitable for archaeological studies were available for the 

Marquesas. Most were from the island of Eiao, while the remainder consisted of only 

nine specimens from Nuku Hiva (Weisler 1993a; Rolett et al. 1997) and three from 

the southern islands of Tahuata and Ua Huka (Rolett 1998). In order to gain a better 

understanding of the geochemical variability on Nuku Hiva, a large proportion of the 

field work was devoted to collecting geological specimens from various locations 

around the island.  

To maximise the usefulness of the available time in the field, it was decided to 

limit the archaeological collections to three locations on the northern coast of Nuku 

Hiva. The valleys of Anaho, Hakaea and Pua were eventually chosen for reasons 

discussed below. In addition, a private collection of stone tools from Hatiheu Valley 

was made available for this study. 

This chapter is organised into three parts. First, an overview of the 

methodological approach is given, which includes discussions on the choice of survey 

locations and the sampling methods that were employed. This is followed by a brief 

description of each of the valleys that were selected for archaeological survey and a 

summary of specimens that were collected from them. The collection of geological 

reference specimens is then discussed, and descriptions of their provenances are 

provided.  
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3.2 Approaches to the field work 

Selection of locations 

  In selecting suitable locations for archaeological survey, several valleys on 

Nuku Hiva were evaluated and two main factors were considered in comparing their 

potentials: the likelihood of collecting suitable lithic samples and the probable 

functions of sites within valleys. During previous field seasons at Anaho (see below), 

it was observed that surface artefacts were more visible near the coast than in the 

interior of the valley. Some of the likely reasons for this are discussed below. For this 

reason, valleys with fewer modern developments on the coast were deemed to have 

greater potentials for recovering archaeological samples than were more populous 

valleys, such as Taioha‘e, Hatiheu and Taipivai (see Figure 3.5). The potential 

impacts of previous archaeological investigations on Nuku Hiva were also taken into 

consideration in selecting locations. For example, Suggs (1961:107) previously 

investigated Ha‘ataivea Bay and collected more than 100 adzes from the Ha‘upa‘upa 

site (NHuu 1). 

It was also considered important that each archaeological sample was 

representative of a range of typical domestic activities in order to allow comparisons 

across localities. This effectively ruled out some of the valleys on Nuku Hiva with 

sites that were likely to have been functionally specialised. For instance, the valleys 

on the western (leeward) side of Nuku Hiva are small, and were probably 

environmentally too marginal to have supported large permanent populations. Early 

European accounts (e.g., Roberts and Magee 1795:244; Crook 2007:216, 245) noted 

that these valleys were occupied by small communities of fishermen. According to 

Crook (2007:216), no breadfruit or coconut trees grew in this region and the 

inhabitants obtained supplies by trading dried fish with the people of Hakau‘i on the 

southern coast. Archaeological investigations at ‘Uea, the southernmost valley in this 

region (see Figure 3.5), also found the environment to be marginal (Suggs 1961:182-

3; Addison 1996). Similarly, the Ha‘upa‘upa site noted above was a specialised adze 

production site, raising the likelihood that abundances of lithics would be biased in 

favour of local materials. 

 On the basis of these considerations, three valleys on Nuku Hiva were selected 

for archaeological investigation: Anaho, Hakaea and Pua (see Figure 3.5). Anaho was 

an obvious choice because it is the most thoroughly investigated valley on Nuku Hiva, 
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having been the main focus of seven field seasons directed by Allen between 1997 

and 2008 (see below). In the course of Allen’s investigations, a series of systematic 

surveys has identified and described all of the major surface structures in the valley, 

which have been associated with a range of functionally diverse activities, including 

domestic dwellings, food preparation areas, animal enclosures and agricultural 

features. In addition, an extensive excavation programme (including 46 

stratigraphically-controlled test units) has provided a secure temporal context for 

human occupation in the valley (Allen 2004, 2009). Another practical consideration 

was that all of the lithic material collected from Anaho was available for geochemical 

analysis. 

The other two locations, Hakaea and Pua, were chosen because they have 

relatively undisturbed coastal areas and small resident populations. Although cotton 

was commercially grown during the latter part of the 19th century at both valleys, as 

well as at Anaho and most of the other northern valleys on Nuku Hiva (Eyriaud Des 

Vergnes 1877:71; Le Chartier 1887:194; Stevenson 1900:70, 113), the historic 

populations of these valleys have been relatively low; an 1882 census indicated 

populations of 20 and 24 adults for Hakaea8 and Pua respectively, compared to 102 

for Anaho, and 908 for the whole of Nuku Hiva (Clavel 1885:77). Both valleys have 

remained relatively undeveloped since European contact. Additionally, no previous 

archaeological investigations had been carried out in these localities, reducing the 

likelihood of artefacts having been collected by other researchers. 

 

Surface collections 

The majority of the archaeological specimens examined in this study were 

collected from surface contexts, a decision that was made primarily on practical 

grounds. In previous field seasons at Anaho Valley between 2001 and 2006 (see Allen 

and Addison 2002; Allen 2004; Allen and McAlister 2004, 2006; Allen et al. 2005a, 

2005b), the excavation of more than 70 units (i.e., test pits, shovel pits and trenches) 

had yielded only 28 adze and preform specimens that were complete enough for 

physical analysis. This represented an average of less than one specimen for every 

two units, suggesting that excavation was not an efficient sampling method, given the 

                                                
8 Clavel (1885) actually lists the population for Apopani (usually rendered as Ha‘apapani), a small bay 
directly adjacent to Hakaea. The two bays are, however, often described collectively using a variety of 
names (e.g., Handy 1923:19; Suggs 1961; Ferreira 1987; Tröndlé and von Cosel 2005), suggesting that 
Clavel’s figures for Apopani also include Hakaea. 
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time and funding available for this study. In addition, at the commencement of this 

study, no excavations had been carried out at either Hakaea or Pua, so nothing was 

known about the sub-surface stratigraphy in those valleys. For these reasons, surface 

collections were judged to be the only practical way of collecting archaeological 

samples of sufficient size for quantitative analyses.  

The analysis of surface deposits has a long history in archaeological studies 

(e.g., Krober 1916; Phillips et al. 1951), and has been widely employed in many parts 

of Oceania (e.g., Kellum 1966; McCoy 1977; Ottino 1985a; Ayres et al. 2001; 

Collerson and Weisler 2007), particularly in Australia (e.g., Hiscock 1988; Pearson 

1989; Holdaway et al. 1998; Fanning et al. 2008, 2009; Douglass 2010). The 

possibility of post-depositional disturbances of artefacts has been recognised in most 

archaeological studies that include surface assemblages, and a range of potential 

mechanisms has been posited. These include natural movement by gravitational, 

erosional, aeolian and fluvial agents (Rick 1976; Schiffer 1983; Fanning and 

Holdaway 2001; McPherron 2005), and bioturbation by various burrowing taxa 

(Green et al 1967; Specht 1968, 1985; Pierce 1992; Araujo and Marcelino 2003). 

Many anthropogenic processes, such as land clearance, ploughing and even routine 

site maintenance, can also produce spurious clusterings of artefacts (e.g., Odell and 

Cowan 1987; Navazo and Díez 2008).  

Despite their demonstrated usefulness, surface assemblages are sometimes 

thought to be more susceptible to post-depositional disturbances than sub-surface 

deposits and, therefore, possess inherently less interpretive potential (e.g., Odell and 

Cowan 1987; Anderson 2008a, 2008b). This is, however, not inevitably true. Dunnell 

and Dancey (1983:269) have noted that most buried deposits were originally surface 

horizons and, because they were likely subjected to many of the same sorts of 

taphonomic agents, are not necessarily any more or less disturbed than current surface 

deposits (see also Lewarch and O’Brien 1983; Ebert 1992; Beck 1994; Fanning and 

Holdaway 2001; Ramenofsky et al. 2009). Accordingly, surface assemblages should 

not be discounted out of hand, but need to be evaluated in the context of the research. 

For this study, entire valleys are employed as spatial units of analysis because 

they are thought to have corresponded to autonomous social groups (i.e., tribes or 

mata‘eina‘a; see Chapter 2). It is, therefore, vertical, rather than horizontal, 

disturbance that is of most concern because the degree to which deposits have been 

vertically disturbed may affect temporal inferences. In regard to the possibility of 
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vertical post-depositional movement, Allen’s excavations at both Anaho and Hakaea 

generally possess good stratigraphic integrity with radiocarbon sequences in 

chronological agreement (Allen and Addison 2002; Allen 2004, 2009; Allen and 

McAlister 2010; see also below). Additionally, the rarity of historic artefacts in the 

lower cultural layers (i.e., Layers IIIb and IV; see Figure 3.4) of test pits on the 

coastal flat at Anaho indicates that vertical disturbances are modest. Together, this 

suggests that prehistoric surface materials at Anaho and Hakaea are most likely to be 

associated with recent occupations (i.e., post-AD 1600). 

Addison (2006) has conducted limited excavations at ‘Atikea in Hatiheu. The 

lower layers of two excavation units were radiocarbon dated (Addison 2006:741), and 

produced relatively late determinations (i.e., post-A.D.1500), suggesting that 

occupation there was contemporaneous with the late-prehistoric period at Anaho and 

Hakaea. The temporal sequence at Pua is currently unknown as no excavations have 

yet been conducted.  However, on the basis of architecture similar to that at the other 

three locations (see Allen and McAlister 2006) and the historical accounts of early 

19th century occupation in the valley (Crook 2007:235; Robarts 1974:110), a late 

prehistoric to early historic date is tentatively suggested for the Pua surface artefacts. 

 

Artefact visibility  

Because sediments are not usually screened during surface collections (but see 

Pierce and Ramenofsky 2000), the ability to identify artefacts may bias surface 

collections. The probability of identifying artefacts depends on their visibility in the 

environment, and this can be influenced by the extent and nature of vegetation cover 

and sedimentation (Gallant 1986) and the relative visibility of the artefacts themselves 

(Schiffer et al. 1978). In an experimental study, Wandsnider and Camilli (1992) found 

that the size, colour and shape of artefacts and their clustering and relative density on 

the landscape all influenced the chances of discovery. 

Artefact visibility is an issue in the Marquesan environment. Previous field 

work at Anaho Valley and the initial reconnaissances of Hakaea and Pua indicated 

that surface artefact densities were relatively sparse and unevenly distributed in 

clusters. This suggested that the main problem would be collecting a sufficiently large 

sample. It was also observed that surface artefacts were more visible in the coastal 

areas of these valleys than in their interiors. Most of the interiors of valleys are 

covered in thick vegetation, making it difficult to identify large domestic structures 
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that are only a few metres away let alone individual artefacts. Moreover, the ground 

surface of non-coastal areas is generally composed of gravel and small cobbles that 

are similar in size, colour and morphology to stone tools, further increasing the 

difficulty of identifying artefacts of this kind. These are, perhaps, all contributing 

factors to the apparently increased abundance of artefacts near the coast. While it is 

possible to systematically clear areas of vegetation, this often requires a substantial 

investment in labour and may not be particularly cost effective, especially if the 

expected density of artefacts is low (Schiffer et al. 1978:8).  

 For this study, the primary goal of the archaeological investigations was to 

collect stone tool samples of a sufficient size to allow quantitative comparisons 

between valleys. For the reason, it was decided that the most efficient sampling 

strategy would be to conduct intensive surface surveys, starting from the coastline and 

working inland, until a sufficiently large sample had been collected. 

 

Selection of specimens 

As discussed in Chapter 1, the analysis of artefacts in this study is restricted to 

basaltic stone. Although flakes and adze fragments have proved useful for identifying 

the presence of particular materials at specific localities (e.g., Allen and Johnson 

1997; Rolett et al 1997; Rolett 1998; Weisler 2002), quantifying adze abundances on 

the basis of fragments alone is problematic. Because episodes of adze manufacture or 

reworking can produce large (and often unpredictable) numbers of flakes per adze 

(see Cleghorn 1982, 1986), quantitative inferences based on flakes alone are likely to 

give a distorted impression of the number of adzes that are represented in an 

assemblage (Allen and Johnson 1997:129; Rolett 1998:203; Weisler 2008a:540). 

Moreover, abundances of flakes may also reflect different aspects of stone tool 

manufacture and use. For instance, if a particular material was highly valued, either 

because of its technological properties or its scarcity, artefacts made from that 

material may have be reworked intensively (Mackie 1992; Turner 2000) or reserved 

for formal, as opposed to expedient, tools (Andrefsky 1994a). Both of these situations 

have the potential to generate a large number of flakes over the use-life of a single 

tool. Consequently, a high proportion of flakes from a valued material may somewhat 

paradoxically reflect its relative scarcity in a region rather than its abundance.  

Differences in the proximity of stone sources to manufacturing locations may 

also influence abundances of flakes. To reduce transport costs and minimise the risk 
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of manufacturing failures, tools made from distant materials were often circulated in 

finished or semi-finished form (Bouseman 1993, 2005; Weisler 1995:393; Clark et al. 

1997:73; Kooyman 2000:140; Beck et al. 2002). In contrast, for adzes made from 

nearby materials, a greater proportion of the manufacturing process may have been 

carried out locally, producing more primary debitage (Turner and Bonica 1994). 

Some of these ambiguities can be resolved by examining the physical 

properties of flakes, such as their relative sizes and proportions of cortex and polish 

(Turner and Bonica 1994; Kahn 1996; Allen and Johnson 1997:125).  Such 

techniques are, however, most effective when large samples are available (e.g., Leach 

and Leach 1980; Turner and Bonica 1994; Holdaway 2004b; Holdaway and Stern 

2004). In addition, they are not necessarily suitable for quantifying the number of 

individual tools represented in a sample (but see Dibble et al. 2005; Douglass et al. 

2008; Douglass 2010). 

In order to reduce uncertainty in quantification, the lithic sample selected for 

analysis in this study was limited to specimens where the cross-section was intact or 

almost intact (i.e., adzes and preforms). This helped to ensure that each specimen 

represented a separate tool and minimised the chances of sample interdependence. 

During the field surveys, a number of flake scatters were identified and collected (see 

Allen and McAlister 2006). They are not, however, analysed in this study. 

 

Sampling methods 

The majority of the field work described in the following sections was carried 

out between June and August 2006. One field worker, Panui Teikiehuupoko, a 

resident of Hatiheu, was employed to assist with the mapping and surface collections 

at Hakaea, Pua and Anaho. The basic approach to the surface collections was the 

same for each valley. Initially, the valley was reconnoitred to identify areas containing 

surface artefacts. Once suitable survey areas had been selected a basic map showing 

the major surface features was constructed. This stage was not necessary at Anaho 

because the valley had previously been mapped during Allen’s investigations. 

Following the mapping, the designated areas were intensively searched for lithic 

artefacts. The approximate locations of specimens were plotted directly onto the map, 

and each specimen was assigned a spatial provenance according to the most 

proximate surface structures. In cases where no surface structures were particularly 

close, specimens’ locations were described using prominent landmarks. 
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3.3 Field work 

Hakaea Valley 

Hakaea is located on the northern coast of Nuku Hiva (Figure 3.5; see Allen 

and McAlister 2010). The north-facing beachfront is about 300 m wide and ascends 

gradually for about 150 m until it meets a marked rise parallel to the coast. Behind 

this rise the valley is bisected by a central ridge that divides the valley floor into 

eastern and western portions. An ephemeral stream currently flows through the 

western portion of the valley. It carries no surface water near the coast but empties 

into a small spring just before meeting the ocean. Another larger spring is located near 

the centre of the coastal flat but its source is unknown. Several other dry channels that 

probably represent former water courses are also present near the coast (see Figure 

3.1), but they have apparently been dry or intermittent for some years, as Adamson 

(1936:14) reported that the valley had no permanent stream in the 1930’s. At present, 

there is no supply of potable water at Hakaea. The local landowners use spring water 

for washing but obtain drinking water from a source in A‘akapa Valley, 

approximately 4 km to the east. The coastal area of Hakaea is jointly owned by 

several members of one family, who make use of the area only occasionally, all but 

one having permanent residences elsewhere on the island. Consequently, agriculture 

at Hakaea is less developed than at many of the other valleys on the northern coast of 

Nuku Hiva, and is limited to small-scale copra production and pig herding. 

The field work was initiated by reconnoitring both sides of the valley over an 

area extending from the coast to about 1000 m inland. It was found that stone 

structures were more or less evenly distributed throughout the lower slopes of the 

valley floor. However, artefacts proved increasingly difficult to find as the 

investigation moved inland, largely because of dense vegetation both obscuring the 

ground surface and blocking sunlight. Additionally, much of the higher ground was 

covered in particularly dense vegetation, making mobility difficult. The valley slopes 

were also searched for potential sources of stone suitable for adze manufacture, but 

none were found. One of the landowners, Patrick Dourlet, believed that there were no 

lithic sources near the coast, and, thought that if any existed in the valley they were 

likely to be several kilometres inland. The following field season (2007), Dourlet 

guided our party to the interior of the valley. No manufacturing sites were identified 

but some fine-grained basalt reference samples were collected (see Section 3.4). 
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On the basis of the initial reconnaissance it was decided that an area extending 

approximately 300 m inland from the coast was the most promising in which to 

efficiently collect artefacts. Although electronic surveying equipment was available 

(i.e., an electronic total station and GPS equipment), previous experience at Anaho 

Valley had shown that the dense Marquesan vegetation made electronic surveying 

difficult, particularly over large spatial areas with a limited field crew (see Allen and 

McAlister 2004). Instead, it was decided that a tape-and-compass map drawn on paper 

offered the most effective mapping approach given the available time and resources. 

Mapping was carried out at a scale of 1:1000, and recorded the major 

structural and topographic features. In total, 19 stone structures were recorded. After 

the structures had been plotted, the survey area was systematically searched by 

walking transects spaced approximately 2 m apart. In 2007, a series of excavations 

were carried out at Hakaea (see Allen and McAlister 2010). At this time electronic 

surveying equipment was brought to the field and used to check and, when necessary, 

correct the original tape-and-compass map. The map presented here reflects those 

corrections (Figure 3.1). Brief descriptions of the archaeological structures that were 

surveyed are summarised below (Table 3.1); fuller descriptions are provided in Allen 

and McAlister (2006).  

In addition to the lithic materials found near structures, a few artefacts were 

collected from the coastal area in locations not directly associated with surface 

structures. A concentration of cultural material was identified eroding from the slopes 

surrounding the spring in the centre of the coast, near one of the modern buildings in 

the valley. Four incomplete adzes and two incomplete preforms were found in this 

area as well as small amounts of flaked stone, pearl-shell, shell and bone. Three 

incomplete adzes were also collected from a gully to the east of this spring, and one 

preform, found near the access road, was provided by Patrick Dourlet.  

At the conclusion of the investigation, local landowners Patrick and Iris 

Dourlet were shown all of the artefacts that had been collected, as stipulated prior to 

the survey. They decided to retain four complete adzes that were collected from near 

Structures 9 and 10, but allowed the rest of the material to be removed for analysis. It 

total, 63 adzes and preforms were collected from Hakaea, 59 of which were available 

for geochemical analysis (Table 3.2).  
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Figure 3.1. Map of the Hakaea survey area. 
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Table 3.1. Summary of the surface structures at Hakaea. 

 
Location 

Morphological 
form 

Possible 
function 

   

St. 1 Alignment Unknown 
St. 2 Pavement Domestic 
St. 3 Terrace Domestic 
St .4 Alignment Unknown 
St. 5 Alignment  Agricultural 
St. 6 Alignment Unknown 
St. 7 Enclosure Animal pen 
St. 8 Platform Domestic/cooking 
St. 9 Pavement Domestic 
St. 10 Pavement Domestic 
   

St. 11 Pavement Domestic 
St. 12 Alignment  Agricultural 
St. 13 Pavement Pathway 
St. 14 Platform Domestic 
St. 15 Pavement Domestic 
St. 16 Platform Domestic 
St. 17 Platform Domestic 
St. 18 Platform Burial 
St. 19 Platform Burial 
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Table 3.2. Summary of the surface-collected archaeological specimens from Hakaea. 
 

 Manufacturing stage  
 Blank Preform Adze  
Location  incomplete complete incomplete complete Total 
       

St. 1/2  6 1 7 1 15 
St. 3/4  5  9 1 15 
St. 5  1   1 2 
St. 7/8  1    1 
St. 9/10  5  3 41 12 
St .13    1  1 
St. 17/19  3 2 2  7 
Dry gully    3  3 
Central spring  2  4  6 
Unknown  1    1 
       

Total  24 3 29 7 63 
 
1. specimens retained by the landowners 
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Pua Valley 

Pua is located on the northwest coast of Nuku Hiva directly to the west of 

Hakaea (Figure 3.5). The valley is relatively long and narrow, extending inland for 

more than 2 km (Figure 3.2). The beach faces north-west and is approximately 400 m 

wide. The valley floor, however, narrows considerably inland from the beachfront, 

resulting in a thin strip of flat land approximately 250 m wide, which is abutted by 

steep-sided valley walls on both sides for most of its extent. This topography has 

probably restricted both the settlement size and agricultural potential of the valley, as 

Allen (2009:346) has suggested for other long, narrow valleys in the Marquesas 

Islands. Although Pua is located on the drier leeward (i.e., western) side of Nuku 

Hiva, it appears to be more fertile than the valleys further to the west, such as 

Motuhe‘e and ‘Uea (see Addison 1996). At the time of this field study (2006), a large 

number of coconut and breadfruit trees were observed in the valley. In addition, the 

resident family maintains a sizable banana plantation, and lemons are grown 

commercially. The apparent fertility of Pua may be due in part to a comparatively 

large stream, up to 40 m wide in places, that flows through the western side of the 

valley and a smaller stream on the eastern side that irrigates the banana plantation. 

Currently, Pua is occupied by a large extended family, the Pahuatini family, who are 

expanding agricultural development, particularly cattle husbandry, in the valley. 

Consequently, portions of an old coastal coconut plantation are being cleared and 

replaced with pasture. Field assistant, Panui Teikiehuupoko, noted that the sandy 

beach extended approximately 50 m further inland the last time he visited the valley, a 

few years previously. 

 In contrast to Anaho and Hakaea, no archaeological investigations had been 

carried out at Pua prior to this study. Suggs (1961) briefly visited the valley (which he 

referred to as Haka‘ehu) and noted one site on the coast (NHK 1). His description of 

the area is, however, too brief to allow the site to be identified: 

 

At a village site on the sandy beach and the level, elevated sand flats behind it, 
remains of stone pavements and some post-hole braces were seen on the 
surface. Occupational debris, found along the beach where the tidal waves 
have sectioned the dune, is sparse, and artifacts are few. 

Suggs (1961:77) 
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Consequently, more time was required to record and map the archaeological 

structures and geographical features in this valley. The mapping was carried out using 

the same procedures as at Hakaea. However, because there were no plans to return to 

this valley in the near future, some of the more complex surface structures were 

recorded in more detail than at Hakaea (see Allen and McAlister 2006).  During the 

initial reconnaissance of the coastal flat at Pua, it was found that the most accessible 

land and visible structures were contained in an area extending about 500 m inland 

from the coast. As was the case at Hakaea, lithic artefacts became increasingly more 

difficult to find further inland. Thirty-one structures were noted, which included free-

standing stepped platforms, terraces and walls (Structures 1 to 31). These structures 

are summarised below (Table 3.3; see also Allen and McAlister 2006), and their 

locations are shown on the accompanying map (Figure 3.2). 

In total, 43 adzes and preforms that were complete enough for physical 

analysis were collected at Pua. They are summarised in Table 3.4. At the conclusion 

of the investigation, the collected artefacts were examined by the landowners, who 

allowed all of the material to be removed from their property for analysis with the 

exception of the shell adze found in near Structure 12, which they decided to retain. In 

addition, they consented to two large basalt adze preforms, approximately 200 mm in 

length (samples #5187 and #5188 — see Figure 8.20), being left with the Mayor of 

Hatiheu, Yvonne Katupa, after they had been physically analysed and the core 

samples required for geochemical analysis had been extracted. 
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Figure 3.2. Map of the Pua survey area. 
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Table 3.3. Summary of the surface structures at Pua. 

 
Location 

Morphological 
form 

Possible 
function 

   

St. 1 Alignment Unknown 
St. 2 Pavement Pathway 
St. 3 Alignment Unknown 
St .4 Alignment Unknown 
St. 5 Circular arrangement  Unknown 
St. 6-9 Alignments Domestic complex 
St. 10 Disturbed platform Domestic 
St. 11 Terrace Domestic 
St. 12 Alignment  Agricultural 
St. 13 Alignment  Agricultural 
   

St. 14 Alignment  Agricultural 
St. 15 Platform and pavement Domestic complex 
St. 16-18 Platform and alignment Domestic complex 
St. 19 Alignment Unknown 
St. 20 Platform and enclosure Domestic complex 
St. 21 Platform Domestic 
St. 22 Platform Domestic 
St. 23 Terraced complex Unknown 
St. 24 Stepped Platform Domestic 
   

St. 25 Simple Platform Domestic 
St. 26 Simple Platform Domestic 
St. 27 Simple Platform Domestic 
St. 28 Simple Platform Domestic 
St. 29 Simple Platform Domestic 
St. 30 Divided platform Domestic 
St. 31 Pavement Pathway 
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Table 3.4. Summary of the surface-collected archaeological specimens from Pua. 
 

 Manufacturing stage  
 Blank Preform Adze  
Location  incomplete complete incomplete complete Total 
       

St. 6-9  2  1 1 4 
St. 10  4 2 2  8 
St. 11  3  2  5 
St. 12-14  4 1 3  8 
St. 23  3 1   4 
St. 25  5 2 4  11 
St. 27  3    3 
       

Total  24 6 12 1 43 
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Anaho Valley 

Anaho is a wide amphitheatre-headed valley on the northeast coast of Nuku 

Hiva (Figure 3.5). It is nested between, Hatiheu Valley to the west and Ha‘atuatua 

Valley to the east, both of which are easily accessible by foot. Anaho’s coastline is 

approximately 2 km in length but for most of the southeast half mountainous ridges 

extend almost to the sea, leaving a narrow strip of coastal flat only a few metres wide. 

The coastal flat on northwest side of the bay is considerably larger, widening in two 

places, each extending approximately 200 m inland (Figure 3.3). The northernmost 

area of coastal flat is bisected by an intermittent stream that drains into a spring near 

the coast. An area known locally as Teavau‘ua lies to the north of the stream, while 

the stream itself is straddled by an area of domestic and agricultural structures (Allen 

and McAlister in press). The southern area of coastal flat is similar in extent, and also 

contains an intermittent stream. Anaho is one of the few bays in the Marquesas to 

possess a developed coral reef, which, at approximately 1300 m in length, is one of 

the largest in the archipelago (Brousse et al. 1978). The current population of Anaho 

varies, but at any one time there are usually fewer than ten permanent residents. 

Economic activity is limited to casual copra production from a few stands of aging 

coconut palms and occasional tourism. 

Anaho Valley has been the subject of an extended study directed by Allen 

over several field seasons (see Allen and Addison 2002; Allen 2004, 2009, 2010; 

Allen and McAlister 2004, 2006, in press; Allen et al. 2005a, 2005b). One of the 

major components of Allen’s study has been a systematic programme of identifying 

and recording all of the stone architecture in the valley. To date, well over 300 

structures, which represent a range of domestic, agricultural and communal (i.e. 

ceremonial and religious) activities have been catalogued. Extensive excavations also 

have provided a comprehensive temporal understanding of human habitation in the 

valley and identified several occupations of varying duration. The Anaho temporal 

sequence is discussed below. 

The surface collection at Anaho followed the same basic procedures as at 

Hakaea and Pua. However, because all of the major surface structures and 

topographical features at Anaho had already been recorded during previous field 

seasons, it was not necessary to re-map the valley. Forty-nine adzes and preforms 

were collected during the survey outlined here. In addition, a further 44 specimens 
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collected during other field seasons in the valley, and five specimens provided by 

Anaho resident, Tehetu Puhetini, and collected from his property (Structure 6 on 

Figure 3.3), were included in this analysis, bringing the total to 98 specimens 

The surface-collected specimens derive from 36 structures and two areas not 

directly associated with structures (the Teavau‘ua coastal flat and the northern bank of 

the adjacent stream). The morphological forms and inferred functions of these 

structures are summarised below (Table 3.5); they are described in detail elsewhere 

(e.g., Allen and McAlister 2004, 2006, in press; Allen 2009) 

 

Excavated specimens 

During Allen’s excavations at Anaho, 33 adzes and preforms were recovered. 

Although this is a relatively small sample, these specimens were also analysed in this 

study to gain at least a limited understanding of the range of materials that were in 

circulation during earlier use of the valley. The majority of the excavated samples 

were recovered from the Teavau‘ua coastal flat. The chronology of occupation at this 

locality is the subject of several publications by Allen (2004, 2009; see also Petchey 

et al. 2009) and the main points are outlined here.  

Allen’s excavations at Teavau‘ua identified a maximum of six strata (Layers I, 

II, IIIa, IIIb, IV, and V), three of which bear evidence of occupation (Figure 3.4). The 

earliest is represented in Layer IV. A 12th to 14th century occupation for this layer 

(A.D. 1160 - 1400 2σ  range) is indicated by seven radiocarbon dates (Allen 2004, 

2009; Petchey et al. 2009), of which Allen (2009:353) considers the AMS 

determination on a short-lived nutshell sample (sample OZI-974; A.D. 1250 - 1295 

1σ  range) to be the best age estimator. Layer IIIb is also securely dated with five 

radiocarbon determinations giving a 2σ range of A.D. 1320-1670, with the most 

likely period of occupation between A.D. 1400 and 1650 (Allen 2009:353). The most 

recent excavated cultural layer is Layer IIIa. On the basis the underlying stratigraphy, 

a single radiocarbon date (Beta-108024; Allen 2009: Figure 5) and the recovered 

materials, which include historically-introduced artefacts and fauna, it is most likely 

that Layer IIIa represents occupation from the late prehistoric period (ca. post- A.D. 

1600) to the early 20th century (Allen 2004:160). 

Fewer excavations have been carried out at other parts of Anaho, but research 

to date indicates that the initial occupation in the valley may be earlier than is 



 62

evidenced at Teavau‘ua; a radiocarbon date (sample OZI-977) from beneath a 

structure approximately 200 m to the south of Teavau‘ua (Structure 8; see Figure 3.3) 

has returned a calibrated range of A.D. 1040 - 1270 (2σ) (Allen 2009:Table 2). 

Excavations at the interior of the valley have produced dates that are similar to the 

basal occupation at Teavau‘ua. Two determinations (OZI-980 and WK-16735) from 

an oven feature gave a combined age range of A.D. 1260–1445 (1σ), while a third 

(OZK-037) from another interior location produced a 1σ range of A.D.1210–1380 

(see Allen 2009:366). 

In total, 131 adzes and preforms from Anaho were analysed in this study. 

These included 98 specimens collected from surface contexts and a further 33 

excavated artefacts. The collection locations of the specimens are shown below 

(Figure 3.3). The surface-collected specimens are summarised in Table 3.6, and 

details of the excavated specimens are given in Table 3.7. 

 

Hatiheu Valley 

 In addition to the archaeological specimens collected at Hakaea, Pua and 

Anaho, a collection of stone tools in the possession of the Teikiehuupoko family of 

Hatiheu was made available for analysis. The collection comprises 33 adzes and 

preforms that have been found at the family’s properties in Hatiheu over several 

years. Unfortunately, the provenances of the specimens were not recorded when they 

were collected, making it impossible to conclusively associate individual specimens 

with particular locations. The family, however, thought that most were from their 

property in the ‘Atikea region on the eastern side of the valley, and were certain that 

all of the artefacts were collected within their properties in Hatiheu Valley. 

Addison (2006:232-58, 727-62) has conducted extensive fieldwork at ‘Atikea, 

which included mapping most of the surface architecture in the locality and limited 

excavation. He found a range of domestic and agricultural structures, which he 

described as similar to other historic and archaeologically documented settlements in 

the Marquesas (Addison 2006:232). As noted above, Addison (2006:741) radiocarbon 

dated the lower layers of two excavation units at ‘Atikea, both of which produced 

relatively late dates (i.e., post-A.D.1500), suggesting that the surface assemblages 

there are contemporaneous with those at Anaho and Hakaea. Several basalt reference 

samples also were collected from ‘Atikea in 2006 and 2008 for this study (see below). 
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Figure 3.3. Map of the Anaho survey area. Teavau‘ua is located in Sector I at the coastal end 
of the stream in the upper part of the figure. 
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Figure 3.4. Typical stratigraphic profile from excavations at the Teavau‘ua coastal flat (from 
Allen 2004). 
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Table 3.5. Summary of the structures associated with the surface-collected archaeological 
specimens from Anaho Valley (data from Allen 2009, in prep.).  
 

Location 
Morphological 

form 
Possible 
function 

   

St. 2 Divided platform Domestic 
St. 6 Stepped platform Domestic 
St. 8 Stepped platform Domestic 
St .11 Stepped platform Domestic 
St. 13 Stepped platform Domestic 
St. 16 Stepped  terrace Domestic 
St. 35 Simple platform Domestic 
St. 38 Simple terrace burial 
St. 50 Stepped platform Shrine  
St. 60 Stepped platform Domestic 
   

St. 101 Basalt outcrop stone tool source 
St. 103 Large rock  Marker, religious? 
St. 183 Surface lithic scatter  Tool manufacture  
St. 184 Surface lithic scatter  Tool manufacture  
St. 186 Stepped terrace Domestic? 
St. 195 Barrage terrace Agricultural 
St. 211 Surface lithic scatter  Tool manufacture  
St. 212 Surface lithic scatter  Tool manufacture  
St. 213 Surface lithic scatter Tool manufacture 
St. 222 Surface lithic scatter  Tool manufacture 
   

St. 228 Stepped terrace Domestic 
St. 232 Simple pavement Domestic 
St. 239 Simple terrace Religious? 
St. 242 Simple platform Shrine 
St. 243 Stepped platform Domestic 
St. 254 Stepped platform Domestic 
St. 263 Unfinished terrace Undetermined  
St. 267 Simple terrace agricultural 
St. 277 Surface scatter lithics & fauna Domestic? 
St. 282 Simple pavement Undetermined 
   

St. 283 C-shaped enclosure Undetermined 
St. 316 Stepped terrace Agricultural 
St. 323 Simple terrace Domestic 
St. 335 Stepped platform Domestic 
St. 342 Fauna & artefact scatter Domestic? 
St. 347 Alignment/terrace Boundary 
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Table 3.6. Summary of surface-collected archaeological specimens from Anaho. 
 

 Manufacturing stage  
 Blank Preform Adze  
Location  incomplete complete incomplete complete Total 
       

St. 2    1  1 
St. 6  3 1 2  6 
St. 8  1    1 
St .11  2  1  3 
St. 13  2 2 1  5 
St. 16  10  8 1 19 
St. 35  3  1  4 
St. 38    1  1 
St. 50  1 1   2 
St. 60   1   1 
       

St. 101   1   1 
St. 103  1    1 
St. 183  2    2 
St. 184    1  1 
St. 186  1  1  2 
St. 195  1    1 
St. 211  1    1 
St. 212  1    1 
St. 213  1    1 
St. 222    1  1 
       

St. 228  1    1 
St. 232   1   1 
St. 239 1     1 
St. 242    1  1 
St. 243  1  1  2 
St. 254    2  2 
St. 263    1  1 
St. 267  1    1 
St. 277  1    1 
St. 282  1    1 
       

St. 283  1  1  2 
St. 316  1    1 
St. 323  1    1 
St. 335    1  1 
St. 342  2  1  3 
St. 347    1  1 
Teavau‘ua flat  6  3  9 
Northern stream  8 1 2  11 
West end of bay   1   1 
Unspecified    1  1 
       

Total 1 54 9 33 1 98 
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Table 3.7. Summary of excavated archaeological specimens from Anaho Valley. 
 
Accession 

number Unit1 Layer Level 
Age range 
(Cal. AD) 

Artefact 
class2 

Field 
season 

304 TP6 IV 6 1200-1400 preform 2001 
683 TP12 IV 6 1200-1400 preform 2003 
735 TP13 IV 5 1200-1400 preform 2003 
853 TP16 IV 4 1200-1400 preform 2003 

3188 SP6 IV n.a. 1200-1400 preform 2004 
       

310 TP5 IIIb 6 1400-1600 preform 2001 
678 TP11 IIIb 4 1400-1600 adze 2003 
861 TP12 IIIb 5 1400-1600 preform 2003 

5792 TP13 IIIb 4 1400-1600 preform 2003 
860 TP9 IIIb 6 1400-1600 preform 2003 
885 TP9 IIIb 7 1400-1600 preform 2003 
14 SP5 III n.a. Prob. 1400-1600 adze  2001 

       
3191 SP14 III n.a. post-1400 preform 2004 
3187 SP6 III n.a. post-1400 preform 2004 
5742 SP7 III n.a. post-1400 preform 2004 
4103 TP34 II n.a. post-1400 preform 2006 
4274 TP34 I 4 post-1400 preform 2006 
4432 TP34 II 8 post-1400 blank 2006 

       
713 TP13 IIIa 3 post-1600 adze 2003 
715 TP13 IIIa 3 post-1600 preform 2003 

1345 TP20 I 1 post-1600 preform 2003 
1344 TP21 I 2 post-1600 adze 2003 
588 TP8 IIIa 3 Post-1600 preform 2003 

1026 TP20 surface n.a. Prob. post-1600 adze 2003 
115 SP25 I n.a. Historic/disturbed  adze 2001 

       
116 SP35 uncertain n.a. Not known preform 2001 

1086 TP23 uncertain trim Not known preform 2003 
6081 TP41 III 6 Not known preform 2008 
6113 TP42 I 2 Not known preform 2008 
6119 TP43 II 2 Not known preform 2008 
6346 TP46 III 8 Not known adze 2008 
6355 TP46 III 8 Not known preform 2008 
4039 ST6 uncertain n.a. Not known preform 2006 

       

1) SP = Shovel Pit; ST = Test Trench; TP = Test Pit  
2) Adzes possess evidence of grinding or polishing, whereas preforms do not. See Chapter 8 for definitions 
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Summary 

In total, 266 archaeological specimens from four valleys on Nuku Hiva were 

included in this study. The stone architecture on the coasts of all three valleys that 

were surveyed includes a similar range of raised platforms, terraces, pavements, low 

stone alignments and walls, suggesting that comparable domestic and agricultural 

activities were practiced at these valleys. Addison’s (2006:727-62) survey of the 

‘Atikea region at Hatiheu indicates that this area also was primarily used for 

agricultural and domestic purposes.  

Most of the platforms and terraces are comparatively simple and probably 

represent domestic dwellings, known as paepae (see Suggs 1961; Kellum 1968; Allen 

2009). One exception is a cluster of structures comprising Structures 21-24 and 26 at 

Pua that is notable both by the proximity of the structures to one another and by the 

internal complexity of Structure 23 (Figure 3.2; see also Allen and McAlister 2006). 

These structures are similar in form and layout to the Tepapa Uka complex identified 

at Anaho Valley, (see Allen and McAlister in press) and may have formed a 

communal ceremonial complex (tohua) or an elite residence.  

Although there is no way of assigning age ranges directly to the surface collections 

analysed in this study, the contextual evidence (see Allen 2004, 2009; Allen and 

McAlister 2006; Addison 2006) suggests that the late prehistoric and early historic 

periods (i.e., post-AD 1600) are the most plausible for the surface assemblages. In 

sum, it is considered unlikely that any sampling biases arising from site function, 

temporality or artefact visibility have significantly affected the samples from these 

valleys differentially.  

 

3.4 Reference specimens 

A second aspect of the field work involved collecting a series of reference 

samples from Nuku Hiva. To date, few reference samples from the Marquesas Islands 

have been analysed specifically for archaeometric purposes. The majority are from 

Eiao, the remainder being limited to nine specimens from Nuku Hiva (Weisler 1993a; 

Rolett et al. 1997) and the three from Tahuata and Ua Huka (Rolett 1998:199). To 

gain an initial understanding of the geochemical variability of Nuku Hiva, reference 

samples were collected from various locations across the island. The three valleys 

from which archaeological materials were collected (Anaho, Hakaea and Pua) were 

investigated the most intensely, as they were considered the most likely sources for 
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local stone artefacts, but other localities that previous studies have identified as 

sources of tool-quality stone, including the Ha‘aupa‘upa quarry at Ha‘ataivea (Suggs 

1961), and Ha‘atuatua (Rolett et al. 1997), also were investigated.  

 Direct evidence of resource exploitation was identified only at Anaho, 

Ha‘ataivea and the Terre Deserte (see below). For valleys lacking definite evidence of 

prehistoric exploitation, reference samples were taken from dykestone outcrops or 

large boulders, and selected for properties similar to those of the archaeological 

specimens and thought to be conducive to tool-manufacture. These included a high 

relative toughness, a fine-grained texture and a homogenous composition. Potential 

samples were taken from large dykestone outcrops or boulders using either a cobble 

as a hammerstone or a geological hammer. Exposing the inner surface of the samples 

helped to ensure that the materials were not excessively weathered and that they 

possessed some of the properties noted above. The selection of samples for 

geochemical analysis was also guided by examining petrographic thin-sections, which 

were prepared for all of the reference specimens and the archaeological specimens 

that were analysed using WDXRF. 

In addition to the samples collected for this study, Tamara Maric provided two 

flake samples from two manufacturing sites in the Terre Deserte region in the 

northwest of the island. Several reference specimens collected from various locations 

in the Marquesas by Allen in 1995 also were analysed. Apart from the previously 

reported Marquesan reference samples (i.e., Best 1984; Best et al. 1992; Weisler 

1993a, 1993b; Rolett et al. 1997; Sinton and Sinoto 1997; Rolett 1998), all of the 

Marquesan reference samples used in this study were geochemically analysed by the 

author, using both WDXRF and PXRF analysis. In total, the Marquesan reference 

specimens employed in this study were derived from 22 locations, 17 on Nuku Hiva 

and five from other islands in the archipelago. Brief descriptions of their provenances 

are given below and the locations of the Nuku Hiva samples are shown on the 

accompanying map (Figure 3.5; Table 3.8). 
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Figure 3.5. Map of Nuku Hiva showing the locations of the reference specimens. 
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Table 3.2. List of Marquesan reference samples used in this analysis. 
 
     WDXRF EDXRF(1) 
Map ref. Island Region Bay Location n n 

1 Nuku Hiva East Anaho         North          4 12 
2 Nuku Hiva East Anaho         South 12 15 
3 Nuku Hiva East Anaho         Hatiheu Trail - 4 
4 Nuku Hiva East Anaho         Teonepoto - 4 
5 Nuku Hiva East Ha‘ataivea      - 7 6 
6 Nuku Hiva East Ha‘atuatua      - 2 5 
7 Nuku Hiva East Ma‘atea - 1 - 
8 Nuku Hiva East Hatiheu         ‘Atikea - 6 
9 Nuku Hiva East Hatiheu         Naniuhi          - 4 

10 Nuku Hiva West Hakaea          - 4 8 
11 Nuku Hiva West Pua - 1 4 
12 Nuku Hiva West ‘Uea - 1 - 
13 Nuku Hiva West T.Deserte    - 2 2 
14 Nuku Hiva South Ho‘oumi          - - 4 
15 Nuku Hiva South Taipivai         - - 3 
16 Nuku Hiva South Taioha‘e         Tahuna Nui - 5 
17 Nuku Hiva South Taioha‘e         Koueva - 3 
 Eiao - - - 23 7 
 Hiva Oa  - Atuona - 2 2 
 Tahuata - - - 2 - 
 Ua Huka - - - 1  
 Ua Pou - Hakahau - 3 3 

Total         65 97 
1) EDXRF total includes specimens analysed using WDXRF that have trace element data 
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 1. Anaho North 

 At the north of Anaho Valley several flake scatters were identified during the 

2003 field season by David Addison (see Allen et al. 2005a:141), one in association 

with a dykestone outcrop identified as Structure 101 (see Figure 3.3). Twelve flakes 

from this area were analysed, four with WDXRF and a further eight with PXRF.  

 

2. Anaho South  

 A flake scatter in association with a dykestone outcrop was identified at the 

southern end of Anaho Valley near Structures 92 – 95, a series of agricultural terraces 

(see Figure 3.3). Eight specimens, four flakes from the scatter and four samples from 

the outcrop, were analysed (Figure 3.6). A second smaller flake scatter was identified 

at a nearby structure (Structure 228), and six specimens were analysed from here: 

three flakes from the scatter and three samples from a nearby outcrop. In addition, one 

reference specimen, collected in 1995, from the southern part of the valley was 

supplied by Allen. In total, 15 reference specimens were analysed from the southern 

end of Anaho Valley, 12 using WDXRF and three with PXRF. As a group, these 

specimens are geochemically homogenous, and similar in composition to those from 

the north of Anaho, the main differences being slightly higher mean concentrations of 

K, Ca and Sr. For analytical purposes, all the geological samples from Anaho were 

grouped together. 

 

3. Anaho-Hatiheu Trail 

 A small scatter of flaked stone was identified at the saddle of the trail between 

Anaho and Hatiheu. Two flake specimens from the scatter and two specimens from a 

nearby outcrop were analysed using PXRF. All four specimens (Samples 6437, 6439, 

6440 & 6441) were found to have extremely high concentrations of Ni (9900 – 11,000 

ppm), approximately one hundred times greater than the average for the rest of the 

Marquesan samples (120 ppm), and around twenty times higher than the next highest 

concentration (576 ppm). In all other respects the geochemical makeup of these 

specimens is similar to the other samples from Anaho. Physically, and in thin-section, 

these specimens also resemble the Anaho samples. As it was evident that none of the 

archaeological sample was derived from this source, these specimens were not 

included in the remainder of the study so as to avoid unduly skewing the distribution 

of the geological data.   
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Figure 3.6. Outcrop of dyke-stone near Structure 92. 
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4. Teonepoto 

 Teonepoto, a small beach at the outflow of an intermittent stream at the 

southern end of Anaho Valley, was also investigated. Although no evidence of 

exploitation was identified there, the rock from this area appeared to be of a quality 

suitable for tool-making. Four samples were collected, and PXRF analysis showed 

them to be geochemically distinctive from the rest of Anaho Bay on account of 

significantly higher concentrations of Sr and K, and low concentrations of Cr. These 

samples were separated from the other geological samples collected at Anaho Valley 

and analysed as a distinct group. 

 

5. Ha‘ataivea 

 A quarry site on the western side of Ha‘ataivea Bay was identified by Suggs 

(1961:67, 112), and given the name Ha‘aupa‘upa, based on information from local 

informants. Several samples were collected from the quarry site, and also from some 

nearby coastal locations. In total, five samples from Ha‘ataivea valley were analysed 

for this study, three from the quarry and two from other locations. In addition, two 

other samples from the Ha‘aupa‘upa source were included in this study. One, sample 

N:HPPQ3, was analysed by Rolett et al. (1997) for major elements only and the other, 

sample KC-05-12, was analysed by Collerson and Weisler for the full range of major 

and trace elements. Weisler (1993a: Table 5.4) also has reported data for four 

specimens from Ha‘aupa‘upa. They were, unfortunately, unsuitable for inclusion in 

this study because several key discriminating elements (i.e., Si, K and Ca; see Chapter 

7) were not quantified by the EDXRF technique Weisler employed (see Weisler 

1993a:79-80). 

All seven of the samples included in this study were found to be 

geochemically homogenous, so were grouped together. Collectively, they are referred 

to as the Ha‘ataivea source rather than the Ha‘aupa‘upa source. This is a more 

accurate description as not all of the samples were collected at the quarry. In addition, 

none of the local elders questioned about the quarry during the course of this study 

were familiar with the name Ha‘aupa‘upa, suggesting that it has fallen into disuse 

since Suggs investigated the site. 

 

 

 



 75

6. Ha‘atuatua 

 Five samples were collected at Ha‘atuatua Bay, from a small dykestone 

outcrop near the trail to Anaho, and in the approximate vicinity of the Location B 

excavations reported by Rolett et al. (1997: Figure 8.3). All samples were analysed 

using PXRF. No evidence of lithic manufacture was identified near the outcrop, but 

the material appeared to be of a quality suitable for tool-making. Two additional 

samples, N:HTTD1A and N:HTTD2A, collected, analysed and reported by Rolett et 

al. (1997) were also used in this study. Both of these samples were collected from 

dyke outcrops in the immediate vicinity of their excavation site (Rolett et al. 

1997:142). 

 

7. Ma‘atea 

 One specimen from Ma‘atea Bay, a small inlet located on the same peninsula 

as Ha‘ataivea, and analysed by Rolett et al. (1997), was included in this study. Rolett 

et al. (1997:142) note that this sample was collected from an extensive flake scatter in 

the bay. 

 

8. Hatiheu – ‘Atikea 

 A small scatter of flakes in a sub-valley on the eastern side of Hatiheu valley, 

known locally as ‘Atikea, was identified in an area near some domestic structures (see 

Addison 2006:149-235). Six samples were analysed using PXRF, two flakes and four 

stone samples from nearby outcrops. All of the samples were geochemically similar to 

other specimens from Hatiheu and distinct from the samples from other valleys on 

Nuku Hiva, suggesting that the flakes were local in origin.  

 

9. Hatiheu – Naniuhi 

 Several samples were taken from a dykestone outcrop near the tohua at 

Naniuhi, also located at the eastern end of Hatiheu Valley (see Linton 1925:117; 

Ottino-Garanger 2001). Four samples were analysed using PXRF, and found to be 

geochemically indistinguishable from the Hatiheu specimens collected at ‘Atikea. For 

analytic purposes all ten Hatiheu samples were grouped together. 
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10. Hakaea 

 During the survey of Hakaea, an area to the east of the bay was identified by 

one of the residents, Patrick Dourlet, as a place where tools were manufactured 

(Structure 5 on Figure 3.1). A concentration of flakes was identified at this location 

and three nearby boulders that appeared to be of a quality consistent with tool-stone, 

were sampled and analysed, one with WDXRF and two with PXRF. An investigation 

of the inner valley failed to identify any direct evidence of stone exploitation. 

However, five additional fine-grained basalt samples were collected from various 

locations in the valley and analysed, one with WDXRF and four with PXRF. The 

specimens from the coastal area and the inland locations were geochemically similar, 

suggesting that fine-grained basalt from the valley is more or less homogenous in 

composition.  

 

11. Pua 

 An extensive exposure of flakes eroding from the eastern side of the coastal 

area near Structure 12 was identified at Pua (Figure 3.2). As was the case at Hakaea, 

no evidence of prehistoric resource exploitation was evident in the vicinity of this 

flake exposure. A small concentration of boulders of adze-quality stone was, however, 

identified approximately 50 m inland from this area, near Structure 11. Four of the 

boulders were sampled and analysed, three with PXRF and one with WDXRF. A 

limited survey of the coastal area failed to find any other adze-quality stone. 

Moreover, none of the of residents of Pua that were approached were aware of any 

fine-grained basalt sources in the valley, although one landowner, Vincent Pahuatini, 

thought that a tuff quarry was located somewhere in the interior of the valley.  

 

12. ‘Uea 

 One specimen from the western bay of ‘Uea (N:UeaQ2B), analysed and 

reported by Rolett et al. (1997), was included in this study. As was the case with the 

Ma‘atea sample, this sample was collected from an extensive flake scatter at ‘Uea Bay 

(Rolett et al. 1997:142). 
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13. Terre Deserte 

 Tamara Maric of the Service de la Culture et du Patrimoine, Punaauia, French 

Polynesia, supplied the author with two flake samples collected from two 

neighbouring sites in the Terre Deserte region in the northwest of the island9. At 

present, little is known about these sites, although Maric (per. comm. 2006) described 

them as separate adze manufacturing sites, and has indicated that she intends to 

publish a short article describing them. Both samples were analysed with WDXRF. 

This material was broadly similar to samples from the other north-western locations 

that were surveyed (i.e., Hakaea and Pua) both in appearance and in geochemical 

composition, but possessed significantly higher concentrations of Ni and Cr. 

 

14. Ho‘oumi 

 Ho‘oumi was not investigated in any detail for this study. However, to gain 

some idea of the geology of the valley, four specimens of fine-grained basalt were 

taken from large river boulders and analysed using PXRF. They were found to be 

geochemically homogenous and distinct from the rest of the island. 

 

15. Taipivai 

 Taipivai was not investigated in this study either, although several samples 

were collected from river boulders at this valley, three of which were analysed using 

PXRF. Taipivai and Ho‘oumi are adjacent to one another and lie on the geological 

division between the two major volcanic phases of Nuku Hiva, the Taioha‘e and 

Tekao calderas. Sampling from both of these locations was considered important in 

helping to delimit the extents of the calderas. 

 

16 & 17 Taioha‘e 

 Several geological samples were taken at Taioha‘e from the areas surrounding 

two large tohua, Koueva, in the Ha‘avau sub-valley and Tahuna Nui, in the Pakui 

sub-valley (see Linton 1925:112-3). The samples were collected from boulder 

outcrops some distance from each tohua, as the both have recently been reconstructed 

(see Ottino-Garanger 2001) and the stone used in reconstruction may have been 

obtained from some other part of the island. 

                                                
9 Eight additional specimens from these sites have recently been provided by Maric. It was, however, 
not possible to secure them in time for inclusion in this study.  
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In total, eight samples were analysed from these sites. These samples closely 

matched one another and also the Taipivai samples, and all were easily distinguished 

from other materials collected on Nuku Hiva, having considerably higher 

concentrations of K, Rb, Sr, Zr and Nb, and lower concentrations of Ca and Cu. For 

analytic purposes the Taioha‘e and Taipivai samples were grouped together and 

referred to as the “Taioha‘e volcanic zone” group because this designation is used in 

the geological literature (e.g., Legendre et al. 2005a, 2005b). 

 

18. Eiao  

 Despite its prominence in Polynesian lithic studies, comparatively little is 

known about the prehistoric stone industry on Eiao, and, to date, geochemical data 

have been published for few source samples. Linton (1925:106) identified seven sites 

on Eiao, and described one, located at the southern end of the island, as containing 

“workshops for adzes”. Suggs (1961) visited Eiao and collected lithic samples, some 

of which were subsequently geochemically analysed by Weisler (see below). 

Candelot (1980, 2007) also investigated Eiao in a study that focused on the island’s 

architecture, and identified several stone working areas. Some of the flake tools 

collected by Candelot were physically analysed by Gérard (1976), but no geochemical 

analysis was undertaken. 

In 1998, Rolett and Sinton surveyed Eiao and identified a quarry in the north 

of the island (Rolett 2001). The adzes collected during this survey were physically 

described by West (2000), and several archaeological and geological source samples 

from these assemblages have been geochemically analysed for both major and trace 

elements by Sinton. These data have not yet been published, although this is expected 

in the future (per. comm., J. Sinton 2007). 

More recently, an interdisciplinary team has worked on Eiao. Over seventy 

additional archaeological sites on the island were identified by the team, but their 

findings are at present limited to a summary report (Butaud and Jacq 2007). One of 

the archaeologists in this team, Michel Charleux, has conducted extensive research on 

Eiao. He has published descriptions of some of the artefacts (Charleux 2009) and is 

currently analysing more material as a part of a doctoral study (per. comm., M. 

Charleux 2009). 
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 For this study, 23 specimens were used to characterise Eiao (Table 3.9). Most 

have been reported previously, and all are derived from artefacts of some form (i.e., 

adzes, flakes and a pounder). Nine of the samples were collected on Eiao, the 

remainder consisting of archaeological specimens from elsewhere in the Marquesas 

that have been attributed to this source (per. comm., J. Sinton 2007). One sample, 

AN42, is a flake analysed by Best (1984), and has been employed in a number of 

subsequent studies (e.g. Best et al. 1992; Rolett et al. 1997, Rolett 1998). Three 

samples (832-1, 832-2 and 832-3) collected from the head of Vaitahu Valley on the 

north-western coast of Eiao by Suggs in the late 1950’s, and curated by the American 

Museum of Natural History, are described as ‘shop fragments’ (Weisler 1998:523). 

These samples were analysed for the full range of elements using EDXRF by Weisler, 

and have been used in several provenancing studies (e.g., Weisler 1993a, 1994b, 

1998). One of these specimens (832-1) was re-analysed by Collerson and Weisler 

(2007) for isotopes (Sr, Nd and Pb) using sector static mass spectrometry, and given a 

new identifier (K-05-11). 

One additional Eiao sample was analysed for this study. The sample (# 5013) 

was obtained from a pounder preform collected on Eiao in 2003 by a resident of Nuku 

Hiva, Panui Teikiehuupoko. Physically, the stone is very fine-grained black basalt 

with a few small inclusions and appears to closely match the type of material used in 

adze manufacture, both in hand specimen and in thin-section. A core was extracted 

from this artefact and analysed using WDXRF at the University of Auckland. 

 The remainder of the samples used in this study derive from the Eiao source 

data reported in Sinton and Sinoto (1997: Table 11.7) and Weisler and Sinton (1997: 

Table10.3). The published data included only summary information (i.e., means and 

standard deviations) from 19 specimens (including sample AN42 noted above), but 

individual geochemical data for these samples were supplied by Sinton (per. comm. 

2007). Six of the specimens were first analysed and reported by Rolett et al. (1997: 

Table 8.5). Four of these are archaeological flake specimens from excavations at 

Ha‘atuatua Valley, on Nuku Hiva, and two (D4296 and D4300) are from adzes 

collected on Eiao (Rolett et al. 1997: Table 8.4). One of the samples (I82-N) is a flake 

from the Hane site on Ua Huka (Weisler and Sinton 1997: Table 10.4). Another two 

specimens (Eiao-B and Eiao-J) are artefacts collected from Eiao (per. comm., J. 

Sinton 2007). These samples were analysed by Sinton at the Department of Geology 

and Geophysics, University of Hawaii. 



 80

Table 3.9. List of reference samples used to characterise Eiao. 

 
Sample 
 

  Specimen 
  form 

Collection 
location 

Trace 
elements 

Analyst 
 

AN42   flake Eiao no Best 1984(1) 
AN45   flake Ua Huka no Best 1984(1) 
AN47   flake Nuku Hiva no Best 1984(1) 
D4296   adze Eiao no Rolett et al. 1997(1) 
D4300   adze Eiao no Rolett et al. 1997(1) 
HTT-A4A   flake Nuku Hiva no Rolett et al. 1997(1) 
HTT-A5A   flake Nuku Hiva no Rolett et al. 1997(1) 
HTT-CD1A   flake Nuku Hiva no Rolett et al. 1997(1) 
HTT-CD2A   flake Nuku Hiva no Rolett et al. 1997(1) 
Eiao-J "artefact" Eiao no Sinton and Sinoto 1997(1) 
Eiao-B "artefact" Eiao yes Sinton and Sinoto 1997(1) 
L94-1 "artefact" Ua Huka no Sinton and Sinoto 1997(1) 
M94-62 "artefact" Ua Huka yes Sinton and Sinoto 1997(1) 
I82-N   flake Ua Huka yes Sinton and Sinoto 1997(1) 
th1-2 "artefact" n/a no Sinton and Sinoto 1997(1) 
th1-4 "artefact" n/a no Sinton and Sinoto 1997(1) 
th1-9 "artefact" n/a no Sinton and Sinoto 1997(1) 
th1-11 "artefact" n/a no Sinton and Sinoto 1997(1) 
th1-19 "artefact" n/a no Sinton and Sinoto 1997(1) 
832-1 "shop fragments" Eiao yes Weisler 1993a(2) 
832-2 "shop fragments" Eiao yes Weisler 1993a(2) 
832-3 "shop fragments" Eiao yes Weisler 1993a(2) 
5013   pounder Eiao yes This study 

1) samples summarised by Sinton and Sinoto (1997) 
2) samples collected by Suggs and analysed by Weisler (1993). 
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19. Hiva Oa 

 Two samples from Hiva Oa, collected by Melinda Allen in 1995 during a 

reconnaissance of the island, were analysed using WDXRF (Samples MQ001 and 

MQ002). Both samples were also thin-sectioned and found to be similar in grain size 

to some of the coarser adze thin-sections from Nuku Hiva, suggesting that they are of 

a material that is physically comparable to at least some of the archaeological sample.  

 

20, 21 & 22. Tahuata, Ua Huka and Ua Pou  

 Two samples from Tahuata and one from Ua Huka, which were originally 

reported by Rolett (1998: Table 8.6) in his study of the Hanamiai site, were also 

included in the dataset. Additionally, three samples collected on Ua Pou by Melinda 

Allen in 1995 (Samples MQ004, MQ005 and MQ007) were analysed using WDXRF. 

All six of these samples are phonolites, and are readily distinguished from Marquesan 

basalts by possessing considerably higher concentrations of Si, K and Al, and lower 

concentrations of Fe and P. In addition, petrographic thin-sections showed the Ua Pou 

samples to have coarser grain structures than any of the archaeological specimens that 

were thin-sectioned.  

 

3.5 Summary 

Prior to this project, very few geochemical reference samples suitable for 

archaeological studies were available for the Marquesas. This necessitated devoting a 

considerable portion of the field study to locating and collecting suitable reference 

materials. In total, 121 reference specimens were used to characterise Marquesan 

geochemical variability in this study. They include 91 specimens analysed specifically 

for this research and a further 30 from previous studies. 

A total of 266 adzes and preforms were collected and geochemically analysed 

for this study. This included 233 specimens from surface contexts at Hakaea, Pua, 

Anaho and Hatiheu and a further 33 excavated specimens from Anaho. While it is not 

possible to directly date the surface-collected specimens, the contextual evidence 

discussed in this chapter suggests that a late prehistoric to early historic date (ca. post-

A.D. 1600) is the most likely. 

Over the next four chapters, the methods used for geochemically 

characterising and analysing these collections are reported. This is followed by a 

morphological analysis of the archaeological specimens in Chapter 8. 
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CHAPTER 4 

X-RAY FLUORESCENCE METHODS 

 

4.1 Introduction 

 Two methods of X-ray fluorescence were employed in this research —

Wavelength Dispersive X-ray Fluorescence (WDXRF) and Portable energy dispersive 

X-ray Fluorescence (PXRF). Both of these techniques have particular strengths and 

weaknesses in regard to analysing archaeological specimens; WDXRF is inherently 

more accurate than PXRF and is often able to quantify a greater range of elements. It 

does, however, require the partial destruction of specimens and must be carried out in 

a laboratory setting in conjunction with a trained technician. PXRF, on the other hand, 

can be applied to complete specimens and operated with a minimal level of training. 

Additionally, PXRF instruments are comparatively compact and can be used in the 

field, avoiding the need to transport artefacts to a laboratory. The main disadvantages 

of PXRF analysis are that the results are not always as accurate as WDXRF, and may 

not cover the full range of elements. 

 At the beginning of this study, only WDXRF was available as a means of 

analysis, which limited the potential for analysing specimens to those that could be 

destructively sampled. However, during the course of the research, the Anthropology 

Department at the University of Auckland acquired a PXRF analyser. Although this 

instrument offered the possibility of non-destructive XRF analysis, an initial 

evaluation of the analyser indicated that it was not accurate enough for the purposes 

of this study. In the course of the evaluation, the accuracy problems were traced to the 

built-in calibration software, which is intended for analysing soils rather than stone 

samples. Significantly improved results were obtained by processing the raw 

spectrum data outputs from the analyser manually. 

 In this chapter, the procedures used for WDXRF and PXRF analysis are 

outlined. For WDXRF analysis, the methods are well-established, but, because PXRF 

analysis is a relatively recent development in archaeological studies, calibrating the 

instrument to find the most suitable techniques for analysing specific materials 

involved the testing and evaluation of a number of alternative methods.  
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4.2 Wavelength dispersive X-ray fluorescence 

 Wavelength dispersive X-ray fluorescence analysis was carried out at the 

University of Auckland, Geology Department, under the supervision of John 

Wilmshurst, the Geochemical Laboratory Technician. In traditional WDXRF analysis, 

major and trace elements are analysed using two separate samples. For major 

elements, the sample is ground to a fine powder and fused into a glass to produce a 

disc with homogeneous elemental distribution. A flux is added to decrease the 

sample’s melting point so that the alkali elements (i.e., Na and K) are not affected by 

vaporisation. However, the addition of a flux also dilutes the sample, typically by a 

factor of 4:1 (Weisler and Sinton 1997). Dilution has little effect on major elements, 

which generally have concentrations of more than 0.1 wt %, but can reduce some of 

the trace elements to levels near their limits of detection. For this reason, trace 

element analysis is usually carried out on briquettes pressed from undiluted rock 

powder with the addition of a small amount of binder. One drawback of this method is 

that a relatively large sample is required, typically over 10 g (8 g for the pressed 

powder briquettes and 2 g for the fusion discs) plus an additional 1 to 2 g if 

petrographic thin-sections are also required. 

 Because obtaining samples of this size from archaeological specimens is often 

problematic, an alternative method has been developed at the University of Auckland 

that allows both major and trace elements to be analysed on a single fusion disc using 

only 2 g of material (see Parker and Sheppard 1997). This is achieved by increasing 

the sample-to-flux ratio to 1:2 and using a Norrish 12/22lanthanum-free flux. The 

results for trace elements are comparable to those obtained from pressed powder 

briquettes, but the detection limits are somewhat higher (Table 4.1). For Marquesan 

basalts, this precludes the accurate measurement of La, Th and Ce, all of which 

typically occur in concentrations close to the detection limits of this method. Similar 

methods have since been adopted in some geological studies (e.g., D. Johnson et al. 

1999; Molloy et al. 2008) because only one sample needs to be prepared and the 

fusion discs are less prone to degradation over time than pressed powder briquettes. 

 For the archaeological specimens analysed in this study, samples were taken 

from the broken surfaces of adzes in the field using an electric drill attached to a drill-

press and fitted with a diamond-tipped coring-bit 10 mm in diameter. A core 

approximately 20 mm in length is sufficient to extract a sample of between 4 and 6 g.  
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Table 4.1. Detection, determination and quantitation limits for WDXRF analysis on fusion 
discs using 2 g samples. 
 

Element LLD
(1)

 LoD
(2)

 LoQ
(3)

  
 (ppm) (ppm) (ppm)  
     
SiO2 89 177 295  
TiO2 12.8 26 43  
Al2O3 58 116 193  
Fe2O3 6.9 14 23  
MnO 4.1 8 14  
MgO 31 61 102  
CaO 21 42 70  
Na2O 36 73 121  
K2O 7.1 14 24  
P2O5 8.0 16 27  
Sc 2.8 6 9  
V 3.1 6 10  
Cr 3.5 7 12  
Ni 2.5 5 8  
Cu 2.8 6 9  
Zn 1.9 4 6  
Ga 1.9 4 6  
Rb 1.3 3 4  
Sr 1.0 2 3  
Y 1.0 2 3  
Zr 1.0 2 3  
Nb 1.0 2 3  
Ba 8.2 16 27  
La 4.8 10 16  
Ce 12.9 26 43  
Pb 3.1 6 10  
Th 1.8 4 6  

 
          1) Lower limit of detection 

2) Limit of determination 
3)  Limit of quantitation 
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Before any coring took place, permission was gained from the owners of the artefacts, 

and, if they requested it, the resulting holes were filled with two-part epoxy putty 

tinted to match the original stone with a mixture of the rock powder produced from 

the drilling and ground pastel powder. 

In the laboratory, one surface of the specimen was ground flat and epoxied 

onto a glass slide. A section approximately 1 mm thick was sliced off and retained for 

the preparation of a thin-section. The remainder of each sample was then visually 

inspected under a microscope for signs of surface weathering and metallic residues 

left by the coring bit or saw, which, if identified, were removed by grinding on a 

diamond wheel. Preparation of samples for geochemical analysis followed the 

procedure set out by the Department of Geology, University of Auckland (Parker et 

al. 1993; Parker and Sheppard 1997). Samples were ground to a homogenous powder 

of approximately 60 mesh using a ring grinder fitted with a tungsten carbide head. 

The samples were then dried at 105o C overnight, followed by ignition at 950o C for 

two hours. Weights were recorded before and after both of these procedures to 

determine loss of water (H2O
-) and loss-on-ignition (LOI). 

 Loss of water and LOI are measured to determine the concentration of water 

and other volatile compounds in the sample. Samples with LOI values over 1 % or so 

are sometimes rejected for archaeological studies, as high values of LOI are indicative 

of weathering. Most of the samples in this study had LOI values well below 1 %, 

suggesting that weathering is not a major concern. Two specimens, both geological 

phonolite from Ua Pou, had significant LOI values (3.74 % and 4.23 %), and five had 

LOI values slightly above 1 % (1.05 % to 1.30 %). In some cases the LOI values were 

negative, meaning that the sample had gained weight during ignition. This is due to a 

sample having relatively high amounts of reduced iron, and the weight gain is caused 

by the sample taking in additional oxygen to form iron oxides (Weisler and Sinton 

1997:176). Weight gain during ignition is common with relatively young basalt 

formations, such as those found in the Marquesas (J. Wilmshurst pers. comm. 2007). 

 Following ignition, the specimens were weighed to 2.0000 g and mixed with 

4.0000 g of Norrish 12/22 flux. This mixture was then fused into discs using a Fusion 

Technologies Phoenix 4000 automated casting machine. WDXRF determinations of 

the fusion discs were carried out by Wilmshurst using a Siemens SRS 3000 sequential 

X-ray spectrometer fitted with an Rh tube. The WDXRF facility at the University of 

Auckland Geology Department determines 27 elements, ten major elements as oxides 
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(wt %), and 17 trace elements in ppm (Table 4.1). No rock standards were run 

specifically for this study as the Geology Department calibrates its equipment on a 

regular basis using international rock standards, BR, MRG, JB-1, W-1, AGV-1, JG-1, 

GH, GA, G-2, SY-2, NIM-S, MIN-L and BCS-375, and a set of internal standards 

(see Parker and Sheppard 1997), as well as participating in inter-laboratory quality 

assurance testing (Thompson et al. 1996, 1998, 1999). 

 A total of 86 samples were analysed using WDXRF, including 55 

archaeological samples and 31 reference specimens (see Chapter 3). Because 

WDXRF analysis requires the partial destruction of specimens, it is not suitable for 

those that are either too small or too valuable to be sampled. This was one of the 

reasons for also using non-destructive PXRF in this study. 

 

4.3 Portable energy dispersive X-ray fluorescence 

 An Alpha 4000 PXRF analyser, manufactured by Innov-X Systems, was 

employed in this study. The system includes a handheld, battery-operated analyser 

with an integrated iPAQ PDA for controlling the analyser and storing the results, and 

is operated in a test stand for stability and safety (Figure 4.1). The excitation source is 

an X-ray tube with a silver anode, producing 10-40 kV at 10-50 µA, and the detector 

is a solid-state silicon PIN photodiode with a quoted energy resolution of <300 eV 

FWHM (full width at half maximum) at 5.95 keV at the Mn Kα− line. Detection limits 

are 250-2500 ppm for elements lighter than Ca, and 10-100 ppm for those above.  

 The analyser operates in two modes- Soil Mode and Process Analytical Mode. 

The latter is of limited archaeological use, however, as it is intended for rapidly 

identifying aluminium alloys and identifies only a small range of metallic elements 

commonly found in commercial alloys (e.g., Fe, Cr, Zn and Co). In Soil Mode, the 

analyser can be set up to analyse a variety of elements. The unit used for this study is 

configured to analyse 18 elements (Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Zr, Mo, 

Ag, Cd, Sn, Sb, Ba and Pb). Additionally, a Light Element Analysis Program (LEAP) 

is available to increase the instrument’s sensitivity to seven light elements (P, K, Ca, 

Ti, Cr, Mn, and Fe). This is achieved by optimising the operating conditions of the X-

ray tube for the lower end of the energy spectrum (ca. 1 – 10 keV), and by inserting a 

filter in line with the detector. 
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Figure.4.1. Innov-X Alpha 4000 series PXRF analyser mounted in test stand. 
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Initial testing of the PXRF instrument 

 The Innov-X Alpha 4000 is factory-calibrated for typical soil analysis, but also 

has a provision for optimising its response for the particular range of elemental 

concentrations under investigation. This involves analysing several samples with 

known concentrations of the elements of interest and performing a linear regression 

on the results. The resulting coefficients are then entered into the program and the 

samples analysed again. The manufacturers suggest repeating this procedure until 

satisfactory results are obtained (Innov-X Calibration Datasheet nd). 

 Three NIST (National Institute of Standards and Technology) calibration 

standards were provided with the analyser (NIST SRM-2709, NIST SRM-2710 and 

NIST SRM-2711). However, these are all soil samples and contain concentrations of 

some elements that differ considerably from those typically found in Marquesan 

basalts. To calibrate the analyser for this study, 14 samples were initially used. These 

included the three soil standards noted above plus 11 basalt artefacts and reference 

specimens (six powdered and five whole rock) that had previously been analysed 

using WDXRF. Prior to analysis whole rock samples were treated with dilute HCl (10 

%) to dissolve intrusive surface carbonates. They were then cleaned in an ultrasonic 

bath with distilled water for 20 minutes and air dried in an incubator at 60o C. 

Artefacts were analysed whole, but reference samples were ground flat on one surface 

before the cleaning procedure.  

 The samples were each run for 180 seconds in Standard mode and 180 

seconds in LEAP mode. Powdered samples were placed in test cups with a 0.2-mil (5 

micron) thick polypropylene film window forming the base. Whole samples were 

positioned over the detector window in as flat a position as possible, and, if necessary, 

were stabilised using modelling clay.  To avoid placing non-representative portions in 

the path of the detector window, whole samples were visually inspected for 

weathering and anomalous surface inclusions before analysis (Williams-Thorpe et al. 

2003). 

 The calibration process was repeated five times, but no noticeable 

improvement was obtained after the third calibration. For each calibration, the 

samples were analysed three times and the results averaged. These generally matched 

each other closely, but because the calibration was aimed at testing the general 

capabilities of the analyser, no detailed precision tests were undertaken at this stage. 

Other studies using PXRF analysis have found that, for stone of a grain size similar to 
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that used in this study (i.e., < 1mm), between one and three measurements are 

sufficient to obtain a representative composition with a relative standard deviation of 

better than 5% for most elements (e.g., Potts et al. 1997; Williams-Thorpe et al. 1999; 

Williams-Thorpe 2008). Additionally, concurrent studies characterising Pacific 

obsidians (Sheppard et al. 2010, 2011) have found a high degree of precision in 

repeated testing of the same sample using the same equipment as used in this study. 

 The results of the calibrations were disappointing, particularly for the lighter 

elements (i.e., K, Ca, Ti, Mn and Fe). Although relatively high coefficients of 

explained variance (r2) were obtained for some of these elements (Figure 4.2), they 

are due to extreme concentrations in a few specimens. Removing these specimens 

from the regression produced much lower correlations, ranging from r2 = 0.1 to 0.4. 

Elements of mid atomic weights, Ni, and Cu, and Cr, were reasonably accurate but 

were detected in fewer than one half of the specimens (Cr = 5, Ni = 4 and Cu = 8), 

rendering them unusable as discriminating variables. The reason for this is uncertain, 

but does not appear to be related to the concentrations of these elements, as some 

samples with relatively high WDXRF concentrations were not detected, while others 

with low concentrations were. Particularly poor results were obtained for Zn (r2 = 

0.17), but this was likely due in part to the low range of variation for this element, 

which is around 10 ppm. Results for the heavier elements, Rb, Sr, and Zr, were 

considerably better (Figure 4.2). Although the high coefficients of explained variance 

were influenced by extreme values for these elements to some extent, the removal of 

these specimens still produced significant correlations for the remainder of the 

sample, typically greater than r2 = 0.80. 

 Given the much better performance reported by Sheppard et al. (2010, 2011) 

for obsidian samples, these results were surprising. Because the same equipment and 

similar procedures were used for both analyses, it seemed likely that the performance 

differences were attributable to the raw materials of samples rather than the 

methodology. One suspected source of difference was in the structure of the two rock 

types; basalts possess a crystalline structure while obsidian has a glassy composition 

with a more homogenous elemental distribution. However, the powdered basalt 

samples produced comparable levels of accuracy to the whole rock specimens, 

suggesting that the errors were not entirely due to irregular surface geometry, grain 

size or non-homogenous surface distributions of minerals.  
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Figure 4.2. Comparison of EDXRF reported values to WDXRF values after calibration. 
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 A second suspected source of error was the analyser’s processing software. 

The software used by Innov-X for quantifying samples in Soil Mode uses the 

Fundamental Parameters (FP) method (Innov-X Systems User Manual, Version 2.1 

2005). This technique uses theoretically-derived models to estimate the concentrations 

of light elements that cannot be measured directly, such as Si, C, and O (see below). 

The exact method used by Innov-X is proprietary, but the user manual states that the 

analyser is intended for environmental samples with a matrix comprised of over 90 % 

light elements and  is optimised for detecting elemental concentrations of up to 3 % 

(Innov-X Calibration Datasheet nd). Moreover, concentrations of over 10 % lie 

outside the linear range of the Innov-X FP processing software (Innov-X Calibration 

Datasheet nd), and so may be subject to quantification errors. 

 These conditions are potentially problematic for basalts. Although the main 

component of basalt is the light element Si, this only accounts for approximately half 

of the total composition, rather than the 90 % assumed by the FP software. 

Additionally, some elements, such as Fe and Ca, routinely exceed concentrations of 

10 %, while others (i.e., Al and Ti) are often over 3 %. Although obsidians are also 

mainly composed of Si (ca. 70 to 75 %), the concentrations of other elements are 

typically lower. For the specimens analysed by Sheppard et al. (2010, 2011), 

concentrations of the heavier trace elements (e.g., Rb, Sr and Zr) were similar to those 

of basalts (ca. 50 to 1000 ppm) but concentrations of Fe (ca. 10,000 to 20,000 ppm) 

and Ti (ca. 1500 to 4000 ppm) were about one-tenth of those found in basalts, and 

well within the recommended ranges of the Innov-X software. 

 For these reasons, it seemed possible that the Innov-X FP models intended for 

analysing soils may not be suitable for use with materials possessing matrices with 

differing average atomic weights, such as basalts (see Elam et al. 2006; Liritzis and 

Zacharias 2011). To determine whether differences in the matrix composition and the 

concentrations of some elements might be responsible for the errors encountered with 

whole and powdered basalt specimens, a sample of the fusion discs prepared for 

WDXRF analysis was also tested. Because the fusion discs contain two parts flux to 

one part powdered rock, element concentrations are diluted by a factor of three and 

the light element matrix increased by the same factor. Twenty-one fusion discs were 

analysed using the same test conditions as noted. 
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 Considerably better results were obtained from this sample, especially for the 

lighter elements, K, Fe Ca and Ti (Table 4.2). Plots also indicated a more linear 

relationship for the fusion discs (Figure 4.3). However, some of the heavier elements, 

in particular Rb, were diluted to levels near or below the detection limits of the 

analyser, which likely introduced additional quantification errors. Copper was only 

identified in five of the 21 specimens, although WDXRF analysis of the same sample 

indicates that it is present .in all of the specimens. Similarly, Cr, Rb and Ni were 

identified in less than half of the sample (Table 4.2). 

 Overall, these test results indicate that the FP software employed by Innov-X 

is not suitable for analysing the range of element concentrations typical of basalts. 

Although the heavier trace elements, Rb, Sr and Zr could be analysed with a 

reasonable degree of accuracy, several of the lighter elements are present in 

concentrations that apparently exceed the linear range of the analyser’s software. 

Analysing diluted samples (in the form of fusion discs) goes some way towards 

solving the problem for these elements, but this is not a practical solution as it defeats 

the purpose of non-destructive PXRF analysis. The inconsistent detection of several 

elements that are potentially useful for source discrimination (e.g., Ni, Cu and Cr) is 

also a concern. 

In addition to processed quantitative data, it is also possible to obtain raw 

spectrum data for each sample from the Innov-X analyser. Given the poor results 

described above, it was decided to bypass the analyser’s in-built FP quantification 

software and examine these spectra directly. Before this is discussed, a brief overview 

of the principles of XRF is provided. 
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Table 4.2. Correlation coefficients for whole rock and fusion discs. 
 

 
Whole and powdered 

samples 
Fusion discs 

 
Element r2 n  r2 n 

      
K 0.876 14  0.803 21 

Ca 0.645 14  0.910 21 
Ti 0.562 14  0.940 21 
Cr - 5  - 3 
Mn 0.775 14  0.017 21 
Fe 0.92 14  0.904 21 
Ni - 4  0.920 10 
Cu 0.961 8  - 5 
Zn 0.173 14  0.257 21 
Rb 0.985 14  0.294 10 
Sr 0.984 14  0.984 21 
Zr 0.904 14  0.773 21 
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Figure 4.3. Comparison of EDXRF reported values to WDXRF values after calibration using 
fusion discs. 
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4.4 X-ray fluorescence principles 

 The principles of X-ray spectroscopy are complex, and are only briefly 

outlined here. More detailed treatments can be found in Jenkins (1999), Van Espen 

(2002), Verma (2007), Zschornach (2007) and Shackley (2011). X-ray fluorescence is 

a multi-stage process. Initially, a sample is excited by an X-ray source and an electron 

is displaced from one of the inner shells (or orbitals) of its atoms creating a vacancy 

(Figure 4.4). The vacancy is then filled by an electron from one of the outer shells, 

and during this transition a fluorescent X-ray photon is emitted (Figure 4.4d). Photon 

emissions are designated as K, L or M types depending on which shell is struck by the 

X-ray source. An additional suffix describes the number of shells that the replacement 

electron travels to fill the vacancy; α is used to designate a single shell transition, and 

β  for a transition spanning two shells. Thus, a Kα energy transition occurs when a K-

shell vacancy is filled from the adjacent L-shell, and a Kβ transition when it is filled 

from an M-shell. Consequently, several X-ray lines are generated for each element 

(e.g., Kα, Kβ, Lα, Lβ, Mα etc.). Kα X-ray transitions are the most common because 

they are closest to the nucleus and therefore require the least energy. Because of this, 

Kα transitions produce the most intense peaks, and are generally preferred for 

quantification, although, for some of the heavier elements, such as Ba and Pb, the Kα  

and Kβ X-ray energies lie beyond the energy limit of many PXRF excitation sources 

(Shackley 2010a:14), so the L-shell (or sometimes the M-shell) energies are often 

analysed instead. 

 An EDXRF spectrum (including the PXRF variant) is a composite that can be 

usefully divided into three main components for analytical purposes: 1) energy peaks, 

2) the background continuum and, 3) noise (Figure 4.5). Most energy peaks are 

characteristic of particular elements, and occur at specific positions on the spectrum 

that correspond to the photon transition energy of the element (i.e., Kα, Kβ, etc.). For 

example, the Ka energy for Fe is 6.40 keV (kilo-electron Volts) and for Sr, the Ka 

energy is 14.16 keV (Zschornach 2007:844, see Figure 4.6). Because repeated 

fluorescent emissions from the same element occur at the same energy level, peaks 

are formed in the spectrum and are proportional in size to the concentration of that 

element in a sample. These two properties are exploited to identify the presence and 

concentration of specific elements in a sample.  
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Figure 4.4. The principles of X-ray fluorescence. 
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Figure 4.5. The principle components of an EDXRF X-ray spectrum. 
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In addition to characteristic element peaks, several other types of peaks are 

also present in a spectrum. These include Compton and Rayleigh scatter peaks, both 

of which occur when an X-ray strikes a target but does not produce fluorescence. Sum 

peaks occur when two photons arrive at the detector too rapidly to be detected as 

separate events (Verma 2006:49). They are erroneously recorded as one photon at 

twice the calculated energy of the element in question and appear in a spectrum at 

double the energy value. Escape peaks occur when an X-ray is deflected from the 

detector; for a Si detector, escape peaks have an energy level 1.74 keV lower than the 

energy level of their associated element. As is the case with characteristic element 

peaks, these other peaks occur in predictable positions on a spectrum, so can be 

identified, and corrected for if necessary.  

 The other two components, the background continuum and noise, are both by-

products of the XRF process.  The background continuum is mainly caused by 

coherent and incoherent scattering of the excitation source radiation by the sample 

(Van Espen 2002:243). The shape of the background continuum depends on several 

factors, such as the energy profile of the excitation source, the composition of the 

sample and the properties of the detector. 

The noise component of a typical EDXRF spectrum is derived from two main 

sources- amplitude noise and energy noise (Van Espen 2002:240). Amplitude noise is 

caused by random events, such as the timing of the arrival of photons at the detector, 

and produces small fluctuations, or uncertainties, in intensity counts throughout a 

spectrum. In contrast, energy noise is not randomly distributed but is associated with 

characteristic element peaks. It caused by localised uncertainties in the 

instrumentation, such as errors in the photon-to-charge conversion process of the 

detector and electronic noise in the pulse-shaping circuitry (Van Espen 2002:240). 

Energy noise affects EDXRF to a greater extent than WDXRF and produces a 

Gaussian-shaped broadening of the element peaks that characteristic of EDXRF 

spectra (see Figure 4.6). 

 The derivation of elemental concentrations from spectrum data involves 

several procedures. As only the net characteristic energy peaks are directly related to 

the elemental composition of a sample, the background continuum and some of the 

noise components must somehow be accounted for during calibration. The following 

section investigates some of the methods that are used to process EDXRF spectra. 
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4.5. Calibration of the PXRF spectra 

The Innov-X Alpha 4000 analyser provides raw spectrum data in a two-

column format: the first reports photon energy in keV and the second, the 

corresponding intensity counts for each energy level. Separate spectrum outputs are 

available for standard and LEAP modes (Figure 4.6). In standard mode, the energy 

range covers 0–40 keV over 2028 channels at equally spaced intervals of 19.732 eV. 

In LEAP mode the sensitivity is increased for the 0–15 keV energy range and the 

spectrum reports 762 channels. 

 In recent years, a variety of spectrum processing software has become 

available (e.g., WinAxil; X-Spec32), some of it on a non-commercial basis (e.g., 

Vekemans et al 1994; Bos and Vreilink 1998; Viscarra Rossel 2008). Many of these 

programs are, however, intended for specific hardware, and are not readily usable 

with other instruments due to incompatibilities in the data formatting. Innov-X, the 

manufacturers of the analyser, has developed an empirical calibration program 

intended for use with their portable analysers, but it was not available for this study. 

 For this study, the QXAS X-ray processing program10 was investigated. This 

software package is based on AXIL least- squares spectrum fitting algorithms (Van 

Espen et al. 1977; Vekemans et al. 1994), and includes various additional tools to 

perform quantitative analysis and calibration. As the QXAS software was originally 

intended for the analysis of EDXRF spectra from laboratory-based instruments, some 

of its operating conditions are problematic for PXRF spectra. The most significant 

problem is that low-powered PXRF analysers produce spectra with considerably 

lower count-rates than typical EDXRF spectra. For elements with comparatively 

small concentrations, this produces low variation in the peak areas calculated using 

QXAS. For example, concentrations of K for most specimens varied between 5000 

and 10,000 ppm, but were reported as one of two values (either 4 or 5) by the QXAS 

software. One solution to this is to artificially “amplify” the PXRF spectra by 

multiplying all count values (i.e., the y-axis) by a large constant (e.g., 100). This 

approach increases the variation in calculated peak areas by two significant digits 

(i.e., 400 to 500 for the K values), but is not completely satisfactory as it also 

increases the noise component of the spectra (see below) by the same artificial 

amplification factor. 

                                                
10 http://www.iaea.org/OurWork/ST/NA/NAAL/pci/ins/xrf/pci/XRFdown.php 
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Figure 4.6. PXRF spectra of a typical of basalt, produced by the Innov-X analyser: a) standard 
mode; b) LEAP (Light Element Analysis Program) mode. 
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A second problem is that QXAS assumes that spectrum data channels are 

equally spaced. Although the Innov-X data are, for the most part, spaced at 19.732 eV 

per channel, there is occasional (and apparently random) variation (19.700 to 19.800 

eV). Because of the format of the Innov-X data file, this variation is cumulative and 

has the effect of displacing peaks by several channels, especially for the heavier 

elements. This problem can be corrected by positioning the channels at exact 19.732 

eV increments and recalculating the counts using localised polynomial regressions 

(see below). While this procedure does improve the compatibility for Innov-X 

spectra, it is very time-consuming. 

 A final issue with QXAS is that it does not accept the Innov-X spectrum data 

format directly, and several stages of format conversion are required before Innov-X 

spectra can be used with the QXAS software. This is not particularly difficult in itself, 

but, when combined with the other issues noted above, it makes using QXAS very 

labour-intensive. It would be possible to automate these procedures into a single 

software routine, but as the software was being evaluated, the effort was not justified 

at this time. 

 Overall, QXAS performed better than the in-built Innov-X quantification 

software. However, because of the complexity in data formatting, each spectrum took 

a considerable amount of time to process. Additionally, the potential noise problems 

associated with artificially amplifying the spectra were a cause of some concern. For 

these reasons, it was decided to see if a more direct method of analysing the spectrum 

data also could produce improved results. 

 The processing of XRF spectra can be divided into five sequential procedures: 

1) amplitude noise reduction; 2) peak normalisation, if necessary; 3) background 

continuum estimation; 4) peak intensity measurement; and 5) the calibration of peak 

intensities into elemental concentrations. For this study, several techniques for each of 

these procedures were evaluated. In most cases the effectiveness of different 

techniques could not be evaluated in isolation, but only by their relative contribution 

to the final calibration. This involved calculating and comparing a large number of 

calibrations using various combinations of methods. In order to keep this chapter 

reasonably concise, only the most relevant findings are reported in full in the 

following sections. 
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Noise reduction 

 A large variety of noise reduction techniques have been developed for use 

with X-ray spectra (see Sneath and Dench 1989; Battistoni et al.1995; Van Espen 

2002), but almost all operate on the principle that because amplitude noise is 

randomly distributed, it can be reduced using some form of statistically-based 

filtering, which usually involves the aggregation of several adjacent channels. Two of 

the more common filtering methods are discussed below. 

 Moving average filtering is the simplest filtering technique to implement, and 

is routinely used to smooth X-ray data (Koshikawa et al. 2003) as well as other types 

of time-series datasets (Lee and Shin 2001). The technique involves replacing each 

peak height (y-axis) value with the average of a specified number of channels either 

side of the target value (Figure 4.7). The process is then repeated for each channel in 

the spectrum. Because the x-axis (keV) data points are spaced at approximately equal 

increments, moving average filtering has the same effect as applying a series of local 

linear regressions (i.e., y = a1x + ao) to the data.  

 Polynomial fitting (Savitsky and Golay 1964; Steinier et al. 1972) is based on 

the same rationale as moving average filtering, but instead of taking a simple 

arithmetic average of adjacent height values, a second-order polynomial regression 

(i.e.,  y = a0x
2 + a1x + a2) is calculated and applied to each target channel (Figure 4.8). 

This form of regression produces a closer fit to the original spectrum, and 

consequently introduces less peak distortion to the process (Savitsky and Golay 

1964).  

 The degree of noise reduction achievable by both moving average filtering and 

polynomial fitting is theoretically equal to the square root of the number of channels 

used (Savitsky and Golay 1964:1630). For instance, an application spanning nine 

channels (i.e., a 9-point regression) will reduce noise by a factor of approximately 

three and a 25-point regression, by a factor of five. Both noise reduction techniques 

also add some degree of distortion in the form of peak flattening, and this increases as 

the number of channels used in a filtering algorithm is increased. Noise reduction 

effectiveness is affected by several factors, such as the magnitude of noise present in 

the spectrum, the signal-to-noise ratio of the instrument and the relative sizes of the 

peaks (i.e., the concentrations of the elements of interest). The optimum degree of 

smoothing, therefore, needs to be determined empirically for specific instruments and 

materials.  
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Figure 4.7. Example of moving average smoothing applied to a Sr Kα peak. Seven points 
centred on the target point (x-3 to x+3), as indicated by grey markers, are averaged. The 
average value is indicated by a black marker. 
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Figure 4.8. Example of 9-point polynomial smoothing applied to a single point of a Sr Kα peak. 
A 2nd order parabola is fitted through nine points centred on the target point (x-4 to x+4). The 
peak of the parabola is indicated by a black marker. 
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The spacing of the channels relative to peak width also must be considered 

when choosing an appropriate smoothing algorithm (Van Espen 2002:249). For 

polynomial fitting, Sneath and Dench (1989) suggest that the most effective 

smoothing is obtained if the number of channels used in a regression is equal to the 

number of channels spanning a peak at FWHM (full-width at half maximum). This 

recommendation is complicated by the fact that peak width varies considerably for 

different elements. For the Innov-X spectra, energy channels are nominally spaced at 

19.732 eV intervals. Narrow peaks, such as Cr Kα  peaks, typically span about 10 

channels (i.e., 197 eV) at FWHM, medium-sized peaks, such as Sr and Zr Kα  peaks, 

span around 15 to 20 channels, while Fe Kα  peaks are about 60 channels wide. 

Consequently, the selection of a suitable algorithm will necessarily involve 

some compromise so as to avoid overly distorting the narrower peaks while, at the 

same time, effectively reducing noise in the wider peaks. It is possible to implement a 

variable peak-width dependent smoothing algorithm, similar to techniques that have 

been used in audio signal processing (e.g., Dolby 1967). However, in addition to 

complicating the procedure, this type of technique would also result in a variable 

degree of noise reduction and peak distortion, which would need to be taken into 

account in subsequent stages of analysis, such as the calculation of peak size and 

resolution into quantitative values. It is therefore preferable if acceptable noise 

reduction can be obtained using a uniform procedure for the entire spectrum.  

 To evaluate the effectiveness of moving average and polynomial smoothing, 

both techniques were applied to several spectra using a range of span values from 3 to 

31 channels (Figure 4.9). Moving average smoothing was found to be less effective 

than polynomial fitting because it introduced significant peak flattening for span 

values greater than seven, especially on the narrower peaks. Optimum smoothing was 

obtained using 2nd order polynomial regressions with spans of between seven and 15 

channels. These values retained the overall shape and size of both wide and narrow 

peaks while allowing reasonable levels of noise reduction. Values smaller than seven 

did not suppress noise fluctuations sufficiently, while values greater than 15 tended to 

obscure the narrower peaks and distort larger peaks. For this study, 11-point 2nd order 

polynomial fitting was used, as this value is approximately equal to the FWHM width 

of the narrowest peaks and provides a theoretical noise reduction factor of 3.3 (i.e., 

√11).  
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Figure 4.9. The effect of moving average and 2nd order polynomial smoothing using different 
numbers of points. 
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Normalisation 

 One of the assumptions of XRF analysis is that samples have flat, smooth 

surfaces that are at a constant distance from both the excitation source and the 

detector. This is particularly important for WDXRF as the technique distinguishes 

elements by their wavelengths, but it also relevant for EDXRF to some extent. The 

problem with uneven surfaces is twofold. Firstly, it makes the distance between the 

sample and detector variable for different portions of the sample, which can result in 

attenuation of both the excitation source energy and the reflected fluorescence at the 

detector, both of which are subject to the inverse-square law (Latham et al. 1992). 

Secondly, because the angle at which x-rays strike the sample is also variable, some 

of the fluorescence is deflected at erratic angles and scattered. Both of these factors 

result in decreased element counts at the detector and attenuate characteristic energy 

peaks. For WDXRF, these problems are usually avoided by powdering the sample and 

fusing it into a glass disc. However, as this is often not possible with archaeological 

specimens, several techniques have been advocated to correct for uneven surfaces. 

 One solution involves deriving a scaling factor empirically. Leung et al. 

(2000), for instance, have developed a set of scaling indices for correcting errors due 

to surface curvature on pottery samples that are based on the mean distance of the 

sample from the detector. This technique works well where the surface morphology of 

a sample is regular, but is less suitable for irregular surfaces. It also involves 

considerable effort in experimentally deriving the scaling indices, which may only be 

applicable to the specific materials under study. 

 Another approach has been to employ ratios of element intensities rather than 

absolute concentrations (Latham et al. 1992; Milazzo and Cicardi 1997). The 

principle behind this approach is that the degree of peak attenuation due to irregular 

surface morphology is related to atomic weight and therefore systematic, so elements 

with similar atomic weights will be affected more or less equally for a given sample. 

For this reason, taking the ratio of two elements with adjacent or similar atomic 

weights (i.e., Sr/Rb) will tend to cancel detection errors due to surface geometry 

(Latham et al. 1992:83). As well as correcting for surface irregularities, another 

feature of this technique is that it does not require standards to derive analytical data. 

Standards are, of course, required to test the validity of the technique but, once this 

has been established, no external reference is required to process subsequent samples.   
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 The use of ratios offers a theoretically elegant solution to surface geometry 

errors, but the limitations it imposes on further analysis tend to outweigh the 

advantages. Firstly, the technique is only applicable to pairs of elements with similar 

atomic numbers. For volcanic stone samples, such pairs often have a high degree of 

colinearity, and converting them to ratios reduces the overall range of variation, 

making the data potentially less useful for analyses. Indeed, archaeometric studies 

have shown that if ratios are employed as discriminating variables, they often are 

most effective when pairs of incompatible trace element are used (Weisler 1993a; 

Greenough et al. 2007), and pairs of incompatible elements that are useful for 

discriminating among specific sources will not necessarily be of similar atomic 

weights. Secondly, and possibly most importantly for archaeological studies, ratio 

data are not directly comparable to compositional data, and this precludes 

incorporating ratio data into compositional datasets. Compositional data can, of 

course, always be converted into ratio data if required. 

 A more satisfactory approach to correcting for surface irregularities has been 

to use Compton peak scattering as a scaling factor (see Shackley 2010a:23). It has 

long been known that a relationship exists between a spectrum’s mass absorption 

coefficient and the Compton scattering of the Kα line of the X-ray tube’s anode 

element. The exact relationship varies depending on the element of the X-ray tube’s 

anode (Reynolds 1963, 1967 [Mo anode]; DeLong and McCullough 1973 [W anode]; 

Franzini et al. 1976 [Ag anode]; Harvey and Atkin 1982 [Rh anode]). For tubes with 

Ag anodes, Franzini et al. (1976:84) have identified the following logarithmic 

relationship: 

 

log (IC) = K1– K2 log (µ) 

 

where IC is the Compton scattered intensity 
 
 K1 and K2 are constants (3.46125 and 1.2653) 
 
and µ is the mass absorption coefficient 
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 Although the relationship is logarithmic, it is effectively linear over small 

ranges of variation and can, therefore, be used as a linear scaling factor (Harvey and 

Atkin 1982). Hampel (1984:22) suggests that this technique is only applicable to 

elements with atomic numbers that fall within the energy range of the Compton 

scatter. For tubes with Ag (or Rh) anodes, such as the Innov-X unit used in this study, 

the effective range is from 27 to 41 (Co to Nb). Other researchers (i.e., Phillips and 

Speakman 2009), however, have successfully applied the Compton scatter technique 

to the full range of detected elements in their analysis (i.e., K to Nb). Potts et al. 

(1997) have used a similar technique, but instead of normalising a sample’s spectrum 

to its own scatter, they have normalised all samples to a separate reference sample of 

a similar material with a flat, polished surface. Like Hampel (1984), they found that 

this technique was most effective for the heavier elements.  

 Normalising to the Compton scatter was tested on a sample of 24 specimens 

from this study (Table 4.3). These included the same 14 specimens used previously to 

evaluate the Innov-X analyser’s in-built software, plus an additional nine powdered 

and whole specimens of Marquesan basalts with known elemental concentrations 

derived from WDXRF analysis. In addition, an obsidian standard (NIST SRM-278) 

was included. Samples were selected to cover the range of variation typically 

expected in Marquesan basalts and phonolites. For these tests, elemental peak 

intensities were measured using peak height and the background was removed using 

Van Espen’s (2002) SNIP peak-stripping algorithm. The choice of these parameters is 

discussed below. 

As predicted by Hampel (1984) and Potts et al. (1997), normalisation was 

found to be beneficial for all elements with atomic weights above 28 (Table 4.4), and 

particularly effective in linearising the intensities of the four heaviest elements, Rb, 

Sr, Zr and Nb (Figure 4.10). For the lighter elements that fall outside the Compton 

peak area (i.e., K to Ni) normalising was detrimental in almost all cases. Williams-

Thorpe et al. (1999:218) obtained similar results for the lighter elements, and 

suggested that this was caused by greater variability in the attenuation of fluorescence 

with varying distance from the detector. For this study, Compton normalisation to the 

Ag Kα  line was applied to all elements with atomic weights above 28 (i.e., Cu, Zn, 

Rb, Sr, Zr and Nb). All other elements (i.e., K, Ca, Ti, Cr, Mn, Fe and Ni) were 

calibrated using raw peak intensities. 
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Table 4.3. Summary data for calibration test specimens. 
 

Sample 
number 

Determination 
method 

Sample 
form 

Raw 
material 

Sample 
type 

     
118 WDXRF whole basalt archaeological 
510 WDXRF whole basalt archaeological 
860 WDXRF whole basalt archaeological 

1529 WDXRF whole basalt archaeological 
5071 WDXRF whole basalt archaeological 
5074 WDXRF whole basalt archaeological 
5125 WDXRF powder basalt geological 
5126 WDXRF whole basalt geological 
5302 WDXRF powder basalt geological 
5337 WDXRF powder basalt geological 
5554 WDXRF powder basalt geological 
5618 WDXRF whole basalt geological 
5625 WDXRF powder basalt geological 
5747 WDXRF powder basalt geological 
5781 WDXRF whole basalt geological 
5875 WDXRF whole basalt geological 

MQ-001 WDXRF powder basalt geological 
MQ-003 WDXRF powder basalt geological 
MQ-004 WDXRF whole phonolite geological 
MQ-007 WDXRF whole phonolite geological 

SRM-2709 Standard (NIST) powder soil geological 
SRM-2710 Standard (NIST) powder soil geological 
SRM-2711 Standard (NIST) powder soil geological 
SRM-278 Standard (NIST) powder obsidian geological 
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Table 4.4 Correlation coefficients for linear regressions based on raw peak heights and peak 
heights normalised to Compton peak scattering of the Ag Kα line. 
  

  Standard analysis  LEAP analysis 
 Atomic Raw  Normalised  Raw  Normalised 
 number peak peak  peak peak 

Element z r2 r2  r2 r2 
       

K 19 0.98 0.92  0.99 0.94 
Ca 20 0.98 0.93  0.99 0.95 
Ti 22 0.99 0.98  0.99 0.97 
Cr 24 0.80 0.85  0.98 0.96 
Mn 25 0.92 0.63  0.87 0.79 
Fe 26 0.99 0.94  0.99 0.94 
Ni 28 0.83 0.88  0.86 0.85 
Cu 29 0.34 0.69  - - 
Rb 37 0.99 0.99  - - 
Sr 38 0.95 0.99  - - 
Zr 39 0.98 0.98  - - 
Nb 40 0.94 0.98  - - 
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Figure 4.10. Linear regressions for Sr Kα height: a) raw peak heights; b) normalised to 
Compton peak scattering of Ag Kα line. 
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Background continuum estimation 

 A number of different methods have been proposed for estimating the 

background continuum in spectra. Methodologically, the most straightforward is a 

linear interpolation of the area under a peak (Verma 2007:38). The background on 

either side of the peak is estimated by averaging a number of channels, and the 

continuum is assumed to be a straight line between these channels (Figure 4.11). For 

these reasons, this method is most effective for peaks that are situated on a linear 

portion of background continuum and do not overlap significantly with other peaks 

(Van Espen 2002:265). Although linear interpolation is routinely used with WDXRF 

spectra, it is not ideal for EDXRF spectra because peak overlap is common, especially 

for the lighter elements (Lemberge 2004:464). Additionally, as EDXRF peak width is 

subject to variation depending on the presence and concentration of various elements 

in different samples, the location of suitable areas of background on either side of a 

peak may need to be determined manually for each sample (Van Espen 2002:265). 

 Most other methods operate by estimating and removing the entire background 

continuum, rather than just the portions under the peaks of interest. One method 

involves approximating the background spectrum by fitting a mathematical model 

based on a polynomial regression (Antolak and Bench 1994). This technique is 

methodologically simple as it requires only a single regression calculation, but the 

effectiveness of the regression depends on the judicious selection of several 

parameters. As is the case in the first method discussed, the data points on which the 

polynomial background estimate is based must be derived from portions of the 

spectrum that contain only continuum. These may be selected manually (Van Espen 

2002:263), although it is also possible to implement an adaptive weighting scheme to 

automatically distinguish between the background and the peaks (Steenstrup 1981; 

Vekemans et al. 1994, 1995). The selection of a suitable polynomial equation is also 

important; low-order (e.g., 2nd and 3rd) polynomials produce smooth estimations of the 

background, but often fail to account for smaller fluctuations in the spectrum. In 

contrast, higher-order polynomials (i.e., 6th and greater) track the shape of the 

spectrum more closely, but are also more sensitive to minor fluctuations, so may 

‘overfit’ the spectrum and include significant portions of larger peaks (e.g., Fe Kα) in 

the background estimation (Figure 4.12).  
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Figure 4.11. Linear interpolation of background. BL and BR are portions of background either 
side of the peak of interest. 
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Figure 4.12. Examples of 3rd, 4th and 6th order polynomial background fitting. 
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An alternative approach has been to determine the background empirically. 

This technique works on the principle that the spectrum of a blank standard should 

contain only the background continuum and none of the peaks associated with 

elements of interest (Lorber et al. 1978; see also Stoev and Dlouhy 1994:113; 

Verma 2007:49). It is therefore theoretically possible to quantify and subtract the 

spectrum of a blank standard from that of a sample of interest, leaving only the net 

peaks characteristic of that sample. Although this technique is conceptually simple, 

there are two major difficulties in its practical application. Firstly, because it requires 

calculations from two spectra (i.e., the sample of interest and the blank standard) 

analytical errors arising from the instrumentation (e.g., amplitude noise, sum peaks 

etc.) are doubled. Secondly, as discussed in the previous section, the magnitudes of 

the two spectra will not necessarily be equal, making normalising the blank spectrum 

to match the sample mandatory. This may be especially problematic for whole 

archaeological samples, if normalising is also used to correct for variable surface 

morphology. 

 In response to the shortcomings of the above techniques, Clayton et al. (1987) 

developed an alternative method, known as ‘peak stripping’. This method operates by 

comparing the height of each channel in a spectrum to the heights of its adjacent 

channels. If the target channel’s height is greater than the mean of its neighbours, its 

value is replaced by that mean. A single application of this technique will result in a 

slight reduction in the height of the peaks but leave the remainder of the spectrum 

virtually unchanged. However, if the procedure is repeated a number of times, the 

peaks will gradually be reduced, leaving only the background. The number of 

iterations depends on several factors, such as the width and height of the peaks and 

the spacing of data channels, but typically 1000 or more iterations are required to 

adequately remove peaks. Peak stripping is similar in concept to moving averaging, 

the difference being that, for peak stripping, averaging is conditional on the target 

channel value being greater than the local average. Because of this condition, 

channels with heights equal to or lower than the local average are not affected, thus 

only the peaks are reduced. 

 The main drawback with peak stripping is that it requires a substantial amount 

of processing to achieve satisfactory results, and so several refinements aimed at 

reducing the number of iterations have been proposed. These methods are known 

collectively as Statistic-sensitive Non-linear Iterative Peak clipping (SNIP), and 
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involve transforming the data to reduce the dynamic range (e.g., log10 or square root) 

and increasing the distance of the points each side of the target value that are averaged 

(Ryan et al. 1988; Van Espen 2002:262). The procedure suggested by Van Espen, for 

example, takes the square root of the channel heights, and compares each target point 

to the average height of two points 11 channels either side of the target value. Once 

the stripping iterations have been completed, the results are squared to transform them 

back to their original magnitude and then subtracted from the original spectrum, 

leaving the net peaks. 

 Because all background removal techniques are estimates of an unknown 

quantity, it is not possible to evaluate their accuracy directly. It is, however, possible 

to estimate their comparative effectiveness by performing linear regressions on the net 

peaks from samples with known elemental concentrations. All four of the techniques 

discussed above were tested using spectra from the Innov-X analyser. Maximum peak 

height was measured for the Kα-lines of 13 elements (K, Ca, Ti, Mn, Cr, Fe, Ni, Cu, 

Zn, Rb, Sr, Zr and Nb), and regressed against known WDXRF values (or certified 

values for the four NIST samples). The same sample set and test conditions as for the 

previous section were used in the evaluations (i.e., 24 samples, each analysed for 180 

seconds live-time in both LEAP and Standard modes).  

 Linear interpolation of the background was implemented following Van 

Espen’s (2002:263) recommendations. Minima on either side of each element’s 

characteristic Kα peak were calculated by averaging a 5-point-wide window centred 

on the lowest point of the region, and a straight line was interpolated between them. 

This was straightforward for the heavier elements, Rb, Sr, Zr and Nb, as peak overlap 

was minimal and gaps between the peaks were well-defined. For portions of the 

spectrum with multiple peak overlap (i.e., the 5-8 keV region), a single straight line 

was interpolated between the extremities of the overlap cluster. 

 Polynomial fitting was not difficult to implement, but it was found to be very 

sensitive to small fluctuations in different spectra, and required the manual adjustment 

of several parameters. While it is likely that the automatic detection methods 

advocated by Steenstrup (1981) and Vekemans et al. (1995) would eliminate the need 

for manual adjustment, this method was not pursued beyond the initial stages because 

the other three methods were already proving effective and were much simpler to 

implement. 
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 For the blank spectrum subtraction method, a background continuum spectrum 

was generated by analysing a Herasil glass disc three times and averaging the results. 

The blank spectrum was then normalised to each sample spectrum using three 

portions of the spectrum that were relatively free from significant characteristic peaks 

(ca. 10 keV, 20 keV and 25 keV). Once the two spectra were adjusted to equal 

amplitudes, the heights (i.e., the y-axis) of the blank spectrum were subtracted from 

the sample spectrum. Visual evaluation of the resulting net peaks indicated that 

accurate normalising of the amplitudes of the two spectra was critical to effectively 

removing the background. As with the two previous methods, this technique required 

a substantial amount of user-adjustment to achieve satisfactory results. 

 Both Clayton et al. (1987) and Van Espen’s (2002) peak stripping techniques 

were evaluated, and both were found to be effective. However, Van Espen’s method 

offered a substantial practical improvement - satisfactory peak stripping, which 

required 5000 iterations using the original method proposed by Clayton et al. could be 

achieved with only 50 iterations with Van Espen’s. Processing a typical Innov-X 

spectrum, which contains 2028 data pairs, involves more than ten million separate 

calculations for 5000 iterations (i.e., 2028 x 5000 iterations), but is reduced by a 

hundredfold if only 50 iterations are required (Figure 4.13).  

 Linear regressions of the net peak heights against known elemental 

concentrations indicated that all of these methods performed more-or-less equally 

satisfactorily for the heavier elements, Cu, Rb, Sr, Zr and Nb (see below for results), 

suggesting that any would be suitable. This is likely because the peaks for these 

elements are all relatively free from overlap and are positioned on comparatively 

linear portions of the background. For the lighter elements, K, Ca, Ti, Cr, Mn Fe and 

Ni, the results were also similar, but there was some variation for certain elements. 

Nickel was not detected reliably using the blank subtraction method, probably 

because the peak for this element overlaps with the much larger Fe Kβ peak (see 

Figure 4.6). The other two methods were more consistent, although peak stripping 

achieved more accurate results for lower concentrations of Ni. The results for Cr were 

also appreciably poorer using the blank subtraction method, particularly for 

concentrations below 200 ppm. The relatively high x-axis offset for the regression line 

(see Figure 4.14) suggests that the background subtraction method consistently 

underestimated the background for this element. 



 119

 

 

 

 

 
Figure 4.13. Comparison of peak stripping methods due to Clayton et al. (1987) and Van 
Espen (2002). Grey areas show background estimation. 
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Figure 4.14. Linear regressions based on peak heights using different methods of background 
estimation. The left column shows the linear interpolation method, the middle column, the 
blank subtraction method, and the right column, Van Espen’s (2002) SNIP algorithm. 
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Overall, all of the methods that were tested provided reasonably accurate 

estimates of the background continuum (Figure 4.14). The peak stripping technique 

performed slightly better than the other two, especially in regard to Cr and Ni. An 

additional benefit of this method is that, as no user-adjustment is needed, it can be 

implemented automatically. Because Van Espen’s (2002) SNIP algorithm was more 

efficient than that of Clayton et al. (1987), this method was used for background 

estimation in this study. 

 

Measuring peak intensity 

 For XRF spectra, the concentration of a particular element is proportional to 

the net number of counts enclosed by its characteristic energy peak (i.e., the peak 

area). If the resolution of the detector is constant, elemental concentrations are also 

proportional to peak height (Van Espen 2002:264). Because peak height measurement 

is more straightforward than peak area determination, this approach is often used in 

WDXRF. However, for EDXRF analysis, the detector resolution is considerably 

lower, and can vary with energy level, so peak area measurement is generally 

preferred over peak height (Van Espen 2002:269).  

 Characteristic energy peaks also tend to be considerably wider in EDXRF 

spectra than in WDXRF spectra because they are affected by energy noise to a greater 

extent. Energy noise is caused partly by the resolution of the detector, and partly by 

the subsequent electronic processing circuitry, and is randomly distributed with 

respect to its associated peak, making EDXRF peaks appear as wide Gaussian-shaped 

curves. Because of this widening, peaks that are close together in the spectrum tend to 

partially overlap each other (see Figure 4.15), which can complicate peak area 

estimation. EDXRF peaks are theoretically symmetrical, but biases in the detector and 

electronic pulse-shaping circuitry can sometimes produce skewed peaks; this is 

especially common in low-powered EDXRF systems and can further complicate area 

calculations (Vekemans et al. 1994). 

 An additional factor affecting peak intensity measurement is that the actual 

position of an element’s characteristic peak in a spectrum is not always the same as 

that element’s theoretical energy level, but may vary slightly for a number of reasons. 

For a solid-state EDXRF system, this is mainly due to the resolution limits of the 

detector, and typically varies by 150-300 eV from the natural energy level. (Verma 

2007:89). For example, the Kα peak for strontium has a natural energy level of 14.14 
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KeV, so the actual peak centre could be expected to lie within the region of 13.94 - 

14.34 KeV. In contrast, WDXRF systems generally have higher resolutions that vary 

by only 2-10 eV, making peaks much narrower and, therefore, easier to identify and 

quantify. 

 The simplest method of measuring the area of a peak is by integrating the 

points enclosing that peak (Van Espen 2002:265). Because spectra are tabulated as a 

series of orthogonal coordinates, it is possible to calculate the area using Green’s 

Theorem: 
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where coordinates (xi , yi ) are arranged in anti-clockwise order. 

 

 As all x-coordinates (i.e., the keV axis) are at equal intervals and the base of 

each peak has a constant y-value of zero (after the background continuum has been 

removed), the formula can be rearranged into the simplified form: 
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where xi+1 – xi  is the distance between two adjacent x- coordinates. 

 
 This procedure is valid where peaks are isolated. However, when two or more 

peaks overlap, it is not possible to separate them and measure their areas directly, so 

some form of estimation must be employed instead. Peak estimation methods usually 

involve fitting a symmetrical distribution function, such as a Gaussian, Lorentzian or 

Voigtian, over the peak, and calculating the enclosed area (Van Espen and Lemberge 

2000:561). X-ray energy has an intrinsic Lorentzian distribution, but at relatively low 

energy resolution, as is common in PXRF instruments, the difference between a 

Lorentzian and a Gaussian distribution is negligible, so a Gaussian is often used as it 

is mathematically simpler to calculate (Lemberge 2004:472).  It is also possible to 

account for peak asymmetry by using compensated distributions, such as log-normal 

or exponentially-modified Gaussian functions, but they involve complex calculations 

and the extra precision they potentially offer may not be justified for low-powered 

EDXRF systems with relatively low resolution (Solé et al. 2007:67).  
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Once an appropriate distribution function has been selected, curves are fitted 

to the peaks of interest using an iterative least-squares fitting technique that minimises 

the difference between the curve models and the peak coordinates (Van Espen and 

Lemberge 2000:562). For overlapping peaks, the distribution functions for each peak 

are integrated into a composite function and fitted simultaneously. Individual peak 

areas are then calculated from the resulting distribution functions. 

 For this study, three measures of peak intensity were evaluated, the two area 

measurements described above and peak height. The integration method was the most 

straightforward to implement, but is only applicable to elements with no significant 

peak overlap (i.e., Cr, Cu, Zn, Rb, Sr, Zr and Nb). In order to account for overlapping 

peaks, the estimation technique was tested by fitting a Gaussian curve over each peak 

(Figure 4.15). Three parameters are needed to calculate the area under a Gaussian 

curve: peak height, peak position and the standard deviation of the peak width. There 

are several ways of estimating standard deviation, but for this study two heights with 

known standard deviation values were measured and the results averaged; full width 

at half maximum height (FWHM) has a standard deviation value of )2ln(2 , and the 

height of the curve at one standard deviation from the mean is at a known fraction of 

maximum peak height (i.e., e-0.5). Once the standard deviation has been calculated, a 

Gaussian curve can be estimated for each peak and its area calculated using the 

Gaussian distribution function: 
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 For the Innov-X spectra, the fitting process was complicated by the fact that 

peak maxima were not always positioned at the centre of peaks. This is mainly due to 

the resolution limits of the detector, but also amplitude noise artefacts that were not 

completely removed by smoothing. To correct for this, the estimated Gaussian curves 

were fitted to the peaks using a non-linear least-squares fitting equation. This was 

achieved using the Solver function in Microsoft Excel to simultaneously adjust peak 

height, peak position and peak width to values that minimised the χ2 value of the 

difference between the fitted Gaussian curve and the peak coordinates (Figure 4.15c). 

The technique was applied to overlapping peaks by integrating the peaks into a single 

function and adjusting the parameters of all peaks simultaneously.  
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Figure 4.15.  Example of fitting a Gaussian over a peak: a) the peak is located and the height 
and width measure; b) a Gaussian is fitted; c) Gaussian recalculated to maximise fit. 
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 Peak height was also evaluated as a measure of elemental concentration. This 

is not the preferred measure for EDXRF spectrum evaluation, because peak height is 

more sensitive to variations in spectrometer resolution than peak area (Van Espen 

2002:281). Peak height has, however, been used successfully in archaeological studies 

(e.g., Heyworth 1994). Moreover, recent advances in technology have significantly 

improved overall performance of PXRF analysers, especially in regard to detector 

sensitivity and resolution. Peak height was measured during the Gaussian fitting 

procedure in any case, so its evaluation required little extra effort. 

 The three measures of peak intensity were compared by using linear 

regressions against WDXRF concentrations. The peak area integration method was 

only possible for a few elements. For these elements, the results were virtually 

identical using all three methods (Figure 4.16); all exhibited high coefficients of 

explained variance, and the plots indicated a reasonably linear relationship throughout 

the range of concentrations. Peak height measurement produced higher correlations 

than either of the area estimation measures, but the difference was slight in all cases.  

 For elements with significant peak overlap (i.e., K, Ca, Ti, Mn, Fe and Ni), it 

was only possible to compare peak heights and Gaussian fitted areas. Again, the 

results were similar for both methods, although peak height measurement gave 

slightly better results in most cases (Figure 4.17). This was most notable for K, likely 

because the Kα peak for this element overlaps significantly with the Ca Kα peak, 

making it difficult to obtain an accurate estimate of the peak’s standard deviation. 

 The high correspondence between the two peak area calculations suggests 

that, for the Innov-X spectra, peak shape closely follows a Gaussian distribution. 

Visual inspection of peak shape supports this finding (see Figure 4.15). Moreover, the 

correlation between peak height and the two area calculations indicates that overall 

peak shape (i.e., the ratio of peak height to the standard deviation) is relatively 

constant for varying concentrations of the same element. 

 These findings suggest that all of the three measures of peak intensity tested 

are useful indicators of elemental concentrations. The integration method is, however, 

not ideal as it is only useable with a small number of elements. Both of the other 

methods are applicable to the full range of identified elements and produce similar 

results. For this study, peak height was used as it gave slightly better results for K and 

Ti (Figure 4.17). 
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Figure 4.16. Linear regressions for Sr using normalised peak height (left), integrated peak 

area calculation (middle), and fitted Gaussian peak area (right). 
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Figure 4.17. Linear regressions for K, Ca and Ti. The upper row shows peak areas fitted to 
Gaussians, the lower, to raw peak heights. 
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Calibration methods 

 X-ray fluorescence calibration procedures can be divided into two general 

types, Fundamental Parameters (FP) and empirical methods (Criss and Birks 1968; 

Liritzis and Zacharias 2011). The FP method uses theoretically-derived geochemical 

models based on known inter-element coefficients to generate processing algorithms. 

The generation of suitable FP algorithms is a complex process, requiring both an 

extensive knowledge of X-ray physics and a comprehensive set of standards with 

which to test the resulting models. To generate an accurate algorithm, the FP method 

requires that the elemental composition of the entire sample is known (R. Johnson 

1984). For PXRF analysers, the direct measurement of many of the lighter elements 

that make up the bulk of soil and stone samples, such as C, O, N, Al and Si, is not 

always possible, so the concentrations of these elements must be estimated.  

One common method of estimation is based on the backscatter of the 

excitation source. The intensities of the incoherent scatter (Compton) and the coherent 

scatter (Rayleigh) are inversely proportional to the average atomic weight of the 

sample, therefore the ratio of these peaks can be used to approximate the average 

composition of the sample (Kalnicky and Singhvi 2001:101). Because the FP method 

generates calibration models based on the entire composition of a sample, it is 

sensitive to gross errors in the estimation of a sample’s composition. This has been 

seen as a major source of error for this method (Elam et al. 2006). For this reason, it is 

important that appropriate FP models are used with specific materials. Recent studies 

have shown that, under ideal circumstances, FP can achieve accuracy levels of 3-4 % 

relative for most elements (Mantler and Kawahara 2004), and better than 1 % for 

major elements (Bos and Vreilink1998). Fundamental Parameters has become an 

increasingly popular technique in recent years, especially for use in PXRF analysers, 

where the main concern has been the rapid qualitative identification of specific 

elements, such as contaminants, rather than fully quantitative elemental 

concentrations.  

 There are several families of empirical calibration techniques (see Van Espen 

2002), but the most common involve some form of least-squares regression, which 

can be divided into two types, univariate and multivariate regression. Multivariate 

techniques are potentially well suited to XRF spectrum analysis. Because they are 

able to account for several peaks in a single regression, it is possible, to some extent, 

to correct for interfering peaks, such as those caused by peak overlaps and sum peaks.
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 A major practical drawback of all multivariate regression techniques is that a 

large number of standards are required to build regression models that are both 

reliable and versatile (Van Espen 2002:276). In addition to covering the range of 

expected concentrations for all elements of interest, it is also preferable if there is 

minimal colinearity between elemental concentrations, so as to avoid the erroneous 

weighting of predictor variables (Lemberge, Van Espen and Vrebos 2000). This is a 

particular problem with volcanic rock samples, as geological processes often produce 

high colinearities between certain pairs of elements (Stanley 2006a, 2006b). 

 Partial Least-Squares (PLS) regression addresses potential colinearity 

problems by transforming data into a matrix and extracting a set of orthogonal latent 

variables (Lemberge et al. 2000a), and has seen increasing usage in XRF analysis 

(e.g., Lemberge and Van Espen 1999; Eriksson et al. 2000; Lemberge et al. 2000b; 

Van Espen and Lemberge 2000). The technique is, however, methodically complex 

(see Gelaldi and Kowalski 1986a, 1986b), and commonly requires the use of 

specialised software, such as SYSTAT or The Unscrambler11 (Goriaeb et al. 2006). 

 A second multivariate technique, Multiple Least Squares regression (MLS) 

was briefly investigated for this study. However, initial testing indicated that the 

sample set was not adequate for generating a robust regression model because of the 

presence of colinearity among several groups of elements. For example, the high 

degree of colinearity between Ti and K concentrations in the sample (r2 = 0.912) 

resulted in Ti Kα peak intensities being almost as good a predictor of K concentrations 

as were K Kα peak intensities, and because Ti Kα peaks are approximately six times 

larger than K Kα peaks, they exerted a greater influence in the regression formula for 

K than did the K Kα peaks. In addition to these problems, it was found that MLS 

regression performed no better than univariate linear regression and, for this reason, 

MLS regression was abandoned in favour of the simpler univariate technique. 

 Univariate linear regression, also known as Ordinary Least-Squares (OLS) 

regression, is the most straightforward and the most familiar of the regression 

techniques. Although it does not possess the potential resolving power of the 

multivariate techniques described above, univariate regression is methodically simple, 

and has been used successfully in EDXRF calibration (e.g., Thatcher 2000; Kato et al. 

2009; Phillips and Speakman 2009).  

                                                
11 http://www.camo.com/rt/Products/Unscrambler/unscrambler.html 



 130

 Linear regressions are commonly evaluated using Pearson’s correlation 

coefficient (r) or the coefficient of explained variance (r2). These coefficients are 

useful for showing the existence of a relationship between two variables but are 

influenced by the range of variation and number of cases in a dataset, so can lead to 

overly-optimistic estimates of the goodness of fit unless additional statistics are also 

considered (Anscombe and Tukey 1963). Visual inspection of regression plots can be 

useful in the initial evaluation of a regression, but this too can be misleading if the 

relative scale of both the observations and residuals is not taken into account (see 

Workman and Mark 2004a, 2004b, 2004c, 2004d). 

 One useful method of evaluating the goodness of fit of a linear regression is by 

the examination of the residuals. The Standard Error of the Estimate (SEE) is 

commonly used for this purpose, but more robust results can be obtained using the 

Root Mean Square of the Error of Cross Validation (RMSECV) (Lemberge et al. 

2000a:298). This statistic is calculated by taking the RMS of the residuals derived 

from Leave-Out-One Cross-Validation (LOOCV) (Griffiths and Haseth 2007:218), 

and takes the form: 
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The RMSECV statistic is a measure of the predictive performance of the 

regression. It is conceptually similar to the SEE but, because it is calculated on 

LOOCV values, it provides an estimate of the average prediction error (at one 

standard deviation) that could be expected in the quantification of unknown samples, 

rather than only for those included in the regression (Lemberge et al 2000a:298). 

For this study, OLS regression was used to resolve peak heights into 

concentrations. Although the other methods described above have the potential to 

account for additional sources of error, such as peak overlap, their implementation is 

often much more complex and requires a substantial dataset to avoid potential 

problems with predictor variable colinearity and overfitting.  
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The results of the calibrations based on linear regression fall into three 

groupings, roughly corresponding to the atomic weights of the elements. For the four 

relatively light elements, K, Ca, Ti and Fe, the regressions remain linear throughout 

their ranges (Figure 4.18). This is a significant improvement on the earlier results 

obtained from the analyser’s in-built FP software (see Figure 4.2). In the case of Fe, 

two of the soil standards plotted as outliers (NIST 2709 and NIST 2710). The reason 

for this is uncertain, but it does not appear to be a systematic error, as the other two 

standards (NIST 2711 and NIST 278) plotted close to the regression line. The two 

outliers were excluded from the calibration regression for Fe. 

 All four of the relatively light elements contain a few specimens with extreme 

high or low concentrations. To determine whether these specimens exerted significant 

leverage on the results, a second series of regressions was plotted using only those 

concentrations typical of Marquesan basalts. As would be expected for a narrower 

range of variation, the coefficients of explained variance were invariably lower (Table 

4.5). However, the prediction error statistics (RMSECV and SEE) were largely the 

same as for the full range of concentrations, indicating that the observed linearity in 

the full-range plots is not due to excess leverage by the extreme values. The expected 

average prediction errors (at one standard deviation) for these elements vary from 5 % 

to 9.5 % relative. However, in the cases of Fe, Ti and Ca, these numbers are slightly 

inflated by extreme low values, and, for the concentrations of these elements typically 

found in basalts, the expected average errors are somewhat lower (see Table 4.5). 

 Mixed results were obtained for Cr, Mn, Ni, Cu and Zn (Figure 4.19). 

Regression correlations for Cr and Ni were reasonably high, though not to the same 

extent as for K, Ca, Ti and Fe. Although the Innov-X software quantifies Ni in 

standard mode, this study found that much more linear results could be obtained using 

the LEAP data. In the Ni regression, the four NIST standards (NIST 2709, NIST 

2710, NIST 2711 and NIST 278) plotted well away from the other samples (see 

Figure 4.19). Unlike the outlying NIST samples in the Fe regression, the error in this 

case seems to be systematic. This is puzzling, considering that Ni concentrations are 

certified values for the NIST samples. The other possibility is that there was a 

systematic error during the WDXRF determinations. The four NIST samples were 

excluded from the calibration regression so as to make the calibration compatible with 

the WDXRF specimens.  
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Figure 4.18. Linear regressions for K, Ca, Ti and Fe. The left column shows the full range of 
concentrations, and the right shows the sample’s typical range. The two outliers shown in the 
Fe plot (NIST 2709 & NIST 2710) are not included in the regression. 
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Figure 4.19. Linear regressions for Cr, Mn, Ni, Cu and Zn. The four outliers shown in the Ni 
plot (NIST 2709-11 & NIST 278) are not included in the regression. 
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Table 4.5. Correlation coefficients and error estimates for PXRF linear regressions. 
 
 Full Range  Typical Range 

       RMSECV(2)        RMSECV 
Element r2 SEE (ppm) (%)  r2 SEE (ppm) (%) 
          
K 0.992 933 891 8.8  0.956 639 600 8.5 
Ca 0.997 1770 1683 5.0  0.916 1426 1312 1.7 
Ti 0.995 651 623 9.5  0.839 795 752 3.6 
Cr 0.982 25 24 84.4  0.984 24 23 19.0 
Mn 0.803 143 137 14.1  - - - - 
Fe 0.995 2141 2046 5.7  0.851 2040 1923 2.2 
Ni 0.960 18 17 13.5  - - - - 
Cu 0.830 16 15 36.9  - - - - 
Zn 0.786 25 24 13.5  - - - - 
Rb 0.999 3 3 11.8  0.994 3 3 12.5 
Sr 0.993 16 16 5.4  0.976 16 15 2.9 
Zr 0.986 17 16 5.4  0.931 11 10 3.6 
Nb 0.989 5 5 22.3  0.727 4 4 14.9 
          
 
1) Standard Error of Estimate in parts per million (ppm) 
2) Root Mean Square of Error of Cross-Validation in parts per million (ppm) and calculated as a percentage (%). 
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 Particularly poor results were obtained for Mn, Cu and Zn. This is, no doubt, 

partly due to the low range of variation for these elements; Cu concentrations in the 

sample vary by only140 ppm, while the bulk of the Mn and Zn samples vary by about 

100 ppm. Two samples with extremely high values for Zn (NIST 2710 and 2711) 

were removed from the analysis. Copper is also particularly difficult to measure in 

whole rock samples, as it tends to form native copper and accumulate in veins (T. 

Black of Innov-X systems pers. comm. 2007). In addition to the element-specific 

problems mentioned above, the relatively small intensity peaks of these elements 

make accurate peak intensity measurement and background estimation difficult (see 

Figure 4.6). In the case of Mn, peak measurement difficulties are exacerbated by the 

partial overlapping of the much larger Fe Kα peak. In light of these factors, the results 

for these elements should be considered semi-quantitative at best, especially for lower 

concentrations of these elements.  

 The four heaviest elements that were measured (Rb, Sr, Zr and Nb) all 

produced strongly linear responses (Figure 4.20). This is partly due to the peaks for 

these elements being positioned on a portion of the spectrum that is responsive to 

Compton normalisation and also largely free from significant peak overlap. Although 

there is some overlap between the Zr Kα peak (15.774 keV) and the Sr Kβ peak 

(15.834 keV), this appears to be minor and does not greatly affect the results for the 

Zr calibration. Yttrium (Y) is often measured in this group of trace elements (e.g., 

Hampel 1984; Weisler 1993a; Sheppard et al. 1997) but it was not feasible for this 

study because of the low range of variation (ca. 10ppm) in the WDXRF reference 

samples. In addition, Rb Kβ peaks (14.960 keV) overlap significantly with Y Kα 

peaks (14.957 keV; see Figure 4.6) and, in contrast to the Zr Kα - Sr Kβ overlap noted 

above, this does appear to affect the calibration of Y. 

As was the case with K, Ca, Ti and Fe, the regression statistics for Rb, Sr and 

Zr did not change markedly when samples with extreme concentrations were removed 

from the regressions (Figure 4.20; Table 4.5). Restricting the range of Nb resulted in a 

lower correlation (r2 = 0.727) because of the low variation of this element (ca. 40 

ppm) in typical basalts. It did also, however, also lower the error estimates, albeit 

slightly. The RMSECV values for these elements suggest that 1-sigma prediction 

errors of approximately 4 % relative (or 10 - 16 ppm absolute) could be expected for 

Sr and Zr, and approximately 13 % (or 3 - 5 ppm absolute) for Rb and Nb (Table 4.5).  
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Figure 4.20. Linear regressions for Rb, Sr, Zr and Nb. The left column shows the full range of 
concentrations, and the right shows the sample’s typical range. 



 137

Summary 

 Overall, these results indicate that processing the Innov-X analyser’s raw 

spectrum data can provide a significant improvement on the results obtained from the 

instrument’s in-built software. An additional benefit of manual spectrum evaluation is 

the inclusion of Nb, as this element is not quantified by the in-built Innov-X software 

supplied with the instrument. There remain, however, several sources of error. Some 

are associated with the inherently low resolution of PXRF analysers, and although 

technology has advanced rapidly for these instruments in recent years (see Liritzis and 

Zacharias 2010; Goren et al. 2011), their performance remains inferior to laboratory-

based EDXRF systems, particularly those that employ vacuum chambers (e.g., Hall 

and Tinklenberg 2003). 

A second source of error is associated with the samples that were used as 

references in the calibrations. The majority are from WDXRF determinations rather 

than certified standards (see Table 4.3), and although the Geology Department at the 

University of Auckland maintains high analytical standards (see Parker et al. 1993; 

Thompson et al. 1996, 1998, 1999; Parker and Sheppard 1997: Table 12.4;), some 

analytical error will necessarily be associated with these samples. 

Also, the spectrum processing techniques aimed at error reduction discussed in 

the previous sections (i.e., normalisation and smoothing) are only effective for errors 

associated with the instrument, so cannot correct for errors arising from differences in 

sample surface morphology (Latham et al. 1992) or inherent variation in the chemical 

composition of the area of the specimen that is analysed. The averaging of three 

PXRF analyses for each specimen goes some way towards reducing these sources of 

compositional variation, but they are almost certainly responsible for at least some of 

the observed error.  

 For this study, 271 samples were analysed using PXRF. Of these 60 were 

reference specimens and 211 archaeological specimens. All of the calculations (i.e., 

noise reduction, normalisation, peak stripping and quantification) were carried out 

using the mathematical functions available in commonly-available spreadsheet 

software. In this study, Microsoft Excel was used, but other similar software packages 

(e.g., LibreOffice Calc, Gnumeric) perform equally well.  The test conditions for all 

samples were as follows:  
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1) Archaeological specimens were analysed whole and reference samples were 

ground flat and polished on one surface prior to the cleaning procedure.  

 

2) All specimens were treated with dilute HCl (10 %) to dissolve surface 

carbonates, then scrubbed with hot soapy water and rinsed. Following this, 

they were placed in an ultrasonic bath with distilled water for 20 minutes and 

air dried in an oven at 60o C.  

 
3) Samples were positioned as close and perpendicular to the detector window as 

possible. Where necessary, modelling clay was used to secure samples. 

 

4) Each sample was analysed for 180 seconds in standard mode and 180 seconds 

in LEAP mode. 

 

5) Noise reduction was applied to the resulting spectra using an 11-point 2nd-

order polynomial regression. 

 

6) The background continuum was removed using 50 iterations of Van Espen’s 

(2002) SNIP algorithm. 

 

7) Elemental concentrations were determined by applying linear regressions to 

each element’s Kα  peak height. For elements with atomic weights of 28 and 

below (i.e., K, Ca, Ti, Cr, Mn, Fe and Ni), raw Kα  peak heights from the 

LEAP mode spectra were used for the calibration. For Cu, Zn, Rb, Sr, Zr and 

Nb, standard mode spectra were used, and the measured Kα  peak heights were 

normalised to the Compton scatter of the Ag Kα line. 

 
8) Each sample was analysed three times, and the three results were averaged to 

derive an analytic value. 
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4.6. Summary 

Several studies have been critical of the effectiveness of PXRF for quantitative 

analysis (e.g., Zwinky 2004; Zhan 2005). One of the more serious issues has been 

errors in reported concentrations rendering PXRF data incompatible with data 

quantified on other instruments. However, it is often the case that such errors are 

systematic and can be corrected to some extent (e.g., N. Craig et al. 2007; Drake et al. 

2009:15; Nazaroff et al. 2010). The proprietary software included in PXRF analysers 

has caused problems for some PXRF users. Williams-Thorpe et al. (1999:218), for 

instance, were unable to access the raw data from their instrument to apply matrix 

corrections directly to fluorescence intensities and instead had to make the corrections 

to the processed quantitative data. The use of FP calibration algorithms with 

inappropriate matrix estimates also has been cited as a potential source of 

quantification error (Elam et al. 2006) and, for this reason, where it is possible, some 

form of empirical calibration often provides improved results (Shackley 2010:13).  

As demonstrated in this chapter, the in-built calibration software provided 

with the Innov-X Alpha 4000 did not perform particularly well when applied to 

basalt, a material for which it was not specifically intended. When operated ‘straight 

from the box’, the Innov-X PXRF analyser used in this study did not have the 

required resolution for the accurate quantitative analysis of basalt. The main problem 

appeared to be that the built-in FP quantification software is optimised for soil testing, 

and as such is not suitable for analysing lithic materials with markedly differing 

elemental and matrix compositions. Sheppard et al. (2010, 2011), were able to obtain 

satisfactory results in their analyses of obsidians using the Innov-X analyser’s in-built 

software, but certain properties of this material, such as a relatively high proportion of 

light element matrix and low concentrations of some major and trace elements, make 

it more amenable to the Innov-X software than other types of volcanic stone, such as 

basalts. 

The tests outlined above, however, indicate that if raw spectrum data are 

available, PXRF instruments can deliver useable quantitative results, albeit at a lower 

level of accuracy than most laboratory-based WDXRF or EDXRF systems. The 

manual analysis of the Innov-X spectra data discussed in this chapter resulted in a 

marked improvement in the accuracy of elemental concentrations compared to the 

quantitative output from the analyser’s built-in software. The procedures were, 

however, relatively labour-intensive, and the techniques crude compared to the more 
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sophisticated methods employed in commercially-available spectrum analysis 

software. While it is possible that better results could have been obtainable had such 

software been available at the time of this study, it is likely that any improvement 

would have been slight, given the inherent limitations of the analyser, and the nature 

of the samples. Despite these shortcomings, the resulting PXRF data are still adequate 

for discriminating among sources of Marquesan stone at the level required for this 

study, as is demonstrated in Chapter 7. 

The next chapter discusses some of the source assignment techniques that 

have been employed in archaeological stone tool provenancing studies. In particular, 

two multivariate methods, Discriminant Function Analysis (DFA) and Classification 

Tree (CT) analysis, are examined in detail.  
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CHAPTER 5 

GEOCHEMICAL PROVENANCING METHODS 

5.1 Introduction 

In this chapter, some of the methods used for associating archaeological 

specimens with geological sources are discussed. To date, the majority of Polynesian 

adze provenancing studies have used relatively simple allocation methods. Artefacts 

have commonly been assigned to their most likely sources through the observation of 

bivariate scatterplots. While this type of approach proved successful in many of the 

earlier studies, this was due, in part, to the limited availability of reference materials 

for characterising sources of adze-stone. Over recent years, more reference materials 

have become available, which have, in many cases, resulted in some degree of overlap 

among sources that were previously thought to be distinct. This has prompted some 

researchers (e.g., Best et al. 1992; Parker and Sheppard 1997) to question the utility of 

simple methods and to suggest that more sophisticated multivariate techniques may be 

required to effectively analyse large datasets. 

Two multivariate methods are employed in this study. The first, Discriminant 

Function Analysis (DFA), is a well-known technique and has been used extensively in 

archaeological research. DFA is a powerful statistical technique that manipulates the 

input data considerably to derive results. As such, the technique makes certain 

assumptions about the distributions of the input data and can be sensitive to violations 

of these assumptions.  Consequently, the raw data that are applied to DFA need to be 

rigorously examined before any results can be accepted. This chapter discusses DFA 

in detail. In particular, the discussion focuses on the reasons for data distribution 

assumptions and examines some of the ways in which input data may be prepared to 

better meet them. 

The second method, Classification Tree (CT) analysis, is relatively new to 

archaeometry, and has, to date, has been employed in few studies (e.g., Nance 2000; 

Baxter and Jackson 2001; Baxter 2006; Sheppard et al. 2011). Consequently, most 

archaeologists may not be familiar with the technique and, for this reason, it is also 

described at length.  
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5.2 Previous provenancing methods 

 To date, most Polynesian geochemical provenancing studies have employed 

bivariate scatterplots as their primary means of discriminating among geological 

sources (e.g., Weisler 1993a, 1998; Clark et al. 1997; Sheppard et al. 1997). In a 

pioneering study, Best (1984:403) found that the oxides P2O5, TiO2 and Fe2O3 

provided good discrimination among several Pacific archipelagos, and these elements 

have since been employed with varying degrees of success in several other studies 

(e.g., Best et al. 1992; Allen and Johnson 1997, Sheppard et al 1997, Winterhoff 

2007, Winterhoff et al. 2007). Best (1984) originally presented these variables using a 

ternary diagram, but subsequent studies have employed bivariate plots of P2O5 against 

the log10-transformed ratio of TiO2 to Fe2O5. Other researchers, often those interested 

in more localised geographical areas, have found different bivariate combinations of 

elements, or ratios of elements, useful for discrimination (e.g., Weisler 1993a; Clark 

et al. 1997; Rolett et al. 1997; Rolett 1998). 

For many of these studies, reference data were limited to a small number of 

potential sources, some of which were represented by only a few reference specimens 

(see Sinton and Sinoto 1997). But even with limited data, several studies noted that 

some of the key Polynesian source data overlapped and questioned the continuing 

usefulness of bivariate scatterplots (e.g., Best et al. 1992:64; Parker and Sheppard 

1997:210). Other researchers found single scatterplots inadequate for satisfactorily 

characterising multiple geological sources. For example, Allen and Johnson 

(1997:122) were not able to distinguish between some sources on the basis of P2O5, 

TiO2 and Fe2O3, so also employed scatterplots of incompatible trace element ratios 

and fractionation trend ratios (Allen and Johnson 1997: Figure 7.6, Figure 7.7).  

To illustrate the limitations of bivariate scatterplots with currently available 

reference data (see Chapter 6), a plot of P2O5 versus log10 (TiO2/Fe2O3) is shown 

(Figure 5.1a). Although some patterning is evident in the reference samples, there is 

also a considerable degree of overlap. The confidence ellipses (Figure 5.1b) show that 

none of the five archipelagos included in the plot can be completely separated on the 

basis of these elements alone. While the archaeological samples appear to be most 

closely associated with the Marquesan geological samples, some are also included in 

the ellipses generated by the Society Islands and Samoan geological samples, 

suggesting that they cannot be eliminated as potential sources. 
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Figure 5.1. Plot of P2O5 versus log10(Ti2O/Fe2O3) for: a) reference samples, and b) 
archaeological specimens. The ellipses in figure B are standard ellipses with 95% confidence 
intervals. 
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As more source reference data have become available (see Chapter 6), it is 

now clear that bivariate scatterplots are no longer sufficient to separate multiple 

sources. Consequently, some researchers have begun to explore the possibilities 

offered by multivariate analytical methods (e.g., Sheppard et al. 1997; Walter 1998; P. 

Johnson 2005). 

In the Pacific, multivariate techniques have been routinely used to characterise 

obsidian sources for some years, mainly in New Zealand (e.g., Leach and Warren 

1981; Leach and Manly 1982; Neve et al. 1994; Leach 1996; Carter et al. 2009; 

Sheppard et al. 2010, 2011). Although a number of earlier Polynesian adze sourcing 

studies have employed multivariate techniques (e.g., Best et al. 1992; Weisler 1993b, 

1998; Walter and Sheppard 1996; Sheppard et al. 1997), their use has tended to be 

exploratory, and secondary to the examination of bivariate scatterplots. For some of 

these studies, the available sample of geological reference material was too small to 

allow multivariate techniques to be used as primary sourcing methods (e.g., Weisler 

1993b:179). 

More recently, P. Johnson (2005; see also P. Johnson et al. 2007) has analysed 

a sample of reference specimens from Tutuila, American Samoa, that is of sufficient 

size (n=120) to allow the successful use of several multivariate techniques (i.e., k-

means clustering, DFA and Principle Components Analysis (PCA)). In addition to 

Johnson’s work, a number of recent studies have greatly increased the quantity of 

reference data available for the Pacific region. Currently, data for over a thousand 

reference samples are available in the archaeological literature from most of the major 

known source areas in Polynesia (see Chapter 6), making multivariate analysis at a 

regional scale a practical alternative to the use of bivariate scatterplots. 

 

5.3 Multivariate methods 

Over the last few decades, multivariate analysis has become increasingly more 

common in archaeometric studies (e.g., Aldenderfer and Blashfield 1978; Aldenderfer 

1982; Glascock 1992; Baxter 1994a, 1994b, 2006). This is, no doubt, partly because 

of the increasing capabilities of computer software and the availability of new 

statistical techniques, but also because the increasing size and complexity of many 

regional databases has both necessitated and allowed more sophisticated methods of 

analysis. 
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The simplest form of multivariate analysis is the use of ternary diagrams or the 

extension of bivariate scatterplots to three-dimensional plots. Such techniques have 

been employed successfully in studies encompassing relatively restricted geographical 

areas where specific sources are visibly distinct (e.g., Felgate 1993; Shackley 1995, 

1998; Negash and Shackley 2006). Figueroa et al. (1995) have further extended the 

display of multiple variables in two dimensions by using polygonal versions of 

ternary diagrams (see Figure 5.2). While such ideas are methodologically attractive, 

plots of large datasets tend to be cluttered, making visual evaluation difficult. 

Hierarchical cluster analysis was one of the first true multivariate techniques 

to become routinely used in archaeological studies (e.g., Hodson 1969, 1970; 

Aldenderfer 1982). The appropriate usage of this method has, however, been the 

subject of much debate (see Christenson and Read 1977; Aldenderfer and Blashfield 

1978; Read and Christenson 1978), in part, because of the vast range of clustering 

options and variable transformations that are possible (see Aldenderfer 1982). In 

addition, many of the earlier applications of hierarchical clustering were aimed at 

establishing artefact typologies, for which there were no objective standards with 

which to validate the results. For these reasons, there remains little agreement on the 

appropriate usage of hierarchical clustering. Although the technique is still employed 

in archaeometric provenancing studies (e.g. Kato et al. 2009), it has largely been 

supplanted by other multivariate methods, such as DFA, PCA, k-means clustering and 

logistic regression (e.g., Glascock 1992; Baxter 1994a; Carter et al. 2009). 

In recent decades, an increasingly large range of multivariate techniques have 

become available to the analyst. Baxter and colleagues have introduced several of the 

more recent developments to the archaeological community and provided useful 

overviews in a series of publications (Baxter 1994, 2001, 2003, 2006; Baxter et al. 

1995; Baxter and Beardah 1997; Baxter and Jackson 2001). Many of the newer 

techniques are variations on established methods (e.g., Quadratic (QDA), Flexible 

(FDA) and Mixture (MDA) forms of Discriminant Analysis) but some approaches, 

such as k-nearest neighbour (k-NN), self organising maps (SOM) and neural network 

analysis (NN), offer fundamentally different ways of approaching data analysis. 

Although these developments have greatly increased the choices available to 

researchers, they have also necessitated a more measured approach to selecting 

techniques that are appropriate for both the aims of the analysis and the nature of the 

available data. 
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Figure 5.2. Example of a pentagonal scatterplot, used to display five variables simultaneously 
(from Figueroa et al. 1995, Figure 1). 
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In a review of several multivariate techniques, Baxter (2006) makes the useful 

distinction between supervised and unsupervised methods. For unsupervised methods, 

no prior knowledge of the structure (i.e., sample classes or groups) within a dataset is 

assumed, and the main objective of an analysis is often to identify any structure that 

may be present. Unsupervised methods are commonly used for placing objects 

together into groups that share several common attribute states. Examples of 

unsupervised techniques include PCA, SOM and most forms of clustering. 

The key difference with supervised techniques is that the structure of a dataset 

is known (or at least assumed) prior to the analysis. Support Vector Machine learning 

(SVM), Classification Tree (CT) analysis, DFA and k-NN analysis are all examples of 

supervised techniques. Supervised methods are generally used for one of two 

purposes: the characterisation of grouped data with known structure, and the 

classification of ungrouped samples to previously characterised groups. When 

supervised methods are used for classification, a training set (i.e., a set of cases from 

known groups or classes) is used to generate a set of classification rules which best 

characterise the groups (Baxter 2006). The classification rules are then applied to the 

ungrouped cases in order to assign them to one of the known groups.  

The choice of multivariate technique depends to some extent on the properties 

of the dataset and the purpose of the research. Supervised methods require that at least 

part of the dataset (i.e., the training set) has known groupings. Unsupervised 

techniques, on the other hand, do not require any groupings to be known prior to 

analysis. This presents no problems if the main aim of an analysis is primarily 

exploratory. However, if unsupervised methods are intended for classification, one of 

their chief weaknesses is that the results are not testable without recourse to another 

technique. For example, Aldenderfer (1982) has suggested applying DFA to the 

output of hierarchical clustering to examine the stability of the results (see also  

Parker and Sheppard 1997:210). In general, for classification problems where an 

adequate training set is available, supervised techniques are preferred because they are 

able to make better use of the known data structure (Baxter 2006). For this study, a 

substantial body of reference data is available for use as a training set (see Chapter 6), 

so supervised techniques are appropriate for the dataset as well as for the aims of 

analysis (i.e., the classification of ungrouped archaeological samples). While this 

guides the selection of methods to some extent, there are still a large number of 

supervised techniques available. 
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Baxter (2006: Tables 1-3) has tested several supervised techniques using a 

variety of archaeological datasets and found no great differences in their classification 

accuracy (i.e., misclassification rates), suggesting that this aspect of performance is 

not a critical concern. In addition to classification accuracy, the transparency of the 

method is an important factor. One of the major drawbacks of so-called “black box” 

techniques, such as hierarchical clustering and NN analysis, has been the inability to 

easily determine the relationship between the predictor variables and the solutions. 

This complicates the evaluation of results and often requires an extensive knowledge 

of the relevant statistical procedures. Other more transparent methods, such as CT 

analysis, SVM and, to a lesser extent, DFA and PCA, provide results that are more 

directly related to the predictor variables, and which can be readily viewed both 

graphically and in tabular form (Baxter 2006:692). This greatly improves 

interpretation and also allows the role of individual variables in the analysis to be 

examined.  

A second consideration in selecting a technique is the availability of suitable 

software. Many established methods, such as DFA and PCA, are incorporated into 

most commercial statistical software packages (e.g., SPSS, SYSTAT). Other 

techniques, including NN and SVM, are not as widely available, and often require the 

use of specialised software. This presents no great difficulty, however, as many 

software implementations of these techniques have been developed by the academic 

community and are readily available at no cost (see below). 

For this study, two supervised techniques were used as the principal 

classification methods- DFA and CT analysis. Both of these methods are discussed in 

detail in the following sections. Discriminant Function Analysis has been used 

extensively for archaeological provenancing studies (e.g., Shackley 1998; P. Johnson 

2005; P. Johnson et al. 2007, 2011; Tripcevich 2007; Pizarro et al. 2009; Sheppard et 

al. 2010), and the principles are well-established (e.g., Klecka 1980; Tabachnick and 

Fidell 2001; Norušis 1988, 2008). In contrast, CT analysis is a relatively new 

technique and has, to date, seen few archaeological applications (e.g., Feldesman 

2002; Weinand 2007; Sheppard et al. 2011). Methodologically, it operates on 

fundamentally different principles to DFA, and so provides an alternative approach to 

data analysis. The CT analysis method used in this study differs from the basic 

implementations available in some statistical software packages (e.g., SPSS, 

SYSTAT) in that it employs bivariate SVM models to determine node-splitting 
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criteria. Although similar approaches have been advocated previously (e.g., Lubinsky 

1994; Loh and Vanichestakul 1988; Kim and Loh 2001, 2003; Treiguts 2004; 

Hancock et al. 2008), to the best of the author’s knowledge, none have employed 

SVM modelling.  

 

5.4 Discriminant Function Analysis 

 As noted earlier, there are several variants of discriminant analysis (e.g., QDA, 

FDA, and MDA). They differ mainly in the methods used to derive their 

discriminating functions (see Randles et al. 1978; Hastie et al. 1994, 1995; Baxter 

2006). The following discussion deals only with the simplest and most common form, 

one that uses linear discriminating functions (see Fisher 1936). In this study, it is 

referred to as DFA, but other researchers have used various names, such as Linear 

Discriminant Analysis (LDA) and Canonical Discriminant Analysis (CDA). 

The mathematical procedures used in DFA are complex, and are discussed in 

detail in a number of texts (i.e., Klecka 1980; Norušis, 1988, 2008; Hill and Lewicki 

2007). The basic principles are, however, relatively simple. Specimens belonging to 

known groups are separated from other known groups by constructing a set of linear 

combinations of the predictor variables that are included in the analysis. These are 

known as discriminant functions, and take the form: 

 

f(x) = α1x1 + α2x2 …+ β 

where  x1, x2 … are the predictor variables 

α1, α2… are variable coefficients 

and  β            is a constant 

 

Because each discriminant function is intended to separate one group from the 

others, the technique generates one fewer discriminant function than there are groups; 

for an analysis involving two groups only one discriminant function is generated, a 

three-group analysis will generate two functions, and so on. The discriminant 

functions are generated so as to maximise the distance between group means using 

Mahalanobis distance, a generalised multivariate measure of relative proximity 

(Mahalanobis 1936). Ungrouped specimens are then assigned to one of the known 

groups on the basis of their Mahalanobis distance to group means.  
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Because DFA makes use of group means and standard deviations it is a 

parametric technique, and, as such, certain properties of the data distributions are 

assumed. Among the more important of these assumptions are: 1) that the cases 

forming each group derive from a population with a multivariate normal distribution; 

2) that group variances are equal and not correlated to group means; and 3) that the 

sample size of each group is sufficient to allow these parameters to be reasonably 

estimated. Other factors that may affect the results of DFA are the number and choice 

of predictor variables, and correlations among those variables. 

In practice, it is often impossible to meet all of these assumptions, and most 

texts advise that slight deviations in some of these parameters will not significantly 

affect the results of analyses (Klecka 1980:61; Tabachnick and Fidell 2001; Hill and 

Lewicki 2007). But, as Leach and Manly (1982) have previously commented, such 

advice tends to be vague, is seldom quantified, and the implications of violating ideal 

data distributions are not always clear. However, none of these authors suggest that 

the data distribution assumptions can simply be ignored. Indeed, there are important 

reasons for identifying and, where possible, minimising, deviations from ideal data 

distributions. Firstly, because probabilistic group assignments are calculated under the 

assumption of group normality and equality of variance, their accuracy is to a large 

extent dependent on these assumptions being met. Secondly, group dividing 

boundaries are placed midway between group means (see below), which also assumes 

equality of group variances. The following sections discuss the distribution 

assumptions in more detail and comment on some of the features and choices 

available in practical applications of DFA.  

 

Multivariate normality 

 Multivariate normality is assumed because it influences the accuracy of 

estimates of group means and variances. In addition, the probabilities of group 

association (see below) are calculated under the assumption of normality. Slight 

deviations from multivariate normality are generally not considered serious threats to 

the reliability of analyses, provided that they are caused by skewness and not outliers 

(Tabachnick and Fidell 2001; Hill and Lewicki 2007). Violations of this assumption 

caused by skewness usually can be corrected to some extent by transformations of the 

input variables (see below). 
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Homogeneity of variance  

Because ungrouped samples are assigned to known groups based on their 

Mahalanobis distance from the means of these groups, it is assumed that group 

variances are equal. For geochemical data, the problem of homogeneity of variance 

may be complicated by the fact that both natural variance and analytic measurement 

errors tend to increase in proportion to absolute concentrations (see Stanley 2006b). 

This may result in high correlations between group means and variances and is 

considered one of the more serious issues in DFA (Hill and Lewicki 2007). As is the 

case with group normality, differences in both natural and error variance can be 

minimised by data transformation. 

 

Multicolinearity 

Multicolinearity refers to variables that are highly correlated. A high 

correlation between pairs of predictor variables implies that one is redundant. The 

extent of multicolinearity can be assessed by examining the pooled within-groups 

correlation statistics provided in the output file. While there are no hard rules on what 

constitutes excessive multicolinearity, it is generally recommended that all 

correlations between variable pairs should be below 0.90 or at least most below 0.80 

(Hill and Lewicki 2007).  

 

Group sample size 

 In order to adequately estimate the parameters of known groups, a certain 

sample size is required. As with most statistical techniques, larger samples are 

preferred. However, views on what constitutes an absolute minimum group size vary. 

Some texts suggest at least 20 samples per group (Tabachnick and Fidell 2001), while 

others are less stringent, suggesting that there should be more samples in the smallest 

group than there are predictor variables (Diekhoff 1992). At a bare minimum, at least 

two cases are required in each group to enable the calculation of a standard deviation 

and mean (Klecka 1980). For archaeological studies, it is generally not possible to 

control for sample size, and this will depend on the number of samples that are 

available. 
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Number of groups 

 In theory, the maximum number of groups included in DFA is unlimited; each 

additional group will result in the generation of an extra discriminating variable, and 

add another dimension to the data space. A large number of groups can, however, 

produce results that are difficult to interpret, as each of the discriminating functions 

may only contain a small amount of the total information. In addition, large numbers 

of groups tend to result in cluttered graphical representations (e.g., scatterplots) of the 

data that are not easily evaluated (Baxter 2003:111). One solution is to adopt a 

‘nested’ approach to discrimination, in which similar groups are initially combined 

and then separated iteratively (Baxter 2003; Heidke and Miksa 2000). In this way, 

maximum separation can be achieved between the most dissimilar combinations of 

groups, and then those combinations can be examined separately. Weisler (1993a:26; 

see also Weisler and Sinton 1997:181) has suggested a similar hierarchical 

arrangement of source identification, based on geographical scale, is useful for 

analysing Oceanic basalts. This study follows that advice and divides the analyses 

into several geographical scales (e.g., archipelago, island and region within an island). 

By using this method, the number of groups can be limited to a maximum of five or 

six per DFA analysis. 

 

Variable selection 

 The selection of variables for generating discriminant functions can have a 

significant influence on the results of an analysis. Most implementations of DFA offer 

a choice as to how variables are entered into the analysis. One method simply 

analyses all of the predictor variables simultaneously. The second method, known as 

stepwise analysis, automatically selects a sub-set of the entered variables to derive the 

discriminant functions. This is generally the preferred method because it has the 

potential to remove variables that exhibit little or no variability across groups (Klecka 

1980, but see Baxter 1994). The stepwise method operates by iteratively adding and 

removing variables to produce a set of discriminant functions with the greatest 

possible separation in group means. The first variable selected is that which possesses 

the greatest overall difference in group means. The variable with the next highest 

difference is then added, and so on, until the addition of new variables and removal of 

existing variables fails to increase group separation beyond some stipulated degree.  
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 Several methods are available for the selection of variables. The SPSS 15.0 

software package offers five choices. The default method selects variables that 

minimise the overall Wilk’s lambda (λr) statistic, a multivariate measure of group 

differences. This is a common method in archaeological studies (Baxter 1994:661), 

but has one property that is not ideal. Because variables are selected so as to minimise 

the overall Wilk’s lambda statistic, this method tends to increase the separation of 

groups that are the most distinct at the expense of groups that are more similar (Seber 

1984:341). The four other methods operate in a manner broadly similar to the Wilk’s 

lambda method, but different criteria are used for variable selection; the Rao’s V 

method also maximises the separation of group means, but the groups are weighted by 

size (Baxter 1994b:662). This tends to favour larger groups, making it unsuitable for 

data in which group size is not related to the probability of membership. The smallest 

F-ratio method preferentially selects variables with the greatest F-ratio of the 

Mahalanobis distance between groups (SPSS Base 15.0 users’ guide:372). The 

unexplained variance method selects variables that minimise the sum of unexplained 

variation between groups (SPSS Base 15.0 users’ guide:372), and tends to produce 

equal separation among groups (Baxter 1994b:662). These two methods appear to be 

similar, if not identical, to the MaxminF and Minresid methods used in earlier 

versions of SPSS and described in Klecka (1980:52-7). Finally, the Mahalanobis 

distance method maximises the Mahalanobis distance between the two closest groups, 

rather than the most distinct groups (Baxter 1994b:662). This method is named 

somewhat confusingly, as all of the methods employ Mahalanobis distance in some 

capacity as a measure of group separation (see above). 

 The SPSS 15.0 program also allows user-adjustment of the F-value criteria for 

entering and removing variables. The default F-value is 3.84 to enter a new variable 

and 2.71 to remove one that has been entered. These values are approximately equal 

to significance levels of 0.05 and 0.10 respectively (George and Mallery 1999:320). 

Alternatively, significance levels for entering and removing variables can be entered 

directly. 

In addition to removing redundant variables, there are several other 

methodological reasons for limiting the number of predictor variables used in an 

analysis. In order to avoid overfitting the model to the data, Tabachnick and Fidell 

(2001:461) suggest that the number of variables should not exceed the size of the 
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smallest group, while others (e.g., Baxter and Jackson 2001:254) consider it 

preferable if the smallest group size is at least three times the number of variables. 

Including fewer variables in an analysis may also increase the chances of meeting 

some of the data distribution assumptions, such as multivariate normality, and 

equality of group variance. 

In practise, all five variable selection methods tend to produce similar results, 

both in group identification and the classification of ungrouped cases (see Baxter 

1994). While stepwise procedures can increase the efficiency of analyses by removing 

redundant variables, automatic variable selection does not always produce the most 

efficient discriminating functions (Baxter 1994). Because most variables carry some 

degree of structure it is not uncommon for all of the entered variables to be selected in 

an analysis. Several practical evaluations of DFA have found that optimum results are 

only obtained after manually testing a number of combinations of variables (e.g., 

Baxter 1994b; Macedonia 1986).  

For all the DFA analyses reported in this study, the implementation included 

in the SPSS 15.0 package was used. The Mahalanobis distance selection method (with 

the F-value criteria left at their default values) was initially used to identify potentially 

useful variables. However, it was often found that manually removing one or more of 

the selected variables gave identical results, and in some cases actually lowered the 

misclassification rates. 

 

Probabilities 

Most software implementations of DFA provide two measures of the 

probability of group membership. The conditional probability, P(D > d|G = g), is the 

probability that the sample belongs to a given group, assuming a normal distribution 

of the discriminant scores around that group centroid (Norušis 1988:82), and is 

essentially a measure of the Mahalanobis distance of a case from its group centroid. 

For this reason, conditional probabilities should not be interpreted directly as a 

likelihood of group membership. For example, a case with a conditional probability of 

one half (i.e., p = 0.50) does not necessarily imply that that case has the same 

probability of belonging to some other group as it does to the assigned group. Rather, 

it indicates that the case is situated in a position where one half of the group would be 

expected to be further from the centroid and the other half closer. 
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The second probability measure, P(G =g|D =d), the posterior probability, is a 

measure of the likelihood of group membership for an ungrouped case, given that the 

case does in fact belong to the group to which it has been assigned (Norušis 1988:84). 

In other words, this is the probability that the case has not been misclassified. 

Methodologically, posterior probabilities are measures of the ratio of the F-

distributions of the Mahalanobis distances from the centroids of the closest groups to 

the sample in question. Posterior probabilities, then, are a measure of the likelihood of 

a case belonging to the predicted group rather than one of the other groups. For 

example, a sample with a posterior probability of p = 0.90 is situated considerably 

closer to the predicted group that it is to the next closest. Similarly, a sample with a 

posterior probability value of p = 0.50 is situated midway between the centroids of 

two groups and is considered equally likely to belong to either group.  

The inclusion of probabilistic group assignment in DFA results is sometimes 

regarded as one of the strengths of this method because it provides a measure of the 

strength of association of classification. However, both the conditional and posterior 

probabilities are calculated under the assumption of group normality. In addition, 

posterior probabilities are a measure of the relative distance between the predicted 

group and the next closest group, so are also calculated under the assumption that the 

variances of these groups are equal. Consequently, any deviation from these 

distribution assumptions will affect the accuracy of the probabilities and the 

confidence that can be placed in them.  

The foregoing discussion suggests that the distributions of the sample’s 

predictor variables can affect both the classification results and associated probability 

of grouped and ungrouped samples. It was mentioned above that performing some 

form of transformation on the predictor variables can help to make the distributions 

better conform to their expected patterns. Some of the more common transformations 

are discussed in detail and evaluated below, but, to better understand the reasons for 

assuming particular data distributions and the effects of violating these assumptions, it 

is useful to first examine how DFA operates with a simple example. 

Using a selection of published data (see Chapter 6), reference samples from 

three island groups, Hawaii, the Cook Islands and the Society Islands, can be visibly 

well separated by DFA using only two elements as predictor variables — in this case, 

K2O and CaO (Figure 5.3a). In order to assign ungrouped samples to one of the island 

groups, and to test the goodness-of-fit of the reference data, a set of linear dividing 
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boundaries are constructed to separate the groups. The form that the boundaries take 

depends on the number of groups in the analysis and the number of discriminant 

functions that are generated (i.e., n-1). In this example three groups are included, so 

the boundaries will take the form of lines. The boundaries are determined by placing a 

line midway between, and perpendicular to, the centroids of each pair of adjacent 

groups (Figure 5.3b). By using this method, each boundary is equidistant from the 

centroids of the two groups it separates at all points along its length (Marques de Sá 

2007:223). 

Ungrouped cases that fall inside the boundary intersections for each group are 

then assigned to that group. In probabilistic terms, the dividing boundaries are 

positioned at an equal Mahalanobis distance from the two adjacent group centroids, so 

cases falling exactly on these boundaries are reported as having an equal probability 

of belonging to either group (i.e., p = 0.50). Because the boundaries are equidistant 

from the centroids of the groups that they separate, probabilities are calculated under 

the assumption that the groups are normally distributed and their variances are equal. 

 In this example, the predictor variables performed reasonably well; most of the 

cases were correctly classified, but five of the Hawaiian cases fell within the Cook 

Islands boundary (Figure 5.3c), and were reported as misclassifications. However, a 

visual examination of the plot shows the groups to be well separated, and suggests 

that the misclassifications are caused by differences in group variance rather than by 

any obvious overlap between the two groups. On this basis, the misclassifications 

appear to be Type II errors (i.e., false negatives) due to violations of the assumed data 

distributions. 

This simple example underscores the need to thoroughly examine the results 

of DFA before they are accepted. It also illustrates the difficulties involved in meeting 

the data distribution assumptions of this method. In this case, only two predictor 

variables and three groups are considered; in a more realistic analysis, with a greater 

number of groups and predictor variables, the problems are likely to be greatly 

exacerbated. It is, therefore, useful to determine whether anything can be done to 

improve the results. The most common remedy is to apply some form of data 

transformation; several types are discussed and evaluated in the following sections. 
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Figure 5.3. Example of the method used to partition groups in DFA: a) scatterplot of the two 
discriminant functions, b) partitions formed from perpendicular lines bisecting the group 
centroids, c) partition lines superimposed on data points. 
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Data transformation 

Logarithmic transformation (often to a base of 10) is a widely-used data 

transformation, and routinely employed in geochemical provenancing studies (e.g., 

Best et al. 1992; Sheppard et al. 1997). It is effective at both correcting positively 

skewed distributions and equalising group variances that are proportional to sample 

means (Figure 5.4). Distributions of these types are reasonably common, but not 

unique, in geochemical data (Reimann and Filzmoser 2000; Munita et al. 2006; 

Stanley 2006a). In general, logarithmic transformation is well suited to making 

geochemical data better conform to some of the distributional assumptions of DFA. 

However, where the aim of the analysis is to distinguish between two or more 

geological sources, logarithmic transformation may also cause some analytical 

difficulties. Because it reduces the range of variation, logarithmic transformation also 

tends to reduce any differences in group means for datasets composed of two or more 

groups. This property of logarithmic transformation has long been recognised in the 

geological literature (e.g., Link and Koch 1975; Chapman 1976), and continues to be 

a subject of discussion (e.g., Stanley 2006a, 2006b), as it is counter to the goal of 

most classification techniques. A similar situation is likely to occur in any other sort 

of transformation that reduces variance range to correct for positive skewness (e.g., 

square-root and Box-Cox transformations). For this reason it is useful to examine 

other types of data transformation. 

Aitchison (1984, 1986) and others (e.g., Egozcue et al. 2003; Egozcue and 

Pawlowsky-Glahn 2006) have argued that compositional data are unsuitable for use 

with standard statistical techniques. Because all variables in a fully compositional 

dataset sum to a constant (generally100 % for geochemical data) each variable is 

constrained by the sum of the others. This property, sometimes known as closure, 

affects several numerical properties that are assumed to be free to vary independently 

in many statistical procedures, such as distributions and correlations between variable 

pairs (Aitchison 1984). In order to render geochemical data more suitable for 

statistical tests, a number of forms of log-ratio transformation have been proposed. 

The three basic forms are additive-log-ratio (alr), centred-log-ratio (clr) and isometric-

log-ratio (ilr).  
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Figure 5.4. Example showing the effect of logarithmic transformation on three samples with a 
constant relative variance of 10% but differing absolute concentrations. 
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The clr-transformation consists of dividing all of the variables by their 

geometric mean: 
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where g(x) is the geometric mean of x1 … xn 

 

Centred-log-ratio transformation produces a new variable for each of the 

original variables, but because all of the derived variables sum to zero, this form of 

transformation is not suitable for multivariate methods that employ covariance and 

correlation matrices, as these will be singular (Pawlowsky-Glahn and Egozcue 

2006:4). In cases where datasets are not fully compositional, there are several options 

for clr transformation. One approach is to define a residual by subtracting the sum of 

the measured variables from the total (i.e., 100 %), and to include this residual as an 

additional variable in the transformation. This approach alters variable values 

considerably because the residual variable is a combination of the elements that are 

not quantified, which will affect the calculation of the geometric mean. For the PXRF 

data in this study, the residual is mainly composed of the light elements Si, Al, Mg, 

Na and P, which together represent approximately 80 % of a typical basalt. A second 

approach is to normalise the measured variables (or the variables of interest only) to 

unity before performing the transformation.  

Additive-log-ratio (alr) transformation is similar to clr-transformation, but 

differs in that one of the variables is selected as the denominator, rather than the 

geometric mean: 
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where xD is the variable selected as the denominator. 

 

The resulting transformation produces one variable fewer than the original 

dataset. In contrast to clr-transformation, alr-transformed variables do not sum to a 

constant, so can be employed in a greater range of statistical analyses. 
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More recently, Egozcue et al. (2003) have introduced a third log-ratio 

transformation, isometric-log-ratio (ilr). This transformation seeks to further improve 

statistical performance by producing a set of orthogonal variables, and is achieved by 

combining the original variables with orthonormal vectors (ei): 
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 The mathematical theory behind ilr-transformation is considerably more 

complex than is the case for the other log-ratio transformations and a full description 

is beyond the scope of this study (see Egozcue et al. 2003; Egozcue and Pawlowsky-

Glahn 2006 for a detailed treatment of the mathematical theory). A module has 

recently been developed for the R statistical program that performs the calculations 

(van den Boogaart and Tolosana-Delgado 2008), and an add-in tool for Microsoft 

Excel also is available (Thio-Henestrosa and Martin-Fernandez 2006). 

Log-ratio transformation has been employed in few archaeometric studies to 

date and the results have been mixed. Baxter (1989; 1991) found log-ratio 

transformed data to be better than raw data in characterising glass compositions, while 

Tangri and Wright (1993) argued that log-ratio transformed data added “spurious” 

structure to their test datasets. By contrast, geologists have generally accepted the 

method, both theoretically and practically (e.g., Zhou et al. 1991; Egozcue et al. 

2003). A recent comparison of different transformations for hierarchical clustering 

(Templa et al., 2008) found that log10 and ilr-transformed data provided the most 

reliable results in discriminating among several Norwegian geological regions.  

Additive-log-ratio and ilr-transformation were both tested in this study to 

determine whether they offered any improvement in the performance of DFA. As 

noted previously, clr-transformation is not suitable for use with DFA because the 

technique uses covariance and correlation matrices. Both transformations performed 

well. Although ilr-transformation produces variables that are theoretically more 

conducive to multivariate analysis, they are complex combinations of the original 

elemental variables, and when applied to DFA, which also produces combinations of 

the input variables, makes it difficult if not impossible to evaluate the influence of 

individual variables on the results. For this reason, only the alr-transformation is 

discussed in the following section. 
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Examination of data distributions 

To examine the influence of different transformations on the distributions of 

the data, four transformations commonly used in geochemical analysis were tested in 

addition to the raw values. These included log10 and square root transformations 

(Stanley 2006a), additive log-ratio (alr) with Ca as the denominator and Box-Cox 

power transformations (Leach and Manly 1982). A set of major oxide reference data, 

grouped by the archipelago of origin (see Chapter 6), was used to test the 

transformations. 

In testing these transformations, there was no expectation that the geochemical 

data should conform to any uniform distribution. Indeed, there are several reasons to 

suggest otherwise. Geochemical concentration data are known to naturally possess a 

variety of unimodal and multimodal distributions (see Stanley 2006a:69). Some of 

these distributions are related differences in formation processes (e.g., source 

materials and fractionation) and can vary from element to element and also from 

formation to formation. For this reason alone, the data were not expected to fall into 

any sort uniform unimodal distribution using a single transformation. 

The manner in which data from different provenances are grouped may also 

have a significant impact on group distributions. In this example, the samples were 

grouped by archipelago, and all of the groups contained specimens from different 

volcanic events, and often from different islands. While it was possible to place each 

source into a separate group, this would have resulted in a large number of groups in 

the analysis — there are over 20 sources included in the Marquesas Islands group 

alone — and made it even more difficult to find a transformation that improved the 

distributions of all the groups simultaneously. In addition, a number of sources are 

only represented by a few samples, so their true distributions cannot be reliably 

estimated. 

For these reasons, it was clearly unjustifiable, and likely unrealistic, to expect 

any type of transformation to produce a dataset with an ideal distribution. Rather, the 

object of this test was twofold: firstly to determine whether any of the transformations 

helped the data better conform to the distributions assumed by DFA, and secondly, to 

estimate the extent to which the distributions deviate from the ideal as a means of 

assessing the reliability of the probabilistic assignments. 
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Within-group univariate normality was tested first. Examining the 

distributions of individual variables is useful initially, as univariate normality of the 

components of a multivariate dataset is a necessary, but not sufficient, condition for 

multivariate normality (Thode 2002:183). Normality is usually estimated using two 

parameters, skewness and kurtosis. Of these, excessive skewness is generally 

considered the more damaging to multivariate analysis because it produces 

asymmetrical distributions that are unevenly distributed around the mean (DeCarlo 

1997). In order to compare the effect of each transformation on the dataset as a whole, 

the skewness for the five groups was averaged for each variable. Root-mean-square 

(RMS) averages were used because skewness can be positive or negative. For the 

Box-Cox transformation, a power value (λ) was selected to minimise average within-

group skewness for each variable. 

All of the transformations reduced the mean skewness to some extent (Table 

5.1). For the log10 and square-root transformations the reduction was slight, offering 

little improvement over the untransformed data. The additive log-ratio and Box-Cox 

transformations performed somewhat better, but even these transformations did not 

produce symmetrical distributions. 

Multivariate normality is difficult to assess using a single test because there 

are multiple causes for departures from normality (D’Agostino and Pearson 1973). 

Although several comprehensive omnibus tests for assessing multivariate normality 

have been devised (e.g., Mardia 1970; Small 1980), they are computationally complex 

and the results can be difficult to interpret. Consequently, it is often recommended 

that multiple tests are made (Looney 1995; Thode 2002:182). 

Multivariate skewness was examined using the same transformations as in the 

previous test. Initially, only four variables (Si, Ca, Al and Fe) were included, as it was 

planned to increase the number of variables incrementally to determine the extent to 

which additional variables further skewed the multivariate distributions. Two tests of 

multivariate skewness were used- Small’s (1980) Q1 test and Srivastava’s (1984) bp1 

test- and calculated using DeCarlo’s (1997) macro for SPSS. Although exact critical 

values for these tests are problematic to specify (Thode 2002:182), significant p-

values are considered indicative of skewed distributions. For example, a p-value of 

0.01 would suggest that the test data were randomly sampled from a multivariate 

normal distribution only one percent of the time.
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Table 5.1. Summary of average group univariate skewness (RMSskew) by element for raw 

data and selected transformations. 

 
Transformation Raw Log10 Sq. root Log-ratio(1) Box-Cox 
 RMSskew RMSskew RMSskew RMSskew RMSskew λ 
SiO2  0.50 0.49 0.50 0.58 0.49 -0.94 
TiO2  0.43 0.50 0.46 0.49 0.43 1.29 
Al2O3  0.92 0.85 0.88 0.36 0.30 1.46 
Fe2O3  1.00 1.11 1.05 0.52 0.42 6.84 
MnO  0.91 0.84 0.87 0.99 0.78 -2.06 
MgO  1.71 1.09 1.37 1.11 0.64 -1.37 
CaO  0.69 0.69 0.69 - 0.68 0.51 
Na2O  0.42 0.64 0.51 0.71 0.38 1.65 
K2O  0.49 0.47 0.46 0.43 0.46 0.34 
       
Maximum 1.71 1.11 1.37 1.11 0.78 - 
Mean 0.79 0.74 0.75 0.63 0.51 - 
 

1) alr-transformed using Ca as the denominator —  ln(x/Ca) 
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The poor results obtained in the univariate skewness tests suggested that the 

multivariate distributions of the test data would also be highly skewed, and the results 

of the tests confirmed this (Table 5.2). Almost all of the results were significantly 

skewed (i.e., p < 0.01), and none of the transformations performed any better than the 

raw data. Although the Cook Islands sample consistently scored relatively low p-

values, all of the other groups remained highly skewed for all forms of data 

transformation. Removing the most skewed variable (Fe) from the analysis reduced 

multivariate skewness to some extent. This is, however, not a viable option for this 

study, as the reduction in skewness was slight, and this variable is a useful 

discriminator for some sources.  

The equality of group variances was tested using Levene’s (1960) statistic for 

homogeneity of variance (W). A value of W = 0 indicates identical group variance, 

and the value of W increases with increasing differences in variances. For this data, a 

test statistic of 3.36 or higher indicates a significant difference at the 0.01 level. As in 

the normality tests, the power function values (λ) for the Box-Cox transformations 

were selected to minimise differences in group variance. Notably, the power values 

differed significantly from those selected to minimise deviations from group 

normality. The results of this test indicated that significant differences in group 

variances remained for all of the transformations (Table 5.3). The log10 and square-

root transformations gave results almost the same as those for the untransformed data, 

while the alr-transformation actually increased the differences in variances for all 

elements except K2O. The Box-Cox transformation performed the best, but was still 

not able to completely equalise variances.  

Finally, correlations between group means and variances were examined using 

the coefficient of explained covariance (r2). Correlations of this type are common in 

many types of data. They are indicative of proportional increases in variance and can 

usually be corrected using a logarithmic transformation (Stanley 2006a:72). For this 

dataset, the lowest average correlation was obtained after log10 transformation (Table 

5.4), and somewhat surprisingly, none of the other transformations performed any 

better than the raw data. 
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Table 5.2. Statistics and p-values for Small’s Q1 and Srivastava’s bp1 tests for multivariate 
skewness by archipelago, using raw data and selected transformations. 
 

 Marquesas Cooks Societies Samoa Hawaii 
 statistic p statistic p statistic p statistic p statistic p 

           

Raw score           

Small's Q1 28.01 0.00 8.92 0.44 30.93 0.00 41.17 0.00 222.9 0.00 
Srivastava's bp1 73.12 0.00 12.33 0.20 27.46 0.00 71.68 0.00 530.8 0.00 
           
Log10           
Small's Q1 26.50 0.00 9.70 0.38 28.44 0.00 39.05 0.00 154.9 0.00 
Srivastava's bp1 31.83 0.00 7.47 0.59 13.27 0.15 41.21 0.00 655.7 0.00 
           
Sq. root           
Small's Q1 27.00 0.00 9.01 0.44 29.22 0.00 39.96 0.00 182.4 0.00 
Srivastava's bp1 24.42 0.00 8.64 0.47 24.58 0.00 24.42 0.00 851.6 0.00 
           
Log-ratio (alr/Ca)           
Small's Q1 31.25 0.00 12.83 0.17 8.66 0.47 44.10 0.00 154.3 0.00 
Srivastava's bp1 27.41 0.00 21.57 0.01 18.10 0.03 46.84 0.00 198.6 0.00 
           
Log-ratio (ilr)           
Small's Q1 24.07 0.00 2.81 0.59 11.39 0.02 24.08 0.00 10.00 0.04 
Srivastava's bp1 23.74 0.00 2.27 0.69 22.80 0.00 23.75 0.00 27.11 0.00 
           
Box-Cox(1)           
Small's Q1 2.51 0.64 2.20 0.69 15.85 0.00 16.41 0.00 18.46 0.00 
Srivastava's bp1 16.02 0.00 1.51 0.82 17.81 0.00 55.68 0.00 23.52 0.00 
 

1) Box-Cox transformed variables use the same λ-values as in Table 5.3. 
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Table 5.3. Levene’s statistic for equality of variances (W) using raw data and selected 
transformations. 
 
 
Transformation Raw Log10 Sq. root Log-ratio(2) Box-Cox 

 W(1) W W W W λ(3) 
SiO2  17.28 17.70 17.26 76.21 13.93 4.34 
TiO2  12.34 13.10 12.37 26.70 12.25 0.38 
Al2O3  7.21 7.29 7.21 22.38 7.10 1.05 
Fe2O3  9.87 11.44 9.88 50.26 5.04 2.08 
MnO  2.79 5.20 2.01 4.30 0.77 -2.70 
MgO  3.35 5.33 5.34 13.33 3.63 0.74 
CaO  6.23 5.43 6.25 - 4.94 -1.17 
Na2O  8.05 7.84 8.07 33.68 7.78 -0.72 
K2O  23.24 15.69 23.10 17.47 20.42 -0.54 
       
Max. 23.24 17.70 23.10 76.21 20.42 - 
Mean 10.04 9.89 10.17 28.66 8.43 - 
 

1) Critical level for p= 0.01 is 3.36 for all variables. 
2) alr-transformed using Ca as the denominator —  ln(x/Ca) 
3) λ-values optimised for lowest mean W-value 
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Table 5.4. Summary of correlations between group means and variances (r2
µ,σ), by element 

for raw data and selected transformations. 
 
 
Transformation Raw Log10 Sq. root Log-ratio(1) Box-Cox(2) 
 r

2
µ ,σ r

2
µ ,σ r

2
µ ,σ r

2
µ ,σ r

2
µ ,σ 

SiO2  0.02 0.08 0.05 0.23 0.16 
TiO2  0.24 0.06 0.13 0.07 0.32 
Al2O3  0.00 0.05 0.01 0.71 0.03 
Fe2O3  0.15 0.23 0.19 0.10 0.85 
MnO  0.34 0.11 0.23 0.00 0.04 
MgO  0.05 0.59 0.31 0.61 0.90 
CaO  0.02 0.01 0.00 - 0.00 
Na2O  0.09 0.03 0.01 0.09 0.22 
K2O  0.92 0.36 0.83 0.77 0.75 
      
Max. 0.92 0.59 0.83 0.77 0.90 
Mean 0.20 0.17 0.20 0.30 0.36 
 
1) alr-transformed using Ca as the denominator —  ln(x/Ca) 
2) Box-Cox transformed variables use the same λ-value as in Table 5.3. 
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In addition to its influence on the calculation of group membership 

probabilities, equality of variance is assumed in the determining of the discriminating 

boundary positions. To examine what effect data transformations had on this, DFA 

was performed using the three transformations with the lowest mean W-values (raw, 

log10 and Box-Cox). Variables were selected by initially using the stepwise procedure 

and were then manually adjusted to give the lowest misclassification rates. The 

classification results show that all of the transformations provided highly accurate 

results, with, at most, four cases being misclassified (Table 5.5). A set of ungrouped 

archaeological samples was also included in the analyses, and in each case they were 

all assigned to the same source.  

In general, the tests discussed above indicated that none of the transformed 

data performed significantly better than the raw data. Both the log10 and square-root 

transformed data gave results that were almost the same as the raw data. Although the 

alr-transformation reduced skewness to some extent, it notably increased the 

differences in group variances. 

The Box-Cox transformations were also problematic. Looney (1995) has 

shown that optimising Box-Cox power transformations for each variable can be 

effective in maximising multivariate normality when a dataset consists of a single 

group. However, for the datasets used in this study, which contain multiple groups, it 

was found that Box-Cox transformations had little effect on improving the overall 

multivariate normality. Additionally, different power function values were required to 

minimise skewness and to minimise correlations between group means and variances, 

suggesting that no single value could achieve optimum results for both properties. The 

practical implementation of Box-Cox transformation is also problematic because the 

optimum value for the power function is dependent on the dataset and needs to be 

determined and recalculated each time specimens are added or removed. This is a 

lengthy process considering the marginal improvement offered. 

In regard to the distributions, neither univariate nor multivariate skewness 

could be completely corrected using any of the transformations. The results for the 

multivariate skewness tests were particularly poor, with most statistics returning a 

confidence level of less than 0.01. None of the transformations helped to equalise 

group variances significantly either. The log10 transformation performed the best 

overall, but did not offer a substantial improvement over the untransformed data.  
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Table 5.5. Classification results for raw, log10 transformed and Box-Cox transformed data. 
 
  Predicted group membership 
Raw Data   Marquesas Cooks Societies Samoa Hawaii 
Original Marquesas 67     
 Cooks  20    
 Societies   30   
 Samoa    70  
 Hawaii 1    254 
  Archaeological 56     
       
LOOCV(1) Marquesas 66 1    
 Cooks  20    
 Societies   30   
 Samoa    70  
  Hawaii 1    254 
 
99.8% of original grouped cases correctly classified. 
99.5% of cross-validated grouped cases correctly classified. 
 
 
  
 Log10 transformed Marquesas Cooks Societies Samoa Hawaii 
Original Marquesas 67     
 Cooks  20    
 Societies   30   
 Samoa    70  
 Hawaii     255 
  Archaeological 56     
       
LOOCV(1) Marquesas 66   1  
 Cooks  20    
 Societies   30   
 Samoa    70  
  Hawaii     255 
 
100.0% of original grouped cases correctly classified. 
99.8% of cross-validated grouped cases correctly classified. 
 
 
  
Box-Cox transformed Marquesas Cooks Societies Samoa Hawaii 
Original Marquesas 66   1  
 Cooks  20    
 Societies   30   
 Samoa    70  
 Hawaii 2    253 
  Archaeological 56     
       
LOOCV(1) Marquesas 66   1  
 Cooks  20    
 Societies   30   
 Samoa    70  
  Hawaii 2    253 
 
99.3% of original grouped cases correctly classified. 
99.3% of cross-validated grouped cases correctly classified. 
 
1) Leave-out-one Cross validation 
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Summary 

Overall, DFA analysis performed well as a classifier in all the preceding 

evaluations (see Table 5.5), indicating that the method is as robust to deviations from 

ideal distributions as has been suggested in the literature (e.g., Klecka 1980; Hill and 

Lewicki 2007). Additionally, these tests suggest that the choice of data transformation 

is not critical to obtaining accurate classification results. However, none of the data 

transformations that were tested significantly improved skewness or the equality of 

group variances, suggesting that the probabilities of group assignment given by DFA 

cannot be considered reliable for this dataset. For this study, DFA was performed 

using both raw (but standardised) and log10-transformed data, and the results for the 

analysis that gave the lowest misclassification rate were reported.  

 

5.5 Classification Tree analysis 

 Classification Tree (CT) analysis (also known as decision tree analysis) is a 

hierarchical technique that divides a dataset into groups of similar cases using a series 

of sequential divisions, each determined by the value of a predictor variable. The 

resulting tree has a structure resembling a dichotomous key or phylogenetic diagram 

(see Figure 5.5). When used for classification (as opposed to characterisation), the 

technique involves two stages. First, cases with known group membership (i.e., the 

training set) are analysed, and a set of rules that best separates the groups is generated. 

The same rules are then used to assign the ungrouped cases to one of the known 

groups. In this respect, the CT analysis is similar to other supervised classification 

techniques, such as DFA. The methodology is, however, comparatively simple. 

Initially, all of the cases in a dataset are placed together in a single grouping, 

known as a node (i.e., Node 1). All possible divisions of the predictor variables are 

then examined, and the division that produces the greatest overall group separation is 

used to divide the initial node into two sub-nodes (i.e., Node 2 and Node 3). This 

process is then repeated for all the sub-nodes containing cases from more than one 

group until each sub-node consists of only one group, or until some stopping criteria 

are reached (see below). Group separation is evaluated using a measure of node 

homogeneity, known as node impurity (Marques de Sá 2007:263). Nodes containing 

cases from only one group are termed, pure nodes, and those containing cases from 

more than one group, impure nodes. There are several ways of measuring node purity, 

some of which are discussed below. 
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Archaeological applications of classification tree analysis 

Baxter has promoted the use of CT analysis in archaeometric studies as an 

alternative to DFA (Baxter and Jackson 2001; Baxter 2006). However, compared to 

many other multivariate methods, the technique has not been widely employed. A 

review of the archaeological literature found only two studies that have used CT 

analysis to analyse geochemical lithic data. Nance (2000) used CT analysis to 

examine cherts from North America. More recently, Sheppard et al. (2011) have 

applied the technique to obsidians from New Zealand, and found it more effective 

than DFA for their dataset.  

There have, however, been several geochemical provenancing studies that 

have used similar approaches. In a study of North American cherts, Luedtke (1979) 

compared the performance of a simple identification key to several varieties of DFA 

and found the key to be less effective. Leach and Warren (1981, see also Sheppard 

2004:162-3) had considerably more success in analysing obsidians from New Zealand 

and East Polynesia; they were able to separate all but two of their sources using a six-

stage sequential splitting technique, each stage dependent on the value of a single 

element. Hancock et al. (2008) have recently used an iterative method for 

discriminating among several types of Olmec ceramics from Mexico. Also, Weisler 

and Sinton (1997: Table 10.5) have suggested discriminating keys could be used for 

separating Pacific basalts. 

Although some of these studies employ discriminating keys that operate in a 

manner similar to CT analysis, they appear to have been constructed heuristically 

rather than based on any specified statistical criteria. Leach and Warren (1981) 

ordered their key according to observed dissimilarities in source composition, while 

Luedtke (1979) provided no details on the methods that were used in her key’s 

construction.  

Classification Tree analysis also has seen limited application in other 

archaeological fields: Feldesman (2002) and Weinand (2007) have used the technique 

on osteological measurements, Sibley et al. (1989) employed CT analysis in a textile 

characterisation study, and Espa et al. (2006) used it to classify geographical regions 

based on GIS data. Several geological studies have also used CT analysis (e.g., 

Griffin et al. 1997; Belousova et al. 2002; Vermeesch 2006). 
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Classification tree implementations 

 Some of the earliest variants of CT analysis were developed in the 1960’s and 

1970’s, and include Morgan and Sonquist’s (1963) Automatic Interaction Detection 

(AID) algorithm, and its descendants, THAID (Theta-AID) (Messenger and Mandell, 

1972; Morgan and Messenger 1973 (cited in Kass [1980]) and CHAID (Chi-squared-

AID) (Kass 1980). However, as Morgan and Sonquist (1963:433) noted, the 

calculations involved tended to be demanding, and computer hardware of the time 

was not sufficiently powerful to allow the routine use of such techniques. Indeed, it 

was not until the 1980’s that CT analysis became more commonplace, with the 

introduction of Breiman et al.’s (1984) influential CART (Classification And 

Regression Trees) algorithm and its accompanying text. 

Most CT analysis methods are conceptually similar and differ mainly in the 

methods used to select the predictor variables and their splitting criteria. CART 

(Breiman et al. 1984) operates by evaluating all possible univariate binary splits of the 

predictor variables and selecting the one that produces the lowest node impurity. The 

original formulation of CART used the Gini coefficient as an impurity measure, but 

most current software applications, such as SPSS and SYSTAT, also allow other 

measures. Loh and Shih’s (1997) QUEST (Quick, Unbiased, Efficient Statistical 

Trees) algorithm is similar to CART, but uses a more efficient variable selection 

procedure that tends to produce trees with fewer nodes (Marques de Sá 2007:266). 

Some methods, such as CHAID (Kass 1980), allow multiple rather than binary splits 

per node. Although these methods are capable of producing more efficient trees (i.e., 

trees with fewer nodes), there is little practical advantage, as the same results can be 

obtained by the hierarchical arrangement of several binary splits. In some cases, the 

CHAID method may be more limiting because the algorithm permits each variable to 

be used only once per analysis (Loh and Shih 1997). 

Quinlan (1986, 1993) has also developed a family of decision tree classifiers 

(ID3, C4.5 and C5), some of which are freely-available online 12. These programs 

were not evaluated in this study, but have been reported to offer a performance similar 

to that of many other applications (Loh 2009). The earlier ID3 application does not 

accept continuous variables, so is not suitable for geochemical analysis. 

                                                
12 http://www.rulequest.com/Personal/  
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Advantages and limitations of classification tree analysis. 

 Classification trees possess several features that compare favourably to other 

multivariate classification techniques, the most significant, perhaps, being the 

transparency of the method (Baxter and Jackson 2001). Because the classification 

process is broken into sequential stages, the decision rules tend to be simple, and the 

evaluation of results does not require an extensive knowledge of statistical theory 

(Marques de Sá 2007:260). With the proliferation of advanced, and often specialised, 

statistical methods becoming available to the scientific community (see Baxter 2006) 

the ability to easily interpret results is an important consideration, as a significant 

proportion of the audience for whom archaeological provenancing studies are 

intended may not be sufficiently familiar with advanced statistical methods to make 

informed evaluations of complex analyses. 

A second feature (in common with most supervised techniques) is that, once a 

classification algorithm has been calculated, the decision rules can be used to classify 

new samples of unknown groupings without the need to re-analyse the existing 

dataset (Belousova et al. 2002). This contrasts unsupervised techniques, such as 

hierarchical clustering and PCA, which depend on the entire dataset to generate 

results. In theory, it is also possible to use the discriminant functions generated in 

DFA to assign new samples to a known group. However, in practice, most software 

implementations of DFA do not provide a straightforward means of applying the 

discriminant functions directly to new samples. Consequently, it is usually simpler to 

reanalyse the entire dataset. 

The selection and conditioning of predictor variables is also less important in 

CT analysis. Because variables are usually not combined (but see below), as is the 

case for most other multivariate methods, there is no requirement for them to be of 

similar orders of magnitudes so as to avoid selection biases. Additionally, as the 

method is non-parametric (i.e., it does not use means or variances), no assumptions 

are made about the underlying distribution of the input data (Marques de Sá 

2007:260). For these reasons, no decisions need to be made in selecting appropriate 

data transformations (Feldesman 2002), nor is the selection of input variables 

necessary because only those variables that are most useful for the classification are 

used in the analysis.  
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 A further advantage in CT analysis is that missing data can be handled 

relatively easily. In DFA (and also hierarchical clustering and PCA), cases with 

missing data cannot be analysed and are removed from the analysis. Some 

implementations of DFA (e.g., SPSS) include the option of replacing missing values 

with the group mean. This is not an ideal solution because it biases the variances of 

affected variables towards zero (Feldesman 2002:258). Another option is to remove 

predictor variables with missing data from the analysis. This option may, however, 

also be unsatisfactory, particularly if those variables are useful in discriminating 

among certain groups. In CT analysis there are two ways of handling missing data. 

Some applications (e.g., CRUISE [see below], SPSS), allow the substitution of 

surrogate variables (i.e., variables that are highly correlated to the primary splitting 

variable) if the preferred variable has missing values. The second option is to arrange 

the order of the tree so that variables with missing data are not used in splits involving 

affected cases. In some implementations of CT analysis (e.g., SPSS), it is possible to 

determine to some extent the order in which variables are selected. Alternatively, a 

tree can be adjusted manually if necessary (Baxter and Jackson 2001:265).  

Missing data are frequently encountered in geochemical studies, particularly 

when a dataset is compiled from several data sources that have used different 

instruments or analytical techniques (e.g., PXRF, WDXRF, and INAA). In this study, 

for example, values for P2O5 are missing for most of the Hawaiian reference 

specimens, and many of the Samoan samples have missing values for Ni, Cu and Cr 

(see Chapter 6). 

 There are also some limitations to classification trees. If left to develop 

unconstrained, the splitting algorithm will eventually produce a tree with perfect 

group separation. This may, however, produce a tree with a large number of nodes, 

each containing few samples. Trees of this type are generally undesirable because 

each split reduces the amount of data available for subsequent splits and makes it 

difficult to characterise the final groupings (Lubinsky 1994:286). The preferred tree 

structure is one that contains a small number of nodes, each possessing a high degree 

of group homogeneity. For these reasons, practical implementations of CT analysis 

usually include features that place constraints on tree size. These are known as 

pruning methods, and include limiting the maximum number of divisions allowed per 

analysis, stipulating a minimum node membership size, and making node splitting 

dependent on some specified minimum degree of overall improvement in node purity. 



 176

Baxter (2006:687) recommends initially allowing a tree to grow unconstrained, and 

then pruning some of the branches, using the methods listed above. This is a useful 

way of evaluating the overall structure of the data and identifying which variables 

might best discriminate between groups. It may also be useful for detecting potential 

outliers (Baxter 2006:687). 

As noted earlier, the computational complexity of CT analysis algorithms was 

one of the factors that delayed the widespread acceptance of the technique.  Many CT 

algorithms perform an exhaustive search of all possible splits for each variable, and 

this can be very demanding. For categorical variables, the number of possible splits is 

dependent on the number of unique values and increases linearly at a rate of n-1: for 

two values only one split is possible, for three values there are two possible splits, and 

so on. However, the computational complexity increases at an exponential rate, as 

does the relative analysis time. Loh and Shih (1997:816) have calculated the relative 

increase in processing time as T = (2n-1-1), where n is equal to the number of unique 

values present in a variable. For example, a variable with 10 unique values would 

theoretically take 511 times longer to process than a variable with only two values, 

and one with 100 unique values would take 6.3 x 1029 times longer. In CT analysis, 

continuous variables are treated as categorical data, with each unique value treated as 

a separate category, so the same principle applies. Although currently-available 

hardware is able to process all but the largest datasets without significant problems, 

several CT implementations that use more efficient search algorithms have been 

developed (e.g., Loh and Shih1997; Kim and Loh 2001, 2003). 

  The use of a single variable per split was noted as an advantage previously, 

but may also impose limitations on the analysis. This can occur when data contain 

structure that is dependent on two or more variables, and which cannot be readily 

detected in a single variable (Lubinsky 1994:284). Structure of this type is common in 

geochemical data because geological processes tend to produce trends in the 

variations of concentrations of two or more elements, rather than distinct cut-off 

points in individual elements (Leach and Manly 1982; Stanley 2006a, 2006b; 

Hancock et al. 2008). This type of patterning is often seen as a diagonally-oriented 

clustering in bivariate plots, and is evident in several of the figures in the following 

chapter.  
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Bivariate approaches 

 A number of approaches aimed at detecting bivariate structure have been 

proposed. The SYSTAT (version 12) implementation of CART has an option 

(expanded mode) that allows for the additive and subtractive linear combination of 

pairs of variables for each node split (see Sheppard et al. 2011). Such an approach 

was earlier suggested by Breiman et al. (1984), and a similar one is discussed by 

Bioch et al. (1997:237). A trial of the SYSTAT implementation of CART with 

expanded mode using a dataset of major oxides, grouped by archipelago (see Chapter 

6) produced a very efficient tree and separated five groups using only four splits 

(Figure 5.5). For this analysis, the final division, which separates the Cook and 

Society Islands (Nodes 8 and 9), is strictly unnecessary as there are no archaeological 

specimens in either of these nodes. 

 In this example, two of the splits use single variables, and two use linear 

combinations, one a sum and the other a difference. The use of sums and differences 

of variables appears unorthodox, but is simply an alternative way of expressing a 

linear regression of the two variables. For example, the first split, which separates 

Nodes 2 and 3, is dependent on whether or not the sum of log10(SiO2) and 

log10(Fe2O3) is greater than 2.86 (Figure 5.5). This is equivalent to a linear regression 

with a fixed slope of -1 and an offset of 2.86, which can be seen if the equation is re-

arranged: 

log10(SiO2) + log10(Fe2O3) = 2.86 

                         log10(SiO2)  = -log10(Fe2O3) + 2.86 

 

 Similarly, the difference between two variables is equivalent to a linear 

regression with a fixed slope of +1. The use of log10-transformed data in this example 

also requires explanation. Although it was noted earlier that data transformation has 

no effect on classification trees using univariate splits, this is not always the case for 

bivariate splits. If the transformation is non-linear (e.g., a logarithmic or power 

transformation) as opposed to linear (e.g., scaling and standardisation), the relative 

distance between pairs of cases is affected. In this example, log10-transformed data 

performed slightly better than untransformed data, and classified 99.3% of the cases 

correctly (three misclassifications) using four splits, while untransformed data 

classified 98.6% of the cases correctly and required five splits. 
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Figure 5.5. Example of a classification tree generated using SYSTAT’s expanded mode. 

Reference 
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 Classification trees based on linear combinations of variables tend to perform 

better than those using only a single variable. However, the relationship between the 

combined variables is not completely exploited because the regression slope is 

constrained to a value of either +1 or -1. Consequently, the use of bivariate 

regressions with variable slopes has been advocated as a method of improving node 

separation (Lubinsky 1994; Loh and Vanichestakul 1988; Kim and Loh 2001, 2003; 

Treiguts 2004). 

The CRUISE (Classification Rule with Unbiased Interaction Selection and 

Estimation) algorithm, developed by Kim and Loh (2001, 2003), performs a localised 

discriminant analysis on the variable pair at each terminal node, and is able to produce 

regressions that are not limited to fixed slopes. At present, CRUISE has not been 

incorporated into any commercially-available software but is available as a DOS-

based application13. The CRUISE software was tested, and produced results similar to 

those obtained by SYSTAT’s expanded mode CART algorithm (Figure 5.5). 

However, extracting the results from CRUISE is complicated, as it requires using 

several other software programs. For example, the bivariate node plots are exported in 

S-plus or R format only, while the tree diagrams require third-party software to be 

viewed (e.g., LaTeX14). 

A relatively simple bivariate node-splitting method, proposed by Treiguts 

(2004), involves finding the optimal split value for each variable independently using 

some measure of node impurity (Treiguts used the Quinlan information gain 

criterion). The two variables offering the best separation are selected, and the 

intersection of the two split values located (Figure 5.6a). This point is used as a pivot, 

from which a straight line is rotated until the slope that produces the best group 

separation is found (Figure 5.6b). Once the optimum slope has been determined, a 

linear regression equation of the line is used as the node boundary (Figure 5.6c). 

Ungrouped samples are then assigned to one of the nodes using the regression 

equation as a decision rule (Figure 5.6d). In the example shown, ungrouped samples 

with element concentrations greater than the regression formula are assigned to Node 

1, and the remainder to Node 2: 

  

                                                
13 http://www.stat.wisc.edu/~loh/cruise.html 
 
14 http://www.latex-project.org/ 
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Figure 5.6. Examples of bivariate node splitting procedures: figures a-d show Treiguts’ (2004) 
method; figures e-h show ideas suggested by Bennett and Campbell (2000). 
 

Reference 
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 if log10(CaO > 3.143 log10(SiO2) – 4.161,    →   sample = Node 1 

 if log10(CaO ≤ 3.143 log10(SiO2) – 4.161,    →   sample = Node 2 

 

The implementation of Treiguts’ (2004) method is relatively straightforward 

but applying it to the data in this study revealed two potential issues. Firstly, the 

methodology assumes that a unique regression slope will provide the best group 

separation; however, if the selected variables allow the complete or near complete 

separation of groups, there may actually be a range of slopes that perform equally 

well. In these situations, the dividing line can be rotated in either direction to 

determine the range of slopes that produce the maximum separation, and the average 

of that range taken (Figure 5.6b). A second issue with Treiguts’ (2004) method is that, 

because the two predictor variables are selected independently, the selection 

procedure fails to fully exploit their bivariate relationship. Variable selection can be 

improved by using Kim and Loh’s (2001) procedure (see below), but this still leaves 

the problem of determining the optimum position for the regression line. Treiguts’ 

(2004) method centres the regression line on the intersection of the optimum split 

points for each variable. Again, this procedure fails to completely capture the 

bivariate relationship of the predictor variables, and the position of the dividing 

boundary will not necessarily separate both groups equally. This is evident in the 

previous example (Figure 5.6c), where the dividing boundary is noticeably closer to 

one group than the other. 

One way of improving on Treiguts’ method is by positioning the dividing 

boundary midway between the group boundaries. This can be achieved by 

constructing a convex hull around each group and bisecting the line formed by the 

closest point on each hull (Bennett and Campbell 2000:2). The resulting point is 

equidistant from the margins of both groups (Figure 5.6e) and can be used as the 

pivot, from which a linear divider is determined using the same procedures as outlined 

in the previous example (Figures 5.6f-h). The resulting boundary is now positioned to 

give maximum separation between the two groups. This method works well when 

groups are linearly separable, but fails when the convex hulls overlap (Bennett and 

Campbell 2000:3). One method of dealing with this problem is to treat the 

overlapping cases as misclassifications. This is, however, not entirely satisfactory 

because there is no straightforward way to determine which of the overlapping cases 
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should be removed.  Bennett and Campbell (2000:3) suggest that a better solution to 

overlapping groups is to construct reduced convex hulls around the groups so that 

they no longer overlap. Details are given in Bennett and Bredensteiner (2000). 

For the data used in this study these methods work well. Group overlap is 

minimal, largely because of the use of two variables per node, and reducing the 

convex hulls was required only occasionally. The method does, however, require a 

substantial amount of data manipulation; first a convex hull needs to be constructed 

around each group and reduced if necessary; secondly the pivot point needs to be 

calculated, and finally the regression line needs to be rotated to find the optimum 

slope. Additionally, all of these operations are iterative, so cannot easily be 

implemented automatically. A more elegant solution, and one that gives almost 

identical results, is offered by some of the ideas developed in machine learning 

analysis, specifically Support Vector Machine (SVM) analysis. 

 

Support Vector Machine analysis. 

As is the case with CT analysis, SVM analysis can be computationally 

demanding, and has become viable for routine analyses only recently. To date, very 

few archaeological studies have used SVM analysis, and only one has employed the 

technique on geochemical data; Navazo et al. (2008) compared SVM analysis to DFA 

and k-NN analysis in a study aimed at geochemically characterising Spanish flints. 

They reported that their SVM analysis performed significantly better than DFA 

analysis, classifying 95% of their sample correctly, as opposed to 84% for DFA 

(Navazo et al. 2008:1970). Despite the superior performance of SVM, only the 

summary results for the DFA analysis were reported. Additionally, no details about 

how the SVM analysis was conducted were reported, except that all thirty of their 

measured elements were used as predictor variables. Other archaeological studies 

using SVM analysis have applied the technique to plant and animal classification. 

Marom et al. (2009) used a simple linear SVM model based on two measurements of 

caprid humeri to distinguish between males and females. Wilson et al. (2010) tested 

several techniques as a means of classifying starch granules from digitised images. 

They tested two SVM algorithms, one using a simple linear model and the other a 

radial basis function (RBF) kernel (see below), and found them to offer similar 

performances to other techniques.  
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Support vector machine analysis belongs to the maximum-margin classifier 

family of techniques developed for automated pattern recognition (Vapnik 1979). 

These techniques operate by finding boundaries that maximally separate known 

groupings in multivariate data. Conceptually, SVM shares many similarities with 

DFA; both are supervised learning techniques that analyse a training set of grouped 

cases to generate a set of classification rules, which are then used to classify 

ungrouped cases. The key difference is that, while DFA maximises the distance 

between group centroids, SVM analysis maximises the distance between group 

boundaries. In this sense, maximum-margin classifiers are considered non-parametric 

techniques. Indeed, one of the principle uses of SVM analysis has been in 

classification problems where the probability distribution of a dataset cannot be 

assumed to follow any particular parametric form (Moguerza and Moñoz 2006:332). 

Such applications include automated handwriting recognition (e.g., Cortes and Vapnik 

1995; Boser et al. 1992; Kumara et al. 2008), Geographical Information System (GIS) 

spatial analysis (e.g., Kanevski et al. 2002; Yao et al. 2008) and biomedical research 

(e.g., Noble 2004, 2006). 

The mathematical theory underpinning SVM is complex, and while several 

comprehensive texts on SVM learning are available (e.g., Cortes and Vapnik 1995; 

Burges 1998; Hamil 2009) most assume some familiarity with vector mathematics. 

Baxter (2006) gives an elementary overview of the concepts in an archaeological 

context, and several papers by Bennett and others provide useful introductions to the 

technique (i.e., Bennett and Bredensteiner 2000; Bennett and Campbell 2000; 

Moguerza and Moñoz 2006; Noble 2006). A simple overview is provided below but 

more detailed treatments can be found in the references given above. 

Given a dataset that contains two groups or classes, the basic goal of SVM 

analysis is to find a function, f(x), that maximally separates them. This is 

accomplished by mapping the predictor variables (usually known as “attributes” in 

SVM literature) onto an n-dimensional vector, referred as the “feature space” in the 

literature (Cortes and Vapnik 1995). For a simple SVM model using a linear function, 

n is equal to the number of attributes used in the analysis, but for non-linear functions 

the dimensionality may increase with the complexity of the function (Cortes and 

Vapnik 1995). A linear SVM model using two attributes would therefore have a two-

dimensional feature space, which can be displayed on a simple scatterplot. The 

discriminating function for a linear SVM has one dimension fewer than the feature 
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space, so in a two-attribute analysis would be represented by a straight a line. 

Similarly, a linear model using three attributes would have a three-dimensional 

feature space and a two-dimensional discriminating plane. The most basic SVM 

model uses a linear mapping algorithm and the input vectors are mapped with a dot 

product transformation (see Cortes and Vapnik 1995; Hamil 2009:41,102) in the 

form: 

 

  f (x) = 〈w,x〉 + b 

 

where  w is the normal to the hyperplane 

 x represents the input data 

and  b is a bias constant 

 

Once the data has been mapped onto the feature space, the feature space is 

searched iteratively to find cases that form the boundaries of the groups. These cases 

are known as “support vectors” and the region separating them, the “margin” (Baxter 

2006:685). A function is then fitted to the support vectors so as to maximise the 

distance between groups. The data are then scaled such that the support vectors at the 

extremes of the margin have a values of  f(x) = +1 and f(x) = -1. The midpoint of the 

margin then has a value of  f(x) = 0, and this becomes the decision boundary (see 

Figure 5.8). In datasets where the groups can be completely separated all members of 

one group (Group 1) will have a discriminating function greater than zero, and all 

members of the other group (Group 2), a value that is less than zero. This function is 

then mapped back onto the original variables and can be used as a discriminating 

function to classify unknown cases: 

 

if   f(x) > 0,  →   sample = Group 1 

if  f(x) ≤  0,  →   sample = Group 2 

 

In practical applications of SVM analysis, a number of parameters must be set 

by the user. Three of the most important are: 1) the choice of a function algorithm, 2) 

the selection of predictor variables and, 3) the selection of a cost parameter (C) value. 

These are discussed in the following sections. 
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SVM function algorithms 

As noted above, the most basic SVM model uses a linear dot product 

transformation to determine the discriminating function. However, for more complex 

group boundaries, non-linear functions can be fitted to the support vectors by 

introducing a non-linear kernel (φ ) to the transformation,  f (x) = 〈w,φ(x)〉 + b, (Hamil 

2009:103). Most software implementations allow a variety of kernel functions, such 

as Gaussian, quadratic, radial basis function (RBF) and polynomial (see Karatzoglou 

et al. 2006:6). The use of non-linear kernels can provide a better fit for data that 

cannot be linearly separated, but it also increases the dimensionality of the feature 

space (and the complexity of the model) exponentially; for example, an analysis 

including 256 variables will produce a 256-dimensional feature space using a linear 

model, but this increases to 106 dimensions if a 3rd-order polynomial kernel is used, 

and 1014 for a 6th-order polynomial (see Cortes and Vapnik 1995: Table 2). For this 

study, linear SVM models were found sufficient to separate most groupings and, with 

one exception, were used throughout.  

Variable selection 

 In common with many other multivariate techniques, there is no theoretical 

limit to the number of predictor variables that can be included in an SVM model. In 

contrast to stepwise DFA and univariate CT analysis, which both have automatic 

variable selection procedures, all of the variables that are entered into an SVM 

analysis are used in the discriminating function. For this reason, predictor variables 

need to be selected in advance. Evaluating a large number of combinations 

complicates the selection procedure considerably; for a dataset of ten predictor 

variables there are 45 combinations of two variables (i.e., ���
����

), 120 combinations of 

three variables (i.e., ���
����

), and over 1000 combinations of all possible variable 

groupings. As is the case with non-linear kernels, increasing the number of predictor 

variables also increases the dimensionality of an SVM mode’s feature space. For this 

study, two predictor variables were found to provide sufficient separation between 

sources. In addition to simplifying the selection procedure, the use of two variables 

facilitated the graphical display of the SVM solutions using bivariate scatterplots. 
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Univariate CT analysis methods, such as CART, usually select the optimum 

variable and its spilt value simultaneously for each node automatically by performing 

an exhaustive search of all possible split values for all variables and selecting the one 

that produces the best group separation. For bivariate splits, variable selection is 

complicated by the fact that bivariate structure cannot always be identified by 

examining the individual variables independently. For this reason, it is necessary to 

examine each combination of paired variables separately. 

One approach is to extend the exhaustive search method used in univariate 

analyses. This approach, however, is computationally demanding, as it exponentially 

increases the number iterations required. Consequently, several solutions aimed at 

increasing search efficiency have been advocated. These generally involve separating 

variable selection and split value determination into separate operations.  

The method employed in the CRUISE implementation (Kim and Loh 2003) is 

to fit a linear discriminant function to each variable pair and select the pair with the 

lowest misclassification rate. Although more efficient than an exhaustive search, this 

approach still requires DFA to be performed on all pairwise combinations of 

variables. A simpler method, and the one used in this study, also proposed by Kim 

and Loh (2001; see also Loh 2009), involves dividing the feature space of two 

variables into four regions and comparing the membership of each region. Kim and 

Loh’s (2001) method divides the Cartesian space of the two variables into four 

quadrants using the variables’ medians as dividers. While medians provide a useful 

measure of the centre of the data for evenly-distributed datasets, when groups are of 

unequal size, sample medians (and means) are biased towards the centre of the largest 

group. To position the divisions closer to the centre of the total distributions, the 

(unweighted) mean of the group means was used instead for this study (see Figure 

5.7).  

To determine the optimum pair of variables, Kim and Loh’s (2001) method 

applies Pearson’s χ2 test of independence to each combination of variables and selects 

the pair with the greatest significance. In a later implementation of this method (Loh 

2009:1716), the χ2 values are transformed into p-values using the Wilson-Hilferty 

approximation (Wilson and Hilferty 1931). While the Wilson-Hilferty transformation 

does not affect the rank order of the χ2 values, it facilitates interpretation by 

normalising them to the degrees of freedom.  
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 Figure 5.7. Examples of the division of bivariate feature space into quadrants. 
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Several studies on bivariate node-splitting have noted that the selection of a 

single variable is often sufficient to completely separate groupings.  In the interests of 

improved computational efficiency, procedures that select a bivariate pair only when 

it offers increased performance over a single variable have been implemented in some 

decision tree methods (e.g., Lubinsky 1994:287; Bioch 1997:236). Although 

univariate splits do sometimes provide equally good group separation, there are 

compelling reasons to use bivariate splits throughout an analysis. 

Firstly, a bivariate split will never perform any worse than either variable 

individually. In the event that one of the variables has no discriminating power 

whatsoever (although the variable selection procedure outlined above makes this 

scenario unlikely), the decision rule will be calculated using only the other variable, 

and the boundary will be oriented perpendicular to that variable. 

Secondly, the ability to display results graphically aids in the interpretation of 

continuous data (Loh 2008, see also Chen et al. 2008). This is particularly true for 

non-parametric analyses, in which summary data, such as differences in means, are 

not necessarily relevant. Decision rules based on single continuous variables limit 

graphical presentation to forms that do not display individual data points, such as 

histograms, Kernel Density Estimates (KDE’s; see Chapter 8) and box plots. 

However, the inclusion of a second variable, even when it has a limited role in the 

decision rule, allows bivariate scatterplots to be generated in which individual data 

points and group distributions can be displayed. 

 

Cost parameter (C) 

As noted above, SVM analysis belongs to the maximum-margin classifier 

family of techniques. The most basic form of this technique attempts to optimally 

separate groups by maximising the margin between group boundaries (Hamil 

2009:77). This is called a hard-margin classifier because the margin is positioned at 

the extreme boundary of either group. Hard-margin classifiers work well when groups 

are separable, but encounter problems when there is some group overlap because 

there is no definable margin between the groups. Even when groups are completely 

separable, cases near group boundaries act to decrease margin width, and may result 

in a boundary that “overfits” the training data.  
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In order to overcome these problems, Cortes and Vapnik (1995:280) 

introduced soft-margin classifiers. Soft-margin classifiers include an adjustable 

constant, the cost parameter (C), that identifies cases near the dividing boundary and 

removes them from the classification algorithm that is used to determine the dividing 

boundary (Cortes and Vapnik 1995:281). Most SVM algorithms require the manual 

selection of a value of C, although some implementations automatically test a range of 

values (e.g., Chapelle et al. 2002; Hastie et al. 2004). The value of C ranges from 0- 

∞, and tends to have an exponential response. Low values of C exclude more cases 

and produce wider margins, but this often comes at a cost of increasing the number of 

misclassifications. Increasing the value of C increases the cost of misclassifying cases 

and produces a model with a narrower margin and fewer misclassifications. Although 

high values of C often result in more accurate models of the training data, they may 

not generalise well for unknown datasets.  

In effect, therefore, the value of C determines the balance between optimising 

generalisation (lower values) and improving accuracy (higher values). For this reason, 

there is no optimum value for C for a given dataset. Most practical guides (e.g., Hamil 

2009:116; Hsu et al. 2003:5) suggest testing a range of values of C using an 

exponential series (i.e., 2-4, 2-3 …23, 24) and selecting the value that gives the best 

cross-validation results (see below).  

The effect of varying the value of C is shown in the following example (Figure 

5.8). The lowest values of C exclude a greater number of cases from the calculation of 

the dividing boundary and produce wide margins. As the value of C is increased, 

fewer cases are excluded and the margin becomes narrower. When C is increased to a 

critical point (in this example 16) all cases are included in the analysis and the 

classifier operates in effect as a hard-margin classifier. Increasing C to any value 

beyond this threshold has no effect on the analysis. In this example (which is typical 

of the data used in this study) the decision boundary does not change appreciably for 

different values of C. This is because the spread of cases near the margin is relatively 

evenly-distributed between the groups. For this study, generalisation was considered 

more important than accuracy, so C was set to a relatively low value of 0.25 (i.e., 2-2) 

for all analyses. 
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Figure 5.8. Examples of SVM models using different values for the cost parameter. 



 191

Unequal sample size 

By default, most SVM models give equal weight to misclassifications in either 

group. However, if one group has a significantly different number of cases than 

another, it may be useful to weight the cost of misclassifications to reflect group size. 

Most SVM applications allow different cost parameter values to be assigned to each 

group in proportion to their relative size. Cost parameter values can also be adjusted if 

the misclassification of one group (e.g., a false negative) is considered more costly 

than the misclassification of the other (e.g., a false positive). Although some of the 

groups in this study have significantly different group sizes, this is not related to the 

probability of group membership, nor is there any reason to prefer one type of 

misclassification over another. For these reasons the same cost parameter values were 

used for all groups (i.e., 0.25).  

 

Data scaling 

In common with many other numeric methods, the relative magnitude of 

predictor variables can affect the results of SVM analysis. Because the dot product 

transformations are multiplicative, SVM models are particularly sensitive to variable 

magnitude, especially when non-linear classifiers are employed (Chapelle et al. 

2002:133). For this reason, some form of scaling is usually recommended (Hsu et al. 

2003:4). For this study, all predictor variables were standardised (i.e., z-scored) before 

SVM analysis, and the results recalculated for use with raw data. 

 

Multiple classes 

Standard SVM models allow datasets to be divided into two groups. For 

datasets containing multiple groups, several schemes have been advocated (see Duan 

and Keerthi 2005; Hamil 2009: Chapter 11), the two most popular being, one-versus-

the-rest and pairwise classification. One-versus-the-rest classification involves 

constructing a series of models, each separating one group and pooling the rest. 

Ungrouped cases are assigned to the grouping to which they are most closely 

associated. For example, a dataset comprising five groups would require five models 

to be constructed; ungrouped samples that were associated with Group 1 when that 

group was separated and associated with the pooled group for all other combinations 

would then be assigned to Group1 in the classification. 
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In contrast to DFA and most other parametric methods, pooling groups 

presents no methodological problems for SVM models, as group distributions are not 

taken into account. Although one-versus-the-rest classification tends to be robust in 

practical applications, it often produces highly unbalanced group sizes which have the 

potential to bias misclassification costs (Hamil 2009:189). This can, if required, be 

addressed by selecting different C values for each group based on sample size (see 

above). 

The second method, known as pairwise classification, aims to avoid highly 

unbalanced group sizes by constructing separate models for each unique pair of 

groups (Hastie and Tibshirani 1998). Ungrouped cases are assigned to one of the 

groups either by a simple “majority-wins” voting scheme (see Hastie and Tibshirani 

1998) or by assigning probabilities to each of the results and computing the maximum 

likelihood of group membership (Platt 1999).  

Neither of these methods appears to have a clear advantage over the other. In a 

comparative study, Duan and Keerthi (2005) found that Platt’s (1999) probabilistic 

method performed better for small datasets, but all performed equally well for larger 

datasets. Milgram et al. (2006) applied both methods to a large and complex 

handwriting recognition dataset and found the one-versus-the-rest method to be 

slightly more accurate, but pairwise classification significantly more efficient.  

For this study, the dataset is divided into two groupings at each node of the 

classification tree, so the problem is not determining to which source ungrouped 

samples belong, but rather how best to separate the source data into two groups. In 

many cases the choice was obvious from the observation of a scatterplot of the 

selected variable pair for each node. For example, the previous figure (Figure 5.6) 

shows that the Cook Island source sample is the only one visibly well-separated from 

the other source samples. 

In other cases, the choice was not so clear, either because of overlap in the 

groupings or because there were several possible ways to separate the sources into 

two groups. In these situations, the one-versus-the-rest method was employed and the 

decision as to which group or groups provided the best separation was determined by 

the lowest misclassification rate. The one-versus-the-rest method was chosen because 

fewer combinations of groupings are required, making it slightly simpler to apply than 

the pairwise method. 
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Validation 

 For many classification methods it is common to evaluate the results using 

some form of cross-validation, which usually involves reanalysing several subsets of 

the data and estimating the expected error from their combined results. Two of the 

more popular types of cross-validation are the v-fold and leave-out-one (LOOCV) 

methods (Hamil 2009:157). The v-fold method operates by dividing the dataset into a 

number of equal sub-samples. All but one of the sub-samples are combined as used as 

a training set to generate a set of classification rules, and the remaining sub sample is 

used to test the classification rules. The process is then repeated, each time using a 

different sub-sample as the testing set. Ten-fold cross-validation is commonly 

employed, and this requires re-analysing the dataset ten times. 

Leave-out-one cross-validation operates in a similar manner but, at each 

iteration of sub-sampling, only one case is removed from the training set (with 

replacement) and tested. In effect, LOOCV is the extreme version of the v-fold 

method, in which v is equal to the total sample size. For this reason, it is usually 

considered a more rigorous test than the v-fold technique (Lei and Dai 2005) but its 

implementation can be very demanding computationally, especially when complex 

models are applied to large datasets (Hamil 2009:158). 

 For parametric classification methods, cross-validation techniques operate by 

aggregating the variation in sub-samples of the parameters used for classification 

(usually sample means and variances), and using this information to estimate the true 

error rate for the population from which the sample is drawn. In effect, cross-

validation is a test of how closely the distribution of a dataset conforms to that 

expected from the population (and often assumed by the technique). 

For many non-parametric methods, however, the situation is different. In both 

CT and SVM analysis, only those cases at or near group boundaries are used to 

determine classification rules; all other cases are irrelevant. Consequentially, for a 

node model producing a split with no group overlap (i.e., no misclassifications), any 

sub-sample of the dataset will also contain no group overlap. The position of the 

decision boundary may shift depending on the number of support vectors selected in 

the sub-sample, but even in datasets containing some group overlap the shift will be 

minimal because the majority of sub-samples will include all or most of the support 

vectors. 
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For example, in a dataset containing 500 cases, 10 of which are support 

vectors, LOOCV will produce results identical to the complete dataset for all but 2 % 

(i.e., 10/500) of the sub-samples, and any changes to decision boundaries effected by 

the removal of the support vectors will likely be nullified when they are aggregated 

with the 98 % of the results that are identical. Even in the 2% of sub-samples where 

one of the support vectors is removed, the decision boundary is still calculated using 

the remainder, and usually will not be altered appreciably. Because the v-fold method 

selects subsets randomly, it is not possible to predict the exact outcome of cross-

validation testing, but this would be expected to be similar to LOOCV. For this 

reason, cross-validation methods are most useful for estimating errors when there is a 

large degree of group overlap. In this study, however, group overlap is minimal, due 

largely to the use of bivariate predictor variables. Cross-validation (LOOCV) was 

tested on selection of the SVM models used in this study, and found to give 

classification results identical to the original results in all cases. 

 

Summary 

Although the procedures described above are mathematically complex, none 

of the complexity carries over into the results. Node splitting criteria are expressed in 

the form of two variables, and the results readily displayed in graphic form and easily 

evaluated. The classification tree diagrams show how the groups are separated and 

which variables are used (see Figure 5.5). Additionally, all nodes can be displayed as 

bivariate scatterplots showing the node-splitting divisions in relation to individual 

cases (see Figure 5.8).  

The procedure for each node division can be broken into four main steps and 

summarised as follows:  

 

1. Variable selection. Initially, the pair of variables that best separated the 

entire dataset into two groups was selected. This was accomplished by dividing the 

Cartesian space for each pair of variables into quadrants. Pearson’s χ2 test of 

independence was then calculated for the quadrants and transformed into a p-value 

using the Wilson-Hilferty approximation, and the variable pair with the greatest 

significance was selected.  
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2. Group selection. The source group (or groups) that was most completely 

separated with the selected variable pair was then determined. In the majority of 

cases, groups could be identified visually from a scatterplot of the variable pair. 

Where separation was not obvious, a number of SVM analyses were run, and the one-

versus-the-rest selection method described above was used to determine the best 

separated source groups. 

 

3. SVM analysis. Once the variables and groupings had been selected, the data 

was processed using SVM software. For this study, the mySVM application included 

in the RapidMiner15 software package was used. The linear kernel was selected (with 

one exception; see Chapter 7), the cost parameter was set to a value of 0.25 and all 

other adjustable settings left at their default values. It should be noted that this 

application required standardising the input variables.  

 

4. Node splitting. The resulting regression formula from the SVM model was 

converted back from standardised data to the raw values and used as a decision rule to 

separate the training data into two groups. The two resulting sub-nodes were then 

labelled (e.g., Node 2 and Node 3) and the procedure repeated for each sub-node until 

all the terminal nodes either consisted of only one group or contained multiple groups 

that could not readily be separated. 

Most implementations of CT analysis include pruning provisions for limiting 

the size of the tree structure, such as specifying a minimum node membership size, 

making node splitting dependent on a specified degree of improved separation or 

placing a limit on the maximum number of splits (see Section 5.5). For the datasets 

examined in this study, it was found that no formal pruning provisions were required; 

all of the final trees either produced maximally efficient tree structures (i.e., one fewer 

split than there were groups) or resulted in terminal nodes that could not be further 

divided (see Chapter 7). 

When each tree structure had been completed, the decision rules were used to 

assign the ungrouped archaeological samples to one of the terminal nodes. 

 

 

                                                
15 http://rapid-i.com/content/view/181/196/ 
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5.6 Summary 

Over the past two decades, the number of Polynesian lithic provenancing 

studies has increased steadily. While this has made more reference data available, it 

has also rendered simple discrimination methods less effective (Best et al. 1992; 

Parker and Sheppard 1997). This has prompted some researchers (e.g., P. Johnson 

2005; Sheppard et al. 2010, 2011) to examine the possibilities offered by multivariate 

analytic techniques.  

For this study, two multivariate methods were evaluated. The first, DFA, is 

widely used in archaeological studies. Despite the non-ideal distributions inherent in 

geochemical data, the tests reported above indicate that DFA is reasonably tolerant of 

deviations from normality and differences in group variance. This tolerance does not, 

however, imply that the results of any DFA analysis should necessarily be accepted 

until they have been appropriately evaluated. The DFA application used in this study 

(SPSS) has the capability of performing cross-validation (LOOCV) on the results of 

an analysis. While this is a useful function, it is not ideal because any validation 

technique that employs the same method as the original analysis is also subject to any 

errors arising from that method.  

A more satisfactory validation method, and one advocated by several 

researchers (e.g., Aldenderfer 1982; Parker and Sheppard 1997:210), is to apply two 

or more different classification techniques to the same dataset and compare the results 

of both analyses. For this reason, another method, CT analysis, was also employed as 

an independent means of classification. The implementation used in this study differs 

from simple applications of CT analysis in that the nodes are divided using bivariate 

rather than univariate criteria. This approach makes better use of the structure of 

geochemical data, and also allows individual cases to be displayed on a two-

dimensional scatterplot. In this study, SVM modelling was used to determine the 

optimum node boundaries.  

The next chapter describes the reference datasets that were compiled for this 

study and discusses the analytical approaches that were employed. In the following 

chapter (Chapter 7), the DFA and CT methods described above are applied to the 

geochemical data. 
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CHAPTER 6 

ANALYTIC APPROACHES TO PROVENANCING 

 

6.1 Introduction  

The analytical approaches to organising the reference data used in this study 

are discussed in this chapter. These include the compilation of a regional reference 

database in order to characterise potential sources and the selection of appropriate 

geographical scales of analysis. 

A number of datasets from previously published Oceanic provenancing studies 

were used to compile a reference database. In addition to data published by other 

researchers, the reference database included specimens that were collected and 

geochemically analysed in the course of this study (see Chapter 3). The incorporation 

of data from different published sources is necessary in most provenancing studies 

that consider large geographical areas as potential sources. This can, however, 

complicate some aspects of the methodology, particularly when diverse analytical 

methods have been employed by different researchers. For this study, the most 

effective way to maximise the available information involved compiling two datasets 

and running two sets of analysis: one containing reference samples with complete 

major element data and the other containing samples with the same elemental data as 

was quantified by the PXRF analyser used in this study (see Chapter 4).  

The selection of suitable geographical extents of potential sources and the 

scales at which those sources are defined are also important issues that need to be 

addressed before an analysis can proceed (see Weisler 1993a, 1997; Weisler and 

Sinton 1997). Based on the findings of previous studies, a potential source region that 

included the wider Polynesian region was considered appropriate. In order to make 

analysis at this geographical range more manageable, the analyses were divided into 

several hierarchical levels of geographical scale. These procedures are also outlined in 

this chapter. 

 

6.2 The reference dataset 

 An ongoing difficulty for Polynesian interaction studies has been a paucity of 

reference data for much of the region. In a comprehensive compilation of Polynesian 

characterisation studies, published just over a decade ago (Weisler [ed.] 1997), over 
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thirty fine-grained basalt sources had been identified within the Polynesian region 

(Weisler and Sinton 1997:Table 10.2) but of these only a few had geochemical data 

for more than three or four samples. To date, few archaeological studies have 

systematically sampled entire provenance regions; Sheppard et al. (1997) and Walter 

and Sheppard (2001) have collected and analysed over 100 reference samples from 

most of the Cook Islands, and, more recently, P. Johnson (2005, 2010; see also 

Johnson et al. 2007; Crews 2008) has embarked on a systematic study of sources on 

Tutuila, American Samoa. 

Since Weisler’s (1997) edited volume, new research has improved the 

situation considerably for some regions, especially for Samoa (P. Johnson 2005, 2011; 

P. Johnson et al. 2007; Winterhoff 2007; Winterhoff et al. 2007) and Hawaii 

(Collerson and Weisler 2007; Lebo and K. Johnson 2007; Mills et al. 2008; Lundblad 

et al. 2008; Kahn et al. 2009), while several other groups that were previously almost 

unknown, such as Tonga (Weisler 2004a), Mangareva (Weisler 2001; Weisler et al. 

2004) and the Austral Islands (Weisler 1998; Smith 1999; Bollt 2005), have begun to 

be investigated. The present study augments our existing knowledge of Marquesan 

source material. Despite these advances, some island groups, however, still remain 

poorly known, particularly, the Australs and Society Islands.  

 

Data from geological studies 

 One solution to the problem of under-represented island groups is to make use 

of data published in geological studies. Oceanic volcanoes have been extensively 

studied and the Marquesas Islands, in particular, have been the subject of numerous 

geological studies (e.g., Yoder et al. 1962; Duncan and Compston 1976; Liotard and 

Barsczus 1984; Vidal et al. 1984; Duncan et al. 1986; Liotard et al.1986; Dupuy et al. 

1987, 1989; Brousse et al. 1990; Woodhead 1992; Desonie et al. 1993; Caroff et al. 

1995, 1999; Cotton et al. 1995; Le Dez et al. 1996; Kogiso et al. 1997; Ielsch et al. 

1998; Legendre 2003; Legendre et al. 2005a, 2005b). Collectively, these studies 

include geochemical data for over 1000 Marquesan rock samples, many of which are 

available for download in tabular form from the online GEOROC database16, 

administered by the Max Planck Institute for Chemistry (Otto Hahn Institute). 

 

                                                
16 http://georoc.mpch-mainz.gwdg.de/georoc/ 
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Incorporating data from geological studies into archaeological reference 

datasets can increase sample size considerably. While this may initially appear to be a 

useful way of augmenting poorly-represented regions, unless the exact provenances 

and physical characteristics of the reference materials are known, these data may be of 

limited practical use. Although Weisler (per. comm. 2011) has found data from 

geological studies useful for isotopic studies (see also Weisler and Woodhead 1995; 

Woodhead Weisler, 1997; Collerson and Weisler 2007), archaeological provenancing 

studies using elemental compositional data have tended to rely primarily on reference 

materials that have been collected and analysed specifically for archaeological 

purposes (e.g., Weisler 1993a; Best et al. 1992; Sheppard et al. 1997; Walter and 

Sheppard 2001; P. Johnson 2005; Mills et al. 2008; Lundblad et al. 2008). 

 As Bollt (2005:334) has noted, the reporting of geographical provenances in 

the geological literature is often limited to identifying the island of origin (e.g., Dupuy 

et al. 1989) and, as such, may be inadequate for some archaeological purposes. A 

second potential difficulty relates to the physical properties of the materials studied by 

geologists. Generally, the sorts of stone used for adze manufacture are selected for 

specific properties, such as a fine-grained texture, hardness and controllable fracture 

(Sheppard et al. 1997:106, 2001:354; Turner 2000). Such materials tend to occur in 

limited quantities, often forming distinctive outcrops or dykes within larger volcanic 

flows of lower quality stone. The opportunistic selection of suitable river cobbles and 

boulders also has been suggested (Weisler and Sinton 1997; Walter and Sheppard 

2001). In other words, adze-quality stone tends to be atypical of its environment. 

While this limited distribution facilitates archaeological studies, such materials are not 

necessarily of the same importance for geological studies, which may be more 

interested in obtaining samples that are representative of particular formations. 

Most of the geological studies cited above do not provide details on the 

physical properties of the samples, but those that do tend to describe relatively coarse-

grained specimens. For example, Liotard et al. (1986) include comprehensive 

geochemical data for most of the Marquesas Islands. However, in their limited 

physical description of the samples, stone textures are described as ranging from 

porphyritic to subaphyric (Liotard et al. 1986: 260), suggesting that at least some of 

these specimens may not possess the physical properties required for edged tools, 

such as adzes. Similarly, Caroff et al. (1995, 1999) have reported geochemical data 

for several dozen geological samples from Eiao in a study aimed at tracing the 
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petrogenesis of the island. While this study does not provide details on grain size, the 

thin-section photographs suggest that some of the specimens are relatively coarse-

grained (Caroff et al. (1999: Figure 4). 

For this study, data from geological publications (see above) were examined 

but several difficulties were encountered. In addition to the possible problems noted 

above, a number of useful elements were not reported in some studies. For example, 

Dupuy et al. (1987) include only a few trace elements (i.e., Sr, Pb, Nd,  Ce and U) in 

their data, while the Eiao data reported by Caroff et al. (1995) are lacking Zr and Nb, 

both of which were found useful for this study (see Chapter 7).  For these reasons, it 

was decided that a reference database that included only specimens that had been 

collected for archaeological studies would provide the fewest sources of uncertainty. 

Information from the geological literature can, however, offer useful 

guidelines to identifying local patterns of geochemical variability and selecting 

potentially useful discriminating elements. For example, reported oxide values can 

provide information of the predominant rock type of particular volcanic formations 

(per. comm. M. Weisler 2011; see also Figure 6.1). In the Marquesas Islands, Brousse 

et al. (1990: Table 2) have identified several volcanic age-related trends and their data 

suggest that some elements, such as K and Sr, may be more useful for discriminating 

among islands than others, such as, Ti, which appears to be relatively constant across 

the group. In contrast, Best et al. (1992) found Ti (in combination with P and Fe) to be 

useful for discriminating at an inter-archipelago scale. Geological studies have also 

provided useful regional information for Nuku Hiva; the island is divided into two 

major volcanic zones, the predominantly tholeiitic Tekao zone and the more complex 

Taioha‘e zone (Le Dez et al. 1996; see also Chapter 2), and Legendre (2003:243) has 

shown that lavas from these zones can be separated on the basis of certain trace 

element ratios (e.g., Th/Yb and Th/Nb).  

 

A regional dataset 

 A reference dataset containing 1322 specimens was used in this study. The 

dataset was compiled using a database supplied by Peter Sheppard (see Parker and 

Sheppard 1997; Smith 1999; Sheppard et al. 2001), which included most of the 

published material analysed prior to 2001 (e.g., Best et al. 1992, Felgate 1993, 

Weisler 1993a, 1993b, 1994a, 1994b; Weisler et al. 1994; Walter and Sheppard 1996; 

Allen and Johnson 1997; Sheppard et al. 1997, Sinton and Sinoto 1997; Rolett et 
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al.1997; Rolett 1998; Walter 1998). A number of unpublished samples from analyses 

carried out at the University of Auckland by Smith (1999) also were included in the 

database. These include samples from the Austral Islands, Rapanui, the Society 

Islands and the Marquesas Islands. Unfortunately, the full provenance of some of 

these specimens was not recorded by Smith, so many results could not be used for the 

smaller-scale analyses within the Marquesas Islands. In addition to reference samples 

from archaeological studies, Sheppard’s database contains a large number of analyses 

from geological studies. As noted above, only those samples derived from 

archaeological studies were used. 

 The database was updated with data from several recent studies (e.g., Weisler 

2004a, 2004b; Bollt 2005; Winterhoff 2007; Lebo and K. Johnson 2007; Collerson 

and Weisler 2007; Mills et al. 2008; Lundblad et al. 2008; Fankhauser et al. 2009; 

Kahn et al. 2009). This increased representation for some archipelagos, such as Fiji, 

Tonga and the Austral Islands. P. Johnson (2005, see also P. Johnson et al. 2007) and 

Crews (2008) have recently conducted comprehensive studies of the quarries on 

Tutuila, American Samoa using instrumental neutron activation analysis (INAA). 

Their data were, however, of limited use for this study because several potentially 

useful discriminating major elements, such as Si, Al and Ca, were not quantified by 

the INAA instrumentation.  

 As far as could be verified, the specimens in the revised database were derived 

from archaeological studies, and were analysed specifically for those studies. One 

exception is the data from the Austral Islands used by Bollt (2005), which drew on 

geological data originally reported in Maury et al. (2000) and Chauvel et al. (1997). 

These data were included because they closely matched the archaeological specimens 

in Bollt’s study, and also because of the paucity of material from that archipelago, the 

only other available data for the Australs being those of Weisler (1998) for Rapa and 

Smith (1999) for Tubuai. 

 Among the island groups that remain poorly represented, the most concerning 

for this study is the Society Islands. Although a great deal of evidence for stone tool 

manufacture has been identified for this archipelago (Green 1961; Green et al. 1967; 

Kahn 2009), much of the information remains unpublished (see Kahn 2009) and there 

are few geochemical analyses. Best (1984) analysed a single specimen (AN44) from 

Viaopatapata on the island of Ra‘iatea. Sinton and Sinoto (1997: Table 11.12) list six 

sources in the Society Islands, two on Ra‘iatea (Viaopatapata and an unlocated source 
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(Ra‘iatea II)), and four on Tahiti , including three geochemically distinct sources in 

the Papeno‘o Valley (Papeno‘o, Tahinu I and Tahinu II) and one source at Orofero. At 

the time of Sinton and Sinoto’s (1997) publication, 18 specimens in total had been 

analysed for these sources. Kahn (2005: Table 7.2) has since analysed an additional 

35 Society Islands samples, collected from streambeds on the island of Mo‘orea, 

using a non-destructive form of WDXRF. Unfortunately, only a limited range of 

elements was quantified by this method (i.e., Ti, Mn, Nb, Ba, Sr, Y, Zr, Mo), making 

Kahn’s data unsuitable for use in this study. 

The geochemical database provided by Sheppard contains 55 samples from the 

Society Islands (see Sheppard et al. 2001). This total includes Best’s (1984) specimen 

and eleven samples from the Papeno‘o Valley on Tahiti, which were analysed by 

Smith (1999). The remainder of the samples are from a geological publication (Cheng 

et al. 1993) and were removed from this analysis for the reasons noted above. This 

brought the total down from 55 to 12, necessitating the inclusion data from other 

sources. Data for four additional reference specimens analysed by Collerson and 

Weisler (2007) were also added to the present dataset. They include one sample from 

Tahiti (KC-05-20) and three from Ra‘iatea (KC-05-21, KC-05-22 and KC-05-23). In 

addition, Sinton and Sinoto’s (1997) data were added to the database.  This was, 

however, problematic, as their data were not reported as individual specimen values, 

but as quarry means and standard deviations. In order to derive individual sample 

values from their summary data, the simulation function in the SPSS statistical 

software program (Rv.Normal) was used. This procedure was not ideal, as simulation 

cannot fully model the correlations between variables. However, the simulated data 

do provide a useful approximation of the variability of the Society Islands sources at 

the geographical scale of archipelago. 

 

Summary  

 The complete reference dataset used in this study include 1322 samples from 

13 archipelagos, distributed over 50 islands (see Table 6.1). Representation is, 

however, somewhat biased; over half of the samples are from Hawaii, while Tonga is 

represented by only three specimens. This is, unfortunately, a reflection of the 

reference material that is currently available. Other than the Marquesan samples, the 

data from each archipelago are treated collectively at the geographical scale of 

archipelago, so do not require further description.  
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Table 6.1. List of geological reference specimens included in this study. See text for 

information on sources. 

 
Archipelago Island No. of Specimens 

   

Australs Rapa 3 
 Rurutu 17 
 Tubuai 26 
   

Cooks Aitutaki 67 
 Mangaia 31 
 Mitiaro 4 
 Mauke 20 
 Pukapuka 1 
 Rarotonga 51 
   

Fiji Bega 18 
 Kabara 1 
 Lakeba 5 
 Mago 1 
 Moce 1 
 Vanuabalavu 1 
 Viti Levu 6 
   

Hawaii Hawai‘i 625 
 Kaho‘olawe 3 
 Kaua‘i 3 
 Lanai 2 
 Maui 2 
 Moloka‘i 7 
 Necker 4 
 Nihoa 3 
 O‘ahu 4 
   

Mangareva Agakauitai 1 
 Akamaru 1 
 Aukena 1 
 Kamaka 1 
 Mangareva 1 
 Taravai 2 
 Tenoko 1 
   

Marquesas Eiao 23 
 Hiva Oa 2 
 Nuku Hiva 90 
 Tahuata 2 
 Ua Huka 1 
 Ua Pou 3 
   

New Caledonia Grand Terre 6 
   

New Zealand North Island 34 
   

Pitcairn Pitcairn 26 
   

Rapanui Rapanui 18 
   

Samoa Savai’i 3 
 Tutuila 165 
 Upolu 2 
   

Societies Ra‘iatea 8 
 Tahiti 22 
   

Tonga Vava‘u 1 
 ‘Ata 1 
 Tofua 1 
   

Total  1322 
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The Marquesas Islands, the most probable source region for the majority the 

archaeological specimens, are represented by 121 reference samples from 22 

locations, including 17 on Nuku Hiva (see Chapter 3 for descriptions). Some of the 

sources (i.e., the Anaho-Hatiheu trail and phonolite samples from Ua Pou, Tahuata 

and Ua Huka) were removed during the early stages of the analysis (see Chapter 3), as 

extreme values of certain elements effectively excluded them as potential sources for 

the archaeological specimens and may have unduly skewed the distributions of those 

elements for statistical analyses. 

For valleys where there was no direct evidence of resource exploitation, only a 

small number of reference specimens were analysed initially. In those cases where the 

samples were compositionally homogeneous and distinct, and where it was evident 

that the stone was not likely to be a geochemical match to any of the archaeological 

specimens (e.g., Ho‘oumi and Teonepoto) the number of samples analysed was 

limited to four specimens. This enabled a larger number of specimens to be analysed 

for valleys in which there was evidence of the use of local stone (e.g., Hatiheu and 

Anaho), in order to better assess the geochemical variability within those valleys. 

  

Combining data from different sources 

The specimens analysed for this study were processed using two methods of 

X-ray fluorescence: WDXRF and PXRF (see Chapter 4). The WDXRF method 

provided fully compositional data (i.e., all major elements and many trace elements). 

The PXRF analyser, however, could not quantify some lighter elements that have 

proved useful as discriminators in past studies (e.g., Si, Mg, Na, Al and P). A few 

potentially useful trace elements also were not quantified by PXRF (e.g., Ba, V, Sc, 

and La). In addition to the samples analysed for this study, data published by other 

researchers were used as reference data. While many included fully compositional 

geochemical data (e.g., Best et al. 1992; Collerson and Weisler 2007), a few had 

missing data for some useful elements. This was the case for some of the Marquesan 

(i.e., Rolett et al. 1997; Rolett 1998) and Samoan (i.e., Winterhoff 2007) data, where 

only major elements were reported, for Kahn et al.’s (2009) Hawaiian data, where 

data for P2O5 is lacking, and for P. Johnson’s (2005) Samoan data (analysed using 

INAA), which excludes several useful major and trace elements (i.e., Si, Ca, K, Cr, 

Ni). 
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In order to make the maximum use of these data, it was necessary to compile 

two datasets and run two different analyses. One included all of the specimens for 

which complete major element data were quantified. In addition, the Hawaiian data 

with missing values for P2O5 reported by Kahn et al. (2009) were included. Although 

P2O5 has been employed in several provenancing studies (e.g., Best 1992; Rolett et al. 

1997), this study found that it was possible to discriminate among sources 

satisfactorily without using this element. This dataset is referred to as the “WDXRF 

dataset” in this study because it was compiled to examine the archaeological 

specimens that were analysed using WDXRF. This definition is not strictly correct, as 

some of the reference data included in it were analysed using other techniques (e.g., 

Weisler 1993a). It does, however, provide a convenient means of distinguishing the 

two datasets. 

The second dataset was compiled for use with the archaeological specimens in 

this study that were analysed using PXRF (see Chapter 4), and included all samples 

that had values for the same elements that were quantified by the PXRF analyser used 

in this study (i.e., K, Ca, Ti, Cr, Mn, Fe, Cu, Ni, Zn, Rb, Sr, Zr and Nb). Many of the 

samples in the first dataset were also used in this dataset, including all of the samples 

analysed for this study using WDXRF. Additionally, P. Johnson’s (2005) Samoan 

data were included. Although several useful elements are not quantified in Johnson’s 

dataset (i.e., K, Ca, Ni, Nb), it was considered important to include these data, as 

many of the other Samoan analyses include limited trace element data; for example, 

Winterhoff (2007) provides only major element data, while Clark et al. (1997) have 

values for only four trace elements (Ba, Rb, Sr and La). Major element concentrations 

that were originally reported as oxide percentages (% wt) by other researchers were 

converted to parts-per-million (ppm) elemental values for use with this dataset. This 

dataset is referred to as the “PXRF dataset” because it was compiled to examine the 

archaeological specimens that were analysed using PXRF. As is the case for the other 

dataset, this definition is also not strictly correct, as some of the reference data 

included in it were analysed using other techniques (e.g., P. Johnson 2005). 

The use of two separate datasets complicated this analysis considerably, as it 

required running two sets of analyses and reporting the results of both. This approach 

was, however, necessary to accommodate missing data.  In addition, it provided the 

opportunity to compare the performance of the two analytic techniques.  

 



 206

6.3 Analytical approaches 

 Before any provenancing study can be undertaken, it is first necessary to 

decide on a suitable analytical approach and, in order to determine this, several 

theoretical and methodological factors need to be considered. These include the 

selection of appropriate geographical scales at which to conduct the analyses, and 

decisions about how best to combine data from different sources so as to render them 

compatible and maximise their usefulness. In addition, it is often worthwhile to 

conduct a preliminary examination of the data to identify any potential problems that 

might arise. These issues are addressed in detail below.  

 

 Geographical units of analysis 

 Two related aspects of scale are discussed in this section: the geographical 

extent of potential sources and the scale at which those sources are defined. Some 

Oceanic provenancing studies have focussed primarily on the intra-archipelago 

movement of materials and have tended to consider only localities within the 

archipelago of interest as potential sources (e.g., Rolett et al. 1997; Rolett 1998). 

While a within-archipelago source often provides the most parsimonious explanation 

for an artefact’s origin, particularly for regions that possess sources of high-quality 

stone, evidence of the long-distance transport of stone is becoming increasingly 

common (e.g., Allen and Johnson 1997; Weisler 1998, 2008; Di Piazza and Pearthree 

2001; Collerson and Weisler 2007). These studies make a large-scale geographical 

investigation into potential sources mandatory for studies at all geographical scales. 

The selection of an appropriate geographical extent at which to conduct an 

analysis needs to be considered both from theoretical and practical points of view. 

Weisler (1993a:62, 1997:153, see also Weisler and Sinton 1997) has stressed the 

importance of selecting a geographical area (or provenance environment) that is 

appropriate for the particular aims of a given analysis. On the one hand, it needs to be 

large enough to encompass all potential source regions, but, on the other, selecting too 

large a scale will likely include regions that are unlikely to have been involved in 

interaction and may unnecessarily increase analytic complexity. 

Previous studies are useful in providing a rough guide to the expected spatial 

range of source distributions in particular regions. For instance, Marquesan stone 

from Eiao has been identified in several East Polynesian locations, such as the Line 

Islands (Di Piazza and Pearthree 2001), the Tuamotu group (Collerson and Weisler 
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2007), Mangareva (Weisler 1998) and the Society Islands (Weisler 1998, 2008). All 

of these studies have identified Marquesan stone outside of its archipelago of origin 

but, to date, no exotic stone has been identified within the Marquesas Islands. 

However, given the possibility of the two-way movement of stone artefacts, these 

studies indicate that a potential source region for stone artefacts collected in the 

Marquesas should include much of East Polynesia. Moreover, several studies have 

identified Samoan materials in the Cook Islands (e.g., Best et al. 1992; Allen and 

Johnson 1997; Sheppard et al. 1997), suggesting that West Polynesia should not be 

excluded. For this study, therefore, the geographic extent of potential sources included 

the whole of the Polynesian region (see Table 6.1).  

The geographical scale at which potential sources are defined also needs to be 

addressed. As noted above, a comprehensive characterisation study needs to consider 

a wide geographical range of potential sources. At present, there are over thirty 

known Polynesian basalt sources, most of which are geochemically distinctive in 

some regard (see Sinton and Sinoto 1997). Attempting to discriminate among all these 

sources simultaneously is, however, likely to be problematic Irrespective of the 

methods used, those elements that prove effective for discriminating at one 

geographical scale (e.g., among different archipelagos) are unlikely to be equally as 

effective at another (e.g., within individual islands) (see Walter and Sheppard 2001). 

Moreover, in the event that satisfactory source separation were possible, a complex 

methodological approach would almost certainly be required, which could result in 

difficulties evaluating the results. For example, a single DFA intended to separate all 

thirty known Polynesian basalt sources would generate a large number of discriminant 

functions (see Chapter 5). In addition to complicating any graphical display of the 

results, this number of functions would make it difficult to determine how individual 

functions, let alone specific elements, might relate to particular sources. 

A more effective approach is to perform a number of separate analyses, in 

which geographical levels of scale are ordered hierarchically (e.g., archipelago, 

island, volcano, flow, etc.), and proceed through a series of analyses, each decreasing 

in scale and becoming more specific (Weisler and Sinton 1997:181). This approach 

has several advantages over methods that attempt to separate all sources 

simultaneously. Firstly, it is supported by geological principles. Because many 

Polynesian island groups, including Hawaii and the Marquesas Islands, are thought to 

have been formed through hot spot processes (Le Dez et al. 1996; Legendre et al. 
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2005a), they are also thought to share similar mantle materials and possess 

comparable compositions of some elements. Although there are often compositional 

differences in stone deriving from separate volcanic events within an island group due 

to factors such as volcano age and fractionation (Liotard et al. 1986; Allen and 

Johnson 1997:123-4), the geochemical principles of these processes are well-

understood (Sun and Nesbitt 1978; see also Weisler and Sinton 1997 for a discussion 

in an archaeological context). As a general principle, different sources within an 

island group tend to share certain properties that reflect similarities in their mantle 

composition, such as ratios of incompatible elements (Weisler and Kirch 1996; 

Weisler and Sinton 1997:183; Collerson and Weisler 2007).  

A further advantage of using a hierarchical approach is that archaeological 

specimens do not need to be assigned to a particular source to provide useful 

information (Weisler and Sinton 1997:181). Depending on the nature of the question 

(and the limitations of the available data), it may be sufficient to demonstrate that an 

artefact derives from a source within a particular geographical region, even if the 

specific location of that source cannot be conclusively identified. For example, 

although Sheppard et al. (1997:102) were not able to specify an exact location for one 

group of Cook Islands artefacts (Cluster 8) in their analysis, they were able to 

demonstrate that the group originated on Tutuila, American Samoa. 

In this study, several hierarchical scales of geographic scale were employed. 

For the WDXRF dataset, three scales of analysis were used: archipelago, island and 

within-island. Analysis of PXRF dataset was, however, complicated by several 

factors. Although separation at the geographical scale of archipelago was relatively 

straightforward, discrimination within the Marquesas archipelago was not always 

possible at the geographical scale of island. One reason for this was that several 

elements which had proved useful at this geographical scale in the WDXRF dataset 

were not available for the PXRF dataset (i.e., Si, P and Mg). 

Also, several additional Marquesan localities were included in the PXRF 

dataset. In particular, the additional reference samples from the Taioha‘e volcanic 

region of Nuku Hiva possessed distinctive geochemical compositions that differed 

considerably from those in the rest of the island (see also Legendre 2003:243). These 

compositional differences correspond to the geological history of Nuku Hiva, which 

divides the formation of the present island into two volcanic events- the original 

formation of the Tekao caldera and the more recent formation of the Taioha‘e caldera 
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(see Chapter 2). Because of these differences, Nuku Hiva was separated into two 

regions (Taioha‘e and Tekao) for the island-scale analysis.  

 

 Preliminary examination of the data 

 A useful initial step in the analysis of volcanic stone is the examination of a 

plot of silica (SiO2) versus total alkali (K2O + Na2O), as concentrations of these 

elements are, to a large extent, determined by the overall composition of their source 

materials and volcanic formation processes. These elements also have a significant 

influence on the physical properties of the resulting stone. For example, stone with 

high concentrations of alkalis (e.g., phonolites and tephri-phonolites) tends to have 

low fracture toughness, making it less suitable for adze manufacture (Sheppard et al. 

1997:106, 2001:354). Consequently, when phonolite is used to manufacture tools, 

they tend to be restricted to simple flake tools (Rolett et al. 1997:144). In addition to 

providing some indication of the physical properties of volcanic stone, the scatterplot 

reveals some geographically-related patterning (Figure 6.1a). 

Samples from the Cooks, Societies and Australs tend to be relatively low in 

SiO2 and are largely restricted to the basanite and fiodite groups. By contrast, the New 

Zealand, Tongan and Rapanui samples, all have higher concentrations of SiO2 (>50 

%) and mainly fall into one of the andesitic groups. The majority of the samples, 

including most of the Marquesan, Hawaiian and Samoan samples, fall within the 

basalt and neighbouring groups. It is also apparent that there is considerable 

geographical overlap among several of the sources, indicating that, even at the 

geographical scale of archipelago, a single bivariate plot using these elements may not 

be sufficient to discriminate among multiple sources. 

Retaining all of the geological specimens for analysis results in large regions 

of overlap among several archipelagos and unnecessarily complicates both the 

analysis and the interpretation of the results. In addition, pooling reference specimens 

of different types of material can adversely affect statistical analyses. For example, 

the Marquesan reference samples include both basalts and phonolites, and grouping 

these samples together as a “Marquesan source” will result in erroneous grouped 

statistics (e.g., means, variances and ranges) that are representative of neither 

material. Other studies have also noted difficulties in attempting to separate individual 

sources in large and geographically diverse datasets, and their solutions have 

generally involved excluding entire geographical regions that were considered 
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unlikely to have been the source areas. For example, in order to simplify a study 

centred on the Cook Islands, Allen and Johnson (1997:121) excluded all of the 

available Hawaiian data, but retained reference samples from Samoa, the Society and 

Marquesas Islands as possible exotic sources. In other studies, the size and potential 

complexity of the reference dataset has been reduced even further by limiting the 

potential sources of artefacts to the archipelagos of their discovery (e.g., Rolett et al. 

1997; Rolett 1998). While these sorts of approaches provide practical solutions to 

simplifying problems, recent identifications of the long-distance transport of materials 

suggest that all potential sources need to be included in provenancing studies (see 

above). 
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Figure 6.1. Silica versus total alkali plots: a) shows reference samples grouped by 
archipelago, b) shows reference samples in grey and archaeological samples in red. TAS 
classification after Le Maitre (1989).  
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Another useful approach to making characterisation problems more 

manageable is to limit the reference dataset to include only the types of materials that 

are represented in the archaeological sample. This can be implemented by removing 

reference samples that have geochemical concentrations differing significantly from 

the archaeological specimens of interest. If the archaeological samples with SiO2 and 

Na2O values (i.e., the WDXRF dataset; n = 55) are added to the previous scatterplot, 

they form a tight cluster, well within the basalt group (Figure 6.1b), and effectively 

exclude several archipelagos, such as Fiji, Pitcairn, Rapanui and Tonga, as potential 

sources. 

Examining the ranges and distributions of several other elements also suggests 

that many of the reference samples are unlikely to be geochemically close to the 

archaeological specimens (Figure 6.2; Table 6.2). For example, none of the geological 

or archaeological specimens from Rurutu in the Austral Islands reported by Bollt 

(2005: Table 9.4) overlap with the archaeological specimens in this study; the 

minimum Na2O content for the Rurutu samples is 4.64 %, while the maximum for the 

Marquesan archaeological samples is 3.23 %. Similarly the minimum P2O5 

concentration for the Rurutu samples is 0.90 %, while the maximum for the 

Marquesan archaeological samples is 0.52 %. 

 For this study, geological reference specimens possessing concentrations of 

SiO2, K2O, TiO2, and P2O5 that exceeded the means of the archaeological specimens 

by more than four standard deviations were removed (Table 6.2). In all cases the 

element concentration ranges of the remaining geological specimens exceeded the 

ranges of the archaeological specimens, generally by more than 10 % relative. Using 

the four elements listed above reduced the WDXRF dataset from 1322 to 432 samples 

(Table 6.3). All of the samples from New Zealand, New Caledonia, Pitcairn, Tonga, 

Mangareva, Fiji, the Australs and Rapanui were removed, leaving only five 

archipelagos as potential sources — the Marquesas, the Cooks, the Societies, Samoa 

and Hawaii (Table 6.4). Additionally, the sample from the Cook Islands was reduced 

considerably, from 174 to 20 samples, mainly because of these samples having 

significantly lower concentrations of SiO2 than the archaeological specimens included 

in this study. 
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Data ranges were not specifically trimmed for the PXRF dataset. This was 

considered neither justifiable nor useful because some of the elements that influence 

the physical characteristics of stone (e.g., SiO2 and Na2O) were not included in this 

dataset. With the addition of samples from the WDXRF dataset that included trace 

element data, a total of 451 samples was included in the PXRF dataset (Table 6.3).  

In the course of examining the PXRF dataset, two archaeological specimens 

with geochemical concentrations of certain elements that differed considerably from 

the other archaeological specimens were identified (Table 6.5). These specimens were 

Sample #5617, a preform from Hakaea, and Sample #5018, the butt of a triangular 

adze from Hatiheu. Both contained levels of Sr much greater than was found in any 

other archaeological specimen. There were also notable differences in concentrations 

of K, Rb, Zr and Nb for these two specimens.  

To ensure that analytic error was not responsible for the anomalous results, 

both samples were re-analysed, and concentrations were found to be comparable to 

the original results. It is also possible that the anomalous concentrations of certain 

elements in these samples is due to weathering, as Sr concentrations, in particular, are 

known to be affected by weathering processes that involve seawater (Allen and 

Johnson 1997:120). Other than their high levels of Sr, Sample #5617, and to a lesser 

extent Sample #5018, broadly match the geochemistry of the geological samples 

collected from the Taioha‘e volcanic region on Nuku Hiva. The geological specimens 

from Hiva Oa are also similar, although they have lower levels of Mn and Sr. High 

levels of Sr (i.e., > 1000 ppm) have also been reported in basalts from the Cook 

Islands (e.g., Weisler 1993a: Table 4.4; Allen and Johnson 1997: Table 7.7; Sheppard 

et al. 1997: Table 6.3; Weisler and Sinton 1997:183), and there are also some 

similarities with Samoan and Society Islands samples included in this study (see 

Table 6.5). Both of these artefacts were analysed using PXRF as, at the time, it was 

not certain whether the owners would allow destructive analysis. Presently, it is not 

possible conclusively assign them to any particular source, and they were not included 

in the statistical analyses. 
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Figure 6.2. Scatterplots of: a) CaO versus Al2O3 and, b) TiO2 versus P2O5. Ellipses show 
localised concentrations of reference specimens and are indicative only. 
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Table 6.2. Summary data of major element concentrations (wt%) and distributions for 
archaeological and geological specimens used in this study. 
 
 Minimum Mean Maximum Std. Dev Range 
Archaeological (n = 55) 
SiO2  46.03 47.44 49.83 1.14 3.80 
TiO2  3.02 3.71 4.16 0.25 1.14 
Al2O3  12.65 14.16 15.12 0.82 2.46 
Fe2O3  12.61 13.29 13.78 0.30 1.17 
MnO  0.16 0.17 0.20 0.01 0.04 
MgO  5.29 6.64 9.09 0.93 3.81 
CaO  9.13 10.03 11.74 0.85 2.61 
Na2O  2.25 2.84 3.23 0.35 0.98 
K2O  0.69 1.00 1.52 0.15 0.83 
P2O5  0.29 0.45 0.52 0.07 0.23 
      
Geological reference (n = 1322) 
SiO2  30.33 47.94 73.34 3.61 43.01 
TiO2  0.09 2.96 6.04 0.86 5.95 
Al2O3  7.58 14.91 21.87 2.25 14.29 
Fe2O3  1.29 11.86 18.00 3.43 16.71 
MnO  0.06 0.20 0.47 0.03 0.41 
MgO  0.01 6.29 24.24 3.56 24.23 
CaO  0.42 9.00 15.20 2.24 14.78 
Na2O  0.34 3.48 10.36 1.26 10.02 
K2O  0.08 1.43 6.74 0.91 6.66 
P2O5  0.01 0.65 2.47 0.34 2.46 
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Table 6.3. Summary of the reference datasets after the removal of cases with extreme values.  
 

Archipelago WDXRF 
dataset 

PXRF 
dataset 

Marquesas 57 90 
Cooks 20 17 
Societies 30 24 
Samoa 70 165 
Hawaii 255 155 
Total 432 451 
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Table 6.4. Means and standard deviations for major element concentrations (wt%) of 
reference samples after the removal of cases with extreme values. 
 
 Archipelago 

 Marquesas  Cooks  Societies  Samoa  Hawaii 
n  57   20   30   70   255

(1)
  

   µ σ2  µ σ2  µ σ2  µ σ2  µ σ2 
SiO2   47.89 0.97  43.98 0.63  44.24 1.37  48.39 1.21  48.65 0.97 
TiO2   3.63 0.35  3.22 0.13  3.74 0.51  4.47 0.30  3.71 0.28 
Al2O3   14.00 0.92  14.81 0.60  14.38 1.40  15.13 0.89  14.26 0.61 
Fe2O3   13.03 0.52  13.69 0.95  13.43 0.78  14.10 0.54  15.97 0.82 
MnO   0.16 0.01  0.20 0.01  0.18 0.01  0.17 0.01  0.18 0.01 
MgO   6.80 0.91  5.80 0.61  6.52 2.81  5.88 1.07  4.21 1.43 
CaO   10.42 0.89  11.78 0.43  10.85 1.05  8.40 0.49  9.28 0.84 
Na2O   2.70 0.39  3.17 0.42  3.02 0.60  3.24 0.33  2.88 0.30 
K2O   0.93 0.18  0.98 0.13  1.81 0.56  1.29 0.17  0.96 0.10 
P2O5   0.43 0.09  0.49 0.05  0.65 0.23  0.62 0.09  0.43 0.06 

 

1) N= 49 for P2O5 
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Table 6.5. Geochemical concentrations of two distinctive archaeological specimens (# 5617 
and # 5018) compared to averages for similar reference samples. Averages are reported to 2 
significant digits.  
 

    Potential source averages 
 5018 5617  Taioha‘e Hiva Oa Societies Samoa 

n 1 1  11 2 24 165(1) 
        

K 22896 12315  16000 17000 18000 13000 
Ca 46332 61177  51000 56000 74000 55000 
Ti 16749 23238  18000 23000 23000 21000 
Cr 13 43  29 62 9.6 - 

Mn 1609 1826  1800 1000 1400 1400 
Fe 57124 125920  92000 76000 94000 92000 
Ni 37 86  130 73 49 - 

Cu 57 56  53 58 100 - 
Zn 126 122  140 110 120 180 
Rb 102 39  72 57 54 41 
Sr 1658 1299  860 690 890 720 
Zr 617 454  380 370 340 380 

Nb 123 78  53 57 59 53 
 

1) n= 70 for K, Ca, Mn and Ti, and n=33 for Nb 
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6.4 Summary 

Before any provenancing study can be undertaken it is necessary to delimit the 

geographical extent of the potential source region. Based on previous studies in the 

region, a geographical area that encompassed the wider Polynesian region was 

considered the most appropriate. For this study, it was also necessary to examine the 

available data to identify samples with missing values, and determine how best to 

combine them. In this case, two datasets were compiled and analysed separately. One, 

the WDXRF dataset, included only specimens with complete major element data 

(excluding P2O5), and the other, the PXRF dataset, included specimens with data 

compatible with the artefacts analysed using PXRF. To make working at this 

geographical scale more manageable, a series of separate analyses at decreasing 

geographical scales was carried out to iteratively to remove sources not represented in 

the archaeological collection. The results of these analyses are presented in the next 

chapter.  
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CHAPTER 7 

GEOCHEMICAL PROVENANCING RESULTS 

 

7.1 Introduction 

In this chapter, the results of the provenancing analyses using the methods and 

analytical approaches described in the previous two chapters are reported. As 

discussed in the previous chapter, it was necessary to compile two datasets (the 

WDXRF and PXRF datasets) to accommodate missing element values in the 

archaeological specimens analysed using PXRF and also in some of the reference data 

from other researchers (e.g., P.  Johnson 2005). Consequently, the analysis of two 

datasets was required. In addition, two primary methods of analysis were used in this 

study: CT and DFA. For all geographical scales of analysis, the CT results are 

reported first, followed by the DFA results. The results for any additional methods 

that were considered appropriate for particular stages of analysis are then reported. 

This chapter concludes with a discussion that compares the results of the two sets of 

analyses and identifies some potential confounding factors.  

 

7.2 Analysis of the WDXRF dataset 

The CT analyses employed in this study use a novel method of SVM node-

splitting. In order to better illustrate this methodology, and because CT analysis is not 

commonly employed in archaeometric studies, the construction of the first 

classification tree, which operates at the geographical scale of archipelago using the 

WDXRF dataset, is described in detail. The same basic methodology was used for all 

subsequent classification trees, so providing detailed descriptions for each stage of 

their construction is both unnecessary and repetitive. Instead, only the results that are 

customarily provided for this type of analysis are reported. These consist of a 

graphical representation of the tree structure, which includes a list of the membership 

for each node and the node splitting decision rules. In addition, scatterplots for each 

node division are presented.  
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Analysis at the geographical scale of archipelago  

Classification Tree analysis 

For the CT method, each stage of analysis consisted of four discrete operations 

— variable selection, group selection, the calculation of a decision rule and the 

division of each node into sub-nodes (see Chapter 5). This procedure was then 

repeated for all nodes that contained reference samples from more than one source. 

The first stage of this analysis involved selecting the pair of variables that best 

separated the entire reference dataset into two groups. All combinations of variable 

pairs were evaluated by dividing their bivariate feature space into quadrants, 

calculating Pearson’s χ2 and transforming the χ2 values into p-values using the 

Wilson-Hilferty approximation (Table 7.1). In this case, the highest p-value (0.978) 

was obtained from the pairing of SiO2 — K2O (Figure 4.4). For comparison, the pair 

with the second highest p-value (0.967), K2O — CaO, was also evaluated. A visual 

examination of these scatterplots suggested that the best group separation would be 

obtained from the variable pair with the highest p-value, SiO2 — K2O. 

Once the variable pair had been selected, the reference samples were 

combined into the two groupings that provided the best binary separation. As noted in 

the previous chapter, the one-versus-the-rest selection method was used to find the 

optimum group combination. This example includes five geographical sources, for 

which there are 15 possible combinations of groups. Testing all of these combinations 

would require running an SVM analysis on each and comparing the results. However, 

the scatterplot of SiO2 — K2O (Figure 7.1) indicated that only the Cook and Society 

Islands cases are well-separated from the remainder, suggesting that one-versus-the-

rest group selection need not be tested for all combinations of groups, but could be 

limited to three possibilities- separating the Cook Island and Society Island groups 

individually, or pooling them and separating both from the other groups 

simultaneously. 

SVM analysis was conducted for each of these three grouping possibilities 

(Figure 7.2). While all three provided good separation, the best results were obtained 

when the Society Islands was separated from the other archipelagos; no cases were 

misclassified and the fewest cases were positioned within the separating margin 

(Table 7.2). The regression formula for the dividing boundary was then used as the 

decision rule to split the initial node (Node 1) into two sub-nodes: 
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Table 7.1. Approximate p-values for paired variables used to determine first node split 
(n=432). The highest score is underlined. 
 
 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O 
SiO2 0.929 0.834 0.956 0.909 0.963 0.937 0.809 0.978 
TiO2   0.763 0.846 0.879 0.867 0.901 0.703 0.821 
Al2O3    0.500 0.500 0.849 0.920 0.418 0.813 
Fe2O3     0.887 0.932 0.895 0.786 0.955 
MnO      0.894 0.916 0.757 0.931 
MgO       0.945 0.867 0.935 
CaO        0.892 0.967 
Na2O         0.831 
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Figure 7.1. Scatterplots of the two highest-scoring paired variables for the first node split 
(Node 1). 
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Figure 7.2. Scatterplots of SiO2 against K2O showing the results of SVM analysis: a) 
separating the Cook Islands group, b) separating the Society Islands, and c) separating both 
the Cook and Society Islands. The solid lines show the dividing boundary and the dotted 
lines, the edges of the margins. 
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Table 7.2. Comparison of misclassifications and cases within the margin for SVM analysis of 
the three most promising source groupings. 
 
Group 1 Group 2 Number of 

misclassifications 
Number of cases 

within margin 
    
Cooks Hawaii, Societies, 

Samoa, Marquesas 
0 12 

    
Societies Hawaii, Societies, 

Samoa, Marquesas 
0 6 

    
Cooks, Societies Hawaii, Samoa, 

Marquesas 
2 
 

13 
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if   K2O > 0.0667 × SiO2 - 1.5318,  then Node 2 

if   K2O ≤ 0.0667 × SiO2 - 1.5318,  then  Node 3 
 

In this case, Node 2 contained only geological samples from the Society 

Islands, so did not need to be examined any further at this geographical scale of 

analysis. Because Node 3 contained cases from the other four archipelagos, the above 

procedure was repeated. 

The variable selection procedure for Node 3 gave the highest p-value (0.981) 

for the pairing of SiO2  —  CaO (Table 7.3). The two highest scoring variable pairs 

were again examined (Figure 7.3) and both scatterplots indicated that the Cook 

Islands samples were the only group that could be completely separated from the rest. 

For this reason, the group selection procedure was not required. SVM analysis was 

applied to the SiO2 — CaO variable pairing, and the resulting regression formula used 

to split Node 3 into two additional sub-nodes: 

 

if   CaO > 1.4755 × SiO2 - 56.546,  then Node 4 

if   CaO ≤ 1.4755 × SiO2 - 56.546,  then Node 5 

 

As was the case in the previous division, because one of the nodes (Node 4) 

contained cases from only one group (the Cook Islands), further analysis was required 

for only one sub-node (Node 5; see Figure 7.4).  

Node 5 was then analysed. In this case, two variable pairings produced equally 

high p-values (0.996): Fe2O3 — TiO2 and Fe2O3 — CaO (Table 7.4). Observation of 

the scatterplots for these two variable pairings suggested that the Hawaiian samples 

were the most completely separated, and that the Fe2O3 — CaO pairing offered the 

best separation (Figure 7.5). This was confirmed by SVM analysis, which produced 

six misclassifications for the Fe2O3 — CaO pairing but only one for the Fe2O3 — 

TiO2 pairing (Figure 7.6). The resulting regression formula was then used to divide 

Node 5: 

 

if   Fe2O3 > 1.356 × TiO2 +  9.3993,  then Node 6 

if   Fe2O3 ≤ 1.356 × TiO2 +  9.3993,  then Node 7 
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Table 7.3. Approximate p-values for paired variables used to determine second node split     
(n = 402). The highest score is underlined. 
 
 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O 
SiO2 0.958 0.800 0.977 0.956 0.970 0.981 0.889 0.958 
TiO2   0.820 0.944 0.911 0.935 0.918 0.732 0.851 
Al2O3    0.926 0.841 0.920 0.970 0.613 0.830 
Fe2O3     0.949 0.957 0.960 0.906 0.968 
MnO      0.956 0.971 0.817 0.900 
MgO       0.944 0.920 0.965 
CaO        0.957 0.949 
Na2O         0.823 
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Figure 7.3. Scatterplots of the two highest-scoring paired variables for the second node split 
(Node 3). 
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Figure 7.4. Scatterplot of SiO2 against CaO showing the results of SVM division of Node 3 
into Nodes 4 and 5. The solid line shows the dividing boundary 
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Table 7.4. Approximate p-values for paired variables used to determine third node split 
(n=382). The two highest scores are underlined. 
 
 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O 
SiO2 0.957 0.804 0.975 0.938 0.957 0.917 0.748 0.943 
TiO2   0.961 0.996 0.986 0.992 0.984 0.955 0.959 
Al2O3    0.984 0.919 0.972 0.933 0.812 0.948 
Fe2O3     0.982 0.993 0.996 0.984 0.993 
MnO      0.978 0.988 0.917 0.979 
MgO       0.990 0.966 0.988 
CaO        0.907 0.983 
Na2O         0.945 
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Figure 7.5. Scatterplots of the two highest-scoring paired variables for the third node split 
(Node 5). 
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Figure 7.6. Scatterplots showing the results of SVM division of Node 5 into Nodes 6 and 7: a) 
shows TiO2 against Fe2O3, b) shows CaO against Fe2O3. The solid lines show the dividing 
boundary.  
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In this division, Node 7 contained only Marquesan and Samoan samples but 

one of the Samoan samples was misclassified as belonging to the Hawaiian group 

(Sample C from Malaeloa Valley, Tutuila; see Winterhoff et al. 2007: Appendix A). 

Although it was possible to separate the misclassified Samoan case from the Hawaiian 

group with an additional scatterplot of CaO against K2O (not shown), a further 

division was not considered appropriate because the misclassified sample was 

positioned away from the main Samoan Malaeloa Valley cluster, suggesting that it is 

more likely to be an outlier than a separate sub-source. 

Finally, Node 7, which contained the reference samples from two remaining 

archipelagos, the Marquesas and Samoa, was examined. The two highest-scoring 

variable pairs, TiO2 — CaO and K2O — TiO2, were again plotted (Table 7.5; Figure 

7.7) and it was determined that both separated these sources completely (Figure 7.8), 

indicating that either would be suitable. The highest-scoring pair, TiO2 — CaO, was 

selected, and its regression formula applied to the remaining cases: 

 

if   CaO > 2.4564 × TiO2 - 1.5144,  then Node 8 

if   CaO ≤ 2.4564 × TiO2 - 1.5144,  then Node 9 

 

This split completed the division of the reference samples at the level of 

archipelago. Although there were no misclassifications, one Marquesan reference 

specimen was close to the dividing boundary (Sample # HTT:CD2A from Rolett et al. 

1997 — see Figure 7.8). A slightly better visual separation of these groups was 

obtained by combining the three variables from the selection procedure (CaO, K2O 

and TiO2) in an alr-transformation (Figure 7.9), in this case log(TiO2/CaO) and 

log(K2O/CaO).  

In the final step of this stage of the analysis, a classification tree was 

constructed using the division values discussed above. The node decision rules were 

then used to assign the archaeological samples to one of the archipelagos Although 

the alr-transformed variables produced marginally better visual separation of the 

groups in the last node split, the original untransformed variables (i.e., TiO2 — CaO ) 

gave identical results and were retained for the final tree. The resulting tree and 

associated scatterplots are shown in Figures 7.10 and 7.11. 
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Table 7.5. Approximate p-values for paired variables used to determine fourth node split 

(n=127). The highest score is underlined. 

 
 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O 
SiO2 0.970 0.892 0.947 0.648 0.880 0.959 0.915 0.928 
TiO2   0.969 0.970 0.969 0.970 0.975 0.969 0.971 
Al2O3    0.944 0.709 0.903 0.941 0.790 0.943 
Fe2O3     0.945 0.947 0.960 0.945 0.957 
MnO      0.847 0.934 0.665 0.926 
MgO       0.952 0.903 0.926 
CaO        0.941 0.962 
Na2O         0.935 
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Figure 7.7. Scatterplots of the two highest-scoring paired variables for the fourth node split 
(Node 7). 
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Figure 7.8. Scatterplots showing the results of SVM division of Node 7 into Nodes 8 and 9: 
the left figure shows TiO2 against CaO; the right shows TiO2 against K2O. The solid lines 
show the dividing boundary.  



 237

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7.9. Alternative bivariate split for Nodes 8 and 9 in Figure 7.10 using the additive-log-
ratios (alr) of TiO2and K2O to a common denominator of CaO. 
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Figure 7.10. Classification tree for the WDXRF dataset at a geographical scale of archipelago. 
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Figure 7.11. Bivariate plots for the node splits for the classification tree shown in Figure 7.10. 
Reference samples are shown on the left and archaeological samples on the right. 
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Overall, this stage of the CT analysis performed well; the tree structure was 

very efficient, group separation being achieved with the minimum possible number 

node splits, each separating one archipelago from the main cluster. Only one reference 

sample was misclassified and all of the archaeological specimens were assigned to the 

Marquesas archipelago. This result was slightly better than that of the previous 

classification tree example using expanded mode in the SYSTAT implementation of 

CART (see Figure 5.5), which misclassified three cases. 

One likely reason for the success of this analysis was restricting the reference 

dataset to include only data from archaeological studies. A CT analysis was also 

attempted using another reference dataset that included samples from the geological 

literature (collected from the online GEOROC database — see Chapter 6), but this 

complicated the tree structure considerably and resulted in a greater number of 

misclassifications. 

Reducing the size of the reference dataset prior to analysis also helped to 

simplify the tree structure because several sources with compositions that 

significantly differed from archaeological specimens could be eliminated as potential 

sources beforehand (see Figures 6.1 and 6.2). A classification tree was also 

constructed using the entire original dataset (n = 1322). The results are not reported 

here, but it gave similar results to the CT analysis presented above (i.e., all of the 

archaeological specimens were assigned to nodes that contained mainly Marquesan 

reference samples). The structure of this tree was, however, considerably more 

complex. In addition to requiring more nodes to accommodate the additional sources 

(e.g., New Zealand, Rapanui and Fiji), several archipelagos that contained different 

types of stone (e.g., basalts and phonolites) were split into multiple nodes. Both log10 

and additive-log-ratio transformations also were tested with this data, and both gave 

the same classification results as those obtained using untransformed data. 

 

Discriminant Function Analysis 

 Discriminant Function Analysis was also run on the WDXRF dataset at the 

geographical scale of archipelago. A number of analyses were performed using 

various combinations of major elements (excluding P2O5, which is missing for many 

of the Hawaiian samples), and it was found that several combinations gave almost 

equally good results (i.e., the fewest misclassifications under cross-validation).  The 

combination with the fewest variables was selected as the most appropriate as it was 
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the most likely to deviate the least from the distribution assumptions of DFA (e.g., 

multivariate normality and equality of group variances). It is, perhaps, noteworthy that 

these variables were the same five elements (Si, Ti, Fe, Ca and K) that were selected 

in the CT analysis (Table 7.6). 

 Overall, the results were almost identical to those obtained from the CT 

analysis. All of the archaeological specimens were assigned to the Marquesas 

archipelago, and all scored high posterior probabilities (P[G=g | D=d]), mostly over 

0.99 (Table 7.7), although this statistic has questionable predictive power given the 

non-normal group distributions and the inequality of variances of the geological data 

demonstrated in the previous chapter.  Only one specimen gave a score of less than 

0.97 (Sample #5059), although its likelihood of originating in the Marquesas (p = 

0.81) was considerably higher than for the second closest group, Samoa (p = 0.19). 

As was the case in the CT analysis, only one reference sample was 

misclassified in this analysis; Sample # HTT:CD2A, a Marquesan sample analysed by 

Rolett et al. (1997). This specimen was misclassified only under cross-validation, and 

even then only just; the posterior probabilities were given as p = 0.51 for a Samoan 

source compared to p = 0.49 for a Marquesan source (Table 7.7). Notably, this is the 

same sample that was close to the dividing boundary in the final node split of the CT 

analysis (see Figure 7.8). 

 Although the DFA and CT analyses produced almost identical classifications, 

the DFA results are not as readily interpreted as those from the CT analysis. 

Scatterplots of combinations of the first three discriminant functions are shown below 

(Figure 7.12). The fourth function is not included, as it accounted for less than one 

percent of the variance (Table 7.6). These plots show a clear clustering of the 

geological samples, but they are not as easy to interpret as the CT plots because the 

separation is distributed over multiple dimensions. The clustering is more apparent 

using a three-dimensional colour plot (not shown), but such plots are difficult to 

render effectively on paper, especially for large samples. Additionally, each 

discriminant function is composed of a linear combination of various proportions of 

five variables plus a constant, and even with this comparatively small number of 

variables, the extent to which individual variables influence the discriminant function, 

and how this might relate to specific geological processes, is not readily apparent. 
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Table 7.6. Summary statistics and results of DFA, discriminating at the geographical scale of 
archipelago using the WDXRF dataset. 
 

Pooled within-groups matrices correlations 

 
 log10 (TiO2) log10 (Fe2O3) log10 (CaO) log10 (K2O) 

log10 (SiO2) -0.32 -0.31 -0.15 0.03 
log10 (TiO2)  0.36 0.12 0.16 
log10 (Fe2O3)   -0.04 0.06 
log10 (CaO)    -0.28 
 

Eigenvalues 

 

Function Eigenvalue % of Variance Cumulative % 
Canonical 
Correlation 

1 12.60 66.46 66.46 0.96 
2 4.09 21.56 88.01 0.90 
3 2.17 11.43 99.45 0.83 
4 0.11 0.55 100.00 0.31 

 
Standardised canonical discriminant function coefficients 

 
 Function 
 1 2 3 4 

log10 (SiO2) 0.71 0.36 -0.22 0.72 
log10 (TiO2) 0.06 0.92 -0.07 -0.16 
log10 (Fe2O3) 0.79 -0.54 0.52 0.03 
log10 (CaO) -0.27 -0.49 -0.10 0.68 
log10 (K2O) -0.45 0.03 0.75 0.58 
 

Classification results 
 

    Marquesas Cooks Societies Samoa Hawaii 
Original Marquesas 57     
 Cooks  20    
 Societies   30   
 Samoa    70  
 Hawaii     255 
  Archaeological 55     
       
LOOCV(1) Marquesas 56   1  
 Cooks  20    
 Societies   30   
 Samoa    70  
  Hawaii     255 
 
100.0% of original grouped cases correctly classified. 
99.8% of cross-validated grouped cases correctly classified. 
 
1) Leave-out-one Cross validation 
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Table 7.7. Conditional probabilities (P[D>d | G=g]), posterior probabilities (P[G=g | D=d]) and 
squared Mahalanobis distance (D2) for archaeological samples and the misclassified 
reference sample. 
 

 Highest Group  Second Highest Group 
Sample Predicted Group P(D>d | G=g) P(G=g | D=d) D2  Group P(G=g | D=d) D2 

Archaeological specimens 
1026 Marquesas 0.16 0.97 6.65  Samoa 0.03 13.77 
1086 Marquesas 0.84 1.00 1.43  Samoa 0.00 39.66 
115 Marquesas 0.20 1.00 5.96  Hawaii 0.00 45.79 
116 Marquesas 0.38 1.00 4.17  Samoa 0.00 22.65 
117 Marquesas 0.07 1.00 8.69  Hawaii 0.00 42.04 
118 Marquesas 0.24 1.00 5.53  Samoa 0.00 16.64 
119 Marquesas 0.19 1.00 6.06  Samoa 0.00 18.00 

1344 Marquesas 0.21 1.00 5.84  Samoa 0.00 17.32 
1345 Marquesas 0.07 1.00 8.83  Hawaii 0.00 42.06 

14 Marquesas 0.27 1.00 5.21  Cooks 0.00 28.36 
         

304 Marquesas 0.48 1.00 3.51  Samoa 0.00 23.57 
310 Marquesas 0.04 1.00 10.04  Hawaii 0.00 42.91 

5002 Marquesas 0.70 1.00 2.22  Samoa 0.00 35.64 
5003 Marquesas 0.30 1.00 4.92  Samoa 0.00 24.56 
5006 Marquesas 0.16 1.00 6.64  Samoa 0.00 20.47 
5007 Marquesas 0.17 1.00 6.48  Samoa 0.00 19.98 
5011 Marquesas 0.22 1.00 5.73  Samoa 0.00 17.79 
5012 Marquesas 0.16 1.00 6.52  Samoa 0.00 19.07 
5045 Marquesas 0.23 1.00 5.64  Samoa 0.00 17.65 
5049 Marquesas 0.17 1.00 6.41  Cooks 0.00 23.47 

         
5055 Marquesas 0.19 0.98 6.12  Samoa 0.02 14.06 
5056 Marquesas 0.55 1.00 3.06  Hawaii 0.00 45.73 
5057 Marquesas 0.09 1.00 8.16  Cooks 0.00 28.13 
5059 Marquesas 0.00 0.81 21.87  Samoa 0.19 24.83 
5061 Marquesas 0.70 1.00 2.17  Samoa 0.00 39.28 
5062 Marquesas 0.11 1.00 7.62  Samoa 0.00 18.81 
5065 Marquesas 0.15 1.00 6.70  Cooks 0.00 19.30 
5069 Marquesas 0.13 1.00 7.16  Hawaii 0.00 42.75 
5071 Marquesas 0.16 1.00 6.50  Samoa 0.00 20.24 
5072 Marquesas 0.12 1.00 7.22  Cooks 0.00 24.91 

         
5073 Marquesas 0.12 1.00 7.29  Samoa 0.00 20.83 
5074 Marquesas 0.18 1.00 6.33  Samoa 0.00 18.55 
5076 Marquesas 0.01 1.00 14.24  Hawaii 0.00 43.38 
5077 Marquesas 0.12 1.00 7.31  Cooks 0.00 22.42 
5082 Marquesas 0.45 1.00 3.71  Samoa 0.00 24.82 
5135 Marquesas 0.11 1.00 7.53  Samoa 0.00 18.56 
5138 Marquesas 0.10 1.00 7.79  Samoa 0.00 20.23 
5140 Marquesas 0.07 1.00 8.60  Samoa 0.00 22.73 
5144 Marquesas 0.06 1.00 8.96  Samoa 0.00 23.74 
5146 Marquesas 0.04 1.00 9.93  Samoa 0.00 23.51 

         
5161 Marquesas 0.07 1.00 8.73  Samoa 0.00 21.73 
5166 Marquesas 0.13 1.00 7.04  Samoa 0.00 19.52 
5167 Marquesas 0.08 1.00 8.48  Cooks 0.00 21.37 
5182 Marquesas 0.11 0.99 7.53  Samoa 0.01 16.28 
5253 Marquesas 0.05 1.00 9.40  Samoa 0.00 23.85 
588 Marquesas 0.07 1.00 8.56  Hawaii 0.00 41.33 
678 Marquesas 0.16 1.00 6.50  Samoa 0.00 18.88 
683 Marquesas 0.07 1.00 8.70  Hawaii 0.00 46.05 
713 Marquesas 0.29 1.00 4.95  Samoa 0.00 23.71 
715 Marquesas 0.34 1.00 4.49  Samoa 0.00 22.65 

         
735 Marquesas 0.07 1.00 8.57  Hawaii 0.00 50.78 
853 Marquesas 0.50 1.00 3.37  Samoa 0.00 21.09 
860 Marquesas 0.17 1.00 6.41  Hawaii 0.00 43.81 
861 Marquesas 0.12 1.00 7.30  Hawaii 0.00 41.52 
885 Marquesas 0.44 1.00 3.76  Samoa 0.00 22.57 

         
Misclassified reference sample 

Original 
HTT:CD2A Marquesas 0.03 0.57 10.92   Samoa 0.43 11.47 
Cross-validated 
HTT:CD2A Samoa 0.04 0.51 11.73   Marquesas 0.49 11.81 
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Figure 7.12. Scatterplots of the first three discriminant scores of the WDXRF dataset grouped 
at the geographical scale of archipelago. Reference samples are shown on the left and 
archaeological samples on the right. 
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Principle Components Analysis 

Principle components analysis (un-rotated, using the same five variables as the 

previous CT and DFA examples) was also conducted for this dataset. In this case, two 

components were extracted and they produced a patterning similar to that of the first 

two discriminant functions in the last analysis. Because principle components are 

generated without prior knowledge of the dataset’s grouping structure, the results 

need to be partitioned after analysis in order to assign ungrouped samples to one of 

the known groups. In this example, convex hulls, sample ellipses and linear 

partitioning, using the same methods as in DFA (see Chapter 5), were all examined 

(Figure 7.13). 

 The results were almost identical to those obtained from both the DFA and CT 

analyses. The convex hulls produced no overlap between groups and, with one 

exception (Sample # 860), all of the archaeological samples were placed within the 

Marquesas hull.  Sample ellipses (p = 90%) also gave similar results; although there is 

some group overlap, all of the archaeological samples are enclosed with the 

Marquesan ellipse only. Applying linear partitions to the principle components also 

produced satisfactory results. With the exception of two Hawaiian cases, all of the 

geological samples fall within their own sections, and all of the archaeological 

specimens are placed with the Marquesan reference samples.  

 

Summary 

 All three of the methods employed in analysing the WDXRF dataset at the 

geographical scale of archipelago worked reasonably well. The CT method required 

more effort than the DFA and PCA analyses because many of the operations needed 

to be executed manually. The results of this method are, however, more readily 

interpretable than the other methods. The DFA results are fully reported for this 

example. However, given the non-ideal distributions of the data, the reported 

probability estimates and Mahalanobis distances are of questionable value in 

accessing the results. For this reason, and in order to keep this chapter to a reasonable 

length, only summary results are reported for subsequent DFA analyses. 
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Figure 7.13. Scatterplots of the factor scores of principle components analysis of the WDXRF 
dataset grouped at the geographical scale of archipelago. Groups are partitioned using: a) 
convex hulls, b) sample ellipses and c) boundaries perpendicular to mid-points of group 
means. Reference samples are shown on the left and archaeological samples on the right. 
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  In this analysis, PCA was also used and it produced similar results to those of 

the other two methods. A plot of the two extracted components gave a slightly better 

visual separation of the reference groups than was the case for the DFA. However, 

this method required manual partitioning of the results, both to evaluate group 

separation and to assign the ungrouped cases to one of the known groups. For the 

remainder of the analyses in this study, it was found that PCA produced results that 

were in most respects similar to those of DFA. For these reasons, only the DFA 

results are reported in the remaining analyses, the one exception being the 

examination of the samples assigned to Nuku Hiva, for which the reference dataset 

was too small to allow DFA to be used reliably (see Figure 7.20). 

 

Analysis at the geographical scale of island 

 In the previous stage of the WDXRF dataset analysis, all of the archaeological 

specimens were assigned to a source within the Marquesas Islands, and for this 

reason, subsequent stages of this analysis included only reference data from this 

archipelago. The same procedures as outlined in the previous section were used, 

except that P2O5 was included, as element values were available for all Marquesan 

samples.  

 

Classification Tree analysis 

The CT analysis at this geographical scale also produced unequivocal results 

(Figure 7.14); no reference samples were misclassified and all of the archaeological 

specimens were assigned to either Nuku Hiva or Eiao. The Hiva Oa samples were 

clearly separate, possessing markedly different concentrations of both P2O5 and 

Fe2O3, and plotting well away from all the other specimens (Figure 7.15). It was, in 

fact, possible to separate the Hiva Oa samples using several combinations of the 

elements P2O5, Fe2O3, SiO2 and CaO. 

The reference samples from Eiao and Nuku Hiva were easily separated using 

CaO and Na2O, and the archaeological specimens are clearly divided between the two 

islands (Figure 7.15). The archaeological specimens assigned to Eiao form a tight 

cluster, suggesting a single geochemically homogeneous source, while those 

attributed to Nuku Hiva form a number of more dispersed clusters, suggesting two or 

more separate sources. Several combinations of CaO, Na2O, Al2O3 and MgO also 

effectively separated the Eiao and Nuku Hiva reference samples (Figure 7.16). 
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Figure 7.14. Classification tree for the WDXRF dataset at a geographical scale of island. 
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Figure 7.15. Bivariate plots for the node splits for the classification tree shown in Figure 7.14. 
Reference samples are shown on the left and archaeological samples on the right. Reference 
samples are shown on the left and archaeological samples on the right. 
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Figure 7.16. Scatterplot of alternative variables for separating samples from Nuku Hiva and 
Eiao. Reference samples are shown on the left and archaeological samples on the right. 
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Discriminant Function Analysis 

The same dataset was also analysed using DFA. As was the case in the 

previous DFA analysis, several combinations of input variables gave good results. 

The best results were, however, obtained using a combination of five elements (Table 

7.8; Figure 7.17), most of which were also selected by the CT analysis at this 

geographical scale. The classification results for DFA were identical to the 

corresponding CT results; all the reference specimens were separated with no 

misclassifications, and all of the archaeological specimens were assigned to the same 

groupings as in the CT analysis.  

It is noteworthy that some of the methods that were previously used to 

separate Eiao basalt from sources on other islands in the Marquesas are no longer 

effective when the geological samples analysed for this study are used as reference 

specimens. Specifically, Rolett et al. (1997: Figure 8.5) presented scatterplots of K2O 

against P2O5 and K2O against TiO2 to separate Eiao and Nuku Hiva, and Rolett (1998: 

Figure 8.4) used a scatterplot of K2O against MgO to demonstrate the separation of 

Eiao from several other Marquesan sources. However, if the reference data generated 

in this study are plotted using the same element pairs, there is now considerable 

overlap between the Eiao and Nuku Hiva reference samples (Figure 7.18).  

 

Analysis within Nuku Hiva 

 The next stage of this analysis involved identifying the sources of the 31 

archaeological samples associated Nuku Hiva in the previous CT and DFA analyses, 

and for this, an appropriate analytic approach needed to be considered with respect to 

the quantity of reference data that were available. Because both CT and DFA are 

supervised techniques (see Chapter 5), they assume that their reference data are 

sufficient to adequately characterise each group. For CT analysis, this entails the 

ranges of the reference sample variables for each group providing reasonable 

estimates of the true group ranges. For DFA, the requirements are similar, except that 

it is group distributions (i.e., means and variances) rather than ranges that are 

important. Both of these requirements are more likely to be satisfied with larger 

datasets, and for both DFA and CT analysis the failure to reasonably estimate the 

relevant group properties can result in significant errors in classifications. In addition 

to assuming that the reference data are representative, supervised classification 

techniques assume that all potential groups are included in the reference set. 
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Table 7.8. Summary statistics and results of DFA, discriminating at the geographical source 
scale of island using the WDXRF dataset. 
 

Pooled within-groups matrices correlations 

 
 CaO (wt%) K2O (wt%) Fe2O3 (wt%) P2O5 (wt%) 

Al2O3 (wt%) 0.22 0.19 0.14 0.27 
CaO (wt%)  -0.10 -0.32 -0.02 
K2O (wt%)   0.08 0.53 
Fe2O3 (wt%)    0.48 
 
 

Eigenvalues 

 

Function Eigenvalue % of Variance Cumulative % 
Canonical 
Correlation 

1 18.35 88.22 88.22 0.97 
2 2.45 11.78 100.00 0.84 

 
 

Standardised canonical discriminant function coefficients 
 
 Function 
 1 2 
Al2O3 (wt%) -0.78 0.17 
CaO (wt%) 0.85 -0.01 
K2O (wt%) 0.21 -0.84 
Fe2O3 (wt%) 0.64 0.57 
P2O5 (wt%) -0.51 0.34 
 

Classification results 
 
  Hiva Oa Eiao Nuku Hiva 
Original Hiva Oa 2   
 Eiao  23  
 Nuku Hiva   32 
 Archaeological  24 31 
     
LOOCV(1) Hiva Oa 2   
 Eiao  23  
 Nuku Hiva   32 
     
100.0% of original grouped cases correctly classified. 
100.0% of cross-validated grouped cases correctly classified. 
 
1) Leave-out-one Cross validation 
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Figure 7.17. Scatterplots of the first two discriminant scores of the WDXRF dataset grouped 
at the geographical scale of island. Reference samples are shown on the left and 
archaeological samples on the right. 
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Figure 7.18. Scatterplots of the elements used to demonstrate the separation of Eiao in 
previous Marquesan provenancing studies using the reference data from this study (see text). 
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  Even a cursory examination of the WDXRF reference dataset for Nuku Hiva 

(see Table 3.8) clearly indicates that all of these assumptions cannot be satisfied. At 

the analytic scale of archipelago, 57 reference specimens were used in the WDXRF 

dataset to characterise the Marquesas Islands, but for Nuku Hiva, only 32 specimens 

remain, most of which derive from the northern coast of the island (see Table 3.8). 

For several potentially important valleys, such as Hatiheu, Taipivai and Taioha‘e, no 

fully compositional major element data were available. Additionally, several of the 

sources that are included in the dataset are represented only by single samples (e.g., 

Pua, Ma‘atea and Uea), making it impossible to estimate any of their true parameters. 

For these reasons, neither CT analysis nor DFA were considered appropriate 

techniques for the WDXRF dataset at this scale of analysis. It was, however, possible 

to gain some understanding of the geological variability within Nuku Hiva by 

examining scatterplots of the reference data and archaeological specimens. 

A reduction in the geographical scale of analysis is also likely to impact on the 

range of predictor variables that are useful for discrimination. Similarities in the 

compositions of reference samples aggregated at broader geographical scales (i.e., 

archipelagos and islands) may become less effective as scale deceases, and act to limit 

the number of variables that are potentially useful. For this reason, trace elements as 

well as major element oxides were included in this stage of the analysis.  

A scatterplot of silica against total alkali indicates that the geological samples 

cluster by region (Figure 7.19); those from the western side of the island (i.e., Terre 

Deserte, Hakaea and Pua) have consistently lower concentrations of SiO2 than those 

from the northeastern coast (i.e., Anaho, Ha‘ataivea, Ha‘atuatua and Ma‘atea). The 

one exception to this pattern is the sample from Uea Valley on the western coast of 

Nuku Hiva (see Chapter 3), which clusters with the northeastern samples. A similar 

pattern is seen in a plot of P2O5 against MgO (Figure 7.19), where the sample from 

Uea again clusters with those from the northeastern coast. This sample, analysed by 

Rolett et al. (1997:142), is a flake collected from a surface scatter in Uea Valley, 

rather than an in-situ sample, raising the possibility that it may have been transported 

into the valley. With the exception of the Uea sample, these scatterplots suggest a 

separation of the western and eastern geological samples. Similar patterns are also 

apparent in scatterplots of certain trace element pairs, notably Cr, Sr and Zr (Figure 

7.19). The samples analysed by Rolett et al. (1997) were not able to be included in 

these scatterplots because no trace element data were reported. 
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Examining the archaeological specimens using the same pairs of elements 

shows them to repeatedly cluster into a number of groups (Figure 7.19). On this basis, 

five groups of archaeological samples plus one outlying specimen were tentatively 

identified. They are labelled as Arch 1 to Arch 6 in the plots. Two of these potential 

archaeological groups appear to be associated with the geological samples from the 

western half of the island; the Arch 1 group plots with the geological samples from 

the Terre Deserte, while the Arch 2 samples cluster around the geological samples 

from Hakaea and Pua. The other three archaeological groups, Arch 3, Arch 4 and 

Arch 5, plus the solitary sample designated as Arch 6, also form distinct clusters, 

which appear to be associated with the geological samples from the northeastern bays. 

However, the reference samples from this region (i.e., Anaho, Ha‘ataivea, Ha‘atuatua 

and Ma‘atea) overlap considerably and cannot be separated from each other with any 

confidence, nor can any of the archaeological clusters be clearly associated with any 

one particular valley.  

 These data were also examined using PCA (un-rotated). Two separate 

analyses were run, one using all the major oxides, and another with the trace elements 

only. The resulting plots support the patterns seen in the paired element scatterplots 

(Figure 7.20); the archaeological specimens cluster into the same five main groups, 

there is considerable overlap among the geological specimens from the northeastern 

bays, and the Uea sample appears to be associated with the northeastern specimens. 

 

Summary 

The analyses of the WDXRF dataset assigned all of the archaeological 

specimens to two islands within the Marquesas archipelago — Nuku Hiva and Eiao. 

The archaeological specimens assigned to Nuku Hiva appear to be derived from at 

least five separate sources. On the basis of the available reference dataset, two of 

these sources (Arch 1 and Arch 2) are located on the western side of the island, and 

the remainder (Arch 3-6) in one or more of the northeastern valleys. Associating the 

artefacts to specific locations within these regions is, however, more problematic. 

While the Terre Deserte reference samples appear to be distinctive from the other 

northwestern geological samples, the specimens from Anaho, Ha‘atuatua, and 

Ha‘ataivea are inseparable from each other. These results are discussed in more detail 

following the reporting of the PXRF dataset analysis (see Section 7.4). 
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Figure 7.19. Scatterplots of the reference data and archaeological samples assigned to Nuku 
Hiva. Reference samples are shown on the left and archaeological samples on the right. The 
labelling of the archaeological specimens is discussed in the text. 
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Figure 7.20. Factor scores from principle components analysis of reference data and 
archaeological samples assigned to Nuku Hiva. Figures on the left show trace elements and 
those on the right major elements. Reference samples are shown on the uppermost figures 
and archaeological samples on the centre figures. 
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7.3 Analysis of the PXRF dataset 

Following the analysis of the WDXRF dataset, the PXRF dataset was 

examined. Although the same basic procedures were followed, the absence of several 

variables that had proved useful in the previous set of analyses resulted in a different 

set of variables being selected to discriminate between sources and, in some cases, 

caused new complications. Consequently, certain procedural modifications were 

required to overcome them and they are outlined below. 

 

Analysis at the geographical scale of archipelago  

Classification Tree analysis 

 Preliminary attempts at constructing a classification tree for the PXRF dataset 

were hampered by missing data in P. Johnson’s (2005) Samoan data. The initial CT 

variable selection procedure identified Fe and Ni as the variable pair that best 

separated the geological data, and an examination of a scatterplot of these elements 

indicated that this pairing would separate the Hawaiian samples from the main cluster. 

However, because Ni (as well as Ca, Cu, Cr, and Nb) was missing from Johnson’s 

Samoan data, most of the Samoan samples were omitted from the analysis. This 

problem was circumvented by selecting the variable pair that best separated the 

Samoan samples manually, and using this pair as the first division of the analysis. The 

variable selection procedure discussed above was then used to select the divisions for 

the remainder of the analysis. Using this approach, the classification tree was 

restructured in such a way that the Samoan samples were split off before Ni or any of 

the other missing variables were required (Figure 7.21). This worked satisfactorily, 

and although no cases were misclassified, some of the Samoan and Marquesan 

samples were not especially well separated (Figure 7.22). This was likely because the 

missing data for the Samoan samples severely limited the choice of discriminating 

variables, but also because Fe and Zn was the only element pair that completely 

separated the Hawaiian and Samoan samples. Several other element combinations 

separated the Samoan samples from the other archipelagos, but they all resulted in 

considerable overlap in the Samoan and Hawaiian samples. Had a greater range of 

elements been available for the Samoan dataset, it is probable that a clearer separation 

would have been obtained.  

The second division of the classification tree (Node 3) used Fe and Ni to 

separate the Hawaiian samples from the other three archipelagos. Although the 
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separation is clearly visible, Ni appears to possess a log-normal distribution (Figure 

7.22). Plotting the Ni axis of the graph using log10-transformed values (and 

transforming the linear divider accordingly) better illustrates the clustering of the 

groupings (Figure 7.23). The scatterplot also indicated that it would have been 

possible to fit a linear divider to log10-transformed data, and although not done for this 

analysis, it may have resulted in a better visual fit to the data patterning.   

The last two divisions for this stage of the PXRF analysis were more 

straightforward; in the third division (Node 5) the Cook Island samples were 

completely separated from the main group using Zr and Nb. In comparison, the 

elements selected for the WDXRF dataset were Si and Ca. Finally, samples from the 

Marquesas and Society Islands were separated using Ca and Nb (Node 7). In this 

division, one Marquesan sample (MQ002 from Hiva Oa) was misclassified. 

 The results for this classification were similar to those obtained in the 

WDXRF analysis. Despite a minor modification to accommodate the missing Samoan 

data, the final tree structure was very efficient and each archipelago was separated 

with a single node division. Also, in common with the corresponding WDXRF 

analysis, only one reference specimen was misclassified and all of the archaeological 

specimens were assigned to a source within the Marquesas Islands.  

 

Discriminant Function Analysis 

 The missing data for the Samoan samples presented more serious an issue for 

the DFA analysis of the PXRF dataset. Because DFA combines all of the selected 

predictor variables simultaneously to calculate discriminant functions, cases with 

missing values for these variables are usually removed from the analysis 

automatically. Many DFA implementations optionally allow missing values to be 

replaced with their group’s mean so that they can be retained in an analysis. However, 

less than one fifth of the 165 Samoan samples had values for several elements (i.e., 

Ni, Ca, K, Cu, Cr, and Nb), so this was not a viable option. The other option that 

allows cases with missing data to be included in an analysis is to remove variables 

that are affected by missing data. This was also not ideal because several of the 

variables missing from the Samoan data were useful for discriminating between some 

of the other archipelagos. In particular, either Ca or Nb is required for the satisfactory 

separation of the Cook Island and the Marquesan samples and, as noted above, Ni 

concentrations are distinctive in the Hawaiian samples. 
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Figure 7.21. Classification tree for the PXRF dataset at a geographical scale of archipelago. 
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Figure 7.22. Bivariate scatterplots for the node splits for the classification tree shown in Figure 
7.21. Reference samples are shown on the left and archaeological samples on the right. 
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Figure 7.23. Scatterplot of the variables used to separate Nodes 4 and 5 in Figure 7.22, using 
log10-transformed values for Ni. Reference samples are shown on the left and archaeological 
samples on the right. The dividing boundary appears curved because of the logarithmic 
transformation of the x-axis. 
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 An alternative way of handling missing data in DFA is to employ a “nested” 

approach (see Heidka and Miksa 2000; Baxter 2003), which involves breaking the 

DFA analysis into a number of stages. Initially, groups with similar compositions are 

combined into a single grouping and separated from other set of groups combined on 

the same basis. Once the combined groups have been separated from each other, the 

individual groups within those combinations are separated using a second series of 

analyses. For this stage of the PXRF dataset analysis, it was hoped that a nested 

approach might be capable of initially separating the Samoan samples, and then 

allowing some of the missing variables to be used to better separate the remaining 

sources.  

For the nested analysis of the dataset, the reference samples from the 

Marquesas, the Society Islands and the Cook Islands were initially grouped together, 

and analysed in a three-group analysis, with the Hawaiian and Samoan samples 

forming the other two groups. Only those variables included in the Samoan data were 

used in the analysis. The results are not reported here but were largely unsuccessful. 

Similar analyses using various combinations of source groupings and predictor 

variables were tried, but none completely separated the Samoan samples. Scatterplots 

of the discriminant functions from these analyses (not shown) suggested that grouping 

different archipelagos together inflated their pooled variance considerably, which 

adversely affected the calculation of the group boundaries and likely caused a number 

of false misclassifications.  

A more satisfactory solution involved initially performing DFA with the 

minimum number of variables required to maximally separate the Samoan samples 

from the rest, and ignoring any misclassifications between the samples from the other 

archipelagos. Once the Samoan samples had been separated, a second analysis was 

performed to separate the four remaining archipelagos. This approach is similar in 

principle to the nesting approach, but instead of combining groups prior to the 

analysis, they are simply considered to be pooled when examining the results. By 

employing this method, individual group means and variances are not inflated by 

pooling, so do not unduly influence the calculation of boundaries. This approach 

allowed the Samoan data be included in the analysis and, at the same time, also 

enabled the use of a wider range of variables to separate the other four archipelagos.  
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To separate the Samoan samples, only three elements, Fe, Sr and Zn, were 

required (Table 7.9). All of the Samoan samples were grouped together, but there was 

considerable overlap among several of the other groups (Figure 7.24). Notably, the 

Hawaiian samples were also well separated in this analysis, although not as well as in 

the CT analysis. 

Once the Samoan samples had been separated, a second DFA was run on the 

remaining samples (Table 7.10). This analysis included two variables that were 

missing from the Samoan dataset (Ni and Nb) and performed much better than the 

initial DFA for the four remaining groups. The Hawaiian samples are visibly well 

separated by the first discriminant function (Figure 7.25). Similarly the Cook Island, 

Marquesan and Society Island samples are separated by the second and third 

functions.  

This analysis performed well and produced results almost identical to the 

previous CT analysis. Although there appear to be three misclassified cases in the 

scatterplot of the second and third discriminant functions (Figure 7.25), only one 

reference sample was actually misclassified, both in the original classification and 

under cross-validation (Table 7.10). One of the difficulties in attempting to 

graphically present multivariate data in two dimensions is that it is often not possible 

to clearly display the relationships among all of the variables simultaneously. In this 

case, only three output variables were generated, and even though they can be 

displayed using a pair of scatterplots, their relationship is still not fully captured in 

two-dimensions. 

The sample that was misclassified in this analysis was the same sample that 

was misclassified in the previous CT analysis, a Marquesan reference sample from 

Hiva Oa (MQ002). Notably, this sample was correctly classified in both analyses 

using the WDXRF dataset (see Figure 7.10; Table 7.6). Despite being misclassified, 

this sample was retained in the Marquesan dataset for the next stage of the analysis 

because there were only two samples from Hiva Oa and at least two samples per 

group are required for DFA. Although strictly inappropriate, retaining this sample 

made little practical difference to subsequent analyses. 
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Table 7.9. Summary statistics and results of DFA, discriminating at the geographical source 
scale of archipelago using the PXRF dataset. 
 

Pooled within-groups matrices correlations 
 

 log10 (Zn) log10 (Sr) 
log10 (Fe) 0.29 -0.17 
log10 (Zn)  .38 
 

Eigenvalues 
 

Function Eigenvalue % of Variance Cumulative % 
Canonical 
Correlation 

1 5.53 67.87 67.87 0.92 
2 2.15 26.34 94.21 0.83 
3 0.47 5.79 100.00 0.57 

 
Standardised canonical discriminant function coefficients 

 
 Function 
  1 2 3 
log10 (Fe) -0.71 0.73 0.26 
log10 (Zn) 0.98 0.53 -0.24 
log10 (Sr) -0.10 -0.26 1.06 
     

Classification results 
 

  Predicted group membership 
    Marquesas Cooks Societies Samoa Hawaii 
Original Marquesas 78 6 6   
 Cooks 5 10 2   
 Societies   24   
 Samoa    165  
 Hawaii  1   154 
  Archaeological 223 40   1 
       
LOOCV(1) Marquesas 77 6 7   
 Cooks 5 8 4   
 Societies  1 23   
 Samoa    165  
  Hawaii  1   154 
 
95.4% of original grouped cases correctly classified. 
94.4% of cross-validated grouped cases correctly classified. 
 
1) Leave-out-one Cross validation 
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Figure 7.24. Scatterplot of the first two discriminant functions from the DFA analysis of the 
PXRF dataset. Samples are grouped by archipelago. The solid lines show the linear 
boundaries separating the Samoan samples from the other groups. The other linear 
boundaries are omitted for clarity, but the approximate positions of the group centroids are 
labelled on the right hand figure. Reference samples are shown on the left and archaeological 
samples on the right. 
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Table 7.10. Summary statistics and results of DFA, discriminating at the geographical scale of 
archipelago using the PXRF dataset after the removal of the Samoan samples. 
 

Pooled within-groups matrices correlations 

 
 log10 (Ni) log10 (Zr) log10 (Nb) log10 (Ti) 

log10 (Fe) 0.31 0.00 -0.03 0.31 
log10 (Ni)  -0.28 -0.21 0.08 
log10 (Zr)   0.79 0.08 
log10 (Nb)    -0.05 
 

Eigenvalues 

 

Function Eigenvalue % of Variance Cumulative % 
Canonical 
Correlation 

1 15.16 77.92 77.92 0.97 
2 3.70 19.04 96.96 0.89 
3 0.59 3.04 100.00 0.61 

 
Standardised canonical discriminant function coefficients 

 
 Function 
 1 2 3 
log10 (Fe) -0.86 0.09 -0.37 
log10 (Ni) 0.87 -0.21 -0.08 
log10 (Zr) -0.06 -1.47 0.52 
log10 (Nb) 0.20 1.62 0.17 
log10 (Ti) 0.09 0.16 0.70 
 

Classification results 

 
  Predicted group membership 
  Marquesas Cooks Societies Hawaii 
Original Marquesas 89  1  
 Cooks  17   
 Societies   24  
 Hawaii    155 
  Archaeological 264    
      
LOOCV(1) Marquesas 89  1  
 Cooks  17   
 Societies   24  
  Hawaii    155 
      
99.7% of original grouped cases correctly classified. 
99.7% of cross-validated grouped cases correctly classified. 
 
1) Leave-out-one Cross validation 
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Figure 7.25. Scatterplots of the discriminant functions from the DFA analysis of the PXRF 
dataset after the removal of the Samoan data. Reference samples are shown on the left and 
archaeological samples on the right. The solid lines show the linear boundaries separating 
groups. Samples are grouped by archipelago but the Hawaiian data are omitted from the 
lower plot for clarity.   
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In addition to supporting the previous findings, this analysis illustrates the 

importance of thoroughly examining the results of any classification method. Had the 

first DFA been the only technique used to assign the archaeological specimens to 

archipelago, and the results accepted uncritically, 40 of the artefacts would have been 

assigned a Cook Islands source (Table 7.9). Such an assignment is almost certainly 

incorrect given that the previous analyses assigned all of these specimens to the 

Marquesas Islands. However, if taken at face value, the summary results of this 

analysis appear compelling: 94.5% of the geological samples were correctly classified 

under cross-validation. In addition, the prior probabilities for the 40 cases assigned to 

the Cook Islands average 0.701 and range from 0.504 to 0.984. While a more careful 

examination of the prior probabilities might result in some of the cases being 

considered provisional, seven have probabilities of over 0.90, which by most 

standards would be considered a reasonably good assignment. 

Overall, both the CT and the DFA proved effective in separating the reference 

samples by archipelago using the PXRF dataset. Missing data for the Samoan samples 

complicated both analyses slightly, which necessitated minor modifications to both 

methods. As was the case with the WDXRF dataset analysis, all of the archaeological 

specimens were assigned to the Marquesan Islands. 

 

Analysis within the Marquesas Islands 

 In the analysis of the WDXRF dataset, two geographical scales were used for 

associating archaeological specimens to sources in the Marquesas Islands. The 

specimens were first assigned to island using CT analysis and DFA. Following this, 

scatterplots and PCA analysis were used to examine possible sources within Nuku 

Hiva. For the PXRF dataset, however, employing the same hierarchical scales of 

analysis was not viable for two reasons. Firstly, several of the elements used to 

separate Marquesan islands in the analyses of the WDXRF data were missing from 

the PXRF dataset. For example, P2O5 was used to separate Hiva Oa, and Na2O and 

MgO were both useful for discriminating between Eiao and Nuku Hiva. Secondly, the 

PXRF dataset includes additional reference samples from several locations on Nuku 

Hiva (i.e., the Taioha‘e volcanic region, Ho‘oumi, Hatiheu and Teonepoto). Of these, 

the samples from the Taioha‘e volcanic region were particularly problematic because 

they shared some compositional characteristics with both the Eiao and Hiva Oa 

samples, which caused difficulties for the DFA and CT analyses. 
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For characterisation within the Marquesas Islands using the PXRF dataset, a 

different approach was required for each analytical method. In the CT analysis, each 

of the individual localities were treated as separate groups and separated in a single 

analysis. The DFA analysis proved more problematic, and required the application of 

a series of separate analyses. 

 

Classification Tree analysis 

Twelve source groups were included in the CT analysis. Two were from the 

islands of Eiao and Hiva Oa, while the other 10 were all from Nuku Hiva and were 

grouped according to regional locations on the island. As noted earlier, the samples 

from the southern bays of Taioha‘e and Taipivai were geochemically homogeneous 

and distinct from the rest of the island, so were grouped together. The samples from 

Ho‘oumi and the Terre Deserte were geochemically distinct and each was grouped 

separately. 

The seven remaining groups were all from locations on the northern coast of 

the island, and from east to west included, Ha‘atuatua, Ha‘ataivea, Teonepoto, Anaho, 

Hatiheu, Hakaea and Pua (see Chapter 3). Unfortunately, the reference specimens 

reported by Rolett at al. (1997), including those from Ma‘atea and Uea, and used in 

the WDXRF analysis could not be incorporated into the PXRF analysis because they 

were analysed only for major elements.  

Because of the relatively large number of groups that were included in this 

stage of the analysis, the resulting classification tree is more complex than the 

previous trees. In total, eight node divisions were required, and they resulted in eight 

final groupings. 

In the first division, the reference samples from the Taioha‘e volcanic region, 

Hiva Oa and Teonepoto were separated from the other samples (Figure 7.26). The two 

resulting branches (Nodes 2 and 3) were then analysed separately. In the left-hand 

branch (Node 2), the Teonepoto samples were first separated from the Taioha‘e 

volcanic region and Hiva Oa samples (Nodes 4 and 5), and then those samples were 

separated (Nodes 8 and 9). Two archaeological specimens were included in this 

branch of the classification tree (Samples #5023 and #5307) and both were assigned 

to the Taioha‘e volcanic region.  
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Figure 7.26. Classification tree for PXRF dataset, within the Marquesas Islands.  
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Figure 7.27. Bivariate scatterplots for the node splits for the classification tree shown in Figure 
7.26. Reference samples are shown on the left and archaeological samples on the right. 
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Figure 7.27. (continued.) 
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In the first sub-division of the right-hand branch of the tree (Node 3), the Eiao, 

Hatiheu and Ho‘oumi samples were separated from the remainder of the Nuku Hiva 

samples. The variable selection procedure used the elements Ca and Sr to separate the 

groups in this node, and while this produced satisfactory results, adding a third 

variable to form an additive-log-ratio pair better separated the reference samples and 

produced a tighter clustering of the archaeological specimens (Figure 7.28).  

The branch containing the Eiao, Hatiheu and Ho‘oumi samples (Node 6) was 

further divided by first separating the Eiao samples (Node 10) and then splitting the 

Hatiheu and Ho‘oumi samples (Nodes 14 and 15). Four of the archaeological 

specimens in this branch were assigned to Hatiheu (Samples #5508, #5084, #5312 and 

#6398) and the other 119 to Eiao. 

The remaining branch of the tree (Node 7) contained only geological samples 

from the northern coast of Nuku Hiva. As was found in the analysis of the WDXRF 

dataset, several of these sources have similar concentrations of certain elements (see 

Figures 7.19 and 7.20). In particular, the three northeastern bays represented in this 

dataset (Anaho, Ha‘ataivea and Ha‘atuatua) overlap considerably, and appear to be 

difficult, if not impossible, to fully separate on the basis of elemental concentrations 

alone. In addition, two of the northwestern bays, Pua and Hakaea, are compositionally 

similar. The remaining northwestern source, the Terre Deserte quarry, has distinctive 

concentrations of some elements. For the PXRF dataset, the separation of these 

relatively-similar sources was further complicated by missing data for some of the 

major elements that were previously identified as useful. These included SiO2, NaO2, 

P2O5 and MgO. 

The variable selection procedure for Node 7 indicated that the Terre Deserte 

samples could be separated from the others using the elements, Ni and Sr, and a 

scatterplot of these variables showed that some the archaeological specimens formed 

a distinct cluster around the Terre Deserte reference samples (see Figure 7.27). A 

linear SVM boundary was calculated for this variable pair and, although it completely 

separated the geological specimens, it appeared to split the archaeological specimens 

in a less than optimum way (see Figure 7.29). One possible reason for this problem 

was that only two reference specimens from the Terre Deserte were available and they 

do not fully represent the range of variability of this source. 
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Figure 7.28. Scatterplots of alternative variable pairs for splitting Node 3 into Nodes 6 and 7 in 
classification tree shown in Figure 7.26. Reference samples are shown on the left; 
archaeological samples are shown on the right and labelled according to their node 
assignments in the original classification tree. 
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Figure 7.29. Scatterplots of alternative variable pairs for splitting Node 7 into Nodes 12 and 13 
in classification tree shown in Figure 7.26. Geological samples are shown on the left; 
archaeological samples are shown on the right and labelled according to their node 
assignments in the original classification tree. 
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Several alternative variable pairs were examined (Figure 7.29) and they 

showed the archaeological specimens to fall into the same clusters. Substituting Rb 

for Sr resulted in a solution that completely separated the archaeological specimens 

into the same clusters that were observed in the plot of Ni against Sr; a number of 

additive-log-ratio transformed variable pairs also gave good results. An alternative 

solution, and one that used the variables that were originally selected, was to calculate 

a non-linear SVM boundary. In this case a second-order polynomial divider was 

found to provide good separation for both the geological specimens and the 

archaeological clusters. While any of these combinations of variables resulted in 

satisfactory group separation, the variable pair originally selected in the analysis, Sr 

and Ni, was used in the final classification tree (Figure 7.27). 

In the final division of this classification tree, the remaining samples from the 

north coast of Nuku Hiva (Node 13) were separated into two groups, one from the 

western side of the island and one from the eastern side. In the analysis of the 

WDXRF dataset, several major elements (i.e., SiO2, K2O + NaO2, P2O5, MgO) were 

found to be useful in separating these regions of Nuku Hiva (see Figure 7.19). For the 

PXRF dataset, however, these elements were missing, and only one pair of variables, 

Zr and Cr, completely separated the northeastern and northwestern reference samples. 

In this case, log10-transformations of both variables provided a better visual separation 

but, even then, the margin between the two groups was very narrow (Figure 7.30a). A 

better separation was obtained by including more variables in the division of these 

nodes. In this case, the second highest scoring variable pair from the variable 

selection procedure, Ti and Sr, was used (Figure 7.30b). To enable the display of all 

four variables on a two-dimensional scatterplot, each variable pair was combined into 

a single variable using its SVM linear regression formula (Figure 7.30c). This resulted 

in an improved visual separation for both the reference samples and the 

archaeological specimens (Figure 7.30d). As was the case in the analysis of the 

WDXRF dataset, individual sources from the northeast (Anaho, Ha‘ataivea and 

Ha‘atuatua) and the northwest (Pua and Hakaea) overlapped considerably, further 

suggesting that individual sources within these regions are inseparable on the basis of 

their elemental compositions. 
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Figure 7.30. Scatterplots of alternative method of splitting Node 13 into Nodes 16 and 17 in 
classification tree shown in Figure 7.26: a) the original variable pair Zr and Cr, b) a second 
variable pair Ti and Sr, c) combination of the two pairs, d) archaeological samples applied to 
combined pair and labelled according to their node assignments in the original classification 
tree. All variables are log10-transformed. 
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Discriminant Function Analysis 

In common with the previous DFA analysis at the geographical scale of 

archipelago with this dataset, analysis within the Marquesas Islands was complicated 

by missing data. In particular, two of the elements used in the DFA of the WDXRF 

dataset (Al2O3 and P2O5) were not available in the PXRF dataset (see Table 7.8). In 

attempting to separate the Marquesan islands, a number of combinations of variables 

were tried, several of which separated one island from the other two. No combination, 

however, successfully separated all three islands simultaneously. One of the more 

successful combinations is reported below (Table 7.11; Figure 7.31), and shows the 

Hiva Oa reference samples to be clearly separated from both the Eiao and Nuku Hiva 

samples. In total, four of the Nuku Hiva reference samples were misclassified as 

belonging to the Eiao group. An examination of the results indicated that they were all 

from either Hatiheu or the Taioha‘e volcanic region, a finding which was not 

altogether surprising, as the CT analysis of the same dataset showed the reference 

samples from these localities to have similarities with the Eiao samples, such as 

relatively high levels of Sr and K in comparison to the other Nuku Hiva samples.  

While the archaeological samples tend to cluster around the Eiao and Nuku 

Hiva reference samples’ group centroids, group separation is not as distinct as was the 

case in the CT analysis (see Figure 7.28). Overall, this analysis indicated that none of 

the archaeological samples derived from Hiva Oa, but the separation of Eiao and 

Nuku Hiva was less clear. For this reason, the Hiva Oa samples were removed from 

the dataset and a further DFA analysis run with the remaining samples. 

For the following stage of this analysis, a number of different ways of 

grouping sources were possible. One approach was to separate individual reference 

sources, as was done in the previous CT analysis. Several analyses using this 

approach were attempted, but the results were generally inaccurate, with around 20 % 

of cases being misclassified in each attempt. The main cause of the poor performance 

was probably the large number of groups included in the analysis. In this case 11 

groups were included, and this resulted in a correspondingly large number of 

discriminant functions being generated. In addition, most of the available predictor 

variables (up to 13) were required to obtain the maximum group separation. 
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Table 7.11. Summary statistics and results of DFA, discriminating at the geographical scale of 
island using the PXRF dataset. 
 

Pooled within-groups matrices correlations 

 
 Fe Nb Sr Rb K Ca 
Ti 0.47 -0.11 -0.14 -0.36 -0.23 0.40 
Fe  0.23 0.32 0.18 0.28 -0.13 
Nb   0.94 0.84 0.89 -0.63 
Sr    0.85 0.90 -0.63 
Rb     0.95 -0.74 
K      -0.72 
 
 

Eigenvalues 

 

Function Eigenvalue % of Variance Cumulative % 
Canonical 
Correlation 

1 1.48 66.56 66.56 0.77 
2 0.75 33.44 100.00 0.65 

 
Standardised canonical discriminant function coefficients 

 
 Function 
 1 2 
Ti -0.72 -0.62 
Fe 0.98 0.40 
Nb -0.63 2.27 
Sr 1.01 -2.31 
Rb 0.98 1.65 
K -1.82 -1.17 
Ca 0.22 0.74 
 

Classification results 
 
  Predicted group membership 
  Nuku Hiva Eiao Hiva Oa 
Original Nuku Hiva 78 3  
 Eiao  7  
 Hiva Oa   2 
 Archaeological 133 131  
     
LOOCV(1) Nuku Hiva 77 4  
 Eiao  7  
 Hiva Oa   2 
     
98.7% of original grouped cases correctly classified. 
95.6% of cross-validated grouped cases correctly classified. 
 
1) Leave-out-one Cross validation 
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Figure 7.31. Scatterplots of the discriminant functions from the DFA analysis of the PXRF 
dataset at a geographical scale of island. The solid lines show the linear boundaries 
separating groups. Reference samples are shown on the left and archaeological samples on 
the right.  
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Both of these factors significantly complicated evaluation of the results; the 

large number of groups tended to make for cluttered scatterplots, in which group 

separation was not readily apparent. Additionally, the posterior probabilities of group 

assignment were spread over several groups and often difficult to interpret. For 

example, one reference sample returned probabilities of 26%, 23%, 21% and 18% for 

belonging to the four most likely groups, suggesting it was not particularly well 

associated with any one group. In general, separating the reference samples into 

individual sources at this stage of the analysis was deemed an unsatisfactory 

approach. 

The second approach involved using a series of analyses, each grouping the 

samples at decreasing geological scales. The foregoing analyses indicated that this 

might be best achieved by splitting the Nuku Hiva samples according to their 

geological history. To apply this approach, the Nuku Hiva reference specimens were 

divided into two groups, one corresponding the older Tekao caldera, and the other to 

the more recent Taioha‘e caldera (see Chapter 2), and analysed in a three-group 

analysis along with the Eiao samples forming the third group. This analysis gave 

statistical results that were similar to the previous analysis (Table 7.12; Figure 7.32). 

In total, three reference specimens were misclassified and, as with the last analysis, 

they were all reference samples from Hatiheu. The archaeological samples, however, 

fell into more definite clusters than was the case previously. For comparative 

purposes, they are labelled according to their assignments from the CT analysis. In 

this analysis five specimens were assigned to different sources than in the CT 

analysis. The overwhelming majority, however, (259 of 264 or 98 %) were classified 

to the same sources in both analyses.  

Although this result was considerably better than that of the previous attempt, 

an inspection of the results suggested that both the misclassified geological samples 

and the differences in assignments of the archaeological specimens were probably due 

to differences in the variances of the Eiao and Nuku Hiva reference specimens, which 

are clearly visible on the scatterplot of the discriminant functions (Figure 7.32). 

Several of the data transformations discussed in Chapter 5 were applied to this data 

but none offered much improvement, most likely because the Nuku Hiva Tekao group 

is composed of several geochemically distinct sources, such as Anaho, Hatiheu and 

Ho‘oumi. 
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Table 7.12. Summary statistics and results of DFA, discriminating between Eiao and Nuku 
Hiva using the PXRF dataset. 
 

Pooled within-groups matrices correlations 

 
 Cr Cu Sr Nb 

Ti 0.15 -0.08 0.33 0.36 
Cr  -0.36 0.22 0.02 
Cu   0.01 0.09 
Sr    0.81 
 

Eigenvalues 

 

Function Eigenvalue % of Variance Cumulative % 
Canonical 
Correlation 

1 4.03 81.01 81.01 0.90 
2 0.94 18.99 100.00 0.70 

 
Standardised canonical discriminant function coefficients 

 
 Function 
 1 2 
Sr -0.55 -1.04 
Nb -0.52 1.15 
Ti 0.58 -0.52 
Cr 0.18 0.60 
Cu 0.42 0.67 
 

Classification results 
 
  Predicted group membership 
  Nuku Hiva 

-Taioha‘e 
Nuku Hiva 

-Tekao 
Eiao 

Original Nuku Hiva-Taioha‘e 11   
 Nuku Hiva-Tekao  68 2 
 Eiao   7 
 Archaeological 2 137 125 
     
LOOCV(1) Nuku Hiva-Taioha‘e 11   
 Nuku Hiva-Tekao  66 3 
 Eiao   7 
     
97.7% of original grouped cases correctly classified. 
96.6% of cross-validated grouped cases correctly classified. 
 
1) Leave-out-one Cross validation 

 

  



 285

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7.32. Scatterplots of the discriminant functions from the DFA analysis of the PXRF 
dataset separating Eiao and Nuku Hiva. The solid lines show the linear boundaries separating 
groups. Reference samples are shown on the left; archaeological samples are shown on the 
right and labelled according to their classification tree source assignment. 
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Linear DFA is well-known to be problematic when group variances differ 

significantly because the method places group boundaries mid-way between their 

centroids (see Chapter 5). One way of lessening DFA problems due to unequal group 

variances is to use an alternative method of group separation, such as group medians 

or kernel densities (see Baxter 2006). In this case, SVM analysis of the discriminant 

functions was used to determine a set of alternative group boundaries. SVM analysis 

is not ideal for separating more than two groups, and, while there are several ways of 

handling multiple groups (see Chapter 5), they all involve multiple analyses. For this 

problem, it was found that three sets of SVM analysis, one for each pair of groups, 

gave satisfactory results (Figure 7.33). Because the linear dividers do not converge on 

a single point, as is the case for DFA, a small triangular space is created where the 

dividers overlap. In this case, the area of overlap is not significant, as no geological or 

archaeological specimens are within its bounds. Dividing the DFA analysis in this 

way produced better results than before; no geological cases were misclassified, and 

all but one of the archaeological specimens were assigned to the same sources as in 

the CT analysis at this geographical scale of analysis. In this analysis, the 

archaeological specimen that was assigned differently (Sample #3134) was assigned 

to Eiao in the CT analysis and Nuku Hiva in this DFA analysis.  

To further investigate the differences in assignments, all of the archaeological 

specimens were plotted using a pair of variables that clearly indicated their separation. 

The first scatterplot (Figure 7.34a) shows the specimens that were assigned to the 

same islands in the both analyses and their boundaries are designated with convex 

hulls. The second scatterplot (Figure 7.34b) shows the specimens that were assigned 

to different islands superimposed on the convex hulls generated in the previous figure. 

These plots show that Sample #3134 is situated well within the Eiao grouping, while 

the other five specimens appear to be definitely associated with the Nuku Hiva 

specimens. This finding supports the results of the CT analysis and adds weight to the 

earlier suspicion that the DFA analysis may have been adversely affected by 

differences in group variances. For the next stage of the DFA analysis these six 

samples were assigned to the sources shown in the scatterplot (Figure 7.34b). 
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Figure 7.33. Scatterplots of the discriminant functions shown in Figure 7.32 using SVM 
divisions. Reference samples are shown on the left; archaeological samples are shown on the 
right and labelled according to their classification tree source assignment. 
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Figure 7.34. Scatterplots showing the separation of the archaeological specimens: a) shows 
the specimens that were assigned to the same islands in the DFA and classification tree 
analyses, and the assignments are delineated using convex hulls; b) shows the specimens 
that were assigned to different islands. Sample #3134 was assigned to Eiao in the 
classification tree analysis and Nuku Hiva in the DFA; the converse applies to the other five 
specimens. 
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After the removal of the samples assigned to Eiao and the Taioha‘e volcanic 

region, the remaining dataset was composed of nine potential source groups, all on 

Nuku Hiva - Anaho, Ha‘ataivea, Ha‘atuatua, Hakaea, Pua, Terre Deserte, Teonepoto, 

Hatiheu, and Ho‘oumi. Attempting to separate these sources individually in a single 

analysis again proved inconclusive, largely because of similar geochemical 

compositions in five sources from the north coast of Nuku Hiva (Anaho, Ha‘ataivea, 

Ha‘atuatua, Hakaea and Pua). A more satisfactory solution was found by grouping 

these sources together, and separating them collectively from the remaining three 

sources, Teonepoto, Hatiheu, and Ho‘oumi, all of which have distinctive 

compositions.  

This analysis performed well; all of the groups were completely separated in 

the original classification, and only one reference specimen was misclassified under 

cross-validation (Table 7.13). A scatterplots of the discriminant functions shows 

distinct separations among all groups (Figure 7.35). As with the previous analysis, the 

archaeological specimens are labelled according to their assignments from the 

corresponding CT analysis to allow comparison. In this case, five archaeological 

specimens were assigned to different sources than in the CT analysis and, as in the 

previous analysis, a scatterplot of the discriminant functions suggests that this was 

caused by differences in group variances placing the group boundaries in less than 

optimum positions (Figure 7.35). Four samples that were assigned to one of the 

northern sources in the CT analysis were assigned to other sources in this analysis — 

two each to Hatiheu and Ho‘oumi. All four samples are, however, visibly much closer 

to the northern sources cluster than they are to either of their assigned sources. The 

fifth case that was assigned differently, to Hatiheu in the CT analysis and to Ho‘oumi 

in this analysis, is also visibly closer to the Hatiheu cluster. 

Although some alternative method of determining group boundaries, such as 

the SVM analysis used in the previous example, would almost certainly have assigned 

these samples to their closest sources, this was not carried out. Instead, a visual 

evaluation of the scatterplot was considered sufficient to conclude that the DFA 

assignments for these samples were most probably variance-related errors. For the 

next stage of the analysis these samples were assigned to their most likely sources. 
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Table 7.13. Summary statistics and results of DFA, discriminating within Nuku Hiva using the 
PXRF dataset. 
 

Pooled within-groups matrices correlations 

 
 log10(Nb) log10(Sr) log10(Rb) log10(Ca) 

log10(Zr) 0.81 0.91 0.56 0.09 
log10(Nb)  0.86 0.50 -0.09 
log10(Sr)   0.57 0.10 
log10(Rb)    -0.21 
 

Eigenvalues 

 

Function Eigenvalue % of Variance Cumulative % 
Canonical 
Correlation 

1 3.83 62.95 62.95 0.89 
2 2.16 35.48 98.42 0.83 
3 0.10 1.58 100.00 0.30 

 
Standardised canonical discriminant function coefficients 

 
 Function 
 1 2 3 
log10(Zr) 1.64 -1.50 0.59 
log10(Nb) 0.62 0.80 0.04 
log10(Sr) -2.40 0.41 0.61 
log10(Rb) -0.23 0.16 -0.77 
log10(Ca) 0.42 0.92 0.07 
 

Classification results 

 
  Predicted group membership 
  North coast Hatiheu Teonepoto       Ho‘oumi 
Original North coast 52    
 Hatiheu  10   
 Teonepoto   4  
 Ho‘oumi    4 
  Archaeological 135 5  3 
      
LOOCV(1) North coast 52    
 Hatiheu  9 1  
 Teonepoto   4  
  Ho‘oumi    4 
      
100.0% of original grouped cases correctly classified. 
98.6% of cross-validated grouped cases correctly classified. 
 
1) Leave-out-one Cross validation 
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Figure 7.35. Scatterplots of the discriminant functions from the DFA analysis of the PXRF 
dataset within Nuku Hiva. The solid lines show the linear boundaries separating groups. 
Reference samples are shown on the left; archaeological samples are shown on the right and 
labelled according to their classification tree source assignment. 
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The final stage of the DFA involved separating the grouped northern sources 

to the extent that was thought realistically possible. All of the previous analyses using 

the WDXRF and PXRF datasets were unable to separate individual northeastern and 

northwestern sources completely (see Figures 7.19, 7.20, 7.30). They did, however, 

indicate that the northeastern sources (Anaho, Ha‘ataivea and Ha‘atuatua) were 

collectively separable from the northwestern sources, and that the Terre Deserte 

samples were distinctive enough to be separated from the remaining two northwestern 

sources (Hakaea and Pua). Several attempts were made to separate individual sources 

with DFA but they proved no better than any of the previous attempts, suggesting that 

these sources are compositionally too homogeneous to be separated on the basis of 

their elemental compositions alone. For this stage of the DFA analysis, the reference 

samples were placed into three groups, comprised of the northeastern sources (Anaho, 

Ha‘atuatua and Ha‘ataivea), the northwestern sources (Pua and Hakaea), and the 

Terre Deserte samples. 

The results of this DFA were almost the same as those of the CT analysis at 

this geographical scale (Table 7.14). Two reference samples were misclassified in the 

original classification, and this number rose to five during cross-validation. In 

addition, one archaeological specimen was assigned to a different group than in the 

CT analysis. In the accompanying scatterplot (Figure 7.36), the archaeological 

samples are labelled according to their CT analysis assignments, and the clustering of 

the specimens suggests that the differences between these results and those of the CT 

analysis again may be attributable to differences in group variances. 
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Table 7.14. Summary statistics and results of DFA, discriminating within north coast of Nuku 
Hiva using the PXRF dataset. 
 

Pooled within-groups matrices correlations 
 

 log10(Sr) log10(Ca) log10(Ni) log10(Cr) log10(K) log10(Nb) log10(Ti) 
log10(Zr) 0.85 0.04 -0.24 -0.60 0.67 0.77 0.53 
log10(Sr)  0.15 -0.25 -0.61 0.55 0.78 0.40 
log10(Ca)   -0.12 0.29 -0.02 -0.04 0.35 
log10(Ni)    0.34 0.02 -0.17 -0.10 
log10(Cr)     -0.15 -0.47 -0.05 
log10(K)      0.54 0.38 
log10(Nb)       0.35 

 
 

Eigenvalues 

 

Function Eigenvalue % of Variance Cumulative % 
Canonical 
Correlation 

1 2.59 77.89 77.89 0.85 
2 0.74 22.11 100.00 0.65 

 
 

Standardised canonical discriminant function coefficients 
 

 Function 
 1 2 

log10(Zr) 1.25 -1.47 
log10(Sr) 0.67 0.77 
log10(Ca) -0.44 -0.18 
log10(Ni) 0.36 0.59 
log10(Cr) 0.88 0.06 
log10(K) -0.59 0.53 
log10(Nb) -0.20 0.27 
log10(Ti) 0.11 0.09 
 

Classification results 
 
  Predicted group membership 
  Northeast Northwest Terre Deserte 
Original Northeast 36 2  
 Northwest   12  
 Terre Deserte   2 
 Archaeological 103 11 25 
     
LOOCV(1) Northeast 34 4  
 Northwest   11 1 
 Terre Deserte   2 
 
96.2% of original grouped cases correctly classified. 
90.4% of cross-validated grouped cases correctly classified. 
     
1) Leave-out-one Cross validation 
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Figure 7.36. Scatterplots of the discriminant functions from the DFA analysis of the PXRF 
dataset within northern Nuku Hiva. The solid lines show the linear boundaries separating 
groups. Reference samples are shown on the left; archaeological samples are shown on the 
right and labelled according to their classification tree source assignment. 



 295

Examination of the specimens assigned to northern Nuku Hiva 

In both the DFA and the CT analysis, two of the final groupings contained 

geological reference samples from more than one valley. One of these (labelled 

“northeast” in the DFA and Node 17 in the classification tree) included the geological 

samples from the eastern bays of Anaho, Ha‘ataivea and Ha‘ataivea. The earlier 

analysis of the WDXRF dataset indicated that these sources were too homogenous to 

be separated, even when all of the major and trace elements were available (see 

Figure 7.19 and 6.22). That analysis did, however, reveal that the archaeological 

specimens assigned to this area fell into three reasonably-well defined clusters (Arch 

3-5 on Figures 7.19 and 7.20), suggesting that they may have been extracted from a 

number of distinct sources within one or more of these valleys. An examination of the 

archaeological specimens included in the PXRF dataset that were also assigned to this 

region failed to reproduce the same well-defined clusters (Figure 7.37a). These 

samples were also examined using PCA, but no combination of variables was able to 

produce any clearer patterning in the data; an example is shown below (Figure 7.37b). 

This suggested that, if the clustering visible in the previous analysis did, in fact, 

represent three distinct sources, they were no longer separable using the PXRF 

dataset. 

Two explanations to account for the differences between the datasets are 

suggested; the first is that the analytical precision of the archaeological specimens 

analysed using PXRF dataset was not great enough to discriminate between separate 

sources in that region of Nuku Hiva. These specimens were all analysed using a 

PXRF instrument, which did not possess the resolution or precision of the WDXRF 

instrument that was used to analyse the archaeological specimens in WDXRF dataset 

(see Chapter 4). The second possibility is that the geochemical variation of fine-

grained basalt in the northeastern region of Nuku Hiva is largely continuous, and the 

additional specimens included in the PXRF dataset simply made this more apparent. 

With the available data, it is not possible to determine the extent to which either of 

these factors is responsible for the apparently continuous variation seen in the 

scatterplots of the archaeological specimens. Consequently, if the archaeological 

specimens assigned to this region were extracted from several different sources, it is 

not possible the separate them on the basis of the available data. For this reason, all of 

the specimens associated with the northeastern region of Nuku Hiva were assigned to 

the same geochemical group (i.e. the northeast group). 
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The archaeological specimens assigned to one of the northwestern bays 

(labelled “northwest” in the DFA and Node 16 in the classification tree) were also 

closely examined.  In a scatterplot of Cr against Zr, the archaeological specimens 

assigned to this region appear to plot more closely with the Hakaea reference samples 

than with the Pua reference samples (see Figure 7.28). Although this suggests Hakaea 

as a more likely source for these specimens, no other variable pairing produced a 

distinctive clustering, and there are, in any case, probably too few reference samples 

to conclusively associate these samples to either of the valleys. For this reason, these 

specimens were all assigned to the same final geochemical group (i.e. the northwest 

group).  

 

Summary 

The analysis of the PXRF dataset was complicated by the reduced number of 

elements that were available for the dataset generally. The additional absence of 

several potentially useful elements in the Samoan reference data presented particular 

difficulties for both the DFA and CT methods at the geographical scale of 

archipelago. Despite this, the analyses reported above gave reasonably decisive 

results. With two possible exceptions (see above), all of the archaeological specimens 

were assigned to a source in the Marquesas Islands, either on Eiao or Nuku Hiva (see 

Table 7.16). The vast majority (over 97 %) were associated with the four sources 

identified in the WDXRF analysis (i.e., Eiao, northeast Nuku Hiva, Terre Deserte and 

northwest Nuku Hiva). In addition, a few specimens were associated with sources not 

included in the WDXRF dataset. They comprised four specimens from Hatiheu 

Valley and two from the Taioha‘e volcanic region. The results of this set of analyses 

are compared to those from the WDXRF dataset in the next section.  
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Figure 7.37. Scatterplots of a) Zr and log10(Cr) showing the archaeological specimens 
assigned to north-east Nuku Hiva and, b) the first two principle components of PCA analysis  
for the same dataset. 
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7.4 Discussion 

Comparison of results 

In the analyses described above, 55 archaeological specimens possessed fully 

compositional major and trace element data and were included in both the WDXRF 

and PXRF datasets. This enabled the results of the two sets of analyses to be 

compared, and they are summarised below (Table 7.15). In each of the analyses that 

were conducted, all of these specimens were assigned to a source within the 

Marquesas Islands (see Figures 7.9, 7.13, 7.21), and of these 24 were assigned to Eiao 

in both the DFA and CT analyses of the WDXRF dataset (Figure 7.14; Table 7.8). 

The same 24 specimens were also assigned to Eiao in the corresponding analyses of 

the PXRF dataset (Figure 7.26; Table 7.11). 

The remaining 31 specimens were assigned to Nuku Hiva in the analyses for 

both datasets. Seven of these specimens were associated with the Terre Deserte in the 

WDXRF analysis (i.e., the Arch 1 grouping in Figures 7.19 and 7.20) and were also 

assigned to Node 12 in the CT analysis of the PXRF dataset (Figure 7.26).  The three 

samples that formed the Arch 2 grouping, and plotted with the northwestern 

geological samples in the WDXRF dataset analysis’ were assigned to Node 16 in the 

CT analysis of the PXRF dataset. This node also contained all of the geological 

samples from the northwest coast of Nuku Hiva (i.e., Pua and Hakaea). 

The four remaining groupings (Arch 3-6), which plotted with the geological 

specimens from the northeastern bays in the WDXRF dataset analysis, were all 

assigned to Node 17 in the CT analysis of the PXRF dataset (Table 7.15). This node 

also contained all of the geological samples from the northeast coast (Anaho, 

Ha‘ataivea and Ha‘atuatua). The DFA analysis of the PXRF dataset placed these 

specimens into the same groupings (Table 7.14).  

For the archaeological specimens that were only included in the PXRF dataset 

(n = 211), the results of both primary assignment methods of analysis were, for the 

most part, consistent. Two specimens (Samples #5617 and #5018) were removed 

from the dataset during the early stages of the analysis because they possessed 

extreme values of certain elements (see above). All of the remaining specimens were 

assigned to the Marquesas Islands by both methods (Figure 7.21; Table 7.10). In the 

CT analysis within the Marquesas Islands, a total of 119 specimens (95 analysed with 

PXRF and 24 with WDXRF) were assigned to Eiao, and the remaining 145 (114 

analysed with PXRF and 31 with WDXRF) to a source on Nuku Hiva (Figure 7.26). 
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Table 7.15. Comparison of source assignments for the archaeological specimens common to 
both datasets. 
 
 WDXRF dataset PXRF dataset 
Sample   CT  
 CT DFA Node Association DFA 
      

1026                    Eiao Eiao Node 10 Eiao Eiao 
118                     Eiao Eiao Node 10 Eiao Eiao 
119                     Eiao Eiao Node 10 Eiao Eiao 
1344                    Eiao Eiao Node 10 Eiao Eiao 
5006                    Eiao Eiao Node 10 Eiao Eiao 
5007                    Eiao Eiao Node 10 Eiao Eiao 
5011                    Eiao Eiao Node 10 Eiao Eiao 
5012                    Eiao Eiao Node 10 Eiao Eiao 
5045                    Eiao Eiao Node 10 Eiao Eiao 
5055                    Eiao Eiao Node 10 Eiao Eiao 
5062                    Eiao Eiao Node 10 Eiao Eiao 
5071                    Eiao Eiao Node 10 Eiao Eiao 
5073                    Eiao Eiao Node 10 Eiao Eiao 
5074                    Eiao Eiao Node 10 Eiao Eiao 
5135                    Eiao Eiao Node 10 Eiao Eiao 
5138                    Eiao Eiao Node 10 Eiao Eiao 
5140                    Eiao Eiao Node 10 Eiao Eiao 
5144                    Eiao Eiao Node 10 Eiao Eiao 
5146                    Eiao Eiao Node 10 Eiao Eiao 
5161                    Eiao Eiao Node 10 Eiao Eiao 
5166                    Eiao Eiao Node 10 Eiao Eiao 
5182                    Eiao Eiao Node 10 Eiao Eiao 
5253                    Eiao Eiao Node 10 Eiao Eiao 
678                     Eiao Eiao Node 10 Eiao Eiao 
     

14                       Arch 1 Node 12 T. Deserte T. Deserte 
5049                    Arch 1 Node 12 T. Deserte T. Deserte 
5057                    Arch 1 Node 12 T. Deserte T. Deserte 
5065                    Arch 1 Node 12 T. Deserte T. Deserte 
5072                    Arch 1 Node 12 T. Deserte T. Deserte 
5077                    Arch 1 Node 12 T. Deserte T. Deserte 
5167                    Arch 1 Node 12 T. Deserte T. Deserte 
     

5003                    Arch 2 Node 16   N-W valleys1 N-W valleys 
5059                    Arch 2 Node 16 N-W valleys N-W valleys 
5082                    Arch 2 Node 16 N-W valleys N-W valleys 
     

1086                    Arch 3 Node 17  N-E valleys2 N-E valleys 
5002                    Arch 3 Node 17 N-E valleys N-E valleys 
5056                    Arch 3 Node 17 N-E valleys N-E valleys 
5061                    Arch 3 Node 17 N-E valleys N-E valleys 
     

116                     Arch 4 Node 17 N-E valleys N-E valleys 
304                     Arch 4 Node 17 N-E valleys N-E valleys 
713                     Arch 4 Node 17 N-E valleys N-E valleys 
715                     Arch 4 Node 17 N-E valleys N-E valleys 
853                     Arch 4 Node 17 N-E valleys N-E valleys 
885                     Arch 4 Node 17 N-E valleys N-E valleys 
     

115                     Arch 5 Node 17 N-E valleys N-E valleys 
117                     Arch 5 Node 17 N-E valleys N-E valleys 
1345                    Arch 5 Node 17 N-E valleys N-E valleys 
310                     Arch 5 Node 17 N-E valleys N-E valleys 
5069                    Arch 5 Node 17 N-E valleys N-E valleys 
5076                    Arch 5 Node 17 N-E valleys N-E valleys 
588                     Arch 5 Node 17 N-E valleys N-E valleys 
683                     Arch 5 Node 17 N-E valleys N-E valleys 
735                     Arch 5 Node 17 N-E valleys N-E valleys 
861                     Arch 5 Node 17 N-E valleys N-E valleys 
     

860                     Arch 6 Node 17 N-E valleys N-E valleys 
1) North-western valleys- Pua and Hakaea 
2) North-eastern valleys- Anaho, Ha‘atuatua and Ha‘ataivea 



 300

The results of the DFA analysis of the PXRF dataset were similar to the CT 

analysis, and assigned 98% (259 of the 264) of the archaeological specimens to the 

same sources (Figures 7.28 and 7.29). Six specimens were assigned differently in the 

two analyses but examination of the results suggests that these differences are due to 

statistical errors in the DFA procedure (see Figure 7.34). 

In both sets of analyses using the PXRF dataset, two archaeological specimens 

were assigned to the Taioha‘e volcanic region in the south Nuku Hiva. Both of these 

specimens (Samples #5023 and #5307) were adze preforms from Hatiheu Valley. As 

noted earlier, the Taioha‘e volcanic region grouping contained reference specimens 

from both Taioha‘e Valley and the neighbouring Taipivai Valley. Although distinct 

from the rest of Nuku Hiva, the samples from Taioha‘e and Taipivai overlap 

considerably. In addition, the reference set consisted of only 11 samples in total. For 

these reasons, it is not currently possible to identify a specific location within the 

Taioha‘e region as the source for either of these specimens. 

Four archaeological specimens were assigned to Hatiheu Valley in the CT 

analysis (Samples #5508, #5084, #5312 and #6398). Three of these were also 

assigned to Hatiheu in the DFA analysis, but one (Sample 5508) was assigned to 

Ho‘oumi (Table 7.13). A scatterplot of the discriminant functions showed this sample 

to cluster closer to the Hatiheu specimens, again suggesting differences in group 

variances had caused errors in the DFA analysis (Figure 7.35). 

All of the remaining archaeological specimens in the PXRF dataset were 

assigned to one of the sources in the north of Nuku Hiva. Twenty-five specimens 

were associated with the reference specimens from the Terre Deserte in both the DFA 

and CT analyses, and in both analyses these samples form distinctive clusters that are 

clearly separated from the other archaeological specimens (Figures 7.29 and 7.36). 

Discriminating among the remaining archaeological specimens was not as 

straightforward. In the CT analysis, only one pair of variables (Zr and Cr) completely 

separated the geological reference samples from the northeastern (Anaho, Ha‘ataivea 

and Ha‘atuatua) and northwestern (Hakaea and Pua) valleys but the separation was 

minimal (Figure 7.30a). The addition of a second variable pair (Ti and Sr), however, 

improved the visual separation for both the reference samples and the archaeological 

specimens (Figure 7.30c and d). The DFA analysis produced similar results. Two 

reference samples were misclassified in this analysis, and one archaeological sample 

was assigned to a different group than in the CT analysis. A scatterplot of the 
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discriminant functions, however, showed a definite clustering in both the 

archaeological and reference samples (Figure 7.36), and in common with most of the 

DFA analyses of the PXRF dataset, it appeared likely that these differences were due 

to the inability of DFA to account for differing variances in the reference data.  

Overall, all of the analyses conducted in this study produced more or less 

consistent results. The final source assignments for both datasets are summarised 

below (Table7.16). It is noteworthy that in both datasets the archaeological specimens 

were assigned to sources in approximately equal proportions, suggesting that no 

systematic analytic biases were present in either of the datasets. 

 

Confounding factors 

 Although the analyses reported in this chapter separated most sources, several 

factors with the potential to bias the results of the analyses need to be considered in 

order to evaluate the degree of confidence that can be placed in them. For the 

reference datasets used in this study, the three factors of most concern are: 1) the 

consequences of variables that are missing from the PXRF dataset, 2) the likelihood 

of some sources being absent from the reference datasets and, 3) the number of 

reference specimens that were available for some of the sources. 

 

Missing data 

The majority of the archaeological specimens in this study (211 out of 266) 

were analysed using PXRF. While this method has the advantages of being 

inexpensive, rapid and  non-destructive, several of the major elements that have been 

found useful in previous provenancing studies, including SiO2, Na2O, Al2O3 and  

MgO, were not quantified by the instrument used in this study (see Chapter 4). 

Analysis of the PXRF dataset was complicated not only by the absence of these useful 

discriminating elements, but also by the limited choices offered by the remaining 

elements. The Terre Deserte samples, for example, could be differentiated from 

several other sources on Nuku Hiva using the element Ni in combination with one or 

more of the other available elements (see Figure 7.29). In contrast, the WDXRF 

dataset analysis indicated that the major elements SiO2 and MgO are also distinctive 

in the specimens assigned to the Terre Deserte (see Figure 7.19). Similarly, the 

geological samples from northeastern and northwestern Nuku Hiva could only be 

completely separated using one pair of variables in the PXRF dataset (Cr and Zr),  
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Table 7.16. Summary of source assignments for the WDXRF and PXRF datasets. 
 
Source  WDXRF dataset   PXRF dataset  
  n %   n %  
Eiao  24 43.6   119 44.7  
Nuku Hiva         
   Northeast  21 38.2   104 39.1  
   Terre Deserte  7 12.7   25 9.4  
   Northwest  3 5.5   10 3.8  
   Hatiheu      4 1.5  
   Taioha‘e      2 0.8  
         
Unknown      2 0.8  
Total  55    266   
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whereas several other elements included WDXRF dataset were useful in separating 

these regions (see Figure 7.19). 

Overall, this study found that fully compositional data were particularly useful 

for separating several sources, and in hindsight, it would have been advantageous to 

have processed all of the geological samples using WDXRF. However, the WDXRF 

instrument used in for this study requires the partial destruction of samples (see 

Chapter 4) and it was not possible to analyse all of the archaeological specimens using 

this technique, particularly those from private collections.  

 

Absent sources 

The analyses reported in this study assigned all but two of the archaeological 

specimens (Samples #5617 and #5018; see Chapter 6) to either Nuku Hiva or Eiao. 

This provides the most parsimonious explanation, given that the specimens were all 

collected on Nuku Hiva, and at least three quarries (i.e., Eiao, Ha‘ataivea and the 

Terre Deserte) have been identified on these islands. The possibility of at least some 

of the archaeological specimens originating on another of the Marquesan islands, 

however, cannot be completely ruled out. For this study, reference data were available 

for six islands — Nuku Hiva, Eiao, and Hiva Oa, Tahuata, Ua Huka and Ua Pou. 

However, the samples for the later three were all phonolites, rather than basalts, and 

were removed from the dataset early in the analysis. This limited the main stages of 

the analyses to the consideration of only Hiva, Eiao, and Hiva Oa as potential sources, 

and for Hiva Oa only two reference specimens were available. Unfortunately, 

reference data for basalts from other Marquesan islands that are suitable for 

archaeological provenancing studies are very limited at present. Limited reference 

data present an ongoing difficulty for all types of provenancing studies, both in the 

Polynesia (e.g., Weisler 1993c; Allen and Johnson 1997; Sheppard et al. 1997, 2001) 

and elsewhere (e.g., Peisach 1986; Shackley 1995, 2008; Glascock and Neff 2003; 

Bellot-Gurleta et al. 2008). This situation is, however, steadily improving, particularly 

for Oceanic basalt sources (see Section 6.2). 

 

Sample size 

A third factor that may have adversely influenced the results of this study was 

the limited number of reference specimens for some sources. In total, 121 reference 

specimens were available for the Marquesas Islands, but they were divided over a 
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number of sources, some of which were only represented by a few specimens (see 

Chapter 3). The most concerning of these are the reference samples for Hiva Oa and 

the Terre Deserte region of Nuku Hiva, each of which is only characterised by two 

specimens. In the latter case, the clustering of archaeological specimens around the 

reference samples suggests that they provide at least a rough approximation of the 

variability of this source (see Figures 7.19, 7.20 and 7.29). Small numbers of 

reference specimens are, however, problematic because they are unable to provide a 

reasonable estimate of the true variability of sources. The inadequate sampling of 

potential sources has been an ongoing problem in archaeological provenancing studies 

(Leach and Manly 1982; Allen and Johnson 1997; Sinton and Sinoto 1997; Weisler 

and Sinton 1997:188), and although this study has increased our knowledge of the 

fine-grained basalt sources on Nuku Hiva, a great deal of work is still needed to gain a 

better understanding variability of many of these sources. 

 

7.5 Summary 

In this study, two primary provenancing methods were employed — CT 

analysis and DFA. In the Chapter 5, it was suggested that CT analysis might be better 

suited to geochemical characterisation studies because it makes fewer assumptions 

about data distributions; for the analyses conducted in this study, this method was 

found to possess several advantages over DFA. In many cases, CT analysis was 

considerably simpler to implement than DFA, and produced results that were 

relatively easy to evaluate. The second method, DFA, also performed well. Its 

application was, however, not as straightforward, particularly when applied to the 

PXRF dataset. An assessment of the results suggested that most of the difficulties 

encountered in the DFA analyses were caused by differences in group variances. 

Despite these complications, DFA produced almost identical results to the CT 

analyses and provided a useful independent method of analysis.  

A noteworthy finding of this analysis was that, with two possible exceptions 

(Samples # 5617 and # 5018; see Chapter 6), all of the archaeological specimens 

collected on Nuku Hiva were derived from Marquesan sources. Given the widespread 

dispersion of stone from Eiao to other Polynesian archipelagos, it was thought 

possible that some exotic stone might have been identified in these assemblages. 
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At least six distinct Marquesan sources were identified in this study, and of 

these, three (Eiao, northeastern Nuku Hiva and the Terre Deserte region) account for 

97 % of the total archaeological specimens (Table 7.16). The quarries on Eiao are 

well documented in the archaeological literature (Linton 1925; Rolett 2001; Butaud 

and Jacq 2007; Charleux 2009), and stone from this island has been identified in 

several other East Polynesian archipelagos (e.g., Weisler 1998; 2008; Di Piazza and 

Pearthree 2001, Weisler and Green 2001; Collerson and Weisler 2007). Almost one 

half of the archaeological specimens (44.7 %) in this study were found to have come 

from Eiao (Table 7.16). 

The second most common source identified in this study is located in one or 

more of the northeastern valleys of Nuku Hiva, and accounted for 39 % of the total 

archaeological specimens. In this region, Suggs (1961) identified the quarry of 

Ha‘aupa‘upa at Ha‘ataivea bay. In addition, at least two sites with evidence of local 

adze manufacture have been identified in Anaho Valley (i.e., Structures 101 and 92 – 

95; see Chapter 3). In this study, a number of geological specimens from the 

neighbouring valleys of Ha‘ataivea, Anaho and Ha‘atuatua were analysed, and the 

results indicate that the geochemical compositions of  stone from these three valleys is 

too homogeneous to be reliably separated by elemental concentrations alone. 

However, some of the results of this study also suggested that the archaeological 

specimens assigned to this region may have derived from a number of distinct sources 

(see Figures 7.19, 7.20).  

The third most common source is located in the Terre Deserte region on the 

western side of Nuku Hiva. This source has only recently been identified (see Chapter 

3) and is presently not as well-known as the quarries on Eiao or the Ha‘aupa‘upa site 

in Ha‘ataivea Bay. Two reference samples from a pair of neighbouring workshops in 

the Terre Deserte region were analysed in this study, and although they appear to be 

distinctive from other sources on Nuku Hiva, a larger sample is required before this 

can be confirmed. Just under one-tenth of the archaeological specimens were assigned 

to the Terre Deserte source (Table 7.16). 

Apart from the two specimens that appear to have originated from sources not 

represented in the reference data, the remaining archaeological samples derive from 

sources located on Nuku Hiva. These include one or more sources in the northwest 

region of the island, a source in Hatiheu Valley, and another somewhere in the south 
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of Nuku Hiva within the Taioha‘e volcanic region. Numerically these sources 

represent less than 3 % of the total archaeological sample. 

The findings of this chapter are examined in more detail in Chapter 9. In the 

next chapter, a morphological analysis that was conducted on the archaeological 

specimens is reported. 
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CHAPTER 8 

MORPHOLOGICAL ANALYSIS 

 

8.1 Introduction 

Provenancing studies, such as the geochemical analyses reported in the 

previous chapter, are capable of providing an objective means of tracing the 

movements of artefacts and raw materials from their source regions. However, in 

order to better understand the contexts in which materials were circulated and to 

explore some of the possible reasons for their circulation, it also is useful to examine 

the morphological properties of the artefacts. 

As discussed in Chapter 3, the majority of the artefacts included in this study 

were collected from similar contexts; most are from surface collections at domestic 

sites from the same island and are presumed to be roughly contemporaneous. For 

these reasons, it was thought unlikely that the observed morphological variation 

reflected historical differences or cultural variation. Rather, it was considered more 

likely that artefact form might be related to the technological properties of the raw 

materials, which might, in turn influence the functional possibilities and limitations of 

tools made from different materials. Consequently, a morphological analysis that was 

capable of grouping the artefacts according to functional properties was considered 

the most useful avenue of investigation. 

A number of schemes have been employed for describing Marquesan adze 

assemblages (e.g., Linton 1923; Duff 1959; Suggs 1961; Kellum 1966; Emory 1968; 

Ottino 1985a). Most, however, were developed for specific purposes and intended to 

answer questions that are not necessarily the same as those addressed in this study. To 

determine whether any of the existing schemes might be suitable for this study, the 

widely-known ones were reviewed. No single scheme was found to be ideally suited 

to the purposes of this study, and, for this reason, the morphological attributes of the 

present assemblages were analysed with a view to identifying any distinct patterning 

that might be related to tool function. The findings of this analysis are reported in this 

chapter. 
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8.2 Approaches to artefact analysis 

The arrangement of artefacts on the basis of physical similarities and 

differences is one of the most basic and routine tasks in archaeology and yet it has 

also been (and continues to be) a particularly contentious issue. Although a number of 

texts and extended articles have helped to clarify some of the theoretical and 

methodological misunderstandings that have arisen (e.g., Hill and Evans 1972; 

Dunnell 1971, 1986; Gardin 1980; Marradi 1990; Adams and Adams 1991; Banning 

2000; Read 2009), there is still a lack of consensus among practitioners. This is, of 

course, not necessarily an undesirable state of affairs as different sorts of problems 

often require different theoretical and methodological approaches. One point on 

which most researchers do agree, however, is that whichever analytical techniques are 

employed, they need to be clearly and explicitly articulated so that others can fully 

evaluate results, and, if warranted, replicate them.  

There are a variety of ways in which artefacts can be arranged, and Dunnell 

(1971; see also Banning 2000) makes a useful distinction between two fundamentally 

different approaches — classification and grouping. Classification begins as an 

intellectual process, in which a set of criteria is developed to define a number of 

mutually exclusive abstract classes. Because defining criteria are mutually exclusive, 

their attribute states must be specified at the categorical (i.e., nominal or ordinal, 

sensu Stevens 1946) level. Continuous variables can be used as attributes but, for the 

purposes of classification, they must first be converted into categorical data by 

partitioning their values into discrete interval ranges (Adams and Adams 

1991:80,174). Because classifications have definitions that are independent of the 

entities they are intended to classify, it is possible to define a class with no 

membership. Dunnell (1971) recognises two types of classifications — taxonomies, in 

which attributes are arranged hierarchically and therefore, weighted, and paradigms, 

which are formed by the non-hierarchical intersection of attribute states. 

Grouping methods contrast classifications in that they begin with entities 

rather than abstract definitions and their categories are groups of “things” (Dunnell 

1971:44; Banning 2000:38). In this sense, grouping methods can be thought of as 

kinds of pattern recognition, which result in descriptions of the entities that form the 

groups (Allen 1996). Unlike classifications, the criteria used to distinguish one group 

from another need not be mutually exclusive. Under Dunnell’s (1971) definition, 

arrangement techniques such as those based on central tendencies (see also Adams 
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and Adams 1991:240), fuzzy sets (Baxter 2009) and polythetic associations (Clarke 

1968) would all be considered groupings. 

In many parts of Oceania, particularly Australia (e.g., Hiscock and Clarkson 

2000; see also Holdaway and Stern 2004) and Southeast Asia (e.g., Marwick 2008a, 

2008b), a number of recent studies have placed less importance on formal artefact 

arrangements in favour of analytic methods that aim to better understand the 

processes responsible for morphological variability. These studies have recognised 

that a substantial proportion of many archaeological assemblages is composed of 

artefacts that have been discarded at or near the end of their use life, and at least some 

of the observed morphological variation may be a result of tool use and maintenance 

rather than design (see Rolland and Dibble 1990; Holdaway et al. 1996). Although 

stone adzes are also subject to maintenance and reworking  (see Mackie 1992; Turner 

2000; Boer-Mah 2008), most Polynesian adze studies have continued to employ 

formal artefact arrangements, in particular typologies (e.g., Anderson et al. 1994; 

Turner 2000; West 2000; Bollt 2005) 

Typologies are particular kinds of arrangements (see Adams and Adams 

(1991:370). Banning (2000:53) describes a typology as “a classification or grouping 

that has explanatory (or meaningful) relationships with attributes that are not intrinsic 

to the classification or grouping itself”.  There are a number of ways of constructing 

typologies but, for most studies of Polynesian stone tools, this has involved using 

grouping methods to place artefacts with recurring combinations of attribute states (or 

modes) together  to form either hierarchical Type-Variety typologies (e.g., Skinner 

1940, 1943a, 1943b; Duff 1959; Emory 1968; Turner 2000) or polythetic group 

associations (e.g., Suggs 1961). A feature of Polynesian adze typologies is that, 

although they often appear to contain distinct types, with very few exceptions (e.g., 

Emory 1968), the necessary criteria for type membership are not stated explicitly. 

This has sometimes resulted in difficulties for researchers attempting to use existing 

typologies (see Figueroa and Sanchez 1965; Turner 2000).  

One of the major disagreements concerning typologies has been the question 

of whether the types they define occur naturally or whether they are merely artificial 

constructs of the analyst. These seemingly opposing views have often been associated 

with the well-known debate between Spaulding (1953, 1954) and Ford (1954a, 

1954b), and are sometimes considered dichotomous positions. However, as was 

recognised at the time by Steward (1954) and subsequently by other researchers (e.g., 
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Adams and Adams 1991; Mackie 1992; Holdaway and Stern 2004), these viewpoints 

are simply different ways of exploring data, and, in fact, many practical typologies 

contain aspects of both ideas. 

On the one hand, unless a clear cultural or historical link between the maker 

and the analyst can be demonstrated (as may be the case in certain studies of historical 

assemblages; see H. Leach 1996), typological categories are necessarily artificial 

constructs, determined, and often named, by the analyst.  Even when a historical link 

can be made, the categories recognised by the makers and users of assemblages will 

not necessarily correspond to physical features that can be identified and separated by 

the analyst. On the other hand, while it may not be possible to completely 

“rediscover” the artefact categories recognised by other social traditions, it is probable 

that many analytical categories correspond to at least some aspects of the behaviour of 

the creators and users of an assemblage. This is apparent in recurring combinations of 

attribute states that are considered too frequent to occur by chance alone (Spaulding 

1953; Childe 1956:35). The relationship between analytically-defined types and 

prehistoric behaviours is also frequently presumed, even if implicitly, simply by 

referring to an artefact by a name that denotes a specific function, such as “scraper”, a 

“burin”, or in this case, an “adze” (see Dunnell 1971). 

Irrespective of the degree to which they are presumed to correspond to 

patterns of past behaviour, archaeological typologies are a result of decisions made by 

particular analysts (Adams and Adams 1991:242). For this reason, typologies can be 

thought of as specialised arrangements of things that are intended to address specific 

types of questions, and as such, they may not necessarily be equally useful for 

investigating other types of questions (Dunnell 1986:115, 190; Holdaway and Stern 

2004:219). For example, a typology that is intended to identify differences in spatial 

distributions over a large geographical region will require the inclusion of attributes 

that are known (or thought) to be sensitive to spatial variation. These same attributes, 

however, may not be as useful for identifying temporal differences at a specific 

locality, and a typology intended for this may require a different set of attributes. In 

turn, neither of these typologies will necessarily include attributes that are useful for 

identifying technological or functional differences in the same assemblage. In this 

regard, assemblages of artefacts are “multidimensional in terms of meaning” (Read 

2009:35), and the task of the analyst is to select those attributes that can provide the 

best means of providing relevant information for a particular question. 
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Attributes and attribute states 

 For most types of artefacts, a large number of attributes are potentially 

measurable. While it is possible to include many attributes in a typology, too large a 

number may result in overly complicated scheme and lead to practical problems in 

applying the typology. In contrast, including too few attributes may produce a 

typology that does not contain enough information to adequately address the 

questions for which it was developed. 

In selecting the attributes with which to create a useful (and useable) typology, 

two issues must be considered. The first is theoretical and relates to the purpose of the 

typology. To be worthwhile as analytic tools, typologies (and the types they define) 

need to have some connection to the problems they are intended to address (Dunnell 

1971; Adams and Adams 1991:35; Holdaway and Stern 2004:219). Particular 

typologies are developed to address specific questions, and for this reason, the 

attributes that are used for assigning type membership need to be selected on the basis 

of a demonstrated or presumed relationship to the question. For questions concerning 

functional or technological aspects of stone tools, the selection of attributes might be 

guided by experimental studies on similar tools (e.g., Best 1975, 1977; Turner 2000), 

physical studies of raw materials (e.g. Dibble and Pelcin 1995), observations of 

ethnographic and contemporary tool use (e.g., Dickson 1981) or the examination of 

residues and use-wear patterns (e.g., Attenbrow et al. 1998; Weisler and Haslam 

2005; Haslam 2006; Haslam and Liston 2008).  

The second issue is a practical one. Including attributes that are difficult to 

reliably identify or measure can unnecessarily complicate an analysis (Banning 

2000:55). Similarly, attributes that are very time-consuming or expensive to analyse 

may also be unsuitable, particularly for large samples (Adams and Adams 1991:237). 

Consequently, the preferred attributes for a practical typology are those that are 

present on a large proportion of the sample, easily recognised and able to be 

objectively measured. Attributes fitting these criteria are, however, not always 

directly relevant to the questions a typology is intended to address. In these situations, 

a decision needs to be made as to whether to include only the most relevant attributes 

and potentially reduce the size of the identifiable sample or to include less relevant 

but more ubiquitous attributes to produce larger sample with potentially less 

interpretive power. Both of these approaches are valid and the choice of one over the 

other will often depend on the nature of the problem and the available resources. 
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Typological schemes that offer detailed type definitions can result in high 

proportions of assemblages that cannot be assigned to a particular type because some 

of their defining attributes are missing or incomplete. Such schemes are suitable for 

studies where it is important to identify a particular artefact in a certain context with a 

high degree of confidence (Adams and Adams 1991). They may, however, be less 

useful for questions where quantifying the relative frequencies of large assemblages is 

considered more important than defining type membership precisely. In these cases, a 

more inclusive typology can be constructed by selecting those attributes that are 

measurable on the majority of an assemblage (Mackie 1992). This approach may limit 

the typology to fewer (and more broadly defined) types, but it has the advantage of 

enabling a greater proportion of an assemblage to be accommodated. One approach to 

making typologies more inclusive is to identify a commonly-occurring attribute that 

can serve as a proxy for another attribute that is less common but more directly 

relevant for the purposes of the typology. If it can be shown that the states of these 

attributes are correlated, then it can be plausibly inferred that the more common 

attribute is also diagnostic of the type defined by the less common one, even though 

the more common attribute may not be as directly relevant to the question.  

Another important practical consideration in selecting suitable attributes is that 

both the attributes themselves and their possible states are able to be defined 

unambiguously (Adams and Adams 1991:91). For ground stone tools, such as adzes, 

the objective definition of attribute states is particularly problematic because many of 

the potential attributes have continuous distributions rather than discrete categorical 

states. Even some attributes often considered to be discrete are in reality continuous, 

and can be defined more objectively in terms of metric ratios (see Emory 1968). For 

example, it is common to describe Polynesian adze cross-sections using discrete shape 

descriptors, such as quadrangular, trapezoidal or triangular (e.g., Duff 1959).  

Although it is often possible to assign an artefact to one of these categories without 

hesitation, there also occur borderline cases where assignment is not clear. Similarly, 

hafting modifications to adze butts (i.e., tangs) are regularly described using 

comparative adjectives (e.g., incipient, slight, pronounced), which has sometimes 

made it difficult for typologies to be replicated (see Figueroa and Sanchez 1965). 

While comparative terms may be helpful for describing the attributes of artefacts after 

they have been grouped, they are not useable as attribute state definitions for building 

typologies unless their ranges are explicitly defined (Adams and Adams 1991:174). 
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A common method of converting continuous variables into categorical data is 

to partition their distributions into discrete interval units with defined ranges. Two 

methods used for such purposes are segment coding and gap coding (Rae 1998). 

Segment coding is the most straightforward, and involves dividing the range of 

observed variation for each variable into a number of portions, determined by fixed 

(and arbitrarily selected) divisions, such as 10 g weight increments or 10 mm linear 

divisions. There are, however, some factors that need to be considered for this sort of 

division. Firstly, the presence of extreme values (i.e., potential outliers) will tend to 

limit the size of membership in the outermost divisions, and may create intermediate 

divisions with no membership. Secondly, because attribute states are arbitrarily 

selected, they will not necessarily correspond to significant modal patterning in the 

data distributions (Almieda and Bisby 1984). If such modes are useful for defining 

groups, arbitrary segment coding may result in single modes being split over two or 

more attribute states, or multiple modes being conflated into a single attribute state. 

Gap coding attempts to address some of the shortcomings of segment coding 

by identifying peaks (or modes) and dips (or gaps) in data distributions and using 

them to determine the boundaries of the attribute states (Archie 1985; Rae 1998). 

Divisions in distributions are either identified subjectively (Almeida and Bisby 1984) 

or by objectively defining a critical gap size using one of several statistical techniques 

(e.g., Thorpe 1984; Archie 1985; Baum 1988).  

In dealing with continuous data, studies of Polynesian adzes have tended to 

divide variables into predefined categories (i.e., segment coding). For example, Green 

and Davidson (1969) have distinguished between thick and thin quadrangular-

sectioned adzes on the basis of their shoulder thickness relative to shoulder width (i.e., 

shoulder index; see below), designating specimens as “thick” when thickness is more 

than half the shoulder width (i.e., shoulder index >50), and “thin” when it is less than 

half the width of the shoulder (i.e., shoulder index >50). Similarly, Emory (1968) has 

developed an objective, though apparently arbitrarily defined, scheme for determining 

cross-section shape on the basis of ratio measurements (see below). Although these 

sorts of methods provide objective means of assigning artifacts to types, they cannot 

identify modalities that may be present in variable distributions because their attribute 

states are arbitrarily determined. For this reason, the gap coding method is used in this 

study. Where continuous variables need to be partitioned their distributions are first 

examined in order to determine whether any modality can be identified. 
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Summary 

 The foregoing discussion highlights several factors that need to be considered 

when developing an artefact grouping scheme or evaluating the usefulness of an 

existing typology. The most important is that, whether a new or existing typology is 

used, its rationale needs to be clearly understood because schemes are that designed to 

address one kind of question may not necessarily be useful for addressing other types 

of questions. For this study, a suitable typology should be able to identify functional 

variation, and, at the same time, include as large a proportion of the sample as is 

reasonably possible. Several typologies have been developed for Marquesan adzes, 

and to determine whether any might be useful for addressing the questions posed in 

this study, they are reviewed below. First, though, the nomenclature that is commonly 

employed with Polynesian adzes is summarised. 

 

8.3. Nomenclature 

In most studies of Polynesian stone tools, including the present one, the 

terminology proposed by Buck, Emory, Skinner and Stokes in 1930 has been adopted, 

although a few researchers have employed alternative terms (see Davidson 1961). For 

the purposes of description, an adze is oriented with the long axis in a vertical 

position, the cutting edge facing downwards, and the bevel (and the haft when 

present) facing away from the observer (Figure 8.1). The surface facing the observer 

is known as the front, the opposite surface, the back, and the surfaces that form the 

lateral margins, the sides. On specimens with triangular cross-sections, the front or 

back surface may be reduced to a narrow ridge, while for certain other cross-section 

shapes, such as lenticular and plano-convex forms, the sides may be reduced similarly 

(Figure 8.2). 

Adzes are usually divided into two portions — the blade and the butt. The butt 

is the upper portion that carries the lashings when a specimen is hafted. This area is 

sometimes modified by the reduction of the front and sides as an aid to securing the 

haft, and may also involve the fashioning of protuberances in the front surface, known 

as lugs. Adzes with reduced butts are sometimes referred to as being “tanged”, as 

opposed to “untanged” for unreduced specimens (e.g., Linton 1923; Emory 1968). 

The upper extremity of the butt is called the poll; on some specimens this forms a 

separate surface with distinct margins, while on others it is rounded and no margins 

are apparent. 
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Figure 8.1. Terminology commonly used for Polynesian adzes (after Buck et al. 1930). 



 316

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 8.2. Common adze cross-section forms 
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The blade is the lower portion on which the bevel and cutting edge are formed. 

The bevel is a facet formed on the back surface, and usually has a ground surface. The 

margin formed by the intersection of the bevel and the front surface is the cutting 

edge. On some specimens the bevel meets the back surface at a sharply defined ridge 

or margin, known as the chin. The point at which the butt and the blade meet is 

known as the shoulder. On specimens with no distinct butt modification, there may be 

no clear demarcation between the blade and the butt; for the purposes of width and 

thickness measurements, the mid-point between the cutting edge and the poll is 

generally considered equivalent to the shoulder (e.g., Green and Purcell 1961; Green 

and Dessaint 1978). 

The cross-section is measured at the shoulder. For many forms the shape of 

the cross-section is more-or-less consistent but, in some cases, it differs considerably 

along the length of the blade. While it is possible to describe cross-section 

orientations unambiguously, the required terminology is often verbose and tends to 

become cumbersome. For instance, Davidson (1961:9) has suggested such terms as- 

“triangular with apex to the back” and “trapezoidal with front narrower than back”. 

For this study, cross-section orientations follow Emory (1968), and are defined with 

respect to the back surface (see Figure 8.2); a triangular form with its base towards the 

back and apex towards the front is defined as “triangular”, and the opposite, 

“reversed-triangular”. The same principle applies to other shapes; trapezoidal and 

plano-convex forms with bases (or widest transverse margins) facing the back are 

referred to by those terms alone, while those with their bases towards the front have 

the prefix “reversed” added. Although the orientation of a cross-section can be 

prescribed objectively, defining its actual shape is not as straightforward. Because the 

front and back widths are continuously variable it is not necessarily apparent when 

one form changes to another; for example, defining when a rectangle becomes a 

trapezium, or a trapezium, a triangle can be difficult. This issue is addressed below. 

 

8.4 Review of Marquesan adze studies 

 One notable feature of Marquesan adze studies is that almost every researcher 

has used a different typological scheme. In this section, some of the typologies that 

have been employed are discussed with a view to identifying those that might be 

suitable for the aims of this study. 
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The first adze classification exclusively derived from Marquesan material was 

that of Linton (1923) and was based on approximately one hundred specimens, half 

from the Bishop Museum collections and the remainder from some unspecified 

source, but presumably examined during the course of his 1920 - 21 field work in the 

islands. Linton grouped Marquesan adzes into four named types — A‘a, Kouma, 

tanged and tanglesss — and added an additional category for a few specimens that he 

felt required individual descriptions. 

Two of Linton’s classes were recognised as distinctive types by his Marquesan 

informants. One, the A‘a, was described as a large, rectangular-sectioned adze with a 

robust bevel angle. According to Linton’s informants, the A‘a type was used for the 

final dressing of planks (Linton 1923:323), although more recent experimental studies 

suggest that these sorts of large, robust tools are better suited to heavy-duty roughing-

out work than to fine dressing (e.g., Best 1975; Turner 2000:112). The other type 

recognised as a separate class by Marquesans was the Kouma (usually rendered as 

Koma by subsequent researchers). This is a distinctive triangular-sectioned form with 

a tapered blade and narrow cutting edge, equivalent to Duff’s (1959:137) Type 4A 

(see below), varieties of which are fairly common throughout East Polynesia (with the 

notable exception of Hawaii). Linton (1923:323) noted that the Koma type accounted 

for about 30 % of the specimens he examined, and suggested a wide variety of uses 

for this type, including the hollowing out of canoes and containers, the cutting of 

ornamental designs, and the quarrying and dressing of stone. 

Most of the other adzes Linton described were divided into two further types 

—“simple tanged” and “tangless”. Linton (1923:323) described these two types as 

being morphologically similar to one another, in that they possessed relatively wide 

cutting edges and cross-sections ranging from rectangular to reversed-triangular. In 

plan-view these adzes were widest at the cutting edge, tapering towards the butt, and 

sometimes terminating in rounded or pointed polls. On tanged specimens, the tang 

was invariably formed on front of the adze and, less commonly, a shoulder was 

fashioned by the reduction of the sides. Linton (1923:323) observed that the tangless 

variety was more numerous than the tanged, but also noted that there was no clear 

demarcation between the two types, some having only slight tangs, which made it 

difficult to place these specimens into one class or the other. He also suggested that 

some of the smaller examples might have been hafted either as true adzes (i.e., 

perpendicular and transverse to the haft) or as chisels (i.e., in line with the haft). 
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Linton found that five of his specimens did not readily fit into any of the 

above types and provided individual descriptions for them. Two are described as 

having the general form of the Koma type, but possessing a wide cutting edge instead 

of the narrow bit characteristic of the Koma (Linton 1923: Plates XLVI, B2 & B3).  

This form was subsequently designated Type 4B by Duff (1959) and Akipou by Suggs 

(1961:112 — see below). The low frequency of this form in Linton’s sample (i.e., 2 

out of 100) is reflected in both Suggs’ (1961: Table 11) collection where it represents 

2.4 % of the total, and in Turner’s study of New Zealand adzes, where the Type 4B 

makes up 1.4 % (Turner 2000: Table 3.2). 

Another of Linton’s distinctive specimens is rectangular in cross-section and 

possesses an extremely wide cutting edge of 7 ¼ in. (185mm). Linton suggested that 

the relatively thin blade and low bevel angle (ca. 20o) would have rendered it 

unsuitable for heavy-duty work, but did not further speculate on its function. Notably, 

the illustration shows several chips on the cutting edge, suggesting that this specimen 

was used as a tool at some time (Linton 1923:Plate XLVI, B1). No similar tools were 

collected for the present study, nor have any been described in other Marquesan adze 

studies (e.g., Suggs 1961, Sinoto 1966, Rolett 1989), but the specimen resembles 

Duff’s (1959:137) Type 3E from Tubuai.  

Of the other two unclassified specimens, one has a rectangular section (Linton 

1923: Plate XLVI, B4), and may have been considered a separate type by Linton only 

because of its completely polished surface, as it appears to match his description of 

tangless adzes in all other respects. The other is described as a crude triangular 

implement with the cutting edge formed on the apex. Linton thought that this tool 

could have been used unhafted, presumably as some sort of hand-axe. However, 

judging from the illustration (Linton Plate XLVI, B5), it appears equally likely that 

the specimen is simply a damaged or reworked triangular form, such as a Koma type. 

In addition to adzes, Linton (1923:330) identified several smaller implements as 

gouges, although he was not certain whether they were hafted as adzes (i.e., 

transversely) or as chisels (i.e., longitudinally).  

Linton (1923:327-9) briefly discussed the hafting of adzes, but cautioned that 

his comments were based on the opinions of contemporary informants and 

observations of reproduction adzes rather than the examination truly “ancient” 

specimens. Much of his description matches accounts of other ethnographers (e.g., 

Buck et al. 1930; Buck 1932). Hafts were made from forked sections of wood where 
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the intersection of a suitably sized branch with the trunk formed an acute angle of 

approximately 70 degrees. For general-purpose tools, the handle was about one foot 

[30cm] in length, while for heavy-duty roughing-out work a somewhat longer four-

foot [120cm] long handle was used. Linton considered the composite haft with 

separate socket to be unknown in the Marquesas; he also thought it had not developed 

in other parts of East Polynesia. However, this view is likely to be incorrect, as 

subsequent studies have identified examples of composite hafts in other parts of East 

Polynesia (Buck et al. 1930), including the Cook Islands (Buck 1932: Figure 57) and 

New Zealand (Keyes 1971, 1981; Wallace 1982).  

 Linton’s (1923:325) comparison of  Marquesan adzes with other Polynesian 

artefacts was quite brief, owing to the paucity of information available at the time, and 

tended to reflect the views of other contemporary researchers (e.g., Hutton 1897, 

Buck 1932). He considered that typical Melanesian forms tended to be completely 

ground, possess oval or rounded cross-sections and lack distinct tangs, whereas 

Polynesian types were more angular, generally rectangular or triangular in cross-

section, and often possessed well-defined tangs. On this basis, Linton (1923:327) 

suggested that Marquesan adze forms may reflect contact with the Society Islands and 

other parts of southeast Polynesia, as well as Hawaii. 

 Overall, Linton’s Marquesan adze classification has endured quite well. Both 

Duff (1950, 1956, 1959) and Suggs (1961) retained his two named types, the Koma 

and A‘a, as distinct categories in their classifications, and the two specimens he noted 

as distinct but was unable to classify have since been considered a separate type as 

further examples have been identified (e.g., Duff’s Type 4B and Suggs’ Akipou type). 

One of the most well-known of Pacific adze typologies is that developed by 

Duff (1945, 1959, 1970).  Although it has been used most extensively in studies of 

New Zealand material, several researchers have applied Duff’s scheme to Marquesan 

adzes (e.g., Figueroa and Sanchez 1965; Sinoto 1966, 1970; West 2000). Duff based 

his system on Skinner’s (1940, 1943a, 1943b) earlier classification for New Zealand 

adzes. In common with Skinner’s classification, Duff employed a Type-Variety 

format, the main difference being that Duff reorganised Skinner’s varieties into types 

according to their cross-section shape because he considered this to be both more 

logical and more straightforward to implement (Duff 1945:147). From 1945, Duff 
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revised his typology several times17, the earlier versions being restricted mainly to 

New Zealand assemblages (Duff 1945, 1950, 1956, 1977), with later revisions 

expanding geographically to include additional material from Eastern Polynesia (Duff 

1959) and South-east Asia (Duff 1967, 1970). While the revisions consisted mainly of 

adding new varieties to accommodate forms that were considered either 

morphologically distinctive or characteristic of particular geographical locations, 

there was also some rearrangement of the existing varieties. For example, a form of 

circular gouge that Duff had originally classified as a Type 4D in 1950 was placed in 

a separate category (Type 6A) in his 1959 classification. 

In Duff’s system, types are designated by numbers and membership is 

determined by cross-section shape; Types 1 and 2 contain forms with quadrangular 

cross-sections (Type 1 with a tang and Type 2 without), Type 3 includes adzes with 

reversed-triangular cross-sections and Type 4, those with triangular cross-sections. 

Type 5 adzes are side-hafted and Type 6 have circular cross-sections. Duff’s types are 

then sub-divided into several varieties designated by letters (A, B, C etc.) depending 

on various morphological features, such as the presence or absence of lugs on the poll. 

A paradoxical feature of Duff’s typology is that although its structure appears 

to be set out in a logical manner, several researchers have found it difficult to assign 

particular specimens to one or another of its categories. This is partly because the 

attributes used to characterise some of Duff’s varieties are neither mutually exclusive 

nor exhaustive. Some authors have surmounted this problem by adding types that they 

considered to be distinctive (e.g., Figueroa and Sanchez 1965- see below). Others 

have found Duff’s system unworkable and developed typologies of their own. 

One such researcher was Suggs (1961), who developed a novel typology 

specifically for Marquesan adzes. Unlike Linton’s and Duff’s typologies, which were 

largely descriptive in nature, Suggs’ main concern was to catalogue the development 

of the Marquesan adze kit as part of his broader aim of developing a general cultural 

sequence for the region. Suggs (1961:106) considered Duff’s (1950) typology to be 

unsuitable for his purposes because, being largely derived from surface collections or 

                                                
17 In this study, all references to Duff’s typology refer to the 1959 version unless otherwise noted, as it 
deals specifically with Eastern Polynesian material. Note, however, that other authors have referred to 
different versions of Duff’s classifications: Suggs’ (1961) used the 1st edition of The Moa-Hunter 
Period of Maori Culture (1950), while Turner’s (2000) study mainly cited the 3rd edition (1977) of the 
same work. 
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unstratified archaeological contexts, it omitted features Suggs thought were 

chronologically important. 

Suggs identified and named nine different types in his classification (see Table 

8.1). Three types were thought to be restricted to his Settlement and Developmental 

periods (see Chapter 2). The Hatihe‘u type was characterised by an oval or circular 

cross-section and an incipient tang consisting of either a slight frontal reduction or a 

band of pecking around the butt. The Ha‘e‘eka type is described as being similar to 

the Hatihe‘u type, its main differences being an asymmetrical plano-convex cross-

section, and a narrower cutting edge. Suggs believed that similarities between his 

Ha‘e‘eka and Hatihe‘u types and those of Melanesia demonstrated a relationship that 

linked the two regions. The third early type, the Hai, is a relatively thick quadrangular 

form, similar to Duff’s Type 2B. Although Suggs identified excavated examples of 

this type only in his Settlement and Developmental period contexts, he considered its 

occurrence too rare (i.e., five specimens) to make any firm conclusions about its 

chronological significance. 

Four types were found to occur throughout the Marquesan sequence. The A‘a 

had previously been identified by Linton. The Koahi was described as a narrow-

bladed triangular form, morphologically similar to Linton’s Koma type, but with a 

less defined tang. Suggs was informed by locals that the Koahi was hafted as a chisel, 

but doubted the veracity of this information because stone adzes had not been used for 

several generations. The Teoni type was described as a reverse-trapezoidal sectioned 

type with a tang that was formed on the front surface of the butt in larger specimens 

and by the reduction of the sides in smaller specimens that were too thin to allow 

frontal reduction. Suggs thought that this type most resembled Duff’s (1950) Type 

3A, but, if his illustrated example (Suggs 1961: Figure 3g) is representative, some of 

the smaller examples may match Types 3C, 3D and 3H in Duff’s (1959) revised 

typology. 

The Mouaka type was defined by a fairly broad set of criteria, and seems to 

have acted as a general “catch-all” category for quadrangular forms not covered by 

his other classes. This type is described as a composite of Duff’s (1950) Types 2A, 2B 

and 3B, possessing a cross-section ranging from quadrangular to reversed-triangular, 

and ranging in length from 52 mm to 300 mm. The butt is simply described as “often 

smoothed and rounded” (Suggs 1961:107), suggesting that this type was generally 

untanged. The Mouaka was the most common type Suggs collected, making up over 
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Table 8.1. Frequency distributions of Suggs’ adze types (Suggs 1961:112 and Table 11). 
 
          Excavated  Surface collection  Total 
Type  n (%)  n (%)  n (%) 
Hatihe‘u  2 (0.9)  5 (3.4)  7 (1.9) 
Ha‘e‘eka  9 (4.1)  5 (3.4)  14 (3.8) 
Hai  5 (2.3)     5 (1.4) 
Mouaka  84 (37.9)  45 (30.4)  129 (34.9) 
A‘a  3 (1.4)  44 (29.7)  47 (12.7) 
Teoni  15 (6.8)     15 (4.1) 
Koahi  10 (4.5)     10 (2.7) 
Koma  74 (33.3)  43 (29.1)  117 (31.6) 
Akipou  4 (1.8)  5 (3.4)  9 (2.4) 
Cylindrical  7 (3.2)     7 (1.9) 
Thick poll  9 (4.1)     9 (2.4) 
Side hafted     1 (0.7)  1 (0.3) 
Total  222   148   370  
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one third of the total (Table 8.1) and occurring in eight of his 11 excavated sites 

(Suggs 1961:Table 11). Because of its ubiquity, Suggs (1961:107) considered this 

type was a relatively unspecialised form used for a variety of tasks, the largest 

examples with unground bevels being used to quarry tuff slabs. Although Suggs 

described the Mouaka as a single type, the size range and morphological variability 

suggest that this type may, in fact, encompass several functionally distinct forms. 

 The two remaining types, the Koma and Akipou, were both thought to have 

been developed during Suggs’ Expansion period. Linton had previously described 

both of these types, but did not place the latter in a separate type as he only identified 

two examples of that form. Like the Mouaka type, Suggs considered the Koma to 

have been used for working stone as well as wood. Suggs also found that the Koma 

type increased in frequency over time to become the dominant form by his Classic 

and Historic periods, and associated this with the development of monumental 

architecture and its demands on specialised woodworking and masonry tools. 

Suggs (1961: Table 11) lists three additional types in his table of results — 

cylindrical, thick poll and side hafted (Table 8.1). It is curious that these types are not 

mentioned elsewhere in the text, nor given Marquesan names, as was his custom for 

the other types. The cylindrical and thick polled forms are all from excavated 

contexts, mostly from the Ha‘atuatua site, and occur in frequencies comparable to the 

types Suggs considered diagnostic of early settlement. The single side-hafted 

specimen is also interesting, as no other examples of Marquesan side-hafted adzes 

have been published to date18.  

While Suggs’ chronologically-based classification may initially appear 

compelling, a detailed examination of the frequency distributions of his types raises 

several questions about his conclusions. Overall, Suggs’ adze sample is dominated by 

three types; the Mouaka, Koma and A‘a types make up over three-quarters of the total, 

while his other types each represent less than 5 % (Table 8.1). Moreover, all three of 

the types that Suggs identified as diagnostically early, his Hatihe‘u, Ha‘e‘eka and Hai 

types, occur in small numbers. Although Suggs (1961:110) maintained that his 

Hatihe‘u type was present only in the Settlement and Developmental periods, and 

then “became extinct”, only two Hatihe‘u specimens are actually derived from 

                                                
18 In an unpublished University of Hawai‘i essay, West (2000:11) mentions that Rolett and Sinton 
collected seven side-hafted specimens from the island of Eiao in 1999, but no further descriptions or 
illustrations are provided 
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excavated contexts (Table 8.1), the remaining five being from undated surface 

collections. Suggs (1961:110) also mentions two Hatihe‘u specimens as being 

obtained from locals but it is unclear whether or not they are included in his table of 

surface finds.  

It is also notable that almost half of Suggs’ excavated adze sample (106 of 222 

specimens) is derived from one site — the Ha‘aupa‘upa quarry at Ha‘ataivea Bay 

(Nhuu 1), and of these, half were identified as Mouaka types (n = 54) and the other 

half as Koma types (n = 52). If, as Suggs (1961:112) suggests, this quarry was a 

specialised site that produced adzes for working a nearby red tuff source, then the 

frequencies of these two types may be inflated relative to their proportions in non-

quarry sites. Also, in his text, Suggs (1961:67) does not differentiate between 

excavated and surface-collected specimens at this site, perhaps because he considered 

the excavated material to be relatively recent based on the adze forms and a modern 

radiocarbon date for the site (< 200 BP — Lamont 504 B). Additionally, Suggs 

(1961:67) describes the assemblage from the Ha‘aupa‘upa quarry as a “heavy 

concentration of blue-gray basalt adze blanks”, which casts some doubt on the 

reliability of his identifications. This is especially true of his three triangular forms, 

the Koma, Akipou and Koahi types, two of which possess almost identical bevels, and, 

two, identical butts, making it difficult if not impossible to differentiate among them 

in the early stages of manufacture. 

New radiocarbon determinations have further undermined Suggs’ 

chronological views (see Sinoto 1970; Rolett 1989; Anderson and Sinoto 2002; Allen 

2004). In particular, all of the specimens from excavated contexts of the types that 

Suggs considered diagnostic of early occupation are from Ha‘atuatua, a site for which 

the main occupation has since been revised to A.D. 1300 - 1650 (Rolett and Conte 

1995), approximately 1000 years more recent than the date that Suggs originally 

thought. This, combined with other lithic evidence from Hanamiai (Rolett 1998:187; 

see below), suggests that these types persisted until as late as the 17th Century. 

Suggs’ classification has not been widely adopted in subsequent Marquesan 

studies; Sinoto (1966, 1970, 1979) retained some of Suggs’ types in his various 

classifications (see below), but most other researchers have either devised new 

classifications (e.g., Emory 1968; Ottino 1985a) or modified existing schemes, such 

as Duff’s, to characterise Marquesan assemblages. 
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In a review of East Polynesian adze forms, Figueroa and Sanchez (1965) 

described 42 Marquesan adzes from Nuku Hiva and Hiva Oa in the Kon Tiki Museum 

collection. Although not published until 1965, Figueroa and Sanchez’s report was 

written in 1959, two years before Suggs (1961) published his study. They described 

the adzes using Duff’s (1959) system with a few modifications, two of which affected 

their Marquesan sample. Firstly, they noted the illogical placement of Duff’s Type 1F 

(a tangless adze in his tanged class) and renamed as a Type 2F. Secondly, they added 

a Type 2E to separate what they considered to be a distinct version of Duff’s Type 

2C, which possessed a plano-convex, rather than trapezoidal, cross-section. 

Figueroa and Sanchez’s findings were broadly similar to those of both Linton 

and Suggs; the majority of their sample possessed either quadrangular or triangular 

cross-sections but, as Linton had also found, Figueroa and Sanchez were unable to 

conclusively distinguish between some tanged and untanged adzes with quadrangular 

cross-sections, and so combined them into a single category (Type “1A and 2A”). 

They noted that the degree of tang reduction tended to diminish with decreasing size, 

but that the variation was too continuous to allow for two distinctive types (Figueroa 

and Sanchez 1965:108). On the other hand, triangular-sectioned specimens were 

divided into two types, Types 4A and 4B (approximately equivalent to Suggs’ Koma 

and Akipou types), based on the relative width of the cutting edge. However, because 

the variation in cutting edge width was also continuous, Figueroa and Sanchez 

(1965:190) felt that their separation of these two types was essentially arbitrary. 

Of the ovoid-sectioned specimens, two with lenticular cross-sections, which, 

judging from their illustrations (Figueroa and Sanchez 1965: Figures 73f & g), appear 

to match Suggs’ Hatihe‘u type, were classified as Type 2B, and four plano-convex 

specimens with rounded fronts and completely ground surfaces were placed into their 

specially-created Type 2E category (Figueroa and Sanchez 1965: Figures 74a-d). 

These specimens do not have a direct equivalent in Suggs’ typology as their cross-

sections match Suggs’ description of the Ha‘e‘eka type, but their relatively wide 

cutting edges are more characteristic of the Hatihe‘u type. Of all the well-known 

Polynesian adze classifications, these specimens are closest to Buck’s (1930) 

description of the Samoan Type V adze (see also Green and Davidson 1969). In 

contrast, Suggs had suggested that the best match to both his Hatihe‘u and Ha‘e‘eka 

types in Duff’s (1950) typology was the Type 4D (or Type 6A in Duff’s 1959 

revision), but noted that the resemblance was not particularly close in either case. 
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 Overall, Figueroa and Sanchez‘s findings support Suggs’ (1961:106) assertion 

that Duff’s typology is not well-suited to accommodate the variation exhibited by 

Marquesan adze forms. Their inability to decisively separate tanged and tangless 

quadrangular forms questions the usefulness of this attribute as a classifying criterion 

(see also Turner’s [2000] findings below), and, although they were able to place the 

ovoid-sectioned specimens into two separate types, one (Type 2E) required the 

addition of a new variety to Duff’s typology and the other (Type 2B) was not a 

particularly close match to Duff’s definition of that type. 

Another researcher who was not able to fully characterise Marquesan adzes 

using Duff’s typology alone was Sinoto (1966, 1970, 1979). Over several field 

seasons, Sinoto has employed a number of different schemata to classify the adze 

assemblage he excavated at Hane. In an unpublished report (Sinoto and Kellum 1965, 

cited in Anderson et al. 1994), the assemblage was first described using a combination 

of Suggs’ (1961) Marquesan classification, Duff’s (1956) New Zealand classification, 

and Emory and Sinoto’s (1964) classification for the Society Islands, on the grounds 

that no single system provided an adequate description of the assemblage (Anderson 

et al. 1994:35). This scheme was apparently modified the following year, as a graph 

of Sinoto’s proposed Marquesan cultural sequence shows six of Suggs’ types and 

Duff’s Type 2A (Sinoto 1966:Figure 3) but none of Emory and Sinoto’s (1964) types. 

In a later paper, Sinoto (1970) again combined Suggs’ and Duff’s nomenclature in his 

discussion, but only four types are mentioned specifically in relation to the 

Marquesas- Duff’s Types 2A and 4D, and Suggs’ Hatihe‘u and Koma types. Still 

later, Sinoto (1979:112) retained Suggs’ Koma type, and simply described other forms 

by their cross-section shape and tang characteristics (i.e., flat-quadrangular, flat 

reversed-trapezoidal untanged, and plano-convex).  

Despite the various classification systems he employed, Sinoto’s ideas about 

chronological changes in adze form remained essentially the same and broadly agree 

with Suggs’ findings. The early Hane levels, Phases I and II, were dominated by two 

types: thin quadrangular untanged forms (Duff Type 2A) fashioned primarily from 

suitably shaped billets of dykestone and plano-convex/oval forms (Suggs’ Hatihe‘u 

type). Sinoto (1970:115) suggested that both of these forms are easier to produce by 

pecking than flaking. In contrast, adzes from later phases of the Hane assemblage are 

largely triangular in cross-section, and tend to possess a definite tang. 
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 One of the typologies that Sinoto drew on for his initial classification of the 

Hane assemblage had previously been developed by Emory and Sinoto (1964) 

specifically to analyse an assemblage of 15 adzes recovered from burials at Maupiti, a 

small atoll in the Society Islands. This typology was based primarily on cross-section 

shape, and to a lesser extent the presence or absence of a tang, and comprised six 

forms (see Table 8.2).  

Although Emory and Sinoto’s (1964) typology was developed to provide 

descriptions for the Maupiti artefacts, Emory seems to have used it as the basis for his 

1968 typology, which was intended to apply to all of East Polynesia. Cross-section 

shape was used as the main defining criterion, but in contrast to previous Polynesian 

adze classifications, the straight-sided forms were distinguished by formal measures, 

making cross-section assignment more objective. Cross-section shape was defined by 

the ratio of the front and back widths, and divided into eight categories, each with 

clearly defined boundaries. For example, a specimen was assigned a triangular cross-

section if the front width was less than 15 % of the back width, and sub-triangular if it 

was between 15 and 29 % (see Table 8.3). In this way, Emory’s classification covered 

the continuum from triangular to reversed-triangular cross-sections for forms with 

straight sides. 

Adzes with curved cross-sections were, however, not given the same 

treatment, but were instead simply divided into four categories —plano-convex, 

reversed plano-convex, lenticular, and oval. Emory gave no reason for these divisions, 

but it was likely because of the difficulty of defining curved surfaces in simple 

mathematical terms and possibly also because of the relative scarcity of these forms in 

East Polynesia. 

While Emory’s classification clearly defined the boundaries of his types, he 

provided no theoretical or practical explanation for his choice of division points, or 

reasons for their unequal class ranges. The four triangular classes each cover 7.5% of 

the total range of possible variation, the two trapezoidal classes each include 25%, the 

quadrangular class, 30%, and the rectangular one 10% (see Figure 8.3). 
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Table 8.2. Emory and Sinoto’s (1964) adze typology for the Maupiti assemblage 
 

Type Description 
  
Form 1  rounded rectangular to oval with incipient tang 
Form 2 trapezoidal with no tang 
Form 3 reversed trapezoidal 
Form 4 rectangular with no tang 
Form 5 plano-convex 
Form 6 triangular 
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In discussing his typology, Emory (1968) also mentioned a statistically-based 

analysis on East Polynesian adzes conducted by Kellum (1966), which included 200 

Marquesan adzes, plus similar numbers from the Society and Hawaiian Islands. 

Kellum’s study was never published and exists only as a manuscript, the only details 

being widely available are those given by Emory (1968) and in Kellum’s 

correspondence to Park (1972:70-71). These sources note that the Marquesan adzes 

were derived from several surface collections. Sixty-eight variables were either 

measured or calculated and analysed using some unspecified type of factor analysis 

(Park 1972:70). Emory (1968: Table 4) published a summary of Kellum’s findings, 

that listed the frequency distributions of cross-sections (using Emory’s scheme), and 

which were compared to Sinoto’s excavated Hane assemblage. 

Another metrically-based scheme for Marquesan adzes was developed by 

Ottino (1985a) using a collection of 135 mostly surface-collected specimens from Ua 

Pou. Ottino’s typology is based on cross-section shape, and although it appears 

similar to several other schemes, such as those of Emory and Sinoto (1964) and 

Emory (1968), it differs in that the relationships between several variables were taken 

into account in determining group definitions. Ottino examined a number of metric 

and morphological variables, such as length, weight, cutting edge width and cross-

section shape, using graphical methods and regression analysis. Of all the variables 

examined, Ottino found that cross-section shape was the single most useful attribute 

for distinguishing groups. Initially, Ottino identified 16 different cross-section shapes, 

which he grouped together into five broader categories: triangular, trapezoidal, 

rectangular, square and reversed-trapezoidal. For example, oval and plano-convex 

cross-sectioned adzes were grouped with rectangular sectioned adzes because of 

similarities in some of their morphological variables, such as cutting edge width and 

thickness. Some of the morphological relationships Ottino identified were also 

considered functionally significant; specimens with triangular cross-sections, for 

instance, tended to possess relatively narrow cutting edges, a combination that Ottino 

(1985a:327) thought might allow great force to be applied to a small area. 

In common with the discussed above, Ottino’s system has not been widely 

employed. To date only Rolett (1989:313) used it to classify an assemblage of 27 

adzes excavated from the Hanamiai site. Rolett also added an extra category for 

lenticular and plano-convex forms, which he thought might be chronologically 

significant but not well represented in Ottino’s mainly surface-collected sample. 
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Table 8.3. Emory’s (1968) cross-section shape criteria. 
 

Cross-section Definition 
  
Triangular front width less than 15 % of back width 
Sub-triangular front width 15-30 % of back width 
Trapezoidal front width 29-79 % of back width 
Quadrangular front width 80-95 % of back width, or vice versa 
Rectangular front width within 5% of back width, or vice versa 
Reversed trapezoidal back width 29-79 % of front width 
Reversed sub-triangular back width 15-30 % of front width 
Reversed triangular back width less than 15 % of front width 
Plano-convex no definition given 
Reversed plano-convex              “ 
Lenticular              “ 
Oval              “ 
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Before concluding this review, it may also be relevant to discuss Tuner’s 

(2000, 2005) adze classification. Although based exclusively on specimens from New 

Zealand, it is one of the few approaches that analyses Polynesian adzes primarily in 

terms of function, and, as noted previously, also considers the effects of reworking on 

adze morphology. From the experimental manufacture and use of stone tools, Turner 

(2000:107) identified five features as having the greatest influence on adze function: 

size (length and weight), cutting edge angle, cutting edge curvature, blade width and 

thickness relative to length and blade width. Using these features, Turner (2000:453-

4) identified four basic functional types, three of which are relevant to this study: 1) 

timber dressing adzes, 2) splitting and chopping adzes and 3) gouges and chisels. 

In Turner’s typology, timber dressing adzes were used to dress and shape 

timber. The defining morphological features of this type are a relatively thin cross-

section and a wide cutting edge to maximise the efficient removal of wood shavings 

over wide surface areas. For this functional group, Turner (2000:152) noted that size 

varies considerably, and that larger examples tend to have relatively thicker cross-

sections and often possess butt modifications to promote more secure attachment to 

the haft. 

An important functional requirement of this type is the ability to retain a sharp 

cutting edge, and because the smaller examples of this would have been used with 

only moderate to mild force, Turner (2000:149) theorised that raw material selection 

would have emphasised hardness over toughness. Larger examples of this type would 

have been required to withstand relatively greater forces than the smaller samples, so 

both toughness and hardness needed to be considered in the selection of raw 

materials.  Consequently, Turner (2000:149) suggested that only the highest quality 

materials would be expected for larger tools of this kind.  

Turner divided this functional type into two sub-types: those intended for 

dressing flat surfaces, which possessed relatively straight cutting edges, and those 

intended for trimming and dressing curved surfaces, which possessed convex cutting 

edges. With some minor adjustments, Turner found that these types corresponded 

closely to Duff’s (1959) Types 2 and 3, so she retained Duff’s terms, using Type 2 for 

the straight-bladed sub-type and Type 3 for the curved-bladed variety. In her 

presentation of the data, Turner also separated a distinctive large variety of the Type 2 

specimens (her Type 2 large). 
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 Turner’s second functional group, splitting and chopping adzes, were 

employed for heavy-duty tasks, such as roughing-out work, removing large quantities 

of excess timber and tree felling. In contrast to the adzes used for timber dressing that 

were described above, these tools would have been used with considerable force, and 

as a consequence tend to be more robust. Turner (2000:122-48) considered the most 

important functional requirements of this type to be: 1) a blade that is relatively thick 

in comparison to width to allow considerable force while minimising the risk of 

breakage, 2) an overall large size and weight to maximise force, 3) a tang to allow 

secure hafting and promote stability, 4) a wide blade for removing large sections of 

wood and, 5) a relatively high bevel angle to protect the cutting edge from chipping. 

The adzes Turner (2002:75) assigned to this type are generally rectangular in cross-

section but there are some examples with trapezoidal cross-sections (back wider than 

front), which Turner (2000:147) suggests is due to the working qualities of various 

raw materials rather than functional differences. Turner equates her Type 1 with the 

thicker forms of Duff’s (1959) Types 1A, 1C and 1D.  

Turner’s third type consists of gouges and chisels, which were used for 

making deep, narrow incisions and grooves. In Turner’s (2000:184) view, the most 

functionally-significant morphological characteristic of this type is a narrow cutting 

edge relative to blade width. Other morphological features that Turner considered 

functional were high bevel angles and comparatively thick cross-sections. Apart from 

a few specimens with rounded sub-triangular cross-sections, which Turner (2000:185) 

attributed to extensive hammerdressing, most have triangular cross-sections. Larger 

specimens of this functional group were deemed equivalent to Duff’s Type 4A, a 

designation which Turner retained. Turner (2000:200) considered smaller, but 

morphologically similar specimens to perform a similar chiselling or gouging 

function, albeit at a smaller scale, and classified them using Duff’s Type 6 

designation. 

Turner’s (2000:454) fourth functional type is a side-cutting adze, hafted with 

the cutting edge positioned in-line with, rather than transverse to, the handle (i.e., like 

a European axe). Side-hafted adzes were used for working in confined spaces and 

appear to have been specialised tools as they are rare throughout the Pacific (Duff 

1959). For instance, in his analysis of over 200 Marquesan adzes, Suggs (1961:Table 

11) found only a single example of this type. Similarly, this type makes up less than 

2% of the New Zealand sample analysed by Turner (2000:Table 3.2). Turner 
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(2000:193) suggests that the apparent rarity of this type may be partially due to 

damaged specimens being reworked into other, more common, forms. No examples of 

this type were identified in this study. 

 

Summary 

As this review has shown, a large, and often diverse, variety of typologies has 

been used to characterise Marquesan adzes. Although some appear to be wholly 

incompatible, a number distinctive adze forms are common to many. For example, the 

triangular form with narrow cutting edge identified by Ottino (1985a) can be equated 

to Linton’s (1923) Kouma type, Suggs’ (1961) Koma and Koahi types and Duff’s 

(1959) Type 4A and Type 4E. Similarly, Suggs’ (1961) Teoni type appears to be a 

close match to several of Duff’s (1959) Type 3 varieties and Ottino’s (1985a) and 

Emory’s (1968) reversed-trapezoidal and reversed-triangular categories. 

Many of the differences in these typologies involve the grouping of forms with 

quadrangular and rounded cross-sections. Typologies that have been developed for 

building chronological sequences, such as those of Suggs (1961) and Sinoto (1966, 

1970, 1979), have split these forms into a number of types, which they considered to 

be temporally significant. Other typologies that have been more descriptive in nature, 

such as Linton (1923), or based on metric attributes, such as Emory (1968) and Ottino 

(1985a), have tended to group these forms together into fewer types. 

Of the typologies reviewed above, those that were developed for chronological 

purposes are not particularly well-suited to the aims of this study. Suggs’ (1961) 

typology includes a number of similar types that cannot be separated without 

complete and finished specimens (e.g., his Koma, Akipou and Koahi types), making it 

unusable for incomplete specimens. In addition, because the sample analysed in this 

study is, for the most part, surface-collected, it is unlikely to contain a significant 

number of the types Suggs considered restricted to early Marquesan occupation. 

Sinoto’s various typologies are also not ideally-suited, as some of them (e.g., Sinoto 

1966, 1970) include a number of the types defined by Suggs, while others (e.g., 

Sinoto 1979) provide insufficient morphological information to allow new specimens 

to be assigned. Additionally, both Suggs (1961) and Figueroa and Sanchez (1965) 

both found that Duff’s (1959) typology did not accommodate several Marquesan 

types they considered distinctive, suggesting that this too may not be a suitable choice 

for the present study.  
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Of the remaining typologies, Linton’s (1923) is the simplest but, because it 

combines specimens with rectangular and reversed-triangular cross-sections into the 

same categories (i.e., simple tanged and tangless), it may mask important functional 

or technological distinctions. In contrast, Emory’s (1968) and Ottino’s (1985a) 

typologies are based objective criteria and, while both place primary importance on 

cross-section shape, Emory’s choices of divisions are seemingly arbitrary whereas 

Ottino’s divisions are based on significant relationships among a number of attributes. 

In addition, at least some of metric relationships that Ottino identified were thought to 

be related to function. For these reasons, of the Marquesan typologies reviewed, 

Ottino’s was considered the most compatible to the aims of this study. 

Turner’s typology also includes some potentially useful information because it 

is based on functional principles. However, applying Turner’s typology directly to the 

sample analysed in this study presents a number of difficulties. Firstly, because a high 

proportion of the artefacts examined in this study are incomplete or unfinished, some 

of the attributes that Turner considered important for distinguishing different 

functional types (e.g., bevel angles, butt modifications) could not be quantified for 

many of the samples. 

Secondly, Turner’s typology was based exclusively on specimens from New 

Zealand, where there is a much greater variety of igneous, sedimentary and 

metamorphic stone suitable for adze manufacture than is the case in the 

predominantly basaltic Marquesas Islands. Because raw materials (and also differing 

cultural traditions) can have a considerable influence on the morphology of 

functionally-equivalent tools, the relationships between function and form identified 

by Turner might not be appropriate for Marquesan adzes (see Turner 2000:74, 172, 

206). 

Thirdly, some of Turner’s types are described in terms of central tendencies, 

making it difficult for other researchers to group specimens in the same way. For 

example, Turner (2000:454) included all triangular-sectioned adzes in the same basic 

functional category, describing them as “gouges and chisels for making deep narrow 

incisions, scarfs and grooves”. This functional type was, however, sub-divided into 

two morphological types, Type 4 adzes and Type 6 gouges, on the basis of size. 

Turner (2000:200) noted that Type 6 gouges “are likely to resemble Type 4 adzes in 

design due to employment in similar tasks but on a much smaller scale”. Turner, 

however, provides no defining criteria with which to separate the two types. 
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In addition, the metric data provided by Turner show considerable overlap 

between these types. For instance, although Turner’s Type 4 and Type 6 samples 

possess different mean weights (1022g and 309g respectively), the range of Type 4 

sample is given as  232-2870g, and the range for the Type 6 specimens as 81-905g 

(Turner 2000: Table 3.8). The ranges for other variables, such as length, blade width 

and thickness (Turner 2000: Tables 3.5, 3.6 and 3.7) also overlap for these two types. 

Thus, the attributes relevant to identifying these types are not mutually exclusive. 

For these reasons, it was decided that the most satisfactory approach would be 

to use both Turner’s and Ottino’s findings as guidelines for analysing the present 

assemblage rather than attempt to apply either one to the sample directly. The 

morphological analysis conducted for this study is reported in the following sections, 

starting with a description of the attributes that were recorded for this sample. 

 

8.5. Descriptions of the specimen attributes 

Seventeen attributes were recorded for each specimen. They consisted of four 

discrete attributes, nine measured metric attributes and four calculated metric 

attributes. These attributes are described below and summarised in Table 8.4. 

 

Manufacturing category 

Each specimen was assigned to one of three categories, which were intended 

to identify the reduction stage of the artefact. The three categories, adze, preform, and 

blank, follow the definitions used by other researchers in East Polynesia (e.g., Weisler 

1990a; Kahn 2009). All specimens with evidence of grinding or polish on any surface 

were classified as adzes. Preforms and blanks are not always easily distinguishable 

from one another (see Kahn 2009). For this study, preforms were identified as 

specimens where the cross-section shape was apparent and blanks where it was not. 

No indeterminate category was necessary for this attribute because fragmentary 

specimens with polish were classified as adzes and those without as blanks. 

 

Portion 

This attribute recorded the completeness of the specimens. In total, eight 

categories were included: complete; blade; butt; mid-section; blade + mid-section; 

butt + mid-section; fragment and indeterminate. Most are self-explanatory and cover 

the six possible combinations of dividing a specimen into three portions: the blade, 
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butt and mid-section. The indeterminate category was used to identify specimens 

where the cross-section was complete but its location unidentifiable. The fragment 

category was used to identify all specimens where the cross-section was incomplete, 

so they could be removed from specific analyses. If the portion of these specimens 

could also be identified, it was recorded separately. 

 

Cross-section shape 

Cross-section shape was initially recorded using seven fairly broad categories: 

triangular; reversed triangular; indeterminate triangular; quadrangular; reversed 

plano-convex; lenticular and indeterminate. All four-sided forms were recorded as 

quadrangular. As noted in the preceding section, other researchers have described 

four-sided cross-section shapes in more detail (e.g., Suggs 1961; Ottino 1985a; Rolett 

1988, 1998; Turner 2000; Kahn 2009). However, in practice it is difficult to 

differentiate between some commonly identified forms by visual means alone (e.g., 

quadrangular, rectangular and trapezoidal). For this reason it was decided to use 

metric data to determine cross-section shape in a more objective manner (see below). 

The orientation of triangular and reversed-triangular forms was determined by 

reference to the position of various bevel and butt landmarks. Triangular samples that 

could not be oriented on this basis were recorded as “indeterminate triangular”. 

Lenticular forms were those where the widest point of the cross-section was located 

near the centre of the cross-section rather than at the front or back surface. In practice, 

some of the specimens recorded as lenticular possessed straight sided rather than 

curved cross-sections that might be better described as diamond-shaped. Reversed 

plano-convex cross-sections were differentiated from reversed triangular cross-

sections by the presence of ground and rounded front surfaces on the former, and 

flaked, angular front surfaces on the later. A class for plano-convex shaped cross-

sections was also included but no specimens of this form were identified. 

 
Butt modification 

The presence or absence of hafting modifications to the butt area was recorded 

as one of three categories — present, absent or indeterminate — following Cleghorn 

(1983). Although there are several distinct types of butt modification (i.e., lateral and 

frontal reduction, lugs and grooves), this attribute was difficult to identify, particularly 

for unfinished specimens, so was limited to three basic categories. 
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Table 8.4. Summary of the metric attributes measured in this study. 

 

 
 
Attribute 

 
Portion 
required 

number of 
measurable 
specimens 

Proportion of 
measurable specimens 

(%) 
Weight complete 42 15.8 
Length complete 42 15.8 
Shoulder thickness mid-section 249 93.6 
Poll width poll 68 25.6 
Tang presence/absence poll 68 25.6 
Shoulder width (front) mid-section 249 93.6 
Shoulder width (back) mid-section 249 93.6 
Cutting edge width blade 99 37.2 
Bevel angle blade 38 14.3 
Shoulder index mid-section 249 93.6 
Cross-section area mid-section 249 93.6 
Number of trimmed edges mid-section 146 54.9 
Cutting edge curvature blade 18 6.8 
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Metric measurements 

All linear measurements were recorded using a pair of digital callipers that 

were interfaced to a computer using McPherron and Holdaway’s (1996, 1999) Entrer 

Trios© data entry software. The digital callipers automatically recorded linear 

measurements to two decimal places, which were rounded to the closest full 

millimetre for analysis. To facilitate data entry, incomplete linear measurements were 

recorded by closing the callipers completely and recording a value of 0.00 mm, which 

were deleted from the database prior to beginning the analysis. 

 

Weight  

Each specimen was weighed using an electronic scale and the measurement 

rounded to a resolution of 1 g. 

 

Length 

This measurement was taken at the greatest distance parallel to the 

longitudinal axis of the specimen. Length was recorded for all specimens irrespective 

of completeness but, for the analysis of this attribute, complete and incomplete 

specimens were selected using the portion attribute described above. 

 

Shoulder thickness 

 Shoulder thickness was measured between the front and back surfaces, 

perpendicular to the longitudinal axis of the specimen and at the shoulder or, where 

no shoulder could be identified, at the midpoint of the specimen. 

 

Shoulder width 

In order to allow a more detailed metrical analysis, three width measurements 

were taken at the shoulder; one at the front face, one at the back face, and one at the 

maximum width (see Figure 8.1). For most of the quadrangular and triangular-

sectioned specimens, the maximum shoulder width was located on either the front or 

back surface, making the maximum shoulder width measurement identical to one of 

these width measurements. The shoulder width measurements were taken at the same 

position, and perpendicular to, the shoulder thickness measurement. For specimens 

with triangular cross-sections where the sides converged at a sharp ridge, a nominal 

value of 1mm was recorded to allow the calculation of front-to back ratios. 
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Cutting edge width 

Cutting edge width was measured across the lateral surfaces of the cutting 

edge. For specimens where the corners of the cutting edge were damaged, a strip of 

flexible plastic was attached to each lateral side using rubber bands. The strips were 

then flexed to follow the contours of the lateral sides and the gap between the strips 

measured. All measurements were made across the minimum linear distance between 

the lateral margins of the cutting edge and no attempt was made to account for any 

curvature along the cutting edge (see Best 1975 for an alternative method for 

measuring curved cutting edges). 

 

Poll width 

Poll width was measured across the lateral margins of the butt. In order to 

account for specimens with curved or damaged polls, all measurements were taken at 

a distance of 5 mm from the distal extremity of the butt. 

 

Bevel angle. 

 Bevel angle was measured on all adzes with complete or near-complete 

bevels. To increase the sample size, bevel angles were also recorded for a few late-

stage preforms with distinct bevels. Measurements were taken at the longitudinal axis 

and between the front surface and the bevel using a goniometer and recorded to the 

closest five-degree increment. Some of the edge angle measurement techniques 

suggested by Dibble and Bernard (1980) were examined but, because of the curvature 

and irregularity of most bevel areas, they were found to offer little improvement over 

the simpler method described above.  

 

Shoulder index 

 A shoulder index was calculated using the method introduced by Buck (1930) 

and employed in a number of studies of Polynesian adzes (e.g., Green and Purcell 

1961; Green and Davidson 1969; Garanger 1972). Shoulder index is a measure of the 

relative thickness of a cross-section and is calculated by taking the ratio of shoulder 

thickness to the maximum shoulder width and multiplying it by 100. 
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Cross-section area 

The area of the cross-section was calculated using the shoulder width and 

thickness measurements. As the majority of the sample possessed sections with 

relatively straight sides, cross-section area was estimated using the formula for a 

trapezium (i.e., by multiplying the average of the front and back widths by the 

thickness). This formula is also valid for triangular and quadrangular sections. A 

small number of cross-sections had curved sides, with no definite margin separating 

the sides from the front and/or back. For those with lenticular cross-sections, area was 

estimated using the area approximation formula for an ellipse (i.e., π · A · B, where A 

and B are the vertical and horizontal semi-axes). Similarly, the cross-section areas of 

specimens with reversed plano-convex cross-sections were calculated by modifying 

the formula to account for their semi-elliptical shape (i.e., ½ · π · A · B). In practice, 

the results were within a few percent of those obtained using the formula for a 

trapezium, so the one formula would probably have sufficed for the entire sample.  

 

Two additional metric attributes were employed during the course of the 

analysis. An index of the front-to-back shoulder width ratio was calculated to 

investigate Emory’s (1968) method of cross-section shape definition and an index for 

estimating frontal blade curvature was formulated to examine some of Turner’s 

(2000) findings. These indices are described in more detail below.  

 

8.6 Analysis of the sample 

As noted previously, typologies are constructed by selecting attributes that are 

considered relevant to the problem. In her analysis, Turner (2000:107) found that five 

attributes were most closely related to function. Four of these are associated with 

landmarks located on the bevel area: blade width, cutting edge (i.e., bevel) angle, 

cutting edge curvature, blade width and thickness relative to length. The fifth attribute 

Turner considered functionally significant was the overall size of the tool. Ottino 

(1985a) also analysed a number of attributes but, by examining their relationships, 

was able to devise an efficient typological scheme that only required identifying a 

single attribute: cross-section shape.  
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In order to be useful, a typology must be guided by practical as well as 

theoretical considerations. One of those considerations is ensuring that the attributes 

that are selected to define types occur commonly enough to allow a reasonable 

proportion of the sample to be classified. Of the attributes Turner identified as having 

the greatest influence on adze function, most are measurable for only a small 

proportion of the present Marquesan sample (see Table 8.4). Tool size, for instance 

(as determined by either length or weight) can be directly measured only on complete 

specimens, and for this sample less than 16 % of the specimens are complete. The 

angle of the bevel is measurable on a similar proportion of the assemblage (14.3 %). 

Cutting edge curvature, the attribute Turner (2000:454) used to distinguish between 

Type 2 and Type 3 adzes, is only measurable on 18 specimens, making it the most 

poorly represented attribute in this sample. Cutting edge width is considerably better 

represented, being measurable on more than one-third of the sample. 

In contrast, cross-section shape, the single defining attribute in Ottino’s 

typology, is measurable on over 93 % of this sample. It is notable that this attribute 

has also been important for a number of other typologies (e.g., Duff 1959, Emory 

1968, Green 1971). This may be due, in part, to the high probability of the cross-

section shape remaining intact and identifiable on incomplete specimens. Turner 

(2000:72) has downplayed the importance of cross-section shape as a defining 

attribute in her typology and noted that previous researchers have failed to 

demonstrate why this feature should be considered important. Turner’s own analysis 

did, however, find that cross-section shape was significant for at least some functional 

types. For instance, Turner (2000:185) noted that the narrow-bladed gouges and 

chisels she assigned to Type 4 and Type 6 possessed triangular or sub-triangular 

cross-sections. Similarly, the majority of adzes assigned to Type 3 were described as 

having lenticular cross-sections (Turner 2000:172). 

Because the majority of the present sample possessed complete cross-sections, 

and because of the probable functional significance for at least some cross-section 

forms, cross-section shape was considered to be a potentially useful attribute for this 

analysis. Size was also considered an important attribute because of its functional 

significance. However, as only a small proportion of the artefacts in this sample were 

complete, it was not possible to measure this attribute directly for all specimens. 

Instead, some of the more commonly-occurring attributes were examined to 
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determine whether they might serve as proxy measures of tool size for this sample 

(see below). 

All of the other attributes that Turner has considered functionally important 

(e.g., cutting edge angle, cutting edge curvature and blade width) are located on the 

bevel area. As noted above, these attributes are measurable for only a small 

proportion of this sample, so using them as defining attributes would severely restrict 

the number of specimens that could be assigned to one or another functional type. It 

is, however, possible to examine these attributes to determine whether they are 

significantly correlated with any other attributes that can be measured for a greater 

part of the sample. 

The presence or absence of modifications to adze butts has been an important 

feature in some adze typologies (e.g., Duff 1959; Emory 1968) as it is thought to be 

temporally significant (e.g., Sinoto 1966; Anderson et al. 1994- see also Green 1971). 

However, neither Ottino nor Turner place much significance on this attribute. Turner 

(2000:173) noted a general pattern of increasing butt modification with increasing 

size, and further suggested that different raw materials may also influence the extent 

of butt modification. In addition, several researchers have noted the practical 

difficulty of conclusively identifying butt modifications (e.g., Linton 1923:323; 

Figueroa and Sanchez 1965:108; Turner 2000:158, 173). 

For the specimens examined in this study, the butt area was complete for 

approximately one-quarter of the sample (see Table 8.4), and of those only a few with 

distinct modifications were identified. These appear to be more common (or possibly 

just more visible) on large triangular-sectioned specimens, where the frontal surface 

has been reduced to form a saddle-shaped depression (see Figure 8.20, top left), but 

the numbers are too few to draw any definite conclusions. Because of the difficulty in 

reliably identifying butt modifications and the small number of specimens with 

complete butts, this attribute was not analysed in this study. 

In the remainder of this section, the attributes considered the most useful for 

the aims of this study are analysed. First, the cross-section shape is examined using 

the metrically-based methods advocated by Emory (1968). Secondly, a method for 

estimating the size of incomplete specimens is discussed. Following this, the bevel 

attributes identified by Turner as functionally significant are examined to determine 

how they might relate to other morphological features.  

 



 344

Analysis of cross-section shape 

During the physical analysis of the specimens, the shape of the cross-section at 

the shoulder was observed and recorded. In total, seven categories were used (see 

above). As well as recording the observed cross-section shape, measurements of both 

the front and back shoulder widths were taken so that cross-sections could also be 

calculated using Emory’s (1968) method for determining cross-section shape. In order 

to apply Emory’s method, an index of shoulder width ratios was calculated. The index 

was scaled so that specimens with equal front and back widths (i.e., square and 

rectangular) corresponded to a value of zero, those where the front was twice as wide 

as the back (i.e., reversed-trapezoid) a value of 50, and the converse, a value of -50. 

Fully triangular specimens took a value of -100, and reversed-triangular specimens, a 

value of 100. 

Plotting the calculated ratios on a histogram produced a distribution that 

suggested three major modes (Figure 8.3). Histograms provide a relatively simple 

means of displaying data distributions. They are, however, known to be sensitive to 

both the selection of the bin size and the starting point, and slight adjustments to 

either parameter can significantly affect their shape (Whallon 1987; Baxter et al. 

1997). Although a number of procedures aimed at optimising histogram parameters 

have been advocated (e.g., Scott 1979; Freedman and Diaconis 1981; He and Meeden 

1997), an alternative means of identifying modes in data distributions is to use Kernel 

Density Estimates (KDE’s). 

Kernel density estimates provide similar sorts of information as histograms. 

However, instead of partitioning the datapoints into discrete ordinal categories (or 

bins), the technique assigns a probability density function to each datapoint and sums 

these together to form a composite density curve for the distribution (see Baxter et al 

1997; Baxter and Cool 2010). In the default settings of many software 

implementations of KDE, the optimum spread or bandwidth (h) of the probability 

density function assigned to each datapoint is estimated automatically using 

Silverman’s (1986) “rule-of-thumb” estimate. However, Silverman’s estimate is 

optimal only for normally distributed datasets and may over-smooth other 

distributions (see Baxter et al. 1997:348). Consequently, it is sometimes 

recommended that several different analyses are conducted, using varying bandwidth 

values, to determine the extent to which the results are sensitive to this setting.  
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For this study, kernel densities were calculated using the “density” function 

included in the base distribution of the R open source software (R Core Development 

Team 2010). A Gaussian kernel function was used and four analyses were conducted 

using different bandwidths, starting with the value given by Silverman’s (1986) “rule-

of-thumb” (20.45, rounded to 20) and decreasing in increments of five (i.e., 15, 10 

and 5). All four of the KDE curves produced similar patterns to the histogram, and 

supported the initial indication that the cross-section shapes are tri-modally distributed 

(see Figure 8.4): the left-most mode is centred on Emory’s triangular category and 

extends into his sub-triangular category. Similarly the right-hand mode includes both 

the reversed triangular and reversed sub-triangular categories. The central mode has 

its peak at the centre of the distribution and appears to fall off symmetrically in both 

directions, encompassing the remainder of Emory’s (1968) categories (i.e., 

quadrangular, rectangular, trapezoidal, and reversed trapezoidal)  

Although histograms and univariate KDE’s are useful ways of examining data 

distributions, they do not allow individual datapoints to be displayed. A more detailed 

view of the dataset can be produced by plotting the variable of interest (in this case 

the shoulder width ratio) against another variable in a bivariate scatterplot. Plots using 

shoulder thickness and shoulder index as the additional variables confirm the tri-

modal distribution of cross-section shapes identified in the univariate plots (Figure 

8.5), and suggest that a three-category partition of the straight sided cross-section 

shapes (divided at values of ± 60 %) is more appropriate for this sample than the eight 

categories Emory had originally proposed (Figure 8.6).  

 

Estimation of complete artefact size 

The size of an artefact is one of its most immediately apparent features. 

However, few Polynesian adze typologies have paid much attention to this potentially 

useful attribute. Suggs (1961) and Turner (2000) both provide summary data on the 

ranges of size-related attributes (e.g., weights, lengths, thicknesses and widths) for the 

types they identified, but in both studies the ranges of different types overlap 

considerably, suggesting that these attributes were not used as defining criteria. As 

mentioned earlier, Turner (2000:200) separated Type 4 adzes from  Type 6 gouges on 

the basis of size, and also identified a large variety of Type 2 adzes (Turner 

2000:Tables 3.1-19). However, no specific information on the criteria used to separate 

these types was provided.  
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Figure 8.3. Histogram of front-to-back shoulder width ratios, showing Emory’s (1968) division 
points. Bins are set to increments of 5%. The lower figures show representative cross-section 
shapes. 
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Figure 8.4. Kernel density estimates using same data as Figure 8.3.  
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Figure 8.5. Front to back shoulder width ratios (after Emory 1968) plotted against shoulder 
thickness (upper) and shoulder index (lower). 
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Figure 8.6. Ratios of front to back shoulder width ratios plotted against shoulder thickness 
showing a division into three categories- triangular, quadrangular and reversed triangular. 



 350

One difficulty with recording the overall size (either by weight or length) of an 

adze is that incomplete specimens cannot be measured directly. A possible solution is 

to identify an attribute that is both measurable on a large proportion of the sample and 

correlated to either weight or length. One potential attribute is cross-section area, 

which is measurable on 93 % of the sample. For this sample, 42 adzes and preforms 

were considered more-or-less complete. A comparison of their weights to cross-

section areas, measured at the shoulder, showed a reasonably high correlation 

between these two attributes (Figure 8.7). The correlation was higher for specimens of 

the same cross-section shape, and is not appreciably different for preforms or finished 

adzes (Table 8.5). Although the relationship is not perfect, it does suggest that cross-

section area can be used to provide at least a rough estimate of the size of incomplete 

adzes, especially within a specific cross-section shape.  

 

Examination of the Bevel Attributes 

Because the bevel area of an adze makes contact with the work surface, it 

might be expected that most, if not all, of the morphological variability in this area is 

directly related to function. In archaeological studies, two bevel attributes are 

commonly measured — the bevel angle and the cutting edge width. In addition, 

Turner (2000:63) has suggested that a third attribute, the frontal curvature of the 

cutting edge, may have a bearing on function. It is therefore useful to examine these 

three attributes in detail. 

 

Bevel angle 

Bevel angle was measured on all specimens with a distinctive and well-

defined bevel, and included of 26 adzes and 12 late-stage preforms. Although several 

other preforms showed signs of flaking around the bevel area, they were not measured 

because it was not known whether the final bevel angles would have changed 

significantly had they been completed. Similar ranges and means were obtained when 

the specimens were separated by manufacturing category (Table 8.6). However, when 

separated by cross-section shape, the quadrangular and reversed-triangular specimens 

produced similar ranges and means but the angles of the triangular specimens were 

notably different, being on average approximately 22 degrees higher than the other 

forms and possessing greater (i.e., less acute) minimum and maximum angles. 
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Figure 8.7. Scatterplot showing the relationship between weight and cross-section area for 
complete adzes and preforms. The regression line is for all cross-section shapes combined. 
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Table 8.5. Summary statistics for correlations between weight (g) and shoulder cross-section 
area (cm2) for complete adzes and preforms. 
 
Form n R2 F-score t-score P-value 
Triangular 14 0.954 257.49 16.05 <0.001 
Rev. Triangular         5 0.756 9.29 3.05 0.056 
Quadrangular            21 0.935 162.11 12.73 <0.001 
      
Preform 28 0.905 285.04 16.88 <0.001 
Adze 14 0.897 104.30 10.21 <0.001 
      
Combined 42 0.909 388.35 19.71 <0.001 
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Table 8.6. Means and ranges for bevel angle measurements, separated by manufacturing 
stage and cross-section shape. 
 
  Bevel angle (degrees)   
 

N Mean Minimum Maximum Std. Dev. 
Std. Error 

of Mean 
    38 50.9 25 80 13.86 2.19 
       
Manufacturing stage       
       

   Adze 26 49.4 30 80 13.81 2.71 
   Preform 12 52.1 25 75 14.69 4.24 
       
Cross section shape       
       

   Triangular 9 67.8 55 80 8.33 2.78 
   Quadrangular 24 45.0 25 60 10.43 2.13 
   Rev. Triangular 5 44.0 30 55 11.40 5.10 
       
Combined 38 50.9 25 80 13.86 2.19 
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Although bevel angle is undoubtedly related to function, it is not an ideal 

attribute for constructing a typology for the specimens in this study because it is 

measurable on only a small proportion of the sample (see Table 8.4). For this reason, 

it is useful to examine some of the more commonly-occurring attributes to determine 

whether any are correlated to bevel angle. Turner (2000:453-5) has noted that lower 

(i.e., more acute) bevel angles tend to be found in combination with relatively thin 

tools, while steeper bevel angles are generally associated with thicker tools. Dickson 

(1981:106) has also found a positive correlation between bevel angle and thickness in 

a sample of Australian stone axes.  

To test this relationship, bevel angle was compared to both thickness and 

shoulder index (a measure of relative thickness) using linear regression (Figure 8.8). 

Of the two thickness measurements, thickness produced the lower correlation (r2 = 

0.49), and shoulder index the higher (r2 = 0.68). These relatively low correlations may 

reflect real variability in the relationship between these two measurements, but are 

also likely to be influenced by the inherent errors involved in measuring the bevel 

angles for specimens with curved surfaces and the rounding of angle measurements to 

the closest five-degree increment.  

As an alternative to measuring the bevel angle directly, Best (1975, 1977) has 

employed a measurement he called the “angle of attack”. Best measured the angle of 

attack by sliding a specimen across a smooth surface on its front face while increasing 

the tilt until the cutting edge bit into the surface and stopped sliding. The angle 

formed by the surface and the front face of the adze is then recorded as the angle of 

attack (Best 1975: Appendix B). In effect, this attribute is intended to combine the 

frontal curvature of the blade with the angle and position of the bevel into a single 

functional measurement. 

Best’s method was tried on several complete adzes and found to be both 

consistent in repeated tests, and in agreement with Best’s findings. For example, ten 

test runs using  a Duff Type 2B adze with a complete bevel in excellent condition 

produced angles of attack between 42 and 46 degrees, compared to Best’s result of 40 

degrees for a similar type of adze (Best 1975:6). However, when the same test was 

attempted on adzes with damaged or worn bevels, it was difficult to obtain consistent 

results. It also became apparent that Best’s test is, to some extent, dependent on the 

relative sharpness of the cutting edge; specimens with dull edges tended to produce 

more variation in the results. 
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Figure 8.8. Scatterplot showing the relationship between bevel angle and shoulder index for 
adzes and preforms with distinct bevels. The regression line is for all cross-section shapes 
combined. 
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Aside from the practical difficulties in recording this attribute, Best’s method 

quantifies only the minimum angle at which a blade will bite into a work surface. As 

Cleghorn (1982:413) has noted, the striking angle between an adze and a work surface 

may also be significantly influenced by both the wielding technique employed by the 

user and the arrangement of the adze’s hafting. While Best’s measurement 

demonstrates that blades with curved frontal profiles cannot be used with low angles 

of attack on flat surfaces, it does not define any upper limit on the angle of attack that 

could conceivably be employed. Moreover, to produce consistent results, specimens 

need to possess complete and relatively sharp cutting edges, both of which are rare in 

most archaeological assemblages. In spite of the potential sources of measurement 

error and the modest sample size (n = 38), a general pattern of increasing bevel angle 

with increasing relative thickness (i.e., shoulder index) is apparent for this assemblage 

(see Figure 8.8), indicating that bevel angle is, to some extent at least, positively 

correlated with the relative thickness of a tool. 

 

Cutting edge width 

 The width of a blade’s cutting edge is also functionally important because it 

determines the extent of contact between a tool and a work surface; tools with wide 

cutting edges are able to make contact with a greater surface area so are well suited 

shaping and dressing flat surfaces. In contrast, narrow-bladed tools are better suited to 

cutting grooves and concentrating force onto small areas (see Turner 2000). 

In this study, the blade area was complete enough to measure (or estimate;  see 

Section 8.5) the cutting edge width on approximately 40 % of the sample (n = 99). In 

order to allow a larger proportion of the sample to be used in further analyses, the 

relationship between cutting edge width and other variables was explored. An 

examination of the present assemblage and the findings of other studies (e.g., Duff 

1959; Suggs 1961; Ottino 1985a; Turner 2000) suggested that cutting edge width 

might be related to cross-section shape to some extent; specifically, narrow cutting 

edges tend to be associated with triangular cross-sections, and wide cutting edges to 

other cross-section shapes. In addition to cross-section shape, Turner (2000:73) has 

suggested that the relationship between cross-section thickness and cutting edge width 

“may be of greatest significance for understanding adze function”. 
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 To examine Turner’s suggestion, cutting edge width was plotted against 

shoulder thickness (Figure 8.9a). The plot visibly separated the specimens with 

triangular cross-sections but did not produce any patterning among the other cross-

section shapes. In order to account for differing specimen sizes, the relative cutting 

edge width (i.e., the ratio of cutting edge width to shoulder width) was also plotted 

against the relative thickness (i.e., shoulder index). This plot (Figure 8.9b) produced a 

similar patterning, but with a better visual separation of the triangular specimens. 

 These findings suggest that cross-section shape is functionally significant to 

some extent. The triangular-sectioned specimens possess significantly narrower 

cutting edges, both in absolute terms and with respect to thickness and shoulder width 

(Tables 8.7 and 8.8). By contrast, no significant differences were found between the 

quadrangular and reversed triangular-sectioned specimens. Only three lenticular-

sectioned specimens were complete enough to permit cutting edge measurements, and 

this was considered an insufficient number for them to be included in the statistical 

analysis. However, the scatterplots indicate that they possess relatively wide cutting 

edges, in common with the quadrangular and reversed triangular-sectioned specimens. 

 

Cutting edge curvature. 

Turner (2000:63) has suggested that the curvature of the cutting edge is also 

functionally significant; namely, tools with straight cutting edges are better suited to 

smoothing and shaping flat surfaces, while those with convex cutting edges are more 

suitable for shaping curved surfaces, such as the interiors of canoes. Turner divided 

one of her functional groups (timber dressing adzes) into two sub-types on the basis of 

cutting edge curvature; her Type 2 adzes have straight blades and cutting edges and 

her Type 3 adzes have curved blades and convex fronts (Turner 2000:453). 

Although Turner (2000:71-5,214, 454) argues that cross-section shape has 

been over-emphasized in previous Polynesian adze typologies and may not be 

significant for all functional types, she notes that the majority of the convex-fronted 

Type 3 adzes (86 %) possess lenticular cross-sections (Turner 2000:172). However, 

examining Turner’s illustrations of these specimens suggests the cross-section shapes 

might also be described as reversed-triangular or reversed-trapezoidal by other 

analysts, as the widest margins are almost invariably close to the front surfaces rather 

than in a central position as might be expected in a truly symmetrical lenticular shape 

(see Turner 2000: Figures 3.48-3.51).  
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Figure 8.9. Scatterplots of a) shoulder thickness against cutting edge width and b) shoulder 
index against the ratio of cutting edge width to shoulder width. 
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Table 8.7. Means, medians and ranges for cutting-edge width, and cutting edge width to 
shoulder width ratio, separated by cross-section shape. 
 
    Range 
Cross-section n Mean Median Minimum Maximum 
      
Cutting-edge width      
      
   Triangular 36 18.4 17.9 8 31 
   Quadrangular 44 35.2 32.5 21 71 
   Rev. Triangular 15 41.0 44.4 25 61 
   Lenticular 3 65.5 66.5 38 91 
      
Cutting edge width to      
Shoulder width ratio      
      
   Triangular 36 53.1 56.2 29 75 
   Quadrangular 44 97.5 99.2 75 132 
   Rev. Triangular 15 108.1 110.2 82 134 
   Lenticular 3 107.5 107.5 95 120 
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Table 8.8. Results of two-group t-tests for artefacts with complete cutting edges separated by 
cross-section shape. 
 
   Group 1 Group 2   
Attribute Group 1 Group 2 mean mean t-score1 P-value2 
Cutting edge width  Triangular              Quadrangular            17.84 34.72 8.59 <0.001 
 Triangular              Rev. Triangular         17.84 39.29 7.79 <0.001 
 Quadrangular            Rev. Triangular         34.72 39.29 1.27 0.212 
       
Cutting edge width to Triangular              Quadrangular            0.52 0.98 14.81 <0.001 
Shoulder width ratio Triangular              Rev. Triangular         0.52 1.04 11.37 <0.001 
 Quadrangular            Rev. Triangular         0.98 1.04 1.31 0.200 
       
Cutting edge width to Triangular              Quadrangular            0.55 1.78 13.51 <0.001 
Shoulder thickness ratio Triangular              Rev. Triangular         0.55 1.76 9.16 <0.001 
 Quadrangular            Rev. Triangular         1.78 1.76 0.12 0.902 
1) Variances not assumed equal 
2) Two-tailed values 



 361

Turner (2000: Table 3.14) recorded cutting edge curvature using four 

qualitative categories (quite straight, slight curvature, marked curvature and blade 

corners rounded). These categories were presumably determined subjectively as no 

additional details are given. In order to place this measurement on a more objective 

footing, an index of cutting edge curvature was calculated. Cutting edge curvature is 

not readily measurable as a single variable because the curvature is rarely uniform and 

often asymmetrical. It is, however, possible to make a rough estimate of the 

comparative degree of curvature by constructing an index. 

For this study, frontal convexity was measured by laying a straight-edge 

across the frontal surface of the cutting edge of each specimen where this attribute 

was intact (see Figure 8.10). The distances between the straight-edge and the lateral 

margins of the front surface were then measured on each side (x and y). These two 

measurements were averaged to compensate for any asymmetry in the curve and error 

in the placement of the straight-edge, and this value was then divided by half of the 

width of the cutting edge (z) to make the value scale invariant. Finally, the quotient 

was multiplied by 100 to derive an index: 
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where   x = vertical distance between the left cutting edge margin and apex 
  y = vertical distance between the right cutting edge margin and apex 
    and   z = cutting edge width 
 

 

The resulting index provides some measure of the relative cutting edge 

convexity; a value of zero indicates a flat cutting edge, while increasing values 

indicate increasing convexity (see Figure 8.10). 
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Because this measurement requires specimens with more or less complete 

cutting edges, only 18 specimens could be analysed. To compare cutting edge 

curvature to cross-section shape, cross-sections were measured at a point midway 

along the blade using a profiling gauge (Figure 8.11). Although only a small sample 

was available for analysis, the results suggest that frontal transverse convexity is 

unrelated to other morphological attributes, such as width, thickness, cross-section 

shape and cross-section area. Thinner specimens do tend to have flatter front surfaces, 

but curvature is also constrained by the thickness of these specimens. 

While this dataset is too small to offer conclusive results, it does suggest that 

cutting edge curvature cannot be predicted by any other attribute. There is also the 

likelihood that sharpening and repairing damage to cutting edges may have resulted in 

unanticipated changes to adze profiles. Moreover, as frontal convexity can only be 

measured on specimens with reasonably complete bevels, this attribute is of limited 

use in evaluating an assemblage composed of specimens in various stages of 

manufacture and completeness. 

 The analyses conducted thus far indicate that triangular-sectioned specimens 

are different to specimens with other cross-sections in several respects. In addition to 

possessing distinct and objectively identifiable cross-section shapes, the available data 

suggest that triangular-sectioned specimens are correlated with relatively high bevel 

angles and narrow cutting edges, two attributes considered functionally important by 

Turner (2000). For these reasons, it is useful to separate the triangular-sectioned 

specimens from the rest of the sample at this stage of the analysis and conduct further 

analyses on them separately. 

 

Examination of the triangular specimens 

In her typology, Turner (2000:454) placed triangular-sectioned adzes in the 

same basic functional category (gouges and chisels). This functional category 

included two morphological sub-types, Type 4 and Type 6, which were differentiated 

on the basis of size. However, as was noted above, there is considerable metric 

overlap between these types. To investigate the possibility of separating the triangular 

specimens from this study into two or more sub-groups according to size (or any other 

significant differences), four attributes that were measurable on a large proportion of 

the sample (shoulder width, shoulder thickness, shoulder index and cross-section area) 

were examined both individually and in paired combinations.  
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Figure 8.10. Illustration of the methodology used to construct an index of cutting edge 
convexity. Representative indices are shown below. 
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Figure 8.11. Examples of cutting edge convexity for specimens with complete cutting edges. 
The black figures show mid-blade cross-sections. 
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Univariate KDE’s and histograms were generated for these variables but their 

interpretation proved inconclusive (Figure 8.12). Plots of the raw values indicated that 

some of the variables are positively skewed, and while log10-transformation improved 

the symmetry of the distributions, it may have also masked some of the patterning. 

For example, the distribution of the raw (i.e., untransformed) data for the attribute 

“thickness” appears to be mildly bimodal, whereas the log10-transformed distribution 

is symmetrical and unimodal. 

An alternative way of identifying modes in a distribution is to examine 

pairwise bivariate scatterplots of the variables. As noted in the analysis of cross-

section shape, bivariate plots have the advantage of enabling individual datapoints to 

be displayed. Scatterplots of the pairwise combinations of the attributes indicate that 

the sample forms a continuous and unimodal distribution (Figure 8.13). Shoulder 

width and thickness are positively correlated, and both are highly correlated to cross-

section area, suggesting that the cross-section shape of triangular-sectioned tools may 

have been standardised to some extent. It is also notable that variation in shoulder 

index decreases with increasing cross-section area. The larger specimens (i.e., those 

with cross-section areas greater than 10 cm2 or so) tend to converge around a mean 

shoulder index value of 100 (i.e., width equal to thickness) while those with smaller 

cross-section areas possess a wider range of shoulder index values. This suggests that 

more design flexibility was exercised for smaller triangular tools, and supports 

Turner’s (2000:204) assertion that tools of this type (i.e., Turner’s Type 6 gouges) 

were primarily fashioned from larger adzes that had been damaged or from suitably 

shaped waste flakes. 

An additional benefit of examining bivariate data is that bivariate KDE’s can 

be generated and used to produce 2-dimensional contour plots, which can be effective 

for identifying patterning within distributions (Baxter et al. 1997). KDE contours 

were generated for each bivariate attribute pair using the R open source software (R 

Core Development Team 2010) in conjunction with the “KernSur” bivariate density 

estimate add-in package (Lucy and Aykroyd 2010). For generating the contours, the 

bandwidth and correlation settings were left at their default values, and ten increments 

of contours were selected. The resulting plots confirmed the unimodal patterning 

suggested in the scatterplots (Figure 8.14). A set of scatterplots and density contours 

was also constructed using log10-transformed data, and they produced a patterning 

similar to that obtained from the untransformed data (Figures 8.15 and 8.16).
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Figure 8.12. Histograms and KDE’s showing distributions of attributes measurable in the 
majority of triangular-sectioned specimens: shoulder width, shoulder thickness, cross-section 
area and shoulder index. The upper four plots are raw values and the lower four are log10-
transformed.  
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Figure 8.13. Scatterplots showing bivariate relationships between the four attributes 
measurable in the majority of triangular-sectioned artefacts (shoulder width, shoulder 
thickness, cross-section area and shoulder index). 
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Figure 8.14. Bivariate KDE contours for the pairwise combinations of the four attributes 
measurable in the majority of triangular-sectioned artefacts (shoulder width, shoulder 
thickness, cross-section area and shoulder index). 
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Figure 8.15. Scatterplots showing bivariate relationships between the four attributes 
measurable in the majority of triangular-sectioned artefacts (shoulder width, shoulder 
thickness, cross-section area and shoulder index). All variables are log10-transformed. 
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Figure 8.16. Bivariate KDE contours for the pairwise combinations of the four attributes 
measurable in the majority of triangular-sectioned artefacts (shoulder width, shoulder 
thickness, cross-section area and shoulder index). All variables are log10-transformed. 
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Overall, this analysis suggests some degree standardisation was involved in 

the manufacture of triangular-sectioned specimens. The ratio of shoulder width to 

thickness is reasonably constant, especially for the larger specimens. The wide range 

of size variation in this sample makes it evident that triangular-sectioned adzes were 

used for a number of different and distinct tasks. However, all four of the attributes 

that were examined show a continuum in variation, both when examined individually 

and in bivariate combination. While it is possible to divide this sample into two or 

more sub-groups, any division would be on a purely arbitrary basis. For this reason, 

the triangular specimens were not divided into discrete sub-groupings. 

 

Examination of other cross-section shapes 

 While the triangular-sectioned specimens are distinct from the remainder of 

the sample in a number of ways, the same is not true for the specimens with other 

cross-section shapes. Although three cross-section shapes (quadrangular, reversed 

triangular and lenticular) can be distinguished, most of the other attributes overlap 

considerably (Table 8.9). To determine whether there were any morphological 

differences unrelated to cross-section shape, all of the non-triangular specimens were 

initially grouped together and the same four attributes as in the previous analysis (i.e., 

shoulder width, shoulder thickness, shoulder index and cross-section area) were 

examined. 

As was the case in the analysis of the triangular specimens, examining the 

attributes individually was inconclusive. Additionally, the log10-transformations of the 

variables made little difference to the univariate or bivariate patterning, and for this 

reason, only the bivariate scatter and contour plots for the untransformed variables are 

presented in this analysis (Figures 8.17 and 8.18). In contrast to the previous analysis, 

two patterns were identified for the non-triangular specimens. The most obvious is a 

gap in the cross-section area at approximately 12 cm2, which suggests two size 

categories. A second pattern notable in the larger specimens is their clustering into 

two groups on the shoulder index variable, one around a value of 100 (i.e., shoulder 

thickness equal to shoulder width) and the other around a value of 60 (i.e., shoulder 

width almost twice shoulder thickness). By contrast, no distinctive patterning is 

obvious in the smaller specimens for any of the variables. 
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Table 8.9. Means and ranges for selected attributes separated by cross-section shape. 
 

   Range  Std. 
Attribute Cross-section N Mean Min. Max. Dev. 
Shoulder thickness (mm)  Triangular 124 33.7 17 62 9.7 
 Quadrangular 93 22.2 5 55 9.2 
 Rev. Triangular 27 22.9 14 42 6.3 
 Lenticular 3 29.2 18 51 13.2 
       
Max. shoulder width (mm)  Triangular 124 36.3 18 75 9.5 
 Quadrangular 92 34.9 20 70 9.3 
 Rev. Triangular 26 38.5 27 55 7.7 
 Lenticular 3 49.7 22 77 20.0 
       
Shoulder index  Triangular 124 93.7 57 148 17.5 
 Quadrangular 92 63.7 22 107 20.0 
 Rev. Triangular 26 61.4 35 82 13.3 
 Lenticular 3 59.7 40 83 12.7 
       
Cross-section area (cm2)  Triangular 124 6.7 2 24 3.6 
 Quadrangular 86 8.0 2 28 5.2 
 Rev. Triangular 26 4.9 2 12 2.1 
 Lenticular 3 13.5 3 30 11.0 
       
Cutting edge width (mm)  Triangular 37 18.8 8 35 6.9 
 Quadrangular 44 34.1 7 71 11.6 
 Rev. Triangular 15 41.0 25 61 10.4 
 Lenticular 3 64.1 38 91 21.9 
       
Shoulder width Triangular 37 0.53 0.29 0.75 1.36 
to cutting edge  width ratio Quadrangular 44 0.97 0.75 1.32 1.44 
 Rev. Triangular 15 1.08 0.82 1.34 1.39 
 Lenticular 3 1.05 0.95 1.20 0.94 
       
Shoulder thickness Triangular 37 1.89 0.98 3.76 6.24 
to cutting edge  width ratio Quadrangular 44 0.65 0.31 1.35 2.53 
 Rev. Triangular 15 59.6 0.32 0.86 1.61 
 Lenticular 3 55.1 0.49 0.62 0.46 
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Figure 8.17. Scatterplots showing bivariate relationships between the four attributes 
measurable in the majority of non-triangular artefacts (shoulder width, shoulder thickness, 
cross-section area and shoulder index). 
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Figure 8.18. Bivariate KDE contours for the pairwise combinations of the four attributes 
measurable in the majority of non-triangular artefacts (shoulder width, shoulder thickness, 
cross-section area and shoulder index). 



 375

The bivariate plots suggest that shoulder index and cross-section area are the 

most useful attributes for identifying morphological (and possibly functional) 

differences among the non-triangular forms in this sample. Plotting these variables 

with cross-section shape indicated also shows some degree of patterning (Figure 

8.19a). The group of large specimens with high shoulder index values is composed 

exclusively of quadrangular-sectioned specimens with cross-sections that are close to 

square (i.e. shoulder index ≈ 100). The other group of large specimens contains 

mostly quadrangular specimens but also includes two lenticular-sectioned specimens. 

The group of smaller samples contains specimens with both quadrangular and 

reversed-triangular cross-sections, which appear to be distributed randomly, with no 

distinctive patterning. The large specimens can be further differentiated from the 

smaller specimens by examining a plot of cross-section area against the ratio of the 

front and back shoulder widths (Figure 8.19b), which shows that the large specimens 

have front and back shoulder widths that are close to equal (i.e., rectangular rather 

than trapezoidal), and with much less variation than the smaller specimens. 

On the basis of these findings, the non-triangular sectioned specimens were 

divided into four morphologically distinct groups. Two distinct clusters of large 

specimens were identified, one with relatively thick, almost square, cross-sections and 

one with thinner rectangular cross-sections. While the remainder of the non-triangular 

specimens possess distinct cross-section shapes, no identifiable patterning was 

observed for any of the other attributes that were examined. In her study of New 

Zealand adzes, Turner (2000:214) concluded that the shape of the cross-section may 

be more heavily influenced by different manufacturing techniques and the nature of 

the raw materials than by functional requirements. Although the range of raw 

materials in tropical Polynesia is relatively restricted compared to New Zealand, 

Sheppard and Walter (2001:393) have noted morphological differences in Cook 

Island adzes from different basalt sources and suggested that links between 

geochemistry and adze form warrant further investigation. For this study, it also was 

considered possible that differences in cross-section shape might be related to raw 

material properties, if not function, and for this reason, the quadrangular and reversed-

triangular specimens were placed into two separate groups for analytical purposes.  
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Figure 8.19. Scatterplots of, a) cross-section area against shoulder index for the non-
triangular artefacts, and b) shoulder width ratio against cross-section area for the 
quadrangular and reversed-triangular artefacts. 
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Summary 
In the preceding analyses, five morphological groups were identified: one 

comprising the specimens with triangular cross-sections and four with other cross-

section shapes. Some examples are illustrated below (Figure 8.20). Several of the 

groups identified in this analysis share similarities with types described by other 

researchers. The correspondences are, however, not identical, so to avoid confusion 

with previous schemes a different naming convention is employed for this study. The 

characteristics of these groups are described below and a summary of their 

morphological properties is provided (Table 8.10). 

 

Group A 

Specimens were assigned to this group on the basis of a triangular cross-

section shape. Although the variation in overall size for this group is considerable, 

most follow a similar morphological pattern and are approximately as thick as they 

are wide (mean shoulder index of 94). On specimens where the cutting edge width 

could be measured, it was invariably narrow, measuring less than three-quarters of the 

width of the shoulder. The larger examples of this form are equivalent to both Duff’s 

(1959) and Turner’s (2000) Type 4, and a combination of Suggs’ (1961) Koma, 

Akipou and Koahi types. It is likely that at least some of the smaller examples were 

hafted as chisels rather than adzes, and are probably equivalent to Turner’s (2000) 

Type 6 gouges and  Duff’s (1959) Type 6A. 

Although the specimens assigned to this group share a common morphological 

form (i.e. triangular cross-sections with relatively narrow cutting edges), the variation 

in size for this type is considerable. This suggests that different specimens could have 

been used for a variety of functionally-similar tasks (i.e., making deep, narrow 

incisions and grooves), albeit at a number of different scales. As noted above, both 

Turner and Duff divided tools with similar morphologies into two groups on the basis 

of size. However, the range of variation for the present sample appears to be 

continuous (see Figures 8.15, 8.16), making it difficult to conclusively separate this 

type into meaningful sub-groups without resorting to some arbitrary division. For this 

reason, all of the triangular-sectioned specimens were assigned to the same group for 

the analyses discussed in the following chapter, and their metric distributions (i.e., 

ranges and means) were examined to identify morphological differences that might be 

related to raw material selection. 
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Figure 8.20. Examples of the adze groups identified in this study. 
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Table 8.10. Means and ranges for selected attributes separated by morphological group. 
 

    Range Std. 
Attribute Type N Mean Min. Max. Dev. 
Shoulder thickness (mm) Group A 125 33.7 17 62 9.70 
 Group B1 82 19.7 5 35 6.41 
 Group B2 31 22.3 14 32 4.78 
 Group B3 9 37.0 28 51 7.91 
 Group B4 7 43.0 37 55 5.94 
       
Max. shoulder width (mm) Group A 126 36.4 18 75 9.68 
 Group B1 81 32.2 20 48 6.11 
 Group B2 30 37.7 27 50 6.68 
 Group B3 9 63.1 49 77 10.09 
 Group B4 7 43.3 40 51 3.81 
       
Cutting edge width (mm) Group A 36 18.7 8 35 6.89 
 Group B1 39 31.1 7 47 7.34 
 Group B2 18 38.6 25 61 10.66 
 Group B3 6 71.8 59 91 12.63 
 Group B4 2 44.1 42 46 3.11 
       
Bevel angle (deg) Group A 9 67.8 55 80 8.33 
 Group B1 19 44.5 25 60 11.17 
 Group B2 5 44.0 30 55 11.40 
 Group B3 3 55.0 40 65 13.23 
 Group B4 1 60.0 60 60 . 
       
Cross-section area (cm2) Group A 125 6.8 1.9 23.6 3.69 
 Group B1 75 6.1 2.2 11.6 2.37 
 Group B2 30 4.8 1.9 7.5 1.41 
 Group B3 9 21.5 13.9 30.5 5.59 
 Group B4 7 18.2 14.9 27.7 4.57 
       
Shoulder index Group A 126 93.6 57 148 17.52 
 Group B1 81 61.5 22 101 18.44 
 Group B2 30 61.1 35 82 13.01 
 Group B3 9 59.5 48 71 6.58 
 Group B4 7 98.8 90 107 6.66 
       
Weight (g) Group A 14 265.8 40 872 203.34 
 Group B1 16 99.9 25 189 53.95 
 Group B2 5 145.4 71 221 65.08 
 Group B3 6 491.7 172 1014 367.71 
 Group B4 0 n.a. n.a. n.a. n.a. 
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Group B 

 This group is characterised by specimens with a relatively wide cutting edge 

that is on average equal to shoulder width. Although the cutting edge was measurable 

on less than half of the sample, relatively wide cutting edges were found to be closely 

associated with quadrangular, reversed triangular and lenticular cross-section shapes, 

and, on this basis, all incomplete specimens with matching cross-sections were also 

assigned to this group. In contrast to the triangular-sectioned Group A specimens, the 

examination of several metric variables identified a number of clusters, which allowed 

four morphologically distinct forms to be separated within this group. 

 

Sub-groups B1 and B2 

Turner (2000:454) separated her “timber dressing” functional type into two 

sub-types, Type 2 and Type 3, on the basis of cutting edge curvature, the former 

possessing straight cutting edges and the later, convex cutting edges. However, the 

sample analysed in this study included a high proportion of unfinished and incomplete 

specimens, making it impossible to examine cutting edge curvature for the majority. 

Examination of those specimens with intact bevels suggested that cutting edge 

curvature was not related to any other of the morphological attributes that were 

measurable in the majority of the sample, such as size, cross-section shape or shoulder 

index. For these reasons, it was not possible to conclusively separate this sample on 

the basis of cutting edge curvature, as Turner has done. With the exception of one 

lenticular-sectioned preform, all of the specimens assigned to this group possessed 

either quadrangular or reversed triangular cross-sections. Cross-section shape was 

however, not correlated to any of the other attributes that were examined (i.e., 

shoulder width, shoulder thickness, cutting edge width, cross-section area or shoulder 

index) and, in this regard, this analysis has reached the same conclusions as both 

Turner (2000) and Suggs (1961); namely, that variation in cross-section shape may 

not inevitably be linked to function, but may instead be related to the form or 

technological properties of various raw materials (see Chapter 9) or to differing 

cultural and historical traditions. 

Because one of the aims of this study was to investigate whether 

morphological variation might be related to differences in raw materials, it was 

decided to place these Group B specimens with different cross-section shapes into two 

sub-groups; those with quadrangular cross-sections were placed in the B1 group and 



 381

those with reversed-triangular cross-sections were placed in the B2 group. The single 

lenticular-sectioned specimen was included in the B2 group because it bore the closest 

resemblance to this cross-section form. 

 

Sub-group B3 

 Within her Type 2 category, Turner (2000) noted that some specimens were 

particularly large, and separated these into a distinct sub-group (Type 2 large). During 

the analysis of this sample a similar group of artefacts was also identified. The 

specimens assigned to this type are considerably larger than the Group B1 and B2 

specimens (see Table 8.10) and approximately twice wide as they are thick (i.e., mean 

shoulder index of 61). The cutting edge is wide, either equal to or slightly wider than 

the shoulder. In cross-section, the majority of this group is rectangular with steep 

sides set at almost right angles to the front and back. Two preforms with cross-

sections that could be best described as rhomboid or diamond-shaped (see Figure 

8.20, lower right) are also included in this group because it provided the best match 

for their size, cutting edge width and relative thickness. This group is broadly 

comparable to Turner’s (2000) large Type 2 category, a combination of Duff’s (1959) 

Type 1B and Type 2A, and possibly the larger of Suggs’ (1961) Mouaka types. 

 

Sub-group B4 

 This group is the smallest numerically and represented by only seven 

members. The specimens are similar in cross-section area to the Group B3 adzes 

noted above, but distinguished by a thick cross-section that is almost square in shape 

(i.e., thickness equal to width). Based on the evidence discussed above, this group is 

equivalent to Turner’s (2000) Type 1, the thicker varieties of Duff’s (1959) Type 1, 

and Linton’s (1923) and Suggs’ (1961) A‘a type. All of the identifiable examples of 

this type were incomplete butts or midsections that appear to have been fractured 

transversely near the centre of the tool. Consequently, it was not possible to examine 

the bevels of these specimens. Additionally, it was impossible to determine whether 

the transverse fractures had occurred during manufacture or use, as finished adzes of 

this form do not always possess fully ground or polished surfaces (see Linton 

1923:322; Turner 2000:122-35).  
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8.7 Summary 

The artefact typology outlined in this chapter was developed to investigate the 

specific research questions addressed in this study; namely, as a means of identifying 

different functional types in order to investigate possible relationships between tool 

function and raw material selection. A review of existing Marquesan adze typologies 

suggested that the scheme developed by Ottino (1985a) was the most compatible with 

the aims of this study. In addition, Turner’s (2000) functionally-based study of New 

Zealand adzes was identified as useful because it is based on functional principles. 

However, directly applying Turner’s typology to the specimens analysed in this study 

presented several difficulties. First, Turner’s typology was developed by examining a 

large sample of complete adzes. In contrast, a high proportion of the assemblage 

examined in this study is composed of unfinished or incomplete specimens. As a 

result, some of the attributes that Turner found useful for distinguishing different 

functional types were not quantifiable for many of the specimens in this sample. 

Second, Turner’s typology was developed specifically for adzes from New Zealand, a 

geologically more complex environment that possesses a larger variety of raw 

materials than are available in the Marquesas Islands. Third, the differences between 

some of Turner’s types were not described in enough detail to allow other researchers 

to group specimens in the same way. For these reasons, it was not possible to directly 

apply Turner’s typology to this sample. Instead, the functionally-based concepts from 

Ottino’s and Turner’s findings were used to guide the analyses reported above. 

In total, five morphologically distinct adze groups were identified in this 

analysis. The majority of the artefacts were collected from surface contexts and near 

structures with evidence of late prehistoric and early historic occupation, so it is 

assumed that the specimens are approximately contemporaneous and date roughly to 

this period (see Chapter 3). Because the Marquesas Islands have large reserves of 

high-quality stone, it was also considered most likely that the majority of the sample 

was manufactured locally by people who shared similar technological traditions, an 

assumption that was confirmed in the previous chapter.  It is, therefore, expected that 

variation in stone tool morphology is more likely to be related to differences in 

functional requirements or raw material properties than to spatial or temporal 

differences in cultural traditions.  In the following chapter, the results of the 

geochemical provenancing analyses reported in Chapter 7 are combined with the 

morphological groups defined in this chapter to investigate these questions. 
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CHAPTER 9 

ANALYSIS OF THE RESULTS 

 

9.1 Introduction 

 In the two preceding chapters, the archaeological specimens were assigned a 

geographical source (Chapter 7) and a morphological group (Chapter 8). In this 

chapter, the results of those analyses are brought together and discussed. 

This chapter begins by examining the circulation of the surface-collected 

samples on Nuku Hiva. Initially, the spatial distributions of different stone sources are 

identified and discussed. Following this, a quantitative distribution analysis based on 

Renfrew’s (1975) “fall-off” model is applied to the datasets. Distance-decay models, 

such as Renfrew’s have been used extensively in distributional studies, and although 

their application is relatively straightforward, there are a number of potentially 

confounding factors that need to be addressed. Some of these are discussed and an 

implementation that is appropriate for the present dataset is used to examine the 

relative abundances of the different source distributions.  

In addition to identifying the extents and scales of stone distributions, the 

physical characteristics of the specimens are analysed with a view to better 

understanding the contexts in which materials were manufactured, circulated and 

used. In this section, the manufacturing stage at which different materials were 

distributed is investigated. Also, potential relationships between the morphological 

forms of artefacts, adze size and raw materials are examined. 

A brief discussion on a small number of specimens from excavated contexts at 

Anaho Valley that were geochemically analysed in this study is also provided in this 

chapter. In order to avoid conflating chronologically separate samples, the excavated 

specimens from early contexts were not included in the main distributional analyses 

reported in this chapter. 

In the final part of the chapter, the findings of other Polynesian adze studies 

concerned with adze production and distribution are discussed. The results of this 

study are then compared to those findings and some patterns of stone utilisation on 

Nuku Hiva are suggested. 
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9.2 Spatial distributions 

A variety of methods have been used to document the spatial distributions of 

artefacts and their raw materials. The simplest approach involves identifying the 

presence or absence of particular materials at sites to determine the extents of their 

distributions (e.g., Withrow 1990). The main advantage of presence/absence analysis 

is that it avoids some of the quantification problems associated with sample 

interdependence and unit aggregation (Grayson 1981; Hiscock 2000, 2002; Shott 

2000). For lithic assemblages that contain fragmented tools or flake debris from the 

manufacturing and reworking of tools, presence/absence analysis may be the only 

method that is appropriate (Weisler 1993a:159, 2008a:540; but see Allen and Johnson 

1997:129). Even if some higher order of quantification, such as ubiquity, rank 

ordering, counts or percentage ratios, is justifiable, an initial examination of the 

spatial extents of distributions can provide a useful foundation for further analysis. 

For the assemblages in this study, raw materials from four sources (Eiao, 

northeast Nuku Hiva, the Terre Deserte and northwest Nuku Hiva) were identified in 

the assemblages from all four of the valleys that were sampled (Table 9.1). Stone 

from Hatiheu was present in three of the assemblages, and material from the Taioha‘e 

volcanic region was found only at Hatiheu Valley. These distributions indicate that all 

of the valleys on the north coast of Nuku Hiva that were investigated had access to 

materials from Eiao and some degree of contact with one another, either directly or 

indirectly. In contrast, the occurrence of stone from the Taioha‘e volcanic region at 

only one location suggests that the circulation of stone from the south to the north of 

Nuku Hiva was more limited. 

There are some differences in the number of sources represented at each 

valley. The widest diversity of stone was identified at Hatiheu, one of the larger 

valleys on Nuku Hiva (Ottino-Garanger 2001; Addison 2006: Table 7-2), and the 

largest of the four included in this study. Materials from seven different sources were 

found in this valley: all six of the identified sources and one of the specimens from an 

unidentified source (Table 9.1). At Hakaea, stone from five known sources and one 

unknown source was identified. Five sources are represented at Anaho and four at 

Pua. There is a weak correlation (Pearson’s r = -0.311, n = 4, p = .688) between the 

number of sources represented in each valley and sample size but it is negative, 

suggesting that source diversity is not a function of sample size (Grayson 1981; 

Cannon 2001).
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Table 9.1. Counts, percentages and rank orders for the archaeological specimens, by source. 

Valleys are ordered by their geographical locations, west (Pua) to east (Anaho).  

 
 Collection valley 

Source Pua Hakaea Hatiheu Anaho Total  
       
Count       
       
Eiao 22 37 21 36 116  
Northeast Nuku Hiva 6 8 4 64 82  
Terre Deserte 10 8 2 3 23  
Northwest Nuku Hiva 5 3 1 1 10  
Hatiheu  1 2 1 4  
Taioha‘e region   2  2  
Unknown  1 1  2  
       
Total 43 58 33 105 239  
       
Percentage       
       
Eiao 51.2 63.8 63.6 34.3 48.5  
Northeast Nuku Hiva 14.0 13.8 12.1 61.0 34.3  
Terre Deserte 23.3 13.8 6.1 2.9 9.6  
Northwest Nuku Hiva 11.6 5.2 3.0 1.0 4.2  
Hatiheu  1.7 6.1 1.0 1.7  
Taioha‘e region   6.1  0.8  
Unknown  1.7 3.0  0.8  
       
Rank order       
       
Eiao 1 1 1 2 1  
Northeast Nuku Hiva 3 2.5 2 1 2  
Terre Deserte 2 2.5 4 3 3  
Northwest Nuku Hiva 4 4 5.5 4.5 4  
Hatiheu  5.5 4 4.5 5  
Taioha‘e region   4  6.5  
Unknown  5.5 5.5  6.5  
       
Number of sources 4 6 7 5 7  
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Examining the rank ordering of the sources shows that the three most 

abundant overall (Eiao, northeast Nuku Hiva and the Terre Deserte) are also the three 

most common at all four valleys (Table 9.1). At Hatiheu, Hakaea and Pua, stone from 

Eiao is the most common type, and this source ranks second at Anaho. Some spatial 

patterning is also evident; stone from northeast Nuku Hiva is the most common 

material at Anaho, the closest valley to that source, and decreases in rank order as 

distance from the source increases, ranking second at Hatiheu, second-equal at 

Hakaea and third at Pua. Similarly, the rank ordering of the Terre Deserte source 

generally decreases in rank order at increasing distance from its location, as does the 

Hatiheu source. These variations in rank order suggest a more complex pattern of 

interaction than was evident in the presence/absence data, and which might be better 

investigated using quantitative data of a higher order. 

For this study, all of the archaeological specimens selected for geochemical 

analysis were adzes, preforms or blanks with complete (or near-complete) cross-

sections (see Chapter 8). This reduces the possibility of specimen interdependence 

and justifies the use of interval and ratio-level quantitative data (i.e., counts and 

percentages). These data show that a large proportion of each assemblage derives 

from Eiao (Table 9.1). At Hatiheu, Hakaea and Pua, over half of the assemblages 

were imported from Eiao. The Anaho assemblage has a higher proportion of local 

(i.e., northeast Nuku Hiva) stone but more than one-third (34.3 %) of the specimens 

collected at this valley were from Eiao. There are significant differences in the 

proportions of stone from different sources across all four valleys (χ2 (3, n = 237) = 

18.49, p <0.01). This is, however, a product of the lower proportion of Eiao stone at 

Anaho, and there are no significant differences in proportions for Hatiheu, Hakaea 

and Pua (χ2 (2, n = 132) = 2.39, p = 0.303). 

In contrast to the relatively constant proportions of Eiao stone, artefacts made 

from local stone fall in relative abundance with increasing distance from their sources. 

For example, Pua is the closest valley to the Terre Deserte source that was 

investigated in this study; slightly over 23 % of the archaeological specimens 

collected at Pua came from the Terre Deserte compared to 14 % at Hakaea, the next 

closest valley to the Terre Deserte source, 6 % at Hatiheu and 3 % at Anaho, the most 

distant valley (Table 9.1). A similar pattern is evident for the specimens assigned to 

the northwest Nuku Hiva source. Stone from the northeast Nuku Hiva source also 
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becomes less abundant outside its source region. However, it falls off fairly sharply 

and does not exhibit a monotonic decrease with increasing distance.  

The decreasing abundances of the sources on Nuku Hiva are consistent with 

the   “down-the line” circulation pattern in the “fall-off” model popularised by 

Renfrew (1969, 1975, 1977, 1982) and employed in a number of distributional studies 

(e.g., Hodder 1974; Sidrys 1977; Shennan 1982; Turner 2000; Janetski 2002). 

Although the techniques often differ slightly, the basic premise of these approaches is 

that the availability of raw materials tends to decrease with increasing distance from 

their sources as a function of the energy required for transportation: 

 

 
In circumstances of uniform loss or deposition, and in the absence of highly 
organized directional (i.e., preferential, nonhomogeneous) exchange, the curve 
of frequency or abundance of occurrence of an exchanged commodity against 
effective distance from a localized source will be a monotonic decreasing one.  

(Renfrew 1977:72) 

 

Fall-off models are most commonly used to investigate the sorts of social and 

economic contexts in which materials were circulated. Renfrew (1975:41-46) has 

described several modes of circulation, ranging from those that require minimal levels 

of organisation, such as direct access to the resource, simple reciprocity and down-

the-line circulation (i.e., reduplicated or sequential reciprocity), to those that are more 

highly structured, such as centralised redistribution, market exchange and freelance 

trading. In most applications of fall-off analysis, the abundance of a commodity 

(usually a raw material or a distinctive manufactured item) is plotted against a 

measure of the distance from that commodity’s source (Figure 9.1). 

Some of the more advanced applications fit a curve to the data points using 

some form of regression (see Hodder 1974; Renfrew 1975). The shape of the fall-off 

curve is then used to identify different modes of circulation. A simple monotonically 

decreasing curve is considered indicative of minimal social or economic organisation, 

while deviations from this pattern are interpreted as increased levels of organisation. 

Specifically, peaks or modes occurring on a fall-off curve are thought to represent the 

directional flow of commodities directly to regional centres from where they are 

distributed to nearby settlements in a structured economic context, such as 

redistribution or market exchange (see Renfrew 1975; Renfrew and Bahn 1996:355). 
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Figure 9.1. Examples of fall-off curves. The upper figure shows a monotonic decay in 
abundance with increasing distance from the source, which is thought to be characteristic of 
down-the-line circulation. The lower figure shows redistribution or market exchange from 
distribution centres (after Renfrew and Bahn 1996:355). 
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Although fall-off models have been widely employed in archaeological 

studies, some researchers have encountered difficulties in their practical application. 

In most models, distance is regarded as a measure of the total energy required to 

transport materials between their sources and places of consumption (Renfrew 

1977:72). Accordingly, different modes of transport can affect the cost of 

transportation, and therefore, the effective distances between points. For pre-industrial 

societies, transport costs are typically reduced by the use of water transportation, pack 

animals and carts (Sidrys 1977:103; Torrence 1986:135; Burger et al. 2000; Knappett 

et al. 2008). Topography can also influence transport costs; some natural features, 

such as mountains, valleys and deserts, impede travel and increase the cost of 

transport, while others, such as rivers and mountain passes, may facilitate movement 

(Renfrew 1977:73; Shennan 1982; Torrance 1986:135). To obtain comparable 

estimates of transport costs, these factors must be taken into account, and this may be 

especially problematic if variations in topography or mixed modes of transport are 

known or suspected to have been employed (Withrow 1990).  

The selection of appropriate measures of abundance also needs consideration. 

Simple abundance measures, such as counts and weights, have been employed by 

some researchers (e.g., Shennan 1982) but they are sensitive to sample size biases. 

Consequently, some type of proportional measure is generally preferred. Several 

studies have used a density measure of the materials of interest, such as the ratio of a 

material’s weight or count to the volume of excavated fill (Sidrys 1976; McNiven 

1993). Another approach has been to normalise the material of interest to another 

material. In a study of obsidian consumption at San Lorenzo, Tenochtitlan, Mexico, 

Cobean et al. (1971:666, 1991) employed ratios of obsidian artefacts to maize-

grinding stones, using the latter as a proxy measure of the number of households 

included in the assemblages and the resulting ratios as estimates of average household 

consumptions of obsidian. Similarly, Sidrys (1977:100) used an index of the ratio of 

obsidian flakes to ceramic sherds to quantify obsidian abundances in Mayan 

settlements. In lithic studies, a common approach has been to use the relative 

abundances of different sorts of stone (e.g., Renfrew et al. 1965, 1968; Williams-

Thorpe et al. 1984; Tykot 1996; Eerkens et al. 2008). 

A more serious criticism of fall-off analysis has been the possibility of 

different modes of circulation producing similar fall-off patterns and vice versa  

(Hodder 1974; Hodder and Orton 1976:127-56; Hodder et al. 1978; Renfrew 
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1982:88). For example, market place exchange and redistribution might produce 

modalities in fall-off curves that are indistinguishable from one another (Bradley and 

Edmonds 1993:8). The possibility of equifinality has prompted some researchers (e.g., 

Hodder 1982: 202; Bradley and Edmonds 1993:48; Tripcevich 2007:85) to question 

the effectiveness of fall-off analysis and other related approaches, such as gravity 

models (Renfrew 1977; Chappell 1986), as formal methods for identifying specific 

modes of circulation. Instead, they have advocated employing these sorts of 

quantitative models as exploratory tools in conjunction with other lines of evidence. 

For this study, several of the issues discussed above are potentially 

problematic. First, because data are available for only four sites, it is difficult to 

conclusively identify any modality that might be present in fall-off curves. Second, 

the exact location (or locations) of some lithic sources (e.g., northeast Nuku Hiva, 

northwest Nuku Hiva) are not known, making it difficult to calculate distances in any 

detail. Because the geographical scale is relatively small in this study, errors in source 

location could affect the estimation of transport costs considerably (see Bettinger 

1982; Finbow and Bolognese 1982; Withrow 1990). Third, the means of 

transportation are uncertain, although a variety of methods were undoubtedly used; 

sea travel was essential for transporting materials from Eiao and a strong possibility 

for some of the coastal sources on Nuku Hiva, such as Ha‘ataivea and Anaho. In 

contrast, the Terre Deserte source is approximately 3 km inland (see Chapter 3), 

making some degree of overland transportation necessary. 

For these reasons, the direct application of a fall-off model is inappropriate for 

this study. It is, however, possible to gain some understanding of distribution patterns 

by arranging the valleys in geographical order from west to east (i.e., Pua, Hakaea, 

Hatiheu and Anaho) and plotting the relative abundances of the different sources on a 

frequency diagram (Figure 9.2). This approach provides a more detailed view of the 

patterning suggested by rank-ordering (Table 9.1). Stone from the identified sources 

on Nuku Hiva tends to fall in relative frequency with increasing distance from its 

source. In contrast, no well-defined directional patterning is evident for the Eiao 

source. To ensure that the large proportion of Eiao stone was not masking any 

patterning among the Nuku Hiva sources, the relative abundances of these sources 

were recalculated excluding the Eiao specimens (n = 116) and those for which a 

source could not be identified (n = 2). This had little effect on the distributions and 

resulted in almost identical patterning for the local sources (Figure 9.3). 
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Figure 9.2. Relative proportions of total stone sources represented at each valley. The values 
show percentages and valleys are ordered by their geographical locations, west (Pua) to east 
(Anaho).  
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Figure 9.3. Relative proportions of Nuku Hiva stone sources represented at each valley. The 
values show percentages. 
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 The patterns identified here suggest that two modes of adze circulation were in 

operation on Nuku Hiva. The decreasing abundances of the Nuku Hiva sources are 

consistent with the Renfrew’s (1977) down-the-line mode of sequential reciprocity. In 

contrast, stone from Eiao occurs in considerably greater amounts than would be 

expected from down-the-line circulation, given the greater distance to this source (ca. 

100 km). In addition, the necessity of open-sea voyaging implies that a greater level 

of organisation was required for the procurement of stone from Eiao, making it a 

more costly resource. However, given the large amounts of Eiao material occurring at 

all four valleys, it is evident the cost of procurement was not prohibitive. 

Although distributional analyses can quantify the geographical ranges and 

scales at which materials were circulated, these data are often not in themselves 

sufficient for investigating the organisation and possible underlying motives for 

interaction. To this end, studies can be better informed if additional types of data are 

incorporated (Bradley and Edmonds 1993:7; Renfrew 1993:15). One approach to 

better understanding interaction has been to include the physical characteristics of 

materials that were circulated in analyses (e.g., Torrence 1986; Blumenschine et al. 

2008). Some of these are examined in the following section. 

 

9.3 Morphological analysis 

Manufacturing stage 

The forms in which materials were distributed can provide some insight into 

the organisation of their production (Andrefsky 1994a, 1994b; Ammerman and 

Andrefsky 1982). Specifically, the presence or absence of non-local unfinished 

artefacts can inform on whether production was completed before or after circulation. 

On this basis, it might be possible to distinguish between sites that were involved in 

the production of artefacts and those that received only finished items (Bradley and 

Edmonds 1993:7; Turner 2000:233). 

The physical properties of certain raw materials may have some influence on 

the forms in which they were transported. It has been suggested that fragile materials, 

such as obsidians, may commonly have been circulated in the form of unfinished 

nodules or blocks as a means of avoiding damage in transit (Sheets 1978:62). 

However, other obsidian studies have noted that materials from different sources have 

been introduced to sites in varying stages of completion (e.g., Winter and Pires-

Ferreira 1976; Peterson et al. 1997; Holdaway 2004).  
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In regard to stone adzes, numerous studies have identified unfinished adzes 

(i.e., preforms), manufacturing debris (i.e. flakes) and adze-making equipment (i.e., 

hammerstones and grindstones) at residential sites in Polynesia (e.g., McCoy and 

Gould 1977; Cleghorn 1982:40; Turner and Bonica 1994; Kahn 1996:35; Rolett et al. 

1997; Turner 2000; Bayman et al. 2004), suggesting that at least some stages of adze 

manufacture were carried out at a distance from stone sources. In addition, Turner and 

Bonica (1994:25; see also Turner 2000:233) have suggested that the transportation of 

raw materials that still required extensive shaping (i.e., blanks or rough-outs as 

opposed to preforms) considerable distances from their sources would be unlikely due 

to the high risk of breakage during the early stages of adze manufacture. 

Consequently, it would be expected that very few early stage adzes would be 

transported much beyond their immediate source areas. 

In this study, the manufacturing stage of the specimens was described using 

three attribute states (blank, preform and adze; see Chapter 8). The majority of the 

artefacts were either preforms or finished adzes in varying states of completeness. 

Only two blanks were identified: # 4009 a surface-collected specimen from Anaho 

and # 4432 an excavated specimen, also from Anaho (see Table 9.8). Notably, Anaho 

is the only one of the four valleys where direct evidence for stone extraction was 

identified (see Chapter 3).   

Breaking down the assemblages by source shows that a high proportion of the 

artefacts were transported in an unfinished state (Table 9.2). Approximately half (46.6 

%) of the specimens from Eiao are preforms. Moreover, the occurrence of preforms 

from Eiao in all of the valleys that were investigated suggests that material from this 

source was widely circulated on Nuku Hiva in an unfinished state, rather than 

completed at a central locality on the island and distributed as finished adzes. 

It is also noteworthy that many of the artefacts from sources on Nuku Hiva 

were distributed around the island unfinished. While all of the non-local Nuku Hiva 

specimens collected from Anaho are finished specimens, a least some of the stone 

from the northeastern Nuku Hiva source was transported to Hatiheu, Hakaea and Pua 

in an unfinished state. Similarly, both preforms and finished adzes from the Terre 

Deserte source are present in these three valleys. The two specimens for which a 

source could not be identified (see Chapter 6) and all four of the specimens from 

Hatiheu are finished adzes. By contrast, the two samples from the Taioha‘e volcanic 

region, both of which were collected at Hatiheu, are preforms.  
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Table 9.2. Counts and percentages of blanks, adzes and preforms, separated by source and 
valley. 
 
   Manufacturing category 

   Blank  Preform  Adze 
Valley Source  n %  n %  n % 

           
Anaho Eiao     18 (50.0)  18 (50.0) 
 Northeast Nuku Hiva  1 (1.6)  49 (76.6)  14 (21.9) 
 Terre Deserte        3 (100.0) 
 Northwest Nuku Hiva        1 (100.0) 
 Hatiheu        1 (100.0) 
 Taioha‘e region          
 Unknown          
           
Hatiheu Eiao     8 (38.1)  13 (61.9) 
 Northeast Nuku Hiva     2 (50.0)  2 (50.0) 
 Terre Deserte     1 (50.0)  1 (50.0) 
 Northwest Nuku Hiva        1 (100.0) 
 Hatiheu        2 (100.0) 
 Taioha‘e region     2 (100)    
 Unknown        1 (100.0) 
           
Hakaea Eiao     15 (40.5)  22 (59.5) 
 Northeast Nuku Hiva     3 (37.5)  5 (62.5) 
 Terre Deserte     5 (62.5)  3 (37.5) 
 Northwest Nuku Hiva     3 (100)    
 Hatiheu        1 (100.0) 
 Taioha‘e region          
 Unknown        1 (100.0) 
           
Pua Eiao     13 (59.1)  9 (40.9) 
 Northeast Nuku Hiva     5 (83.3)  1 (16.7) 
 Terre Deserte     8 (80.0)  2 (20.0) 
 Northwest Nuku Hiva     4 (80.0)  1 (20.0) 
 Hatiheu          
 Taioha‘e region          
 Unknown          
           
Combined Eiao     54 (46.6)  62 (53.5) 
 Northeast Nuku Hiva  1 (1.2)  59 (71.9)  22 (26.8) 
 Terre Deserte     14 (60.9)  9 (39.1) 
 Northwest Nuku Hiva     7 (70.0)  3 (30.0) 
 Hatiheu        4 (100.0) 
 Taioha‘e region     2 (100.0)    
 Unknown        2 (100.0) 
           
 Total     136 (57.6)  100 (42.4) 

 

  



 396

The evidence presented here indicates that Marquesan stone tools were 

commonly distributed before they were completed (i.e., as preforms). It is generally 

not possible to determine the state in which finished adzes were originally distributed, 

but the presence of preforms from the same materials suggests that some also could 

have been circulated unfinished. This patterning shows that at least some stages of 

adze manufacture were carried out after circulation, and suggests that production was 

not limited to the immediate vicinities of sources. 

 

Adze form 

One of the aims of this study was to investigate whether adze morphology 

might be influenced by differences in raw materials, a possibility that has been raised 

by other researchers (Linton 1925:107; Green 1974a:144, 1974b; Green and Dessaint 

1978; Weisler 1990a; Law 1994; Sheppard et al. 1997; Turner 2000, 2005; Walter and 

Sheppard 2001). In the previous chapter, a morphological analysis intended to 

identify different functional groups was presented. Combining the results of that 

analysis with those of the provenancing analysis (see Chapter 7) shows no exclusive 

relationship between adze form and raw material source (Table 9.3).  

A variety of adze forms was manufactured from most sources of stone. All 

five of the morphological groups are represented in the specimens assigned to Eiao 

and northeast Nuku Hiva, while four of the groups are present in the artefacts from 

Terre Deserte, northwest Nuku Hiva and Hatiheu. There are not enough specimens 

from the other sources to evaluate their true diversity. Moreover, there is a weak 

positive correlation between sample size and the number of morphological groups per 

source (Pearson’s r = 0.658, n = 4, p = 0.078), suggesting that the less well-

represented sources might include a greater range of morphological forms were larger 

samples available (Grayson 1981). 

Although particular morphological forms are not exclusively associated with 

specific sources, there is some variation in their relative abundances. Specifically, 

there is a lower proportion of Group A forms in the specimens assigned to Eiao: 31 % 

compared to approximately 60 % for each of the three most abundant Nuku Hiva 

sources (northeast Nuku Hiva, the Terre Deserte, and northwest Nuku Hiva). 

Comparing the specimens from these three sources to those from Eiao indicates that 

differences in the proportions of adze forms are significant (χ2 (20, n = 258) = 47.95, p 
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<0.01). In contrast, there are no significant differences among the three Nuku Hiva 

sources (χ2 (15, n = 142) = 23.41, p = 0.076). For all three of these sources, Group A 

adzes are the most common, followed by Group B1 and Group B2 adzes (Table 9.3). 

These findings suggest that different raw materials on Nuku Hiva were not 

preferentially used to make particular adze forms. However, the relationship between 

adze form and raw material is not as clear for the Eiao sample. Although there are 

significant differences in the frequencies of some adze forms from Eiao and Nuku 

Hiva, materials from both islands were used to manufacture all of the forms identified 

in this study. This indicates that adze form was not entirely determined by the type of 

raw material, but suggests that Eiao stone was preferred for the Group B forms (or 

that Nuku Hiva stone was preferred for the Group A forms). 

As discussed in the previous chapter, Groups A and B are morphologically 

(and presumably functionally) distinct; Group A adzes are triangular in cross-section 

and possess narrow cutting-edges while Group B adzes have wide cutting-edges and 

are quadrangular or reversed-triangular in cross-section. Turner (2000:183) found that 

a wide range of materials were used for Type 4 adzes (equivalent to the larger Group 

A specimens in this study) in New Zealand, and suggested that, because of the robust 

nature of the Type 4 design, lower quality local materials would have been adequate 

for this form, while for some other tool types, high-quality materials were preferred. 

The higher frequency of Group A adzes rendered in local materials may reflect a 

similar practice of raw material selection in the Marquesas. 

Although the raw materials to perform comparative experimental testing on 

Eiao stone were not available for this study, an examination of several adzes assigned 

to various sources in hand specimen and petrographic thin-section suggests that 

basalts from Eiao are typically more homogeneous and fine-grained than those from 

Nuku Hiva (see Figure 9.4). Rolett et al. (1997:142) have also noted that stone from 

Eiao is fine-grained compared to that from Nuku Hiva and Linton (1925:107) has 

described Eiao basalt as “superior” to other coarser-grained types that were used to 

manufacture adzes in the Marquesas Islands. The widespread distribution of Eiao 

basalt, both within the Marquesas (Rolett et al. 1997; Rolett 1998) and to other 

Polynesian island groups (Weisler 1998, 2008a; Di Piazza and Pearthree 2001; 

Weisler and Green 2001; Collerson and Weisler 2007), may also be indicative of its 

high quality.  
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Table 9.3. Counts, percentages and rank orders of archaeological specimens by source and 
morphological group 
 
 

 Source 
 Nuku Hiva    

 
Taioha‘e 

region 
Terre 

Desert 
Northwest 
Nuku Hiva Hatiheu 

Northeast 
Nuku Hiva 

Nuku Hiva 
combined Eiao Unknown 

Count         
         
Group A 2 14 6  65 87 37 1 
Group B1  7 2 1 22 32 50 1 
Group B2  2 1 1 7 11 19  
Group B3    1 4 5 3  
Group B4  1 1 1 1 4 3  
Unclassified  1   5 6 7  
         
Total 2 25 10 4 104 145 119 2 
         
Percentage         
         
Group A 100.0 56.0 60.0  62.5 60.0 31.1 50.0 
Group B1  28.0 20.0 25.0 21.2 22.1 42.0 50.0 
Group B2  8.0 10.0 25.0 6.7 7.6 16.0  
Group B3    25.0 3.8 3.4 2.5  
Group B4  4.0 10.0 25.0 1.0 2.8 2.5  
Unclassified  4.0   4.8 4.1 5.9  
         
Rank order         
         
Group A 1 1 1  1 1 2 1 
Group B1  2 2 1 2 2 1 1 
Group B2  3 3.5 1 3 3 3  
Group B3    1 5 4.5 5.5  
Group B4  4.5 3.5 1 6 6 5.5  
Unclassified  4.5   4 4.5 4  
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Figure 9.4. Examples of petrographic thin-sections from adze specimens assigned to Nuku 
Hiva and Eiao 
  



 400

Adze size 

The previous analysis found that all of the adze forms were rendered in a 

variety of raw materials. There is, however, some variation in the size (i.e., width, 

thickness and cross-section area) and shape (i.e., shoulder index) within the adze 

groups, which might be more closely related to raw materials. To investigate this 

possibility, the four metric variables that are common to most specimens (maximum 

shoulder width, shoulder thickness, cross-section area and shoulder index) were 

examined. The previous analysis indicated that there are no significant differences in 

the relative frequencies of adze forms among the Nuku Hiva sources. Therefore, to 

increase the sample size and simplify the analysis, all of the sources from Nuku Hiva 

were grouped together for this stage of the analysis. 

 Examining the metric variables showed some differences between the 

specimens from Eiao and those from Nuku Hiva (Table 9.4). For Groups A, B1, B2 

and B4, the mean values of all variables except shoulder index are slightly smaller for 

the Eiao specimens. For the Group B3 specimens, the Eiao specimens are larger. In 

most cases, however, the differences in means are small, and to determine whether 

they were significant a series of sample independence tests were run. Student’s t-test 

is commonly used to test for differences in two independent samples (e.g., Walter and 

Sheppard 2001; Ishimura and Addison 2007; Lundblad et al. 2008). However, 

because this test is parametric it assumes that samples are normally distributed and 

that their means and standard deviations are representative of the populations from 

which they are drawn. Although the t-test is generally robust to moderate departures 

from normality, a combination of skewed distributions and small samples can produce 

misleading results (see A. Latham 1978). For the present samples, several of the 

metric attributes are significantly skewed (Table 9.4). This can be reduced by log10-

transformation (see Chapter 5) but sample sizes are quite small for some groups (i.e., 

Groups B2, B3 and B4). There are procedures for determining minimum sample sizes 

for t-tests but they often indicate that quite large samples (i.e., n > 100) are required 

(see Lachin 1981; Rosner 2006). For this reason, the t-test was considered appropriate 

only for the two largest groups of specimens (Groups A and B1). However, even these 

samples are smaller than the preferred lower limits for use with this technique; the 

procedure given by Rosner (2006:304-23) indicates that minimum sample sizes of 

between 48 and 142 specimens per group are preferred to detect significant group 

differences at the 0.05 level.
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Table 9.4. Summary metric data for archaeological specimens assigned to Eiao and Nuku 

Hiva. 

  
Type  Attribute Source N Min. Mean Max. Std. Dev. Skewness 
         
Group A Shoulder thickness (mm) Eiao 37 17 30.7 62 11.37 1.05 
  Nuku Hiva 72 19 34.8 58 8.86 0.67 
         
 Max. shoulder width (mm) Eiao 37 18 33.5 75 11.52 1.45 
  Nuku Hiva 72 19 37.5 62 8.59 0.55 
         
 Cross-section area (cm2) Eiao 37 1.9 6.01 23.6 4.40 2.21 
  Nuku Hiva 72 2.6 7.08 16.9 3.21 1.04 
         
 Shoulder index Eiao 37 57 92.3 136 18.78 0.22 
  Nuku Hiva 72 65 93.8 148 17.83 0.70 
         
         
Group B1 Shoulder thickness (mm) Eiao 48 5 18.4 31 5.76 -0.05 
  Nuku Hiva 30 10 22.1 35 7.05 0.16 
         
 Max. shoulder width (mm) Eiao 46 21 31.3 48 6.32 0.48 
  Nuku Hiva 30 20 34.2 43 5.40 -0.41 
         
 Cross-section area (cm2) Eiao 46 2.2 5.66 10.8 2.24 0.30 
  Nuku Hiva 30 2.3 6.74 11.6 2.51 0.33 
         
 Shoulder index Eiao 46 22 59.0 98 16.53 -0.03 
   Nuku Hiva 30 30 65.5 101 21.29 0.08 
         
         
Group B2 Shoulder thickness (mm) Eiao 19 14 22.3 31 4.82 -0.03 
  Nuku Hiva 10 16 23.0 32 4.61 0.26 
         
 Max. shoulder width (mm) Eiao 19 27 36.0 50 6.22 0.68 
  Nuku Hiva 10 30 39.6 48 6.33 -0.33 
         
 Cross-section area (cm2) Eiao 19 1.9 4.51 7.5 1.26 0.53 
  Nuku Hiva 10 2.5 5.17 6.8 1.64 -0.55 
         
 Shoulder index Eiao 19 35 63.0 82 14.40 -0.81 
   Nuku Hiva 10 40 58.6 78 10.12 0.32 
         
         
Group B3 Shoulder thickness (mm) Eiao 3 28 41.6 51 11.90 -1.33 
  Nuku Hiva 3 31 34.5 41 5.23 -0.05 
         
 Max. shoulder width (mm) Eiao 3 49 67.4 77 15.80 -1.73 
  Nuku Hiva 3 55 55.9 57 1.03 1.86 
         
 Cross-section area (cm2) Eiao 3 13.9 24.00 30.5 8.90 -1.54 
  Nuku Hiva 3 16.0 20.21 25.0 3.92 0.11 
         
 Shoulder index Eiao 3 57 61.1 67 5.16 1.50 
  Nuku Hiva 3 56 61.6 71 8.20 1.79 
         
         
Group B4 Shoulder thickness (mm) Eiao 3 38 39.9 42 1.97 0.67 
  Nuku Hiva 3 37 42.2 46 4.42 0.47 
         
 Max. shoulder width (mm) Eiao 3 40 40.9 42 1.10 1.34 
  Nuku Hiva 3 41 43.2 45 1.97 1.11 
         
 Cross-section area (cm2) Eiao 3 15.0 15.67 16.8 0.99 1.54 
  Nuku Hiva 3 14.9 17.51 20.1 2.56 1.16 
         
 Shoulder index Eiao 3 90 97.4 105 7.26 0.31 
  Nuku Hiva 3 91 97.5 103 6.36 -0.60 
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Significant differences (p < 0.05) between Groups A and B1 were identified 

for most attributes (Table 9.5) but, given the relatively small sample sizes, an 

alternative non-parametric independence test also was applied. The Mann-Whitney U 

test for independent samples (Mann and Whitney 1947) is similar to Student’s t-test in 

that it tests for significant departures from sample equality but is more robust to small 

sample sizes and skewness. This test gave similar results (Table 9.6); the same 

variables as in the t-test were found to have significant differences at the 0.05 level. 

The Group B2 samples (n = 29) also were included in Mann-Whitney U test and no 

significant differences between the Eiao and Nuku Hiva samples were identified. 

Overall, these tests identified small but significant differences in several of the metric 

variables for the Group A and Group B1 samples from Eiao and Nuku Hiva. In 

contrast, no differences between the Group B2 samples from these sources were 

identified. The remaining groups, Group B3 and Group B4, do not contain enough 

specimens for reliable analysis. 

In regard to providing an explanation for the significant differences in 

specimen sizes, a number of other studies have suggested various possibilities. One is 

that size may relate to variation in the physical properties of the raw materials. In a 

study of adzes collected from two locations in Cook Islands (Mangaia and 

Rarotonga), Walter and Sheppard (2001:394) found significant differences in the 

relative thickness of Duff Type 3A specimens (roughly equivalent to this study’s 

Group B2), which they suggest might be related to the compositions of their raw 

materials (i.e., differences in silica levels; see also Sheppard et al. 1997). Variation in 

adze size may also be influenced by different forms of raw materials, such as 

boulders, cobbles and prismatic outcrops (Lass 1994:38; Sheppard et al. 1997:86; 

Turner 2000:42). Although the Eiao specimens are on average smaller than the Nuku 

Hiva specimens, the size ranges of the two samples overlap considerably (Figure 9.5), 

and in many cases, the maximum dimensions of the Eiao specimens are actually 

greater than those of the Nuku Hiva specimens (Table 9.4). This suggests that, if there 

are any differences in the physical properties of Eiao stone, they did not constrain the 

overall dimensions of adzes manufactured from that material. 

It might also be possible that the lower mean dimensions of the Eiao 

specimens are due to a greater degree of reworking for this material. Other researchers 

have noted that reworking can considerably reduce adze size (Weisler 1990a:41; 

Cleghorn 1992; Turner 2000:237, 292; Boer-Mah 2008) and, given the higher 



 403

transportation costs involved in procuring stone from Eiao, it is possible that this 

material was utilised more intensely than locally-sourced stone, as analysts have 

found elsewhere (e.g., Kuhn 1990; Mackie 1992; Andrefsky 1994a; Blumenschine et 

al. 2008). While maintenance-related reduction in simple flake tools has been 

extensively studied and a coherent body of theory has developed (e.g., Dibble and 

Whittaker 1981; Kuhn 1990; Holdaway et al. 1996; Shott and Weedman 1997 

Ballenger 2001; Hiscock and Clarkson 2007), reduction studies of ground stone adzes 

have been comparatively rare. As Turner (2000:236, 292-3) has noted, the ongoing 

use, damage and reworking of adzes tends to result in varied and unpredictable 

morphological changes, making it difficult to identify, let alone quantify, reduction. 

Mackie (1992) and Boer-Mah (2008) have, however, suggested that repeated re-

sharpening tends to reduce the length of adzes while leaving their widths and 

thicknesses relatively constant. On this basis, it might be possible to identify 

differences in the relative degree of reworking by examining the relative lengths (i.e., 

length-to-width and length-to-thickness ratios) of complete specimens. In this study 

there are too few complete specimens (n = 41) to justify significance testing for these 

variables. However, the summary data show that the ranges and means of complete 

specimens from Eiao and Nuku Hiva are, in most cases, similar (Table 9.7) and 

provide no conclusive evidence that either material was consistently reworked to a 

greater extent than the other. 

 

Summary  

 The morphological analyses reported in this section have identified several 

source-related similarities and differences. One similarity is that stone from all of the 

identified sources was commonly distributed on Nuku Hiva in an unfinished state. 

Another is that there is no exclusive relationship between adze form and source. 

Although all of the adze forms were made from both local and imported materials 

there are significant differences in their proportions, Eiao stone being preferentially 

used for Group B forms and Nuku Hiva stone for Group A forms. Another significant 

difference is that the specimens made from Eiao stone are on average smaller than 

those from Nuku Hiva materials, although it is not possible to determine whether this 

is a result of differences in design or the intensity of reworking. These findings are 

discussed in relation to other Polynesian adze studies in the concluding section of this 

chapter, after a brief summary of the excavated specimens included in this study. 
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Table 9.5. Results of t- tests for equalities of means between Group A and Group B1 
archaeological specimens assigned to Eiao and Nuku Hiva. 
 

  
Levene's test for 

equality of variances t-test for equality of means 
Group Attribute F P-value t df p-value 
Group A Log10 (Shoulder thickness) (mm) 9.20 0.003 2.44(2) 55.50 0.018 
 Log10(Max. shoulder width) (mm) 6.47 0.012 2.35(2) 56.34 0.022 
 Log10(Cross-section area) (cm2) 7.33 0.008 2.26(2) 55.36 0.028 
 Log10 (Shoulder index) 1.09 0.298 0.50(1) 107 0.619 
       
Group B1 Log10 (Shoulder thickness) (mm) 0.01 0.906 2.25(1) 76 0.027 
 Log10(Max. shoulder width) (mm) 1.51 0.223 2.17(1) 74 0.033 
 Log10(Cross-section area) (cm2) 0.67 0.415 1.98(1) 69 0.052 
 Log10 (Shoulder index) 0.43 0.515 1.17(1) 74 0.246 
       
       
1) equal variances assumed 
2) equal variances not assumed 
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Table 9.6. Results of Mann-Whitney tests for independent samples between archaeological 
specimens assigned to Eiao and Nuku Hiva. 
 

  Sample size  Mann-Whitney test 

Group 
 

Eiao Nuku Hiva 
 

U 
p-value 

(2-tailed) 
       
Group A Log10 (Shoulder thickness) (mm) 37 72  934.5 0.011 

 Log10(Max. shoulder width) (mm) 37 72  939.5 0.012 
 Log10(Cross-section area) (cm2) 37 72  973.5 0.022 
 Log10 (Shoulder index) 37 72  1299.0 0.833 
       

Group B1 Log10 (Shoulder thickness) (mm) 48 30  508.0 0.029 
 Log10(Max. shoulder width) (mm) 46 30  475.0 0.022 
 Log10(Cross-section area) (cm2) 46 30  453.5 0.060 
 Log10 (Shoulder index) 46 30  576.5 0.228 
       

Group B2 Log10 (Shoulder thickness) (mm) 19 10  83.5 0.604 
 Log10(Max. shoulder width) (mm) 19 10  62.5 0.138 
 Log10(Cross-section area) (cm2) 19 10  79.5 0.484 
 Log10 (Shoulder index) 19 10  66.0 0.195 
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Figure 9.5. Boxplots showing comparative size differences between archaeological 
specimens assigned to Nuku Hiva and Eiao separated by morphological group. Variables are 
Log10-transformed to minimise skewness.  
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Table 9.7. Summary metric data for length-to-width and length-to-thickness ratios for 
complete archaeological specimens assigned to Eiao and Nuku Hiva. 
  

Type  Attribute Source N Min. Mean Max. 
Std. 

 Dev. 
S. E. of 

Mean 
         

Group A Length/width Eiao 6 1.8 2.78 4.2 0.83 0.34 
  Nuku Hiva 8 2.0 2.93 4.0 0.72 0.26 
         

 Length/thickness Eiao 6 2.7 3.07 3.8 0.46 0.19 
  Nuku Hiva 8 2.0 3.07 4.4 0.68 0.24 
         
         

Group B1 Length/width Eiao 9 2.0 2.54 3.5 0.46 0.15 
  Nuku Hiva 9 1.7 2.50 3.4 0.60 0.20 
         

 Length/thickness Eiao 9 3.4 5.11 7.3 1.10 0.37 
  Nuku Hiva 9 2.6 3.87 5.8 1.04 0.35 
         
         

Group B2 Length/width Eiao 1  2.40  . . 
  Nuku Hiva 4 1.8 2.39 3.0 0.51 0.26 
         

 Length/thickness Eiao 1  6.36  . . 
  Nuku Hiva 4 3.0 4.22 5.1 0.93 0.46 
         
         

Group B3 Length/width Eiao 2 2.6 2.63 2.7 0.07 0.10 
  Nuku Hiva 2 1.8 2.16 2.5 0.39 0.55 
         
 Length/thickness Eiao 2 3.8 4.20 4.6 0.37 0.53 
  Nuku Hiva 2 3.1 3.79 4.4 0.65 0.92 
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9.4 Excavated specimens 

While most of the artefacts analysed in this study were collected from surface 

contexts, 33 specimens were from excavations at Anaho (see Chapter 3). The majority 

of the excavated specimens are from the Teavau‘ua coastal flat, which can be grouped 

into three occupation periods: A.D. 1200 – 1400, A.D. 1400 – 1600 and A.D. 1600 to 

the early 20th century (see Allen 2004, 2009). As noted in Chapter 3, Allen 

(2009:Table 2; see also Petchey et al. 2009:2236; Allen and McAlister 2010:62) 

recently has identified an earlier occupation (ca. A.D. 1000 – 1200) in another part of 

Anaho Valley. However, no adzes or preforms have yet been associated with this 

occupation and no lithics dating to this period are included in the present study. 

Five of the excavated specimens were recovered from strata dating to the A.D. 

1200 – 1400 period, 13 are from contexts dating to A.D. 1400 – 1600 (or post- A.D. 

1400) and eight were found in contexts where the chronology could not be securely 

established (e.g., shovel pits). The remaining seven specimens were recovered from 

the upper layers at Anaho, which date from post- A.D. 1600 to the early 20th century. 

To avoid potential temporal biases, the specimens excavated from undated contexts 

and those dating to pre-A.D. 1600 were removed from the distributional analyses 

reported above. The seven specimens dating to post- A.D. 1600 were included in the 

preceding analyses because they are most likely to be contemporaneous with the 

surface collections. The source provenances and morphological groups assigned to the 

excavated specimens excluded from the above analyses are reported below (Table 

9.8) and briefly discussed in this section. 

The majority of the excavated specimens were assigned to the local northeast 

Nuku Hiva source, which includes two known sources within Anaho Valley itself (see 

Chapter 7). Only one specimen, Sample # 14, was assigned to another source on Nuku 

Hiva, in this case the Terre Deserte source. The remaining three specimens are from 

Eiao, two from contexts where the dates are uncertain and one from a stratum dating 

to A.D. 1400 - 1600. The presence of stone from Eiao in an early context at Anaho is 

consistent with the other two lithic provenancing studies conducted in the Marquesas 

Islands. Rolett et al. (1997) analysed a small number (n = 11) of adzes and flakes at 

Ha‘atuatua Valley and found artefacts from Eiao basalt in two separate cultural 

deposits, one dating to A.D. 662 – 1012 (2σ) and the other to A.D. 1300 – 1650 (2σ).  
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Table 9.8. Summary of the excavated archaeological specimens from Anaho excluded from 
the distributional analyses. 
 
Accession 

number Unit1 Layer Level 
Age range 

A.D. 
Morphological 
group Source 

304 TP6 IV 6 1200-1400 Group A Northeast Nuku Hiva 
683 TP12 IV 6 1200-1400 Group A Northeast Nuku Hiva 
735 TP13 IV 5 1200-1400 Group B3 Northeast Nuku Hiva 
853 TP16 IV 4 1200-1400 Group A Northeast Nuku Hiva 

3188 SP6 IV n.a. 1200-1400 Group A Northeast Nuku Hiva 
       

310 TP5 IIIb 6 1400-1600 Group A Northeast Nuku Hiva 
678 TP11 IIIb 4 1400-1600 Group B1 Eiao 
861 TP12 IIIb 5 1400-1600 Group A Northeast Nuku Hiva 

5792 TP13 IIIb 4 1400-1600 Group B1 Northeast Nuku Hiva 
860 TP9 IIIb 6 1400-1600 Group B3 Northeast Nuku Hiva 
885 TP9 IIIb 7 1400-1600 Group A Northeast Nuku Hiva 
14 SP5 III n.a. Prob. 1400-1600 Group B4 Terre Deserte 

       
3191 SP14 III n.a. post-1400 Unclassified Northeast Nuku Hiva 
3187 SP6 III n.a. post-1400 Group B2 Northeast Nuku Hiva 
5742 SP7 III n.a. post-1400 Group A Northeast Nuku Hiva 
4103 TP34 II n.a. post-1400 Group B1 Northeast Nuku Hiva 
4274 TP34 I 4 post-1400 Group A Northeast Nuku Hiva 
4432 TP34 II 8 post-1400 Blank Northeast Nuku Hiva 

       
116 SP35 uncertain n.a. Not known Group A Northeast Nuku Hiva 

1086 TP23 uncertain trim Not known Group A Northeast Nuku Hiva 
6081 TP41 III 6 Not known Group A Northeast Nuku Hiva 
6113 TP42 I 2 Not known Group B2 Northeast Nuku Hiva 
6119 TP43 II 2 Not known Group A Northeast Nuku Hiva 
6346 TP46 III 8 Not known Group B1 Eiao 
6355 TP46 III 8 Not known Group A Northeast Nuku Hiva 
4039 ST6 uncertain n.a. Not known Group A Eiao 

       

1)   SP = Shovel Pit; ST = Test Trench; TP = Test Pit  
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Similarly, Rolett (1998:197) has identified Eiao basalt throughout the temporal 

sequence at Hanamiai on Tahuata in the Southern Marquesas, the earliest occupation 

(Phase I) of which dates to A.D. 1025 – 1300. Considering Eiao is 100 km to the 

north of Nuku Hiva, these findings suggest that the Marquesas Islands had been 

thoroughly explored, and adze-quality stone discovered at Eiao sometime before the 

earliest occupations at these sites. 

Although fewer sources are represented in the excavated Anaho sample than 

in the surface-collected sample from that valley (see above), there are insufficient 

excavated specimens to determine whether or not this reflects a changing pattern of 

stone utilization. If the earlier distribution of stone at Anaho was similar to that of the 

late prehistoric period, none of the absent Nuku Hiva sources would be expected to be 

present in the excavated samples based on the frequencies of the surface-collected 

specimens; only 2.9 % of the surface-collected artefacts from Anaho are from the 

Terre Deserte source and 1 % each are from the northwest Nuku Hiva and Hatiheu 

sources (see Table 9.1). For a sample of 33 specimens, the expected frequencies 

would be less than one specimen for each of these sources. Similarly, the failure to 

identify stone from Eiao in the sample dated to A.D. 1200 – 1400 is likely to be an 

artefact of the small sample size (n= 5), given that stone from this source has been 

identified in the neighbouring valley of Ha‘atuatua (Rolett et al. 1997) and also at 

Hanamiai (Rolett 1998) in similar temporal contexts. 

 

9.5 Discussion 

The distribution patterns identified in this chapter provide unambiguous 

evidence for interaction on the north coast of Nuku Hiva. Stone from Eiao was 

distributed to all four of the valleys that were investigated, as was stone from most of 

the Nuku Hiva sources. Evidence for interaction between the north and south of Nuku 

Hiva is, at this time, less clear. Only two specimens from the Taioha‘e volcanic region 

were identified on the northern coast (both at Hatiheu). However, the identification of 

these specimens indicates that there were at least some sources of stone suitable for 

adze manufacture in the south of the island. If these sources were of a comparable 

quality to the sources in the north, it is possible that they would have had similar 

distribution patterns to those identified for the northern sources and not been 

circulated far from their sources in large quantities. This possibility is yet to be 
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examined, as no provenance studies have, to date, been conducted on lithic 

assemblages from valleys in the south of the island.  

Although the extents of the spatial distributions of most stone sources 

identified in this study are similar, there are some differences in their frequencies. 

Artefacts made from Nuku Hiva stone tend to fall in relative abundance with 

increasing distance from their sources. In contrast, Eiao stone shows no directional 

patterning and is well-represented in all of the valleys, making up over half of the 

totals at Hatiheu, Hakaea and Pua and over a third at Anaho. These patterns imply that 

imported and local stone were circulated in different ways. The decreasing 

abundances of the Nuku Hiva sources are consistent with the Renfrew’s (1977) down-

the-line mode of reciprocity, which is thought to be characteristic of relatively low 

levels of organisation. This is contrasted by relatively high abundances of Eiao stone 

in all four valleys, which, given the much greater distances required for transportation 

(including open sea travel), suggests that a higher level of organisation was required 

for the circulation of this resource. 

Other researchers (e.g., Leach and Witter 1987; McCoy 1990; Weisler 

1990:46; H. Leach 1993; Weisler 1990a; Bayman and Moniz-Nakamura 2001; 

Bayman et al. 2004; Winterhoff 2007:189; Kahn et al. 2009; Mills et al. 2010) have 

noted similar distribution patterns elsewhere in Polynesia, and proposed two modes of 

lithic production and circulation — one which involved extensive quarry complexes, 

such as Mauna Kea on Hawai‘i and Tataga Matau on Tutuila, American Samoa, 

supplying large volumes of high-quality materials throughout their home islands or 

archipelagos (and sometimes beyond), and a second mode in which a number of less 

extensive sources catered primarily for smaller-scale local distribution and 

consumption. 

A number of explanations for the circulation of stone from multiple sources 

have been proposed. Some studies have linked different modes of distribution to 

varying degrees of political control over resources. Perhaps the most explicitly 

theoretical of these in Polynesia has been Winterhoff’s (2007) study of adze 

production on Tutuila, American Samoa. Winterhoff approached his study from a 

theoretical perspective based on the principles of political economy (Earle 1982, 

1994, 1997a, 1997b), arguing that increasing specialisation, the restriction of access to 

resources (as evidenced by nucleated workshops with defensive features) and an 

expansion in the regional distribution of Tutuila adzes were mechanisms actively used 
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by elites to develop and manage large-scale quarries as strategic resources for 

accumulating surpluses, while, concurrently, smaller localised sources were operated 

by local inhabitants for producing utilitarian items for day-to-day use (Winterhoff 

2007:189). In other words, local sources were considered to be a part of the 

subsistence economy, while large-scale quarries were seen as a part of the political 

economy (sensu Earle 1997a). A number of Hawaiian studies have reached similar 

conclusions, although not always in such explicit theoretical terms (e.g., Cleghorn 

1982; McCoy 1990; but see also Lass 1994, 1998).  

Other studies have investigated the differences between large-scale and 

localised stone sources in more functional terms. Bayman and Moniz-Nakamura 

(2001:247; see also Bayman et al. 2004), for instance, have noted that Hawaiian tools 

from localised sources are often smaller than those from large-scale quarries and 

suggested that they may have been intended for different functions. In contrast, Linton 

(1923:321) has found the opposite in the Marquesas, noting that the artefacts he 

observed at the extensive adze workshops on Eiao tended to be comparatively small 

and thin, which indicated to him that stone from this island was used primarily for 

fashioning chisels and carving tools rather than large adzes. 

Some researchers interested in tool function have suggested that the extents of 

stone tool distributions might relate to differing qualities in their raw materials. For 

example, the sorts of high-quality materials favoured by specialist woodworkers, such 

as carvers and canoe builders, who would have required high-performance tools, 

might have been widely distributed. In contrast, for less demanding tasks, such as tree 

felling and land clearance, lower quality materials from local sources might have been 

adequate (Leach and Witter 1987:51; Weisler 1990a:46; Sheppard et al. 1997; Turner 

2000, 2005; Walter and Sheppard 2001). 

The distribution patterns identified in this chapter support a dual model of 

adze production and distribution for the Marquesas Islands. In common with Mauna 

Kea and Tataga Matau, Eiao is a large quarry complex containing a number of 

separate quarries and workshops (Linton 1925:106-7; Candelot 1980; Rolett 2001; 

Butaud and Jacq 2007; pers. comm. M. Charleux 2010).  In comparison to Eiao, the 

identified Nuku Hiva sources are small in area. The Ha‘aupa‘upa quarry at Ha‘ataivea 

Bay is a semi-circular sub-valley measuring 150 by 50 feet [45 by 15 m] (Suggs 

1961:67), while the two outcrop sources identified at Anaho (Structures 92 – 95 and 

101; see Chapter 3) are smaller again, measuring no more than a few metres in any 
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one direction. Little is currently known about the other sources identified in this 

study; no information about the Terre Deserte source has yet been published, although 

Maric (pers. comm. 2007) has indicated that the source includes at least two 

extraction sites, suggesting that it is larger than the Anaho sources. The exact 

locations and extents of the sources referred to as “northwest Nuku Hiva” and 

“Taioha‘e volcanic zone” in this study have not been identified. 

The analyses of the physical characteristics of the specimens reported above 

also provide some information on the contexts in which Marquesan stone was 

distributed and used. Materials from both Eiao and Nuku Hiva were commonly 

circulated in unfinished form, suggesting that if any of these sources were under some 

form of elite control, specialised production did not extend to completely finishing 

tools at a centralised location on Nuku Hiva. In regard to morphology, stone from 

both Eiao and Nuku Hiva was used to manufacture all of the adze forms identified in 

this study. There are no significant differences in the frequencies of different forms 

among the three most abundant sources on Nuku Hiva (northeast Nuku Hiva, the 

Terre Deserte, and northwest Nuku Hiva), which suggests that these materials were 

used to make similar ranges of functionally-equivalent tools, a factor that might 

partially explain their declining abundances at increasing distances from their sources. 

In contrast, stone from Eiao appears to have been preferentially used to manufacture 

the wide-bladed Group B1 and B2 adze forms (Table 9.3).  

The metric analyses reported above also indicate differences in the sizes of 

tools from Nuku Hiva and Eiao. While the size ranges of specimens assigned to the 

two islands overlap to some extent, those from Eiao are on average significantly 

smaller for the two most numerous morphological groups, Group A and Group B1 

(see Tables 9.4, 9.5 and 9.6). Two related causes for the observed differences in size 

were examined above: variation in the physical properties of the raw materials and 

differing rates of curation. Although, the metric data provide no compelling evidence 

for either possibility, an examination of the specimens included in this study (Figure 

9.4) and the observations of other researchers (e.g., Rolett et al. 1997:142; Linton 

1923:321; 1925:107) indicate that stone from Eiao is typically finer-grained and more 

homogenous than that found on Nuku Hiva, suggesting that this material is better 

suited to high-performance tools (Leach and Witter 1987:51). The higher proportion 

of wide-bladed adze forms from Eiao noted above also might be related to differences 
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in the qualities of raw materials, as has been suggested for New Zealand adzes 

(Turner 2000). 

While these analyses indicate that the full range of Marquesan adze variation 

was manufactured on Nuku Hiva using both locally-sourced and imported Eiao stone, 

there are significant differences in the frequencies of the morphological groups and 

their mean sizes. These findings support Linton’s (1923:321) notion that stone was 

exported from Eiao largely to meet the needs of craft specialists, whereas local stone 

may have been used for less demanding tasks. However, if this were the whole case, 

the high proportions of Eiao stone in these assemblages (48.5% of the total) would 

suggest that almost one half of the adze production on Nuku Hiva was geared towards 

craft specialists, which seems unlikely. 

One possible explanation for the high levels of imported Eiao stone identified 

in this study is that some of this material was distributed via Nuku Hiva to other 

islands in the archipelago and possibly even to distant island groups, either as 

unfinished preforms or after being worked into finished adzes on Nuku Hiva. 

Although there is evidence of Marquesans visiting Eiao at the time of European 

contact, it is uncertain whether this was on a permanent or intermittent basis (e.g., 

Ingraham 1973:23; Crook 2007:213; Krusenstern 1813:141; Handy 1923:34; Rolett et 

al. 1997:147). Moreover, traditional accounts suggest that Nuku Hiva, the closest 

landfall to Eiao known to have been permanently inhabited (see Figure 2.2), served as 

a distribution centre for stone adzes; Handy (1923:23) was informed that people from 

Hiva Oa obtained stone from Eiao through Nuku Hiva while Linton’s (1925:107) 

informants thought that the tribes on Nuku Hiva traded Eiao basalt to several other 

islands in the group. Rolett et al. (1997:146) have suggested such a scenario might 

also explain the relatively high frequency of Eiao basalt they identified at Ha‘atuatua. 

In his analysis of lithics from Hanamiai, Rolett (1998:188-98) identified a fall 

in the abundances of imported stone over time and concluded that was indicative of a 

decrease in the frequency of amicable (as opposed to hostile) interaction after around 

A.D. 1450 (see Chapter 2). Rolett (1998:193), however, noted that his sample was 

from only a single site, and acknowledged that further studies from other Marquesan 

sites were required to determine whether his findings represent a regional pattern. 

The findings of this study complement Rolett’s in some respects; although the 

excavated sample from Anaho is too small to provide a representative view of early 

stone tool use in the valley (and certainly for Nuku Hiva as a whole), the surface-
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collected assemblages do include relatively large samples for the late prehistoric 

period (ca. post- A.D. 1600) on Nuku Hiva, a period roughly corresponding to 

Rolett’s (1998) Phase IV at Hanamiai (A.D. 1400 – 1800). Rolett (1998:Figure 8.4) 

analysed 17 specimens from Phase IV and found that four (or 23%) were imported 

from Eiao, while the remainder (77%) were from two local sources thought to be 

located in the southern Marquesas. In comparison, stone from Eiao represented 

approximately half of the samples from the earlier Phases I, II and III at Hanamiai. In 

the present study, greater abundances of imported Eiao stone were identified in the 

surface collections at all four of the valleys that were investigated (i.e., 34 – 64%). 

Although Rolett’s study provides evidence for a decrease in the relative 

amount of Eiao stone at Hanamiai over time, it also shows that Tahuata, in the 

southern Marquesas, retained at least some access to this resource during the latter 

part of the prehistoric period. As was suggested above, the higher proportions of stone 

from Eiao identified on Nuku Hiva in this study might be explained by the island 

having served as a distribution centre for other islands in the archipelago (see also 

Rolett et al. 1997). 

In discussing his findings, Rolett (1998:255, 2002:191) suggests that declining 

access to distant resources may reflect a breakdown in exchange networks, which 

may, in turn, be related to increased inter-tribal rivalry. Increasing competition and 

hostility in the Marquesas, particularly during the late prehistoric and early contact 

periods, are prominent themes in a number of ethnographic and archaeological studies 

(e.g., Goldman 1958; Suggs 1961; Rolett 1989, 1998, 2002; Thomas 1990, 1992; 

Kirch 1991). Indeed, one of the most striking features of many of the primary 

accounts of Marquesan society from the first half of the 19th century is the almost 

continuous state of warfare that seems to have existed between many tribal groups 

(e.g., Crook 2007; Robarts 1974; Shillibeer 1818; Porter 1822, 1823; Terrell 1982). 

However, at the same time, many of these sources also record frequent inter-island 

and inter-valley contacts (e.g., Marchand 1810; Roquefeuil 1823; Fanning 1834; 

Robarts 1974; Crook 2007).  In a review of the early historic period, Murdoch (2000: 

Table 3.1) lists over 40 examples of historically-documented Marquesan voyaging 

before 1815, which indicate that all of the inhabited islands were in contact with one 

another to some extent. 
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The data required to trace the distribution of Eiao stone throughout the 

Marquesas are currently lacking. It is, however, notable that stone from Eiao has been 

identified in all of the Marquesan lithic assemblages that have been geochemically 

analysed to date (e.g., Rolett et al. 1997; Rolett 1998:197; this study) and also in 

several other island groups (see Chapter 2). On this basis, the widespread distribution 

of Eiao basalt might indicate that, despite any hostilities that may have existed 

between tribal groups, Marquesan social mechanisms ensured that access to important 

resources was ensured to at least some extent. Although the analyses reported in this 

chapter have produced a detailed view of one component of small-scale interaction in 

the Marquesas, as is often the case with interaction studies, our understanding of 

many of the more interesting underlying social and political processes is far from 

complete. Some suggestions as to how our knowledge of Marquesan interaction could 

be improved in future research are discussed in the concluding chapter. 
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CHAPTER 10 

CONCLUSIONS 

 

10.1 Introduction 

In this study, three distinct lines of enquiry relating to the geochemical 

provenancing of lithics and its application in identifying interaction were investigated: 

1) the evaluation of PXRF as a viable alternative to WDXRF for geochemically 

analysing Oceanic basalts, 2) the assessment and comparison of different multivariate 

techniques for separating lithic sources and assigning geographical provenances to 

stone artefacts and, 3) the application of these methods to the practical task of 

characterising stone sources and identifying stone tool distributions on the Marquesan 

island of Nuku Hiva. 

For investigations aimed at identifying the provenance of archaeological 

materials, the choice of a suitable methodological approach is critical to providing a 

reliable foundation on which to base subsequent interpretive claims. Specifically, this 

involves employing analytical techniques that are capable of characterising materials 

with sufficient accuracy and precision to discriminate among potential sources, using 

source assignment methods that are appropriate for the structure of the available data, 

and selecting a set of reference data that encompasses as much of the potential 

geographical source region as is possible.  

During the course of this study, the Anthropology Department at the 

University of Auckland acquired a PXRF analyser. Weisler (1993a; see also Lundblad 

et al. 2008; Mills et al. 2010) had previously demonstrated the utility of non-

destructive EDXRF analysis for Oceanic basalts, albeit using a more accurate 

laboratory-based machine, and several of the advantages of non-destructive XRF 

analysis were obvious; it would no longer be necessary to damage archaeological 

specimens to extract samples for WDXRF analysis, quantitative results could be 

obtained in minutes instead of the several days that are required for WDXRF analyses 

and, perhaps most importantly at the time, there were no operating costs involved, a 

factor that would enable a far larger sample of specimens to be analysed than was 

originally envisioned.  
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In the course of the testing of the PXRF analyser, it soon became obvious that 

the quantitative data obtained from the machine’s internal software were too 

inaccurate to reliably characterise the basaltic stone collected from Nuku Hiva. At the 

same time as this study, Peter Sheppard and his team were obtaining much better 

results from their analyses of obsidians (Sheppard et al. 2010, 2011), suggesting that 

the accuracy problems I was encountering were associated with the basalt samples 

rather than with the instrument. Although the majority of archaeological applications 

of PXRF have, to date, analysed obsidians or metals (e.g., Craig et al. 2007; Karydas 

2007; Jia et al. 2010), the existing literature on the analysis of stones similar in 

composition to basalts (e.g., Potts et al. 1995, 1997; Markham and Floyd 1998; 

Williams-Thorpe et al. 2003; Ixer et al. 2004) indicated that this technology could 

also be effective for stone other than obsidian. Because of the potential advantages of 

PXRF over WDXRF (the only other characterisation technique available for this 

study), an investigation of alternative methods of obtaining quantitative data from the 

PXRF instrument was conducted. 

A second issue that became apparent as this study progressed was that the 

methods that had been used to assign archaeological specimens to sources by other 

researchers in the Pacific would need to be evaluated. The two previous provenancing 

studies in the Marquesas Islands (i.e., Rolett 1997 et al. 1997; Rolett 1998) had access 

to a very limited range of reference data. Consequently, only a single stone source — 

Eiao — could be associated with a specific geographical location in either of those 

studies. Although a number of other distinct clusters of archaeological specimens 

were found in both studies, their exact locations could not be determined and they 

were given tentative identifications (e.g., “Unknown A quarry, probably southern 

Marquesas”; see Rolett 1998:198). In regard to methodology, both studies employed 

bivariate scatterplots to demonstrate the clustering of the archaeological specimens 

and the association of one cluster to a source on Eiao. However, when the reference 

samples analysed for this study were plotted using the same variables that those 

studies had employed, there was considerable overlap between the specimens from 

Eiao and Nuku Hiva (see Figure 7.18). These findings indicated that alternative 

methods of source assignment for Marquesan stone tools would be necessary to 

accommodate the increased set of reference data that was available for this study. 
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For these reasons, a much larger portion of this study than had originally been 

planned was devoted to investigating methodological approaches to artefact 

provenancing, specifically to evaluating the performance of PXRF as a means of 

characterising basaltic stone and to examining different statistical techniques for 

discriminating among stone sources. In this concluding chapter, the main findings of 

those investigations are summarised and some of the areas that would benefit from 

attention in future studies are discussed. 

 

10.2 Evaluation of the PXRF analysis 

In this study, an Innov-X Alpha 4000 PXRF instrument was evaluated as an 

alternative to WDXRF for analysing basalts (see Chapter 4). As mentioned above, the 

initial calibration and testing of the PXRF analyser was unsatisfactory; although some 

of the heavier elements, such as Rb, Sr, and Zr, were quantified reasonably accurately, 

most of the other elements (i.e., K, Ca, Ti, Mn, Fe, Ni, Zn and Cu) either gave erratic 

readings or were not consistently detected. Additional tests using the diluted fusion 

discs that were prepared for WDXRF analysis gave considerably better results for 

some elements, and suggested that the quantification errors for the four light elements 

K, Ca, Ti and Fe were due to the concentrations of these elements in basalts 

exceeding the linear range of the analyser’s in-built Fundamental Parameters (FP) 

quantification software, which is primarily intended for analysing soils. An alternative 

means of elemental quantification involving the empirical calibration of the raw 

spectrum data from the instrument gave much improved results overall and, in 

particular, for the lighter elements. The calibration of the spectrum data also enabled 

Nb to be quantified, an element that was not measured by the FP software supplied 

with the instrument. 

 A second potential limitation of most PXRF instruments is the restricted range 

of elements that are quantified. For some materials, such as obsidians (e.g., Shackley 

2004; Craig et al. 2007) and metallic alloys (e.g., Cesareo et al. 2008), satisfactory 

discrimination can often be obtained using only comparatively heavy trace elements, 

such as Sr, Zr, Rb, Pb and Sn, that are readily measured with PXRF instruments. By 

contrast, several of the lighter elements that tend to be distinctive in different sources 

of Oceanic basalts (e.g., Si, Na, Al and Mg) are generally not quantified by PXRF 

analysers. 
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In comparison to the WDXRF dataset, the analysis of the PXRF dataset was 

complicated not only by the absence of these useful discriminating elements, but also 

by the limited choices offered by the remaining elements. The Terre Deserte samples, 

for example, could be differentiated from several other sources on Nuku Hiva using 

the compatible metal Ni in combination with one or more of the other available 

elements (see Figure 7.29). In contrast, the analysis of the WDXRF dataset indicated 

that the major elements SiO2 and MgO are also distinctive in the specimens assigned 

to the Terre Deserte (see Figure 7.19). Similarly, the geological reference samples 

from northeastern and northwestern Nuku Hiva could only be completely separated 

using one pair of variables from the PXRF dataset (Cr and Zr), whereas several other 

elements included WDXRF dataset were found to be useful for separating these 

regions (see Figure 7.19). 

Overall, this study found that PXRF can be effective for characterising 

Oceanic basalts provided that the instrument is adequately calibrated beforehand. The 

evaluation of the Innov-X PXRF instrument used in this study indicated that the main 

limiting factor was the in-built FP calibration software, an issue also raised by other 

researchers (e.g., Shackley 2010a:13; Liritzis and Zacharias 2010:135). The 

quantification errors associated with FP calibration precluded using the instrument 

“straight from the box” and, in this case, an alternative means of calibration was 

employed to obtain satisfactory results for basalts. 

While the fully compositional elemental data obtained from WDXRF analysis 

were better suited for discriminating among Oceanic basalt sources, PXRF was found 

to be an effective technique, despite the limited range of elements that are quantified. 

For archaeological applications, PXRF possesses several advantages over WDXRF, 

such as being comparatively inexpensive, rapid and non-destructive. In comparison, 

WDXRF analysis requires the partial destruction of samples and it is not always 

possible to analyse archaeological specimens using this technique, particularly those 

from museums or private collections. While many laboratory-based EDXRF 

instruments are able to make non-destructive fully compositional determinations on 

whole rock specimens, including basalts (e.g., Weisler 1993a; Lundblad et al. 2008), 

they are significantly more expensive than PXRF analysers and not as readily 

available to researchers. 
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Notwithstanding the generally positive results, this study does raise some 

questions as to whether PXRF offers a viable alternative to laboratory-based WDXRF 

and EDXRF analysis. Although PXRF has certain potential advantages over many 

laboratory-based instruments, chiefly non-destructive, rapid analyses at comparatively 

low costs, the technique also has a number of limitations. The most obvious of these 

is the limited range of elements that can reliably be quantified. As noted above, the 

inability of the instrument used in this study to accurately acquire elements lighter 

than K posed some difficulties, particularly for discrimination at the inter-archipelago 

scale. While methods that could separate most sources were eventually found, the 

restricted range of available elements not only complicated the procedures, but in 

several instances severely limited the selection discriminating elements. In two cases 

it was found that compatible metals (i.e., Zn and Ni) were the only available elements 

that could separate certain sources.  Had not many of these samples been assigned to 

the same sources during the analysis of the WDXRF dataset, which included a fully 

compositional set of major oxides and an extended range of trace elements, 

discriminations based on compatible metals alone would have been less secure.  

A second drawback of the PXRF instrument used in this analysis was the large 

amount of external data processing that was required to obtain accurate results. This 

was caused in large part by the inability of the specific in-built software to analyse 

basaltic stone and, as such, other models of PXRF instruments used on different 

materials will not necessarily present the same sorts of difficulties. However, if 

similar problems do arise, a number of typical PXRF users may not have the 

willingness or mathematical background required to manually analyse the raw 

spectrum data. 

For these reasons, the PXRF instrument used in this study (and presumably 

similar models offered by other manufacturers) does not offer a completely viable 

alternative to laboratory-based instruments that are able to analyse a greater range of 

elements with better precision and accuracy. Over the last year or so, however, there 

have been a number of developments in PXRF technology that have the potential to 

improve the effectiveness of the technique. Many of the newer models of PXRF 

analysers are equipped with more powerful tubes, vacuum chambers and Silicon Drift 

Detectors (SDD), which together increase instrument sensitivity and potentially allow 

a greater range of elements to be quantified at lower detection limits. The 

Anthropology Department at the University of Auckland has recently purchased a 
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new PXRF analyser (an Innov-X Delta series instrument) that includes a number of 

improvements, including updated quantification software, an SDD, a camera for 

inspecting the scan area of samples and the capability of quantifying the light 

elements Al, Mg and Si. 

Whether these improvements have a significant impact on the usefulness of 

PXRF for archaeometric studies remains to be determined. This will require the 

comparative testing of specific instruments, as has been the case for previous 

generations of PXRF analysers (e.g., Craig et al. 2007; Drake et al. 2009; Nazaroff et 

al. 2010; this study). To date, only one archaeological study using the new generation 

of PXRF analysers has been published (Goren et al. 2011), which did not report on 

the accuracy and precision of the instrument. 

On a related note, investigations into the use of radiogenic isotopes as a means 

of discriminating among Oceanic basalt sources (i.e., Weisler and Woodhead 1995; 

Woodhead and Weisler 1997; Collerson and Weisler 2007) have indicated that this 

technique has several advantages over most forms of XRF, including increased levels 

of accuracy and precision, and the need for a much smaller rock sample (50 – 100 

mg). Although the equipment needed for isotopic analysis remains relatively 

expensive, Weisler and colleagues have demonstrated that the technique has the 

potential to produce more precise markers for specific sources than may be the case 

for quantitative elemental methods alone. In particular, Woodhead and Weisler 

(1997:220) have suggested that isotopes may be especially useful in discriminating 

among Marquesan basalts.  

 

10.3 Source discrimination methods 

In comparison to many other scientific fields, particularly the geosciences 

(e.g., Aitchison 1986; Buccianti et al. 2006; Pawlowsky-Glahn and Egozcue 2006; 

van den Boogaart and Tolosana-Delgado 2008), archaeometrists  involved in 

provenancing studies have been reticent to incorporate new methodological 

techniques. For some materials, especially obsidians, clear distinctions among 

different stone sources are often evident on simple bivariate scatterplots and more 

advanced discrimination techniques are not always necessary (e.g., Shackley 1992; 

Moore 2004; Negash et al. 2006; Craig et al. 2007; but see Sheppard et al.2010, 

2011). 
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Until recently, the paucity of reference data available for Pacific basalt sources 

has also enabled relatively simple techniques to be employed in this region (e.g., Best 

1984; Weisler 1993a, 1998; Allen and Johnson 1997; Clark et al. 1997; Rolett et al. 

1997; Rolett 1998). For studies that are interested in the long-distance (i.e., inter-

archipelago) movement of basalt tools, these sorts of techniques remain effective 

(e.g., Collerson and Weisler 2007; Weisler 2008a). However, as the quantity of 

reference data has expanded for many Polynesian basalt sources (e.g., Winterhoff 

2007; Mills et al. 2008, 2010; Lundblad et al. 2008; Kahn et al. 2009; this study), it 

has become increasingly difficult to separate specific sources, particularly at small 

geographical scales, such as within archipelagos or individual islands. Consequently, 

several researchers working in the Pacific have explored the possibilities offered by 

multivariate discrimination techniques (e.g., Best et al. 1992; Walter 1998; Weisler 

1998; P. Johnson 2005, 2010). Two multivariate provenancing methods, DFA and CT 

analysis, were evaluated in this study.  

 

Discriminant Function Analysis 

Discriminant Function Analysis is routinely employed in archaeometric 

studies (e.g., Luedtke 1979; Danzer et al. 1987; Hall and Kimura 2002; P. Johnson 

2005). Because this technique is parametric, it makes certain assumptions concerning 

the distributions of the input variables that can affect the validity of the results (Baxter 

1994). It is, however, sometimes the case that DFA is applied to datasets without first 

assessing the input variables for departures from the distributions assumed by the 

technique. An examination of the geochemical data used in this study found that two 

properties of the datasets, multivariate normality (i.e., skewness) and equality of 

group variances, deviated significantly from the distributions assumed by DFA. 

Several methods of data transformation (e.g., log10, square root, alr and Box-Cox) 

were applied to the datasets but none provided substantial improvements over the 

untransformed distributions. 

Despite the non-ideal distributions of the data examined in this study, DFA 

performed reasonably well in the analysis of the WDXRF dataset. In both of the 

geographical scales to which it was applied (i.e., inter-archipelago and inter-island), 

source discrimination was achieved using a single analysis in each case. The 

technique was, however, not nearly as straightforward when applied to the PXRF 

dataset. For each geographical level of analysis, two or more successive analyses were 
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required. Some of the problems encountered were probably due to the restricted range 

of elements in that dataset rather than any inherent shortcoming of the technique, and 

had more elements been available, it is likely that the analysis of this dataset could 

have been simpler.  

Using DFA to separate samples from within Marquesan Islands was 

particularly problematic. The initial analysis at the archipelago scale did not 

completely discriminate among the three islands included in the dataset (i.e., Nuku 

Hiva, Eiao and Hiva Oa) and, even when this process was broken into two stages, the 

results were not as clear as those of the corresponding Classification Tree (CT) 

analysis (see below). These complications were undoubtedly caused by a number of 

separate factors. Several of the lighter major elements that are useful for 

distinguishing among the Marquesan islands were not included in the PXRF dataset. 

For example, Al2O3 and P2O5 were both used in the DFA of the WDXRF dataset, 

while Na2O and MgO were found useful for separating specimens from the Eiao 

source in the CT analysis of the WDXRF dataset. The increased number of sources 

included in the PXRF dataset also complicated the analysis. In total, four additional 

sources from Nuku Hiva (the Taioha‘e volcanic region, Hatiheu, Ho‘oumi and 

Teonepoto) were added to this dataset, and pooling them with the existing Nuku Hiva 

specimens increased the variances of the variables for the island. This was partly 

remedied by separating the samples from the Taioha‘e volcanic region for the second 

stage of DFA.  

Although there were a number of difficulties in analysing the PXRF dataset, 

all individual sources were eventually separated using DFA. An examination of the 

results suggested that these difficulties were mainly caused by differences in group 

variances, and in some cases it was found that applying an alternative group dividing 

method to the discriminant functions produced results with fewer misclassifications of 

the reference samples (see Figure 7.33). Overall, DFA proved to be remarkably robust 

to the deviations in the data distributions identified prior to the analyses and 

performed better than might have been otherwise expected. 

 

Classification Tree analysis 

The second multivariate technique that was evaluated, CT analysis, differs 

from DFA in that it is non-parametric so makes no assumptions about the 

distributions of the input data. For this study, CT analysis was found to possess 
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several advantages over DFA. Perhaps the most important for archaeometric studies 

was the transparency of the results. For the CT analysis method used in this study, 

each node was divided using a pair of predictor variables. For example, in the first CT 

analysis of the WDXRF dataset, the reference samples from the Society Islands were 

separated from the other archipelagos on the basis of two elements: SiO2 and K2O 

(see Figure 7.10). This solution could readily be displayed using a bivariate 

scatterplot, and the results directly related to particular elements. By contrast, the 

DFA of the same data required five variables and produced a set of four functions 

each of which contained a linear combination of those five variables (see Table 7.6). 

This made it difficult to examine the relationships between specific elements and 

sources. Additionally, the graphical display of the DFA results did not illustrate the 

separation of the groups nearly as clearly as did the CT analysis of the same dataset 

(see Figure 7.12; cf. Figure 7.10). The ability of CT analysis to convey the results of 

analyses in simple and easily understandable non-technical terms is a considerable 

advantage, particularly if the intended audience is not familiar with advanced 

statistical methods. 

Another advantage of CT analysis is the degree of flexibility that it allows. In 

this study, the selection of node splitting criteria was determined by numerical 

methods (see Chapter 5). While this approach provided an objective means of 

selecting the variable pair offering the greatest group separation, for many nodes, 

alternative pairs of variables also provided comparably good group separation. 

Several examples were given in the analyses in Chapter 7 (see Figures 7.3, 7.8, 7.9, 

7.16, 7.28, 7.29 and 7.30).  

The implementation of CT analysis employed in this study used Support 

Vector Machine (SVM) modelling to determine the optimum node divisions. For the 

present data, a basic version of SVM, using two variables per division and a linear 

dividing boundary, was adequate for separating most sources. It is possible to include 

more variables and use to non-linear dividing algorithms (e.g., Gaussian, quadratic or 

radial basis function; see Chapter 5) in SVM models for more complex problems. 

Such models are, however, not ideal because they make interpretation of the results 

more difficult and cannot readily be displayed graphically, factors which tend to 

undermine some of the advantages of CT analysis. 
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Other methods of bivariate node splitting have been employed in some 

previous versions of CT analysis. However, compared to SVM modelling, these 

methods have limitations when applied to geochemical data. The SYSTAT 

implementation of the CART algorithm (Breiman et al. 1984), which includes an 

option to use additive and subtractive linear combinations of pairs of variables for 

each node split (i.e., expanded mode), is an improvement on the use of a single 

variable (Sheppard et al. 2011; see Chapter 5) but the linear combination of variables 

limits dividing boundaries to fixed slopes (i.e., ±1), which do not always adequately 

accommodate patterns of geochemical variability (see Figure 5.5). The CRUISE 

algorithm (Kim and Loh 2001, 2003) offers more flexibility in defining node 

boundaries by performing localised DFA on variable pairs at each node. However, the 

use of DFA in this method introduces some of the potential problems associated with 

parametric methods (e.g., inequalities of group variances and skewed group 

distributions). 

Of the methods for determining node divisions for CT analysis that were 

examined in this study, SVM modelling offered the best balance between 

effectiveness and simplicity. The main practical limitation is that SVM is not included 

in most commercially-available software packages (i.e., SPSS, SYSTAT). There are, 

however, a growing number of SVM implementations available as both stand-alone 

applications (e.g., Rüping 2000; Chang and Lin 2001; Fan et al. 2005) and as add-in 

packages for non-commercial statistical programs, such as R and RapidMiner (e.g., 

Karatzoglou et al. 2006). 

 

Summary 

Overall, this study found that both DFA and CT analysis were effective at 

discriminating among Marquesan stone sources. With the exception of six cases, all of 

the archaeological specimens were assigned to the same sources using both 

techniques. An examination of these cases suggested that the discrepancies were due 

to errors in the DFA caused by unequal group variances (see Figures 7.32 – 7.34).  

Although a number of difficulties were encountered applying DFA to the datasets, it 

was useful to include this technique in these analyses because it operates on 

fundamentally different principles than those of CT analysis (i.e., parametric versus 

non-parametric) and provides an independent method of evaluating the results (see 

Aldenderfer 1982; Sheppard et al. 1997, 2011). 
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In recent years, the quantity of archaeological and reference data for Pacific 

stone sources has increased considerably, a trend which is likely to continue as more 

universities and research institutes acquire XRF technology. At the University of 

Auckland alone, several thousand obsidian, basalt and ceramic samples have been 

analysed using PXRF over the last two years. A number of other institutes in the 

Pacific, including the University of Otago and the Australian Museum, have also 

recently acquired PXRF instruments. Assuming these instruments are capable of 

providing compatible results, it is likely that substantial quantities of reference data 

will become available for an increasing number of stone sources in the near future. 

To accommodate increasing quantities of data, it is probable that future Pacific 

provenancing projects will need to incorporate multivariate techniques into their 

analyses (see P. Johnson 2005, 2010; Sheppard et al. 2011). A number of geological 

studies have shown that stone formations often possess complex geochemical 

patternings and some researchers have suggested that non-parametric techniques may 

be better suited to accommodating the skewed data distributions that are often 

encountered in geochemical data (e.g., Chork and Rousseeuw 1992; Reimann and 

Filzmoser 2000). The study has demonstrated the effectiveness of CT analysis as a 

non-parametric method of discriminating among Marquesan stone sources. There are, 

however, a range of other non-parametric multivariate classification techniques that 

offer many of the same advantages as CT analysis and warrant further investigation. 

In particular, k-nearest neighbour (k-NN) analysis (see Baxter 2006) and Flexible 

Discriminant Analysis (FDA), which is a non-parametric version of DFA (see Hastie 

et al. 1994), are two classification techniques that may be useful for archaeological 

provenancing studies. 

 

10.4 Discussion of the substantive results 

This study has built on the pioneering work of Rolett and colleagues (Rolett et 

al. 1997; Rolett 1998) and, as a result, our knowledge of tool-quality stone sources in 

the Marquesas Islands has been considerably augmented. At the commencement of 

this project, little was known about the geochemical variability of Marquesan stone 

sources suitable for manufacturing adzes. Previously, only one source, Eiao, had been 

characterised adequately for archaeological purposes (e.g., Best et al. 1992; Weisler 

1993a; Rolett et al. 1997; Sinton and Sinoto 1997). In this study, geochemical 

reference data for 91 samples of adze-quality stone from several localities on Nuku 
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Hiva are reported. Most of these localities (e.g., Anaho, Pua, Hakaea, Hatiheu, the 

Terre Deserte and the Taioha‘e volcanic region) have not been previously sampled for 

archaeometric provenancing studies. Although data from several other Marquesan 

sources (e.g., Ha‘atuatua, Uea and Ma‘atea) have been reported by other researchers 

(e.g., Rolett et al. 1997; Rolett 1998), with the exception of the Ha‘aupa‘upa quarry in 

Ha‘ataivea Bay, none were represented by more than two samples.  

Geochemical data for five specimens from the Ha‘aupa‘upa quarry have been 

published previously (Weisler 1993a:220; Rolett et al. 1997:145; Collerson and 

Weisler 2007). However, only one (Collerson and Weisler’s [2007] sample KC-05-

12) provided data for a comprehensive range of major and trace elements (see Chapter 

3). This study has provided a more detailed view of the variability of the Ha‘aupa‘upa 

quarry by reporting the full compositions for five additional samples. In addition, the 

geochemical analyses of reference samples from the neighbouring valleys of Anaho 

and Ha‘atuatua have demonstrated that adze-quality stone from these three valleys is 

compositionally similar and inseparable on the basis of elemental concentrations. 

While radiogenic isotopic analysis might allow a more detailed understanding of these 

sources (e.g., Woodhead and Weisler 1997; Collerson and Weisler 2007), the findings 

of this study suggest that, for analyses using elemental concentrations alone, the 

northeastern region of Nuku Hiva should be treated as a single source area (see 

Figures 7.19, 7.30). Similarities in the reference samples collected and analysed from 

other localities, such as the northwestern valleys of Hakaea and Pua, indicate that 

regional source areas encompassing two or more valleys are likely the most 

appropriate analytic units for much of Nuku Hiva.  

Overall, this study has provided a foundation for understanding the 

geochemical variability of adze-quality stone sources on Nuku Hiva. The reference 

data suggest that five sources of adze-quality stone can be distinguished on Nuku 

Hiva: the northeastern region (Anaho, Ha‘ataivea and Ha‘atuatua), the northwestern 

region (Hakaea and Pua), the Taioha‘e volcanic region (Taioha‘e and Taipivai), the 

Terre Deserte source and Hatiheu. Although a number of localities on Nuku Hiva, 

such as A‘akapa Valley and some of the valleys on the relatively inaccessible west 

coast of the island, still need to be investigated, the analyses reported in this study 

indicate that, if any distinctive stone sources are present in these valleys, they are 

unlikely to have been distributed throughout Nuku Hiva in large quantities; with two 

possible exceptions (see Chapter 6), all of the archaeological specimens that were 
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assigned to Nuku Hiva (n = 142) were associated with one of the five identified 

sources. 

In regard to imported stone, a notable finding of this study is the high 

proportion of stone tools from Eiao identified in all four of the valleys on Nuku Hiva 

that were included in this study. At Hatiheu, Pua and Hakaea, over one half of the 

archaeological specimens were assigned to Eiao. Even at Anaho, a valley situated 

adjacent to another adze quarry (Ha‘aupa‘upa) and where two local sources of adze 

stone were identified (see Chapter 3), more than one third of the specimens were 

assigned to Eiao. As discussed in Chapter 9, the high levels of Eiao stone suggest that 

the production and distribution of this material was subject to a higher degree of 

organisation than was the case for local Nuku Hiva stone. The presence of stone from 

Eiao in the southern Marquesas (Rolett 1998) and in other Oceanic archipelagos (e.g., 

Weisler 1998, 2008a; Di Piazza and Pearthree 2001; Collerson and Weisler 2007) 

supports this notion. 

The morphological analyses reported in this study (see Chapter 8) have also 

contributed to our understanding of Marquesan stone tool production. Many previous 

Marquesan adze typologies have either been descriptive in nature (e.g., Linton 1923) 

or have been devised to trace temporal change (e.g., Suggs 1961). However, one of 

the aims of this study was to investigate whether tool function might be related to raw 

materials. To examine this question, a functionally-based analysis based on the earlier 

work of Turner (2000) and also Ottino (1985a) was conducted. This analysis indicated 

that Marquesan adzes from the late prehistoric period could be usefully divided into 

two broad functional categories: Group A, which consists of tools with relatively 

narrow cutting edges and triangular cross-sections, and Group B which includes tools 

with wide cutting edges and a variety of cross-section shapes (i.e., quadrangular, 

lenticular and reversed-triangular). Metric analyses of the Group B specimens 

suggested that this group could be further separated into four sub-groups. In many 

regards these analyses identified groups similar to those in Turner’s (2000) typology 

of adzes from New Zealand. The groups identified in this study are, however, not 

exact equivalents to Turner’s and some of the differences may be related to the 

limited range of raw materials available in the Marquesas Islands compared to New 

Zealand. In addition, the relatively small adze sample analysed in this study (n = 263), 

which included a high proportion of incomplete specimens, did not allow the sort of 
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detailed analysis employed by Turner, who was able to draw on a sample of over 

12,000 specimens.  

Although it was found that stone from both Eiao and Nuku Hiva was used to 

manufacture all of the adze forms identified in this study, there was a significant 

difference in the frequencies of particular forms from these sources (see Chapter 9). 

Stone from Eiao was preferentially used to manufacture the wide-bladed Group B 

adzes, while the majority of the Group A adzes were made from Nuku Hiva stone. In 

addition, the tools assigned to Eiao were found to be on average smaller than those 

from Nuku Hiva. 

In the previous chapter, it was suggested that differences in the distributions of 

the stone sources identified in this study could be related to the qualities of their raw 

materials, based on the metric and morphological analyses of the specimens included 

in the present dataset and the comments of other researchers familiar with basalts 

from Eiao (i.e., Linton 1923; Rolett et al 1997). Specifically, it was thought that the 

widespread distribution of Eiao basalt throughout the Marquesas Islands and to 

several other island groups in the eastern Pacific might be a consequence of that 

material being used to manufacture high-performance tools, possibly for craft 

specialists. 

In this study, almost one half of the stone tools that were surface-collected on 

Nuku Hiva were found to have been imported from Eiao. Although Rolett (1998) has 

demonstrated a decrease in the abundance of stone from Eiao at Hanamiai, his 

research shows that even during the late prehistoric period, a time often associated 

with increased hostilities, almost one quarter of the identified basalt was derived from 

Eiao. Ethnographic sources (e.g., Handy 1923; Linton 1923) suggest that Nuku Hiva 

served as distribution centre for Eiao stone to other Marquesan islands, and this may 

provide a partial explanation for the regional differences in abundances of Eiao stone 

identified in this study and Rolett’s (1998). 

At present, there is insufficient information to provide a definitive explanation 

for the contexts in which stone from Eiao was distributed in the Marquesas. The 

findings of this study and those of Rolett and colleagues do, however, indicate that 

Eiao was an important source of raw materials in the Marquesas Islands and that it 

remained in circulation, even during extended periods of conflict. 
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10.5 Suggestions for future research 

At present, several factors limit the extent to which some of the wider social 

and political aspects of Marquesan interaction can be addressed. While this study has 

considerably expanded our current knowledge of Marquesan lithic sources, additional 

work is still required to gain a better understanding of the variability of many of the 

known sources and to identify and characterise other potential lithic sources in the 

archipelago. Limited reference data present an ongoing difficulty for all types of 

provenancing studies, both in the Polynesia (e.g., Leach and Manly 1982; Weisler 

1993c; Allen and Johnson 1997; Sheppard et al. 1997, 2001; Weisler and Sinton 

1997:188) and elsewhere (e.g., Peisach 1986; Shackley 1995, 2008; Glascock and 

Neff 2003; Bellot-Gurleta et al. 2008). However, a number of recent studies (e.g., P. 

Johnson 2005, 2010; Lebo and Johnson 2007; Mills et al. 2008, 2010; Kahn et al. 

2009; see also Chapter 6) has seen the situation steadily improve for Oceanic basalt 

sources. 

Although the geochemical analysis of volcanic stone currently provides the 

single best form of objective evidence for interaction in East Polynesia, the historical 

accounts discussed in Chapter 2 suggest that stone tools represent only one 

component of the range of materials that were circulated in the Marquesas Islands 

during the late prehistoric and early contact periods and, presumably, also in earlier 

times. Other East Polynesian studies, notably those in the Cook Islands (Weisler 

1993a; Allen 1996; Allen and Johnson 1997; Walter 1998) and the Mangareva-

Henderson-Pitcairn  region (Weisler 1997a; Weisler and Green 2001) have augmented 

geochemical lithic data with a range of additional information, such as the 

distributions of other materials (e.g., shell, coral and ceramic artefacts), stylistic 

comparisons of artefacts and architecture, and the use of historical linguistics, to 

provide a much more detailed interpretation of interaction spheres in those regions 

than would have been possible using lithic distributions alone. 

These sorts interaction studies require a wide range of data for the region 

concerned and may not yet be applicable to all Polynesian island groups (Weisler and 

Green 2001:440). In this regard, Marquesan interaction studies may still be at a 

descriptive rather than an interpretive stage. However, recent studies of Marquesan 

physical anthropology (Stefan and Chapman 2003), domestic architecture (Allen 

2009) and plant use (Hubert et al. 2010) have provided insights into possible spatial 

and temporal variability. Pearlshell (Pinctada margaritifera) is another economically-
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utilised taxon (Rolett 1989; Allen 2004) that is unevenly distributed in the Marquesas 

Islands, and recent research by Arnaud-Haond et al. (2008) has identified genetic 

differences between populations in the northern (Nuku Hiva) and southern (Hiva Oa) 

Marquesas. Together, the analysis of these materials might prove fruitful for future 

research, and may, in the fullness of time, contribute to our understanding of 

Marquesan social relations. 
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APPENDIX 1 

WDXRF GEOCHEMICAL DATA 

 
Sample 14 115 116 117 118 119 304 
        
Island Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva 
Bay Anaho Anaho Anaho Anaho Anaho Anaho Anaho 
Location SP5 SP25 SP35 Teavau‘ua Teavau‘ua Teavau‘ua TP6 
Type Artefact Artefact Artefact Artefact Artefact Artefact Artefact 
        
SiO2 47.29 48.96 47.79 49.00 46.94 46.84 47.54 
TiO2 3.37 3.30 3.85 3.33 3.87 3.85 3.84 
Al2O3 12.98 12.92 13.88 13.02 14.98 14.92 13.88 
Fe2O3* 13.13 12.90 13.70 12.89 13.63 13.55 13.63 
MnO 0.18 0.18 0.18 0.17 0.17 0.17 0.18 
MgO 9.03 6.76 5.64 6.86 6.52 6.58 5.60 
CaO 9.94 11.17 10.59 11.18 9.30 9.25 10.59 
Na2O 2.54 2.29 2.67 2.28 3.18 3.20 2.63 
K2O 1.13 0.80 1.10 0.82 0.99 1.01 1.09 
P2O5 0.38 0.34 0.43 0.33 0.52 0.51 0.43 
        
LOI** 0.26 -0.12 -0.08 1.08 -0.22 -0.33 -0.09 
Sum 100.23 99.49 99.74 100.96 99.88 99.55 99.32 
        
Sc 24 31 25 28 20 21 26 
V 309 303 374 309 296 290 376 
Cr 333 227 10 225 114 65 8 
Ni 247 85 62 82 97 94 63 
Cu 70 107 120 103 57 46 124 
Zn 115 108 119 110 129 127 118 
Ga 18 19 19 16 22 21 22 
Rb 27 17 26 20 22 21 24 
Sr 477 415 522 410 604 601 521 
Y 33 30 34 31 36 36 36 
Zr 250 228 293 230 292 298 297 
Nb 32 23 33 23 29 29 33 
Ba 166 102 163 89 153 127 172 
La 45 37 44 39 47 47 47 
Ce 67 22 47 39 42 44 60 
Pb 0 0 1 3 1 0 0 
Th 9 7 7 9 10 8 8 
        
* total Fe as Fe2O3 
** loss on ignition at 950oC 
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Sample 310 588 678 683 713 715 735 
        
Island Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva 
Bay Anaho Anaho Anaho Anaho Anaho Anaho Anaho 
Location TP5 TP11 TP12 TP13 TP13 TP13 TP16 
Type Artefact Artefact Artefact Artefact Artefact Artefact Artefact 
        
SiO2 49.09 49.05 46.87 49.14 47.61 47.74 49.09 
TiO2 3.31 3.34 3.90 3.32 3.86 3.85 3.35 
Al2O3 13.05 12.99 15.10 13.05 13.91 13.95 13.05 
Fe2O3* 12.86 12.96 13.47 12.82 13.70 13.67 12.76 
MnO 0.17 0.17 0.17 0.19 0.18 0.18 0.20 
MgO 6.87 6.72 6.31 6.68 5.68 5.58 6.64 
CaO 11.24 11.22 9.31 11.20 10.60 10.57 11.20 
Na2O 2.29 2.31 3.24 2.36 2.63 2.68 2.35 
K2O 0.79 0.80 0.99 0.73 1.14 1.12 0.69 
P2O5 0.33 0.34 0.52 0.34 0.43 0.43 0.33 
        
LOI** 1.20 0.86 -0.55 0.38 -0.26 -0.12 -0.20 
Sum 101.20 100.76 99.33 100.20 99.48 99.65 99.46 
        
Sc 27 30 21 30 26 28 28 
V 304 306 293 305 371 370 308 
Cr 228 226 57 225 8 7 247 
Ni 80 80 82 85 63 60 88 
Cu 106 100 41 105 111 133 99 
Zn 107 111 127 113 119 118 145 
Ga 20 21 22 20 21 20 21 
Rb 20 21 20 18 25 24 14 
Sr 404 405 613 408 521 523 409 
Y 30 31 37 31 35 35 39 
Zr 229 233 300 234 294 294 233 
Nb 24 22 29 23 34 32 24 
Ba 38 97 138 92 150 149 82 
La 37 41 46 41 47 50 37 
Ce 22 19 55 33 43 52 20 
Pb 0 0 3 0 0 2 0 
Th 9 9 4 10 8 14 6 
        
* total Fe as Fe2O3 
** loss on ignition at 950oC 
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Sample 853 860 861 1026 1086 1344 1345 
        
Island Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva 
Bay Anaho Anaho Anaho Anaho Anaho Anaho Anaho 
Location TP9 TP12 TP9 TP20 TP23 TP21 TP20 
Type Artefact Artefact Artefact Artefact Artefact Artefact Artefact 
        
SiO2 47.74 49.41 48.95 47.08 47.88 46.72 48.92 
TiO2 3.89 3.03 3.33 3.88 3.61 3.87 3.37 
Al2O3 13.95 12.68 12.92 15.09 14.30 14.91 12.97 
Fe2O3* 13.73 12.71 12.97 13.34 12.86 13.46 13.02 
MnO 0.18 0.17 0.18 0.17 0.17 0.16 0.19 
MgO 5.41 8.00 6.66 6.35 5.72 6.24 6.43 
CaO 10.60 10.20 11.17 9.21 11.11 9.27 11.07 
Na2O 2.76 2.25 2.28 3.05 2.45 3.17 2.38 
K2O 1.06 0.78 0.81 1.14 0.81 1.00 0.70 
P2O5 0.43 0.29 0.34 0.52 0.39 0.51 0.34 
        
LOI** -0.02 -0.39 0.53 -0.15 0.48 -0.08 0.28 
Sum 99.73 99.13 100.13 99.67 99.77 99.23 99.67 
        
Sc 29 27 29 21 30 24 29 
V 377 290 304 284 319 297 310 
Cr 9 426 234 60 64 74 198 
Ni 61 161 79 80 68 83 73 
Cu 120 90 110 57 108 41 104 
Zn 121 109 109 120 112 121 112 
Ga 22 19 19 22 21 22 19 
Rb 21 16 21 32 18 18 16 
Sr 527 348 404 598 509 592 409 
Y 34 33 31 37 34 35 31 
Zr 298 207 232 302 283 295 237 
Nb 33 19 22 30 30 29 23 
Ba 187 73 81 136 112 144 74 
La 46 37 38 46 45 44 40 
Ce 54 27 30 44 36 42 41 
Pb 1 2 0 4 1 0 0 
Th 8 6 8 9 7 7 5 
        
* total Fe as Fe2O3 
** loss on ignition at 950oC 
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Sample 5253 5002 5003 5006 5007 5011 5012 
        
Island Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva 
Bay Anaho Hakaea Hakaea Hakaea Hakaea Hakaea Hakaea 
Location St. 16 St. 17/19 St. 17/19 Spring St .13 Dry Gully Spring 
Type Artefact Artefact Artefact Artefact Artefact Artefact Artefact 
        
SiO2 46.26 48.38 47.30 46.51 46.66 47.02 46.61 
TiO2 3.84 3.71 3.98 3.87 3.85 3.85 3.91 
Al2O3 14.76 13.76 13.52 14.92 14.88 14.99 15.06 
Fe2O3* 13.54 12.69 13.05 13.34 13.36 13.25 13.38 
MnO 0.17 0.17 0.16 0.17 0.16 0.16 0.17 
MgO 6.65 6.15 5.91 6.56 6.43 6.33 6.44 
CaO 9.20 11.07 10.79 9.32 9.32 9.21 9.31 
Na2O 3.17 2.50 2.91 3.14 3.20 3.21 3.14 
K2O 0.99 0.84 1.14 1.00 1.04 0.99 0.97 
P2O5 0.51 0.39 0.51 0.51 0.51 0.51 0.51 
        
LOI** -0.48 -0.07 -0.21 -0.27 -0.63 -0.40 -0.38 
Sum 98.60 99.59 99.05 99.06 98.79 99.12 99.11 
        
Sc 21 28 26 23 21 23 21 
V 296 347 329 294 296 294 299 
Cr 65 146 82 82 78 62 61 
Ni 120 128 76 90 95 85 88 
Cu 41 123 91 40 36 48 35 
Zn 134 113 130 122 128 119 128 
Ga 24 25 24 25 24 23 26 
Rb 19 17 26 20 21 20 17 
Sr 595 476 609 591 597 595 599 
Y 37 34 35 38 38 37 36 
Zr 292 266 323 285 290 288 281 
Nb 27 27 35 27 26 26 26 
Ba 149 107 155 151 146 154 128 
La 43 44 49 44 46 46 46 
Ce 46 26 67 45 38 46 45 
Pb 2 2 5 2 3 5 5 
Th 8 7 10 8 10 11 13 
        
* total Fe as Fe2O3 
** loss on ignition at 950oC 
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Sample 5045 5049 5055 5056 5057 5059 5061 
        
Island Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva 
Bay Hakaea Hakaea Hakaea Hakaea Hakaea Hakaea Hakaea 
Location St. 3/4 St. 3/4 St. 3/4 St. 7/8                 St. 3/4                 St. 17/19               St. 17/19               
Type Artefact Artefact Artefact Artefact Artefact Artefact Artefact 
        
SiO2 46.79 46.83 46.76 48.17 47.06 47.74 48.35 
TiO2 3.88 3.43 3.88 3.52 3.41 4.16 3.52 
Al2O3 15.03 13.14 14.99 13.74 13.13 14.38 13.76 
Fe2O3* 13.34 12.98 13.32 12.98 12.91 12.73 12.57 
MnO 0.17 0.17 0.16 0.16 0.17 0.16 0.17 
MgO 6.41 8.93 6.49 6.40 8.82 5.28 6.17 
CaO 9.32 9.99 9.15 11.35 9.81 10.12 10.91 
Na2O 3.13 2.60 3.11 2.38 2.58 2.96 2.52 
K2O 1.02 1.14 1.05 0.79 1.24 1.52 0.94 
P2O5 0.52 0.39 0.51 0.37 0.42 0.51 0.37 
        
LOI** -0.31 -0.33 0.19 0.10 0.10 -0.36 -0.22 
Sum 99.30 99.27 99.62 99.97 99.65 99.20 99.05 
        
Sc 21 25 23 27 25 23 27 
V 295 325 297 335 317 345 349 
Cr 76 326 56 119 310 63 53 
Ni 96 215 87 93 202 78 88 
Cu 46 64 42 107 77 94 120 
Zn 123 111 125 117 111 116 107 
Ga 25 24 24 28 21 26 24 
Rb 24 25 23 14 30 36 23 
Sr 599 483 586 478 470 575 473 
Y 38 33 38 32 33 38 33 
Zr 288 250 297 255 263 321 260 
Nb 27 30 27 25 31 37 27 
Ba 133 160 99 100 184 191 122 
La 46 47 47 46 46 47 45 
Ce 41 50 38 38 40 61 40 
Pb 1 2 3 0 4 3 3 
Th 12 9 10 10 12 11 13 
        
* total Fe as Fe2O3 
** loss on ignition at 950oC 
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Sample 5062 5065 5069 5071 5072 5073 5074 
        
Island Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva 
Bay Hakaea Hakaea Hakaea Hakaea Hakaea Hakaea Hakaea 
Location St. 3/4                 St. 3/4                 St. 1/2                 St. 1/2                 St. 1/2                 St. 1/2                 St. 1/2                 
Type Artefact Artefact Artefact Artefact Artefact Artefact Artefact 
        
SiO2 46.63 46.49 48.93 46.69 46.79 46.72 46.82 
TiO2 3.89 3.47 3.35 3.88 3.41 3.87 3.88 
Al2O3 14.98 13.00 13.03 14.95 12.97 15.01 15.06 
Fe2O3* 13.82 13.51 12.91 13.34 13.01 13.71 13.31 
MnO 0.17 0.17 0.18 0.17 0.18 0.17 0.16 
MgO 6.50 8.90 6.63 6.41 8.98 6.41 6.29 
CaO 9.30 10.17 11.20 9.31 9.85 9.32 9.26 
Na2O 3.12 2.55 2.31 3.22 2.51 3.20 3.22 
K2O 1.01 1.02 0.81 0.98 1.18 0.98 1.01 
P2O5 0.52 0.38 0.33 0.51 0.38 0.52 0.52 
        
LOI** -0.41 -0.25 0.55 -0.41 0.13 -0.62 -0.37 
Sum 99.52 99.41 100.23 99.05 99.40 99.29 99.16 
        
Sc 23 24 30 20 28 21 23 
V 299 322 308 292 317 290 296 
Cr 65 343 224 63 386 65 57 
Ni 94 219 84 90 248 92 88 
Cu 48 62 97 44 68 57 41 
Zn 124 116 110 127 118 122 124 
Ga 30 27 21 23 21 30 24 
Rb 21 25 16 19 31 20 20 
Sr 604 495 404 602 475 607 602 
Y 38 32 31 37 35 39 39 
Zr 286 233 229 293 247 295 293 
Nb 26 29 22 28 30 26 27 
Ba 167 187 86 132 153 155 160 
La 47 45 38 46 46 46 52 
Ce 49 45 23 47 46 50 39 
Pb 4 2 2 2 3 4 1 
Th 12 11 6 10 10 10 8 
        
* total Fe as Fe2O3 
** loss on ignition at 950oC 
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Sample 5076 5077 5082 5135 5138 5140 5144 
        
Island Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva 
Bay Hakaea Hakaea Hakaea Pua Pua Pua Pua 
Location St. 1/2                 St. 1/2                 St. 1/2                 St. 12                  St. 6-9                 St. 23                  St. 11                  
Type Artefact Artefact Artefact Artefact Artefact Artefact Artefact 
        
SiO2 49.00 46.76 47.23 46.60 46.55 46.37 46.30 
TiO2 3.24 3.44 3.96 3.88 3.89 3.87 3.85 
Al2O3 13.10 13.10 13.72 14.97 14.94 14.99 14.83 
Fe2O3* 13.01 12.97 13.06 13.54 13.46 13.44 13.42 
MnO 0.20 0.17 0.16 0.17 0.16 0.17 0.17 
MgO 6.29 8.87 6.03 6.31 6.24 6.26 6.57 
CaO 11.54 9.97 10.74 9.25 9.31 9.27 9.28 
Na2O 2.31 2.60 2.84 3.15 3.20 3.23 3.16 
K2O 0.76 1.15 1.10 1.06 1.04 1.00 1.02 
P2O5 0.32 0.39 0.50 0.51 0.52 0.51 0.51 
        
LOI** 1.30 -0.21 -0.36 -0.40 -0.51 -0.58 -0.48 
Sum 101.07 99.20 98.98 99.04 98.80 98.52 98.62 
        
Sc 27 28 26 26 22 20 20 
V 304 320 330 296 296 298 297 
Cr 241 346 94 62 55 66 65 
Ni 86 210 80 89 81 90 100 
Cu 93 71 86 41 47 41 57 
Zn 109 109 120 135 125 125 126 
Ga 21 21 26 24 24 26 24 
Rb 16 26 22 24 20 17 19 
Sr 404 483 599 601 605 605 601 
Y 31 33 38 39 38 37 38 
Zr 221 251 319 299 296 295 292 
Nb 21 30 34 27 27 28 27 
Ba 53 160 128 167 117 109 132 
La 35 47 53 45 45 45 43 
Ce 28 41 54 46 56 55 34 
Pb 6 2 2 2 3 3 6 
Th 7 10 16 10 10 11 10 
        
* total Fe as Fe2O3 
** loss on ignition at 950oC 
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Sample 5146 5161 5166 5167 5182 5248 5262 
        
Island Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva 
Bay Pua Pua Pua Pua Pua Anaho Anaho 
Location St. 12                  St. 27                  St. 6-9                 St. 6-9                 St. 25                  St. 92-95 St. 92-95 
Type Artefact Artefact Artefact Artefact Artefact Reference Reference 
        
SiO2 46.11 46.36 46.64 46.39 46.83 48.55 47.59 
TiO2 3.87 3.88 3.87 3.44 3.84 3.51 3.86 
Al2O3 14.77 14.84 14.96 12.98 14.97 13.77 13.50 
Fe2O3* 13.73 13.44 13.49 13.13 13.40 13.32 12.79 
MnO 0.17 0.17 0.17 0.17 0.17 0.17 0.16 
MgO 6.47 6.41 6.36 8.73 6.49 6.25 6.22 
CaO 9.25 9.25 9.29 9.89 9.13 10.63 10.84 
Na2O 3.12 3.15 3.19 2.55 3.10 2.55 2.50 
K2O 1.00 1.03 1.03 1.16 1.13 0.92 1.08 
P2O5 0.51 0.51 0.52 0.39 0.51 0.36 0.42 
        
LOI** -0.40 -0.46 -0.46 0.14 -0.23 0.58 0.28 
Sum 98.59 98.58 99.05 98.97 99.34 100.61 99.24 
        
Sc 24 21 20 25 22 27 27 
V 305 296 299 327 295 342 347 
Cr 65 62 65 327 67 160 148 
Ni 112 87 90 216 95 91 92 
Cu 46 46 43 64 50 107 106 
Zn 127 123 129 113 124 119 116 
Ga 23 25 25 21 23 28 27 
Rb 20 19 19 29 27 27 30 
Sr 595 599 602 480 590 440 482 
Y 37 38 38 33 37 34 34 
Zr 284 294 295 253 302 251 278 
Nb 27 27 26 30 29 25 28 
Ba 138 153 161 165 140 156 123 
La 47 50 44 40 41 36 38 
Ce 50 57 26 54 56 37 44 
Pb 3 4 4 2 5 3 3 
Th 9 8 9 9 13 9 8 
        
* total Fe as Fe2O3 
** loss on ignition at 950oC 
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Sample 5301 5302 5320 5324 5331 5337 5317a 
        
Island Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva 
Bay Anaho Anaho Anaho Anaho Anaho Anaho Anaho 
Location St. 92-95 St. 92-95 St. 92-95 St. 92-95 St. 92-95 St. 92-95 St. 92-95 
Type Reference Reference Reference Reference Reference Reference Reference 
        
SiO2 47.59 48.88 48.59 48.18 48.28 48.59 48.34 
TiO2 3.56 3.33 3.57 3.58 3.40 3.61 3.69 
Al2O3 13.52 13.99 13.72 13.65 13.49 13.68 13.77 
Fe2O3* 12.55 12.88 12.42 12.92 13.61 12.41 12.37 
MnO 0.16 0.17 0.16 0.16 0.16 0.17 0.16 
MgO 7.23 6.48 6.61 6.57 6.70 6.39 6.62 
CaO 11.34 10.97 11.57 11.54 10.70 11.46 11.37 
Na2O 2.64 2.41 2.41 2.40 2.55 2.52 2.37 
K2O 0.91 0.81 0.75 0.78 0.90 0.81 1.18 
P2O5 0.39 0.33 0.36 0.36 0.35 0.37 0.39 
        
LOI** 0.47 0.32 0.51 0.40 0.45 0.18 0.45 
Sum 100.36 100.57 100.67 100.54 100.59 100.19 100.71 
        
Sc 32 26 33 32 28 31 29 
V 356 346 338 343 329 354 346 
Cr 209 100 65 64 202 115 132 
Ni 118 81 85 85 98 117 103 
Cu 97 104 106 98 103 82 98 
Zn 108 109 108 107 111 112 107 
Ga 27 26 28 26 27 28 26 
Rb 25 19 20 24 24 15 24 
Sr 497 431 460 455 441 456 515 
Y 33 34 33 33 32 34 34 
Zr 267 244 254 255 244 259 270 
Nb 30 24 26 21 24 26 30 
Ba 107 87 115 133 149 116 155 
La 48 39 43 41 47 41 50 
Ce 41 25 28 38 35 36 57 
Pb 4 2 3 2 3 2 3 
Th 13 8 12 7 10 11 12 
        
* total Fe as Fe2O3 
** loss on ignition at 950oC 
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Sample MQ003 1502 1521 1529 1524a 5013 5547 
        
Island Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Eiao Nuku Hiva 
Bay Anaho Anaho Anaho Anaho Anaho  Ha‘ataivea 
Location St. 92-95 St. 101 St. 101 St. 101 St. 101   
Type Reference Reference Reference Reference Reference Reference Reference 
        
SiO2 48.65 49.56 49.10 49.77 49.75 46.72 48.57 
TiO2 3.48 3.17 3.34 3.16 3.09 3.88 3.53 
Al2O3 13.72 13.16 13.11 13.19 13.01 14.99 13.25 
Fe2O3* 12.14 12.95 13.13 12.98 13.09 13.35 12.45 
MnO 0.15 0.17 0.17 0.16 0.16 0.16 0.16 
MgO 6.24 7.13 6.94 7.02 7.62 6.24 6.35 
CaO 11.46 10.25 11.14 10.27 10.31 9.35 11.28 
Na2O 2.59 2.39 2.32 2.43 2.35 3.14 2.47 
K2O 0.94 0.70 0.78 0.70 0.58 1.11 0.70 
P2O5 0.39 0.31 0.35 0.36 0.30 0.51 0.36 
        
LOI** 0.43 -0.24 -0.21 -0.18 0.03 -0.36 0.19 
Sum 99.76 99.54 100.18 99.87 100.29 99.10 99.31 
        
Sc 25 28 28 28 28 22 31 
V 338 301 309 302 301 296 314 
Cr 285 290 235 324 383 64 150 
Ni 109 128 86 130 155 255 68 
Cu 113 104 82 101 97 49 99 
Zn 119 111 120 114 117 196 115 
Ga 22 27 26 28 28 25 22 
Rb 18 13 16 13 14 30 21 
Sr 498 365 410 367 359 603 446 
Y 34 33 32 33 32 83 32 
Zr 260 218 228 216 211 297 253 
Nb 33 21 21 20 20 27 24 
Ba 309 106 104 89 78 133 101 
La 20 41 38 40 39 50 33 
Ce 44 32 35 37 42 33 37 
Pb 3 0 3 2 3 4 1 
Th 3 6 8 3 6 12 4 
        
* total Fe as Fe2O3 
** loss on ignition at 950oC 
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Sample 5551 5554 5567 5570 5785 5618a 5625a 
        
Island Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva Nuku Hiva 
Bay Ha‘ataivea Ha‘ataivea Ha‘ataivea Ha‘ataivea Ha‘ataivea Hakaea Hakaea 
Location        
Type Reference Reference Reference Reference Reference Reference Reference 
        
SiO2 48.51 48.54 47.38 48.64 48.13 47.12 46.83 
TiO2 3.44 3.36 3.94 3.25 3.52 3.97 4.14 
Al2O3 13.41 13.63 14.06 13.07 13.20 13.57 13.50 
Fe2O3* 13.18 12.36 12.77 12.36 12.98 13.41 13.77 
MnO 0.16 0.17 0.16 0.16 0.17 0.16 0.17 
MgO 6.49 6.38 5.80 6.95 6.63 5.96 5.69 
CaO 10.66 11.50 10.82 11.21 11.37 10.62 10.51 
Na2O 2.45 2.49 2.90 2.57 2.41 2.79 2.80 
K2O 0.86 0.64 1.09 1.03 0.64 1.06 1.09 
P2O5 0.37 0.34 0.45 0.35 0.36 0.50 0.52 
        
LOI** 0.42 0.21 -0.25 -0.25 -0.28 -0.04 -0.08 
Sum 99.94 99.62 99.12 99.33 99.12 99.12 98.94 
        
Sc 30 31 29 30 31 27 25 
V 327 326 361 327 323 333 351 
Cr 235 93 56 283 160 78 53 
Ni 82 95 80 118 69 106 80 
Cu 98 109 95 91 85 100 95 
Zn 112 110 113 106 112 122 127 
Ga 24 22 23 22 23 25 24 
Rb 19 15 32 26 14 21 18 
Sr 417 419 551 431 432 577 572 
Y 47 34 37 31 37 37 38 
Zr 239 239 294 240 249 322 337 
Nb 25 22 32 24 24 35 37 
Ba 83 125 168 93 80 109 148 
La 41 40 48 44 42 54 51 
Ce 20 40 45 32 38 31 60 
Pb 1 0 3 5 1 4 4 
Th 12 7 10 4 7 12 9 
        
* total Fe as Fe2O3 
** loss on ignition at 950oC 
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Sample MQ001 MQ002 5295a 5747 5748 MQ004 MQ005 MQ007 
         
Island Hiva Oa Hiva Oa Nuku Hiva Nuku Hiva Nuku Hiva Ua Pou Ua Pou Ua Pou 

Bay Atuona Atuona Pua 
T. 

Deserte 
T. 

Deserte    
Location         
Type Reference Reference Reference Reference Reference Reference Reference Reference 
         
SiO2 53.79 49.72 48.27 46.93 46.46 55.95 58.78 55.31 
TiO2 3.79 4.04 3.60 3.44 3.43 0.28 0.27 0.27 
Al2O3 16.44 16.08 13.95 13.02 12.94 21.70 21.05 21.36 
Fe2O3* 11.31 10.38 13.07 13.20 13.01 3.47 3.13 3.99 
MnO 0.12 0.15 0.16 0.16 0.17 0.23 0.22 0.23 
MgO 2.27 3.47 6.22 8.78 8.87 0.06 0.12 0.04 
CaO 6.25 9.31 11.02 10.01 9.97 1.19 0.87 1.41 
Na2O 2.91 3.52 2.65 2.53 2.63 9.73 7.88 9.87 
K2O 1.93 2.05 0.91 1.03 1.14 6.11 6.53 6.23 
P2O5 0.60 0.58 0.39 0.39 0.39 0.03 0.03 0.05 
         
LOI** 4.23 3.74 0.03 -0.19 -0.52 1.27 1.05 0.68 
Sum 99.41 99.30 100.27 99.29 98.48 98.75 98.88 98.76 
         
Sc 18 18 27 26 26 2 0 1 
V 275 314 338 328 313 5 4 3 
Cr 100 23 154 342 337 2 7 1 
Ni 96 49 100 241 214 3 1 3 
Cu 50 66 103 57 61 0 0 0 
Zn 104 117 114 121 115 138 136 134 
Ga 25 25 26 21 21 27 29 26 
Rb 57 57 21 25 26 301 307 280 
Sr 676 701 512 488 483 83 80 72 
Y 38 41 33 45 33 38 40 37 
Zr 369 369 272 240 251 701 1296 686 
Nb 51 62 32 28 31 204 184 183 
Ba 456 464 139 175 173 3 49 55 
La 33 38 50 56 51 128 195 152 
Ce 64 66 35 51 31 191 220 224 
Pb 7 6 2 5 3 23 23 19 
Th 6 8 11 8 8 36 50 37 
         
* total Fe as Fe2O3  
** loss on ignition at 950oC  
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APPENDIX 2 

PXRF GEOCHEMICAL DATA 

 

Sample Island Bay Location Type Manu. Portion Provenance 
#     category   

4275 Nuku Hiva Anaho North of stream  Artefact preform butt N-E Nuku Hiva 
5209 Nuku Hiva Anaho North of stream  Artefact preform bevel N-E Nuku Hiva 
5210 Nuku Hiva Anaho North of stream  Artefact preform complete Eiao 
5260 Nuku Hiva Anaho North of stream  Artefact preform bevel N-E Nuku Hiva 
5277 Nuku Hiva Anaho North of stream  Artefact preform mid-section N-E Nuku Hiva 
5278 Nuku Hiva Anaho North of stream  Artefact adze bevel Eiao 
5279 Nuku Hiva Anaho North of stream  Artefact preform bevel Eiao 
5280 Nuku Hiva Anaho North of stream  Artefact preform bevel N-E Nuku Hiva 
5281 Nuku Hiva Anaho North of stream  Artefact preform butt N-E Nuku Hiva 
5283 Nuku Hiva Anaho North of stream  Artefact adze bevel N-E Nuku Hiva 
5291 Nuku Hiva Anaho North of stream  Artefact preform bevel N-E Nuku Hiva 
5742 Nuku Hiva Anaho SP-7-04  Artefact preform bevel N-E Nuku Hiva 
3191 Nuku Hiva Anaho SP14   Artefact preform mid-section N-E Nuku Hiva 
3187 Nuku Hiva Anaho SP6 Artefact preform complete N-E Nuku Hiva 
3188 Nuku Hiva Anaho SP6 Artefact preform mid-section N-E Nuku Hiva 
5206 Nuku Hiva Anaho St. 11 Artefact preform bevel N-E Nuku Hiva 
5234 Nuku Hiva Anaho St. 11 Artefact preform bevel N-E Nuku Hiva 
5236 Nuku Hiva Anaho St. 11 Artefact adze bevel N-E Nuku Hiva 
4615 Nuku Hiva Anaho St .13                   Artefact preform butt N-E Nuku Hiva 
5223 Nuku Hiva Anaho St .13                   Artefact adze bevel T. Deserte 
5225 Nuku Hiva Anaho St .13                   Artefact preform complete N-E Nuku Hiva 
5226 Nuku Hiva Anaho St .13                   Artefact preform butt N-E Nuku Hiva 
5542 Nuku Hiva Anaho St .13                   Artefact preform complete N-E Nuku Hiva 
5207 Nuku Hiva Anaho St .16                  Artefact adze butt N-E Nuku Hiva 
5211 Nuku Hiva Anaho St .16                  Artefact adze bevel Eiao 
5212 Nuku Hiva Anaho St .16                  Artefact adze mid-section N-E Nuku Hiva 
5213 Nuku Hiva Anaho St .16                  Artefact adze bevel Eiao 
5214 Nuku Hiva Anaho St .16                  Artefact adze bevel N-E Nuku Hiva 
5215 Nuku Hiva Anaho St .16                  Artefact preform butt Eiao 
5216 Nuku Hiva Anaho St .16                  Artefact preform butt N-E Nuku Hiva 
5217 Nuku Hiva Anaho St .16                  Artefact preform butt Eiao 
5220 Nuku Hiva Anaho St .16                  Artefact preform butt Eiao 
5221 Nuku Hiva Anaho St .16                  Artefact adze complete Eiao 
5249 Nuku Hiva Anaho St .16                  Artefact preform bevel N-E Nuku Hiva 
5250 Nuku Hiva Anaho St .16                  Artefact adze mid-section Eiao 
5251 Nuku Hiva Anaho St .16                  Artefact adze bevel Eiao 
5252 Nuku Hiva Anaho St .16                  Artefact preform bevel Eiao 
5254 Nuku Hiva Anaho St .16                  Artefact preform mid-section Eiao 
5255 Nuku Hiva Anaho St .16                  Artefact preform bevel Eiao 
5256 Nuku Hiva Anaho St .16                  Artefact preform bevel Eiao 
5257 Nuku Hiva Anaho St .16                  Artefact preform butt N-E Nuku Hiva 
5237 Nuku Hiva Anaho St .35 Artefact preform mid-section N-E Nuku Hiva 
5238 Nuku Hiva Anaho St .35 Artefact adze butt Eiao 
5239 Nuku Hiva Anaho St .35 Artefact preform butt N-E Nuku Hiva 
5289 Nuku Hiva Anaho St .35 Artefact preform butt N-E Nuku Hiva 
5269 Nuku Hiva Anaho St .6       Artefact preform butt N-E Nuku Hiva 
5270 Nuku Hiva Anaho St .6       Artefact preform complete N-E Nuku Hiva 
5271 Nuku Hiva Anaho St .6       Artefact preform butt N-E Nuku Hiva 
5272 Nuku Hiva Anaho St .6       Artefact preform butt N-E Nuku Hiva 
5273 Nuku Hiva Anaho St .6       Artefact adze mid-section Eiao 
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Sample K Ca Ti Cr Mn Fe Ni Cu Zn Rb Sr Zr Nb 

# ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
4275 8219 67990 25190 87 1055 99331 90 72 105 16 488 250 26 
5209 8278 75144 21116 32 1430 94520 60 78 118 24 519 291 31 
5210 8369 67499 22975 94 1199 89874 72 48 116 24 615 317 28 
5260 7214 72256 20329 125 1192 90161 87 57 126 12 464 244 30 
5277 4163 73092 21709 176 1087 82815 95 53 126 15 414 210 24 
5278 8240 65178 21901 31 1012 84727 119 45 121 23 580 287 26 
5279 8053 66393 22967 49 1034 86678 102 41 120 21 590 299 28 
5280 4763 90728 24793 163 1183 86790 77 65 134 17 466 217 27 
5281 3610 72363 20709 147 1132 78061 111 81 102 19 407 213 24 
5283 6690 74817 21928 6 1244 93612 105 92 120 19 532 272 27 
5291 5803 73198 21584 67 1263 84743 96 56 118 13 502 260 32 
5742 6947 75887 22010 18 1285 83896 72 96 131 20 520 277 29 
3191 4888 72543 20577 139 1284 83467 138 60 124 9 396 222 24 
3187 7132 73329 20442 4 1219 89223 67 79 119 17 514 274 30 
3188 5300 72775 20052 133 1141 87852 120 47 119 15 412 214 29 
5206 7718 73867 19940 48 1239 86932 78 101 117 21 477 266 28 
5234 7237 73330 20573 173 1150 86616 101 56 125 18 425 238 25 
5236 8668 70712 20231 5 1145 89442 95 114 122 23 528 297 35 
4615 6462 70620 19909 89 1139 83541 91 70 122 16 400 231 22 
5223 8424 72506 21356 300 1191 84331 184 71 122 26 496 257 34 
5225 6904 67866 19862 178 1088 84215 108 63 122 18 405 224 22 
5226 8240 71325 20645 72 1332 83270 106 101 135 22 490 256 27 
5542 6135 69993 19667 180 1193 92976 114 72 88 14 388 224 24 
5207 8530 78528 20451 11 1191 91477 115 123 124 21 557 284 29 
5211 8686 68735 22826 51 1213 94625 73 45 119 23 645 294 31 
5212 7474 75170 20543 10 1175 91557 112 86 122 19 567 277 33 
5213 8716 66535 23634 51 1129 98649 62 48 125 24 633 302 30 
5214 12679 76548 22285 10 3920 79534 84 99 98 20 545 293 32 
5215 8080 65835 21640 89 1187 95493 116 72 119 27 622 295 25 
5216 8533 74613 21254 5 8952 101636 138 102 125 26 537 293 38 
5217 7737 72233 22786 87 1107 97787 92 46 120 21 622 292 32 
5220 9033 69205 22995 111 1167 98231 151 60 132 23 625 305 30 
5221 8409 67345 23537 73 1361 97061 85 47 127 24 629 305 23 
5249 7614 75981 20535 193 1523 88356 133 80 126 16 439 242 26 
5250 8109 67003 23427 111 1093 90671 97 41 121 22 622 300 31 
5251 8974 67900 22367 20 1094 88603 72 55 113 25 612 298 30 
5252 10829 72236 28249 114 1303 112176 159 68 115 39 646 327 26 
5254 11765 73566 29241 137 1309 112129 127 68 113 22 654 335 31 
5255 8626 67849 23121 9 975 82848 47 25 135 25 631 304 26 
5256 8710 65106 23548 73 1313 84127 130 54 127 27 602 288 27 
5257 5568 67357 18674 163 1045 71911 88 67 107 17 383 208 25 
5237 6920 70914 20341 163 1350 90860 121 72 120 20 405 221 21 
5238 8585 66934 22812 75 1088 92371 57 48 120 21 610 307 33 
5239 7696 75187 19634 169 1316 90361 99 104 116 18 432 233 22 
5289 10041 86451 22632 43 1140 80636 63 92 92 20 560 273 31 
5269 8648 77042 21310 26 1317 95016 86 110 121 24 562 299 31 
5270 9081 78243 20063 212 1458 94357 92 101 119 27 415 244 25 
5271 8729 76628 21583 6 1398 96677 136 93 122 25 561 298 38 
5272 6559 71772 19907 186 1352 97021 161 93 118 13 375 235 22 
5273 8599 69797 22184 155 1322 100747 136 55 118 21 620 300 30 
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Sample Island Bay Location Type Manu. Portion Provenance 

#     category   
1534 Nuku Hiva Anaho St. 101                         Artefact preform complete Eiao 
1511 Nuku Hiva Anaho St. 103 Artefact preform bevel N-E Nuku Hiva 
1541 Nuku Hiva Anaho St. 183 Artefact preform bevel N-E Nuku Hiva 
1543 Nuku Hiva Anaho St. 183 Artefact preform mid-section N-E Nuku Hiva 
1518 Nuku Hiva Anaho St. 184 Artefact adze bevel N-E Nuku Hiva 
1505 Nuku Hiva Anaho St. 186 Artefact adze fragment Eiao 
1539 Nuku Hiva Anaho St. 186 Artefact preform butt N-E Nuku Hiva 
1512 Nuku Hiva Anaho St. 195 Artefact preform mid-section N-E Nuku Hiva 
6350 Nuku Hiva Anaho St. 2 Artefact adze bevel N-E Nuku Hiva 
1588 Nuku Hiva Anaho St. 211    Artefact preform butt Eiao 
1510 Nuku Hiva Anaho St. 212 Artefact preform mid-section N-E Nuku Hiva 
1513 Nuku Hiva Anaho St. 213 Artefact preform bevel N-E Nuku Hiva 
1586 Nuku Hiva Anaho St. 222 Artefact adze mid-section Eiao 
5537 Nuku Hiva Anaho St. 228 Artefact preform bevel N-E Nuku Hiva 
5517 Nuku Hiva Anaho St. 232 Artefact preform butt N-E Nuku Hiva 
4009 Nuku Hiva Anaho St. 239 Artefact blank fragment N-E Nuku Hiva 
4229 Nuku Hiva Anaho St. 242 Artefact adze mid-section N-E Nuku Hiva 
5532 Nuku Hiva Anaho St. 243 Artefact preform butt N-E Nuku Hiva 
5561 Nuku Hiva Anaho St. 243 Artefact adze bevel N-E Nuku Hiva 
5513 Nuku Hiva Anaho St. 254 Artefact adze bevel T. Deserte 
5514 Nuku Hiva Anaho St. 254 Artefact adze mid-section N-E Nuku Hiva 
4308 Nuku Hiva Anaho St. 263 Artefact adze bevel Eiao 
5510 Nuku Hiva Anaho St. 267 Artefact preform butt Eiao 
5504 Nuku Hiva Anaho St. 277           Artefact preform butt N-E Nuku Hiva 
5515 Nuku Hiva Anaho St. 283 Artefact preform butt N-E Nuku Hiva 
5535 Nuku Hiva Anaho St. 283 Artefact preform butt Eiao 
5536 Nuku Hiva Anaho St. 283 Artefact adze butt N-W Nuku Hiva 
5518 Nuku Hiva Anaho St. 316 Artefact preform bevel N-E Nuku Hiva 
5540 Nuku Hiva Anaho St. 323 Artefact preform mid-section Eiao 
5538 Nuku Hiva Anaho St. 335 Artefact adze bevel T. Deserte 
5557 Nuku Hiva Anaho St. 342 Artefact adze mid-section Eiao 
5559 Nuku Hiva Anaho St. 342 Artefact preform bevel N-E Nuku Hiva 
5560 Nuku Hiva Anaho St. 342 Artefact preform bevel N-E Nuku Hiva 
6083 Nuku Hiva Anaho St. 347 Artefact adze butt N-E Nuku Hiva 
5508 Nuku Hiva Anaho St. 38 Artefact adze bevel Hatiheu 
3135 Nuku Hiva Anaho St. 50 Artefact preform complete N-E Nuku Hiva 
6405 Nuku Hiva Anaho St. 50 Artefact preform bevel Eiao 
1514 Nuku Hiva Anaho St. 6 Artefact adze bevel N-E Nuku Hiva 
3124 Nuku Hiva Anaho St. 60 Artefact preform complete N-E Nuku Hiva 
5230 Nuku Hiva Anaho St. 8 Artefact preform butt N-E Nuku Hiva 
4039 Nuku Hiva Anaho ST6                        Artefact preform butt Eiao 
3120 Nuku Hiva Anaho Teavau‘ua flat Artefact preform butt N-E Nuku Hiva 
3126 Nuku Hiva Anaho Teavau‘ua flat Artefact preform mid-section Eiao 
3134 Nuku Hiva Anaho Teavau‘ua flat Artefact preform mid-section Eiao 
5292 Nuku Hiva Anaho Teavau‘ua flat Artefact adze bevel N-E Nuku Hiva 
6127 Nuku Hiva Anaho Teavau‘ua flat Artefact preform butt N-E Nuku Hiva 
6406 Nuku Hiva Anaho Teavau‘ua flat Artefact adze mid-section Eiao 
5792 Nuku Hiva Anaho TP13    Artefact preform butt N-E Nuku Hiva 
4103 Nuku Hiva Anaho TP34 Artefact preform butt N-E Nuku Hiva 
4274 Nuku Hiva Anaho TP34 Artefact preform complete N-E Nuku Hiva 
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Sample K Ca Ti Cr Mn Fe Ni Cu Zn Rb Sr Zr Nb 

# ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
1534 8406 60754 22078 75 1017 85167 68 49 122 23 561 283 27 
1511 5019 72202 20902 152 1234 86759 117 64 124 14 405 214 26 
1541 5951 69646 19869 142 1138 84008 85 53 121 13 392 225 23 
1543 8288 63155 25174 102 1356 109596 165 103 123 22 403 240 33 
1518 6352 75082 20783 286 1208 83946 88 74 126 17 432 237 23 
1505 8515 65866 23304 100 1218 93950 98 38 120 21 604 297 23 
1539 6288 72550 20336 227 1251 92166 103 53 117 20 419 228 24 
1512 5681 69439 20166 116 1206 80949 74 53 123 13 387 212 22 
6350 5841 63748 20129 209 1158 92934 129 85 113 17 381 221 22 
1588 8779 65370 23005 45 979 82673 105 37 121 32 603 301 27 
1510 7485 69910 20782 4 1236 87577 97 82 121 18 531 270 30 
1513 6482 69258 19877 133 1170 84215 97 61 117 14 410 220 21 
1586 8705 65084 23202 8 1156 91852 84 49 125 19 598 296 31 
5537 6719 76805 22681 124 1104 79559 84 92 92 18 425 240 26 
5517 6152 66953 20471 148 1138 88406 80 67 122 13 395 227 21 
4009 8512 77559 19568 128 1074 82120 115 100 120 22 510 271 32 
4229 6640 75948 20350 140 1198 88521 99 104 119 16 437 240 27 
5532 8969 87573 24291 203 1238 92943 98 68 92 22 423 223 23 
5561 10193 78473 18395 252 820 82083 88 54 90 31 499 261 31 
5513 9399 65802 20843 379 1194 88722 200 48 116 28 488 258 28 
5514 4687 82187 22979 235 1106 81395 76 72 99 14 430 219 23 
4308 9185 69116 23685 91 1040 98159 73 43 117 24 652 306 31 
5510 8487 61982 22299 56 943 87115 103 61 117 23 583 288 28 
5504 6346 76947 22047 14 1292 97005 105 80 122 19 542 271 34 
5515 6816 81490 21867 221 1101 75372 106 56 85 17 460 230 24 
5535 8000 61364 22393 97 1065 90534 70 54 118 19 594 281 29 
5536 8081 69395 25521 75 1055 81504 115 99 106 17 505 292 26 
5518 8147 71285 20692 39 1229 92014 75 73 124 19 524 280 32 
5540 8995 64665 24238 76 1072 83872 91 38 128 22 616 295 27 
5538 7133 72508 20502 341 1168 84960 201 62 119 19 457 245 27 
5557 8607 66805 23534 30 1107 92812 110 48 131 24 624 294 26 
5559 7633 77316 19973 206 1062 73733 86 69 96 20 414 212 23 
5560 7577 71778 20195 186 1140 88867 66 61 119 21 418 225 29 
6083 5720 73157 19922 219 1226 92330 108 58 130 17 418 225 21 
5508 16279 62703 19677 187 1124 83093 114 60 132 61 591 284 31 
3135 6429 71142 21069 5 1596 90567 99 74 117 20 519 255 28 
6405 8250 58840 22850 54 939 92260 98 36 115 29 576 273 26 
1514 8466 70559 18440 288 1022 84543 87 35 19 32 484 244 30 
3124 5701 72406 20538 257 1249 91395 138 39 118 12 409 215 24 
5230 3864 80329 21792 192 1311 92764 88 76 103 15 427 206 21 
4039 8208 67506 22167 57 971 85690 115 42 121 24 592 290 31 
3120 6020 72336 20365 153 1309 86192 75 57 118 16 415 213 25 
3126 5798 61459 26615 44 941 93508 85 82 101 16 535 266 28 
3134 5818 63706 21178 53 1140 99971 110 61 112 19 602 318 34 
5292 6457 77330 19857 208 1316 92328 105 152 111 13 410 224 24 
6127 4865 71122 21147 169 1265 93047 114 57 123 18 398 226 23 
6406 9528 64065 25198 113 1122 93087 32 29 130 21 621 298 29 
5792 8491 72262 21004 38 1204 91742 60 96 116 30 493 286 33 
4103 6406 75967 20885 33 1191 95286 108 71 118 22 552 273 35 
4274 9042 73025 22533 7 1141 82912 72 90 101 15 503 270 30 
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Sample Island Bay Location Type Manu. Portion Provenance 
#     category   

4432 Nuku Hiva Anaho TP34 Artefact blank fragment N-E Nuku Hiva 
6081 Nuku Hiva Anaho TP41     Artefact preform mid-section N-E Nuku Hiva 
6113 Nuku Hiva Anaho TP42 Artefact preform mid-section N-E Nuku Hiva 
6119 Nuku Hiva Anaho TP43 Artefact preform butt N-E Nuku Hiva 
6346 Nuku Hiva Anaho TP46 Artefact adze mid-section Eiao 
6355 Nuku Hiva Anaho TP46 Artefact preform complete N-E Nuku Hiva 
1594 Nuku Hiva Anaho Unspecified Artefact adze butt Eiao 
1997-5                  Nuku Hiva Anaho West of bay Artefact preform complete N-E Nuku Hiva 
5004 Nuku Hiva Hakaea Spring Artefact adze fragment Eiao 
5008 Nuku Hiva Hakaea Spring Artefact adze mid-section N-E Nuku Hiva 
5629 Nuku Hiva Hakaea Spring Artefact adze bevel T. Deserte 
5727 Nuku Hiva Hakaea Spring Artefact preform bevel Eiao 
5037 Nuku Hiva Hakaea St. 1/2   Artefact adze bevel Eiao 
5038 Nuku Hiva Hakaea St. 1/2   Artefact adze fragment Eiao 
5044 Nuku Hiva Hakaea St. 1/2   Artefact adze bevel Eiao 
5050 Nuku Hiva Hakaea St. 1/2   Artefact preform mid-section Eiao 
5070 Nuku Hiva Hakaea St. 1/2   Artefact preform mid-section Eiao 
5080 Nuku Hiva Hakaea St. 1/2   Artefact adze fragment Eiao 
5081 Nuku Hiva Hakaea St. 1/2   Artefact preform butt Eiao 
5060 Nuku Hiva Hakaea St. 17/19 Artefact preform mid-section Eiao 
5083 Nuku Hiva Hakaea St. 17/19 Artefact adze fragment Eiao 
5613 Nuku Hiva Hakaea St. 17/19 Artefact preform complete N-E Nuku Hiva 
5041 Nuku Hiva Hakaea St. 3/4 Artefact adze mid-section Eiao 
5052 Nuku Hiva Hakaea St. 3/4 Artefact preform mid-section Eiao 
5053 Nuku Hiva Hakaea St. 3/4 Artefact preform mid-section Eiao 
5058 Nuku Hiva Hakaea St. 3/4 Artefact adze fragment Eiao 
5063 Nuku Hiva Hakaea St. 3/4 Artefact preform mid-section Eiao 
5084 Nuku Hiva Hakaea St. 3/4 Artefact adze complete Hatiheu 
5108 Nuku Hiva Hakaea St. 3/4 Artefact adze fragment Eiao 
5615 Nuku Hiva Hakaea St. 3/4 Artefact adze bevel Eiao 
5617 Nuku Hiva Hakaea St. 3/4 Artefact adze fragment Unknown 
5009 Nuku Hiva Hakaea St. 5 Artefact adze complete Eiao 
5085 Nuku Hiva Hakaea St. 5 Artefact preform bevel Eiao 
5031 Nuku Hiva Hakaea St. 9/10 Artefact adze mid-section Eiao 
5032 Nuku Hiva Hakaea St. 9/10 Artefact preform butt Eiao 
5033 Nuku Hiva Hakaea St. 9/10 Artefact preform mid-section Eiao 
5034 Nuku Hiva Hakaea St. 9/10 Artefact preform butt Eiao 
5035 Nuku Hiva Hakaea St. 9/10 Artefact adze bevel Eiao 
5036 Nuku Hiva Hakaea St. 9/10 Artefact adze butt N-E Nuku Hiva 
5047 Nuku Hiva Hakaea St. 9/10 Artefact preform bevel T. Deserte 
5602 Nuku Hiva Hakaea St. 9/10 Artefact preform mid-section T. Deserte 
5010 Nuku Hiva Hakaea Washout  Artefact adze bevel Eiao 
5614 Nuku Hiva Hakaea Washout  Artefact adze mid-section Eiao 
5014 Nuku Hiva Hatiheu  Artefact adze bevel Eiao 
5015 Nuku Hiva Hatiheu  Artefact adze bevel Eiao 
5016 Nuku Hiva Hatiheu  Artefact adze complete Eiao 
5017 Nuku Hiva Hatiheu  Artefact adze bevel T. Deserte 
5018 Nuku Hiva Hatiheu  Artefact adze butt Unknown 
5020 Nuku Hiva Hatiheu  Artefact adze complete Eiao 
5021 Nuku Hiva Hatiheu  Artefact adze complete Eiao 
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Sample K Ca Ti Cr Mn Fe Ni Cu Zn Rb Sr Zr Nb 

# ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
4432 6355 73054 20894 26 1169 91457 40 70 115 26 510 260 27 
6081 4755 72378 20667 212 1164 92323 116 59 137 14 425 215 18 
6113 7302 73437 22038 32 1364 93510 31 77 123 22 536 288 28 
6119 5411 71671 20306 207 1169 92512 124 58 114 16 388 217 21 
6346 8058 66808 23791 97 1150 93267 121 45 126 20 608 298 22 
6355 9150 67483 20517 15 1299 92843 104 105 126 21 533 278 26 
1594 8756 61501 23425 30 1069 92564 119 53 121 29 599 300 32 
1997                  4417 78801 21895 199 1067 76219 94 39 101 13 419 204 23 
5004 9374 71701 25898 69 1203 97445 74 58 146 16 612 302 23 
5008 6852 69185 21230 98 1242 99531 97 76 116 24 446 269 32 
5629 8680 71504 20463 374 1299 93308 199 61 125 22 498 240 26 
5727 8192 61469 22671 96 1328 93322 99 50 114 31 559 278 23 
5037 9197 76298 24719 65 1199 84424 49 41 133 21 651 289 27 
5038 8591 65075 23911 68 1201 83721 113 28 128 27 586 292 26 
5044 8700 64566 23978 70 1112 92742 115 38 132 22 606 291 28 
5050 7470 65075 20907 77 1030 90071 48 36 116 21 582 283 27 
5070 8063 67346 22002 111 1150 93846 60 55 118 21 600 291 30 
5080 11753 72916 29442 108 1078 88454 92 44 98 22 628 295 24 
5081 7889 66011 21550 57 1070 91211 111 61 124 20 579 283 28 
5060 8464 64168 22482 58 1099 88731 116 42 116 17 614 294 24 
5083 9267 66067 25203 78 1040 82475 96 54 123 19 619 307 28 
5613 6202 63685 19734 86 1190 92568 111 55 112 18 386 214 21 
5041 8460 66355 22071 75 1052 90334 92 41 120 23 585 289 22 
5052 8260 69409 23193 118 1266 101099 73 56 112 38 595 287 31 
5053 8397 69779 22563 89 1439 84786 38 44 121 23 612 288 25 
5058 8286 64068 23242 101 1001 89558 134 52 126 20 608 276 25 
5063 8530 64952 23595 83 1121 92460 93 55 115 27 583 324 31 
5084 9154 60358 25149 165 1118 83956 105 34 125 23 624 289 31 
5108 10935 75632 28022 94 997 86288 76 53 114 24 639 320 32 
5615 8557 65534 22583 110 1102 90298 134 57 123 24 628 301 30 
5617 12315 61177 23238 43 1826 125920 86 56 122 39 1299 454 78 
5009 8474 64251 22785 71 1105 85942 75 34 122 23 602 314 28 
5085 8368 63795 22878 75 980 87072 130 56 120 17 628 294 26 
5031 8577 65283 22671 22 1046 90544 110 59 117 26 584 297 24 
5032 8867 69139 21917 52 1036 96780 96 28 119 25 610 300 28 
5033 8175 63039 21973 60 1016 83182 82 41 118 15 567 281 28 
5034 8272 55671 22333 50 1091 92381 40 57 117 21 554 273 24 
5035 7816 68036 22769 103 1118 93523 70 52 126 19 609 289 33 
5036 7206 74144 19707 28 1148 94863 68 93 116 18 425 238 23 
5047 8848 70180 21297 367 1232 92910 198 60 127 28 486 251 34 
5602 8241 69205 20096 266 1095 87515 182 61 115 29 466 251 33 
5010 8749 63020 23575 41 1218 93105 121 52 125 12 577 278 29 
5614 7568 63003 22650 45 1358 93567 42 45 112 23 567 278 23 
5014 10235 69130 23618 77 1045 92612 60 31 130 26 628 297 28 
5015 9415 61694 23182 86 1122 93100 105 39 122 25 602 296 30 
5016 8193 66575 25065 61 1143 93456 57 52 126 19 631 295 27 
5017 8236 72234 19452 321 1438 94640 265 53 129 28 425 247 22 
5018 22896 46332 16749 13 1609 57124 37 57 126 102 1658 617 123 
5020 8275 64192 22940 84 1375 93871 124 34 131 23 598 290 25 
5021 12135 68848 25206 79 1140 96165 89 49 119 35 592 321 30 
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Sample Island Bay Location Type Manu. Portion Provenance 

#     category   
5022 Nuku Hiva Hatiheu  Artefact adze bevel Eiao 
5023 Nuku Hiva Hatiheu  Artefact preform butt Taioha‘e 
5024 Nuku Hiva Hatiheu  Artefact preform butt T. Deserte 
5025 Nuku Hiva Hatiheu  Artefact preform bevel Eiao 
5026 Nuku Hiva Hatiheu  Artefact preform bevel N-E Nuku Hiva 
5027 Nuku Hiva Hatiheu  Artefact preform complete Eiao 
5028 Nuku Hiva Hatiheu  Artefact preform complete N-E Nuku Hiva 
5029 Nuku Hiva Hatiheu  Artefact preform butt Eiao 
5030 Nuku Hiva Hatiheu  Artefact adze mid-section Eiao 
5067 Nuku Hiva Hatiheu  Artefact adze bevel Eiao 
5306 Nuku Hiva Hatiheu  Artefact adze complete Eiao 
5307 Nuku Hiva Hatiheu  Artefact preform bevel Taioha‘e 
5308 Nuku Hiva Hatiheu  Artefact adze bevel Eiao 
5310 Nuku Hiva Hatiheu  Artefact adze bevel Eiao 
5311 Nuku Hiva Hatiheu  Artefact preform complete Eiao 
5312 Nuku Hiva Hatiheu  Artefact adze complete Hatiheu 
5314 Nuku Hiva Hatiheu  Artefact preform complete Eiao 
6396 Nuku Hiva Hatiheu  Artefact preform complete Eiao 
6397 Nuku Hiva Hatiheu  Artefact preform complete Eiao 
6398 Nuku Hiva Hatiheu  Artefact adze bevel Hatiheu 
6399 Nuku Hiva Hatiheu  Artefact adze complete N-E Nuku Hiva 
6400 Nuku Hiva Hatiheu  Artefact adze butt Eiao 
6401 Nuku Hiva Hatiheu  Artefact preform bevel Eiao 
6402 Nuku Hiva Hatiheu  Artefact adze complete N-E Nuku Hiva 
6403 Nuku Hiva Hatiheu  Artefact adze complete Eiao 
6404 Nuku Hiva Hatiheu  Artefact adze mid-section N-W Nuku Hiva 
5187 Nuku Hiva Pua St. 10 Artefact preform complete Eiao 
5188 Nuku Hiva Pua St. 10 Artefact preform complete Eiao 
5189 Nuku Hiva Pua St. 10 Artefact adze bevel N-E Nuku Hiva 
5190 Nuku Hiva Pua St. 10 Artefact adze mid-section Eiao 
5191 Nuku Hiva Pua St. 10 Artefact preform butt T. Deserte 
5192 Nuku Hiva Pua St. 10 Artefact preform butt N-E Nuku Hiva 
5193 Nuku Hiva Pua St. 10 Artefact preform mid-section N-E Nuku Hiva 
5194 Nuku Hiva Pua St. 10 Artefact preform butt T. Deserte 
5143 Nuku Hiva Pua St. 11 Artefact preform butt N-W Nuku Hiva 
5156 Nuku Hiva Pua St. 11 Artefact adze butt Eiao 
5157 Nuku Hiva Pua St. 11 Artefact preform bevel N-E Nuku Hiva 
5158 Nuku Hiva Pua St. 11 Artefact preform butt N-W Nuku Hiva 
5136 Nuku Hiva Pua St. 12        Artefact adze bevel Eiao 
5137 Nuku Hiva Pua St. 12        Artefact preform bevel N-W Nuku Hiva 
5147 Nuku Hiva Pua St. 12        Artefact adze bevel Eiao 
5148 Nuku Hiva Pua St. 12        Artefact preform complete T. Deserte 
5153 Nuku Hiva Pua St. 12        Artefact preform mid-section Eiao 
5185 Nuku Hiva Pua St. 12        Artefact preform butt N-E Nuku Hiva 
5139 Nuku Hiva Pua St. 23 Artefact preform butt T. Deserte 
5141 Nuku Hiva Pua St. 23 Artefact preform butt Eiao 
5142 Nuku Hiva Pua St. 23 Artefact preform mid-section Eiao 
5172 Nuku Hiva Pua St. 25 Artefact adze butt Eiao 
5173 Nuku Hiva Pua St. 25 Artefact adze bevel T. Deserte 
5174 Nuku Hiva Pua St. 25 Artefact adze bevel N-W Nuku Hiva 
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Sample K Ca Ti Cr Mn Fe Ni Cu Zn Rb Sr Zr Nb 

# ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
5022 8396 71473 22819 116 1485 94606 120 114 131 22 660 313 26 
5023 19680 49408 24063 170 1534 105095 104 76 118 47 776 361 42 
5024 9267 73221 21113 357 1458 94325 250 78 133 27 511 263 27 
5025 9489 63017 23702 72 1171 93351 52 40 118 32 601 292 24 
5026 6438 81539 19296 234 1444 93173 129 108 116 15 466 233 22 
5027 9048 60829 25862 89 1061 92963 124 44 136 22 632 302 30 
5028 8758 74549 20933 70 1280 93083 135 128 138 22 490 270 26 
5029 8309 58492 22953 89 854 92609 68 61 97 26 603 277 28 
5030 8700 70606 23247 65 1550 95028 158 34 122 21 607 295 32 
5067 8018 59457 21996 57 1092 92511 132 37 118 24 558 280 26 
5306 8097 67937 22796 94 1335 94401 129 41 129 21 601 283 23 
5307 13442 47801 16297 1 1315 91531 62 37 138 42 785 369 49 
5308 8815 64270 24551 75 1180 93044 60 36 126 22 615 294 26 
5310 8615 67016 24610 80 1197 93752 118 55 124 18 605 287 28 
5311 7244 65555 24616 71 1264 93845 146 62 125 17 603 291 23 
5312 11136 54981 35052 231 865 97014 122 69 112 37 599 330 32 
5314 8522 70440 22226 61 1400 101515 61 66 119 23 620 305 28 
6396 9483 66648 23985 68 1147 93861 44 48 123 27 627 301 27 
6397 7180 65773 22367 70 1137 93254 111 33 107 22 605 302 28 
6398 14422 57053 32092 377 775 78933 134 81 84 35 552 299 33 
6399 6813 86977 21391 262 1196 84134 91 58 95 19 413 216 29 
6400 7921 68339 23822 43 1210 94193 118 41 120 19 616 299 21 
6401 9031 65882 23668 53 963 92824 101 30 130 30 609 283 28 
6402 6075 71230 20311 190 1223 92735 90 84 131 19 438 242 23 
6403 8537 69211 23868 81 1323 94172 131 46 130 17 608 301 26 
6404 8740 77849 23586 137 1476 93955 42 105 135 28 528 289 28 
5187 8931 69572 21823 45 1397 84284 139 62 133 35 598 276 26 
5188 9296 67881 23019 93 1485 84787 104 69 124 21 600 292 27 
5189 8603 72194 20118 19 1424 92987 102 91 116 25 469 245 29 
5190 9185 70321 23767 85 1294 94185 157 64 130 23 628 296 24 
5191 7939 68005 19198 283 1197 93061 200 78 119 26 476 245 27 
5192 7380 69862 18896 31 1144 92426 112 85 122 21 479 254 25 
5193 5768 75868 19442 269 1356 98981 144 103 123 11 378 214 20 
5194 7780 67935 19551 392 1338 93886 267 64 130 25 484 239 29 
5143 10682 72671 24747 106 1133 79377 96 96 96 26 563 302 32 
5156 9115 63242 24466 109 1217 94264 194 60 128 25 597 291 27 
5157 7494 71479 21632 31 1165 92818 114 66 128 19 497 275 27 
5158 8757 70493 24745 52 1223 94450 88 94 130 21 513 306 30 
5136 8974 64804 22228 121 1482 85242 220 66 122 26 591 289 22 
5137 9119 72798 27499 71 1204 90220 104 88 112 17 531 301 32 
5147 8500 66239 23024 102 1228 93876 207 54 129 16 625 297 27 
5148 7935 65110 19645 318 1126 92973 182 55 104 36 461 240 23 
5153 8888 67985 23168 84 1296 94231 143 48 126 22 608 307 29 
5185 6892 76255 20672 189 1309 93849 118 67 123 19 422 238 22 
5139 10564 70935 20370 334 1399 93373 229 78 120 37 486 272 32 
5141 8785 62006 22847 35 1104 92804 108 53 121 25 559 283 27 
5142 8966 64521 23681 73 1285 93323 44 47 130 23 595 305 24 
5172 7915 66086 23345 84 1057 93246 134 35 117 22 610 294 23 
5173 8014 69554 19652 283 1284 92168 204 83 116 27 491 259 36 
5174 8224 70809 22840 60 1162 84638 78 124 112 26 552 299 31 
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Sample Island Bay Location Type Manu. Portion Provenance 

#     category   
5175 Nuku Hiva Pua St. 25 Artefact preform butt T. Deserte 
5176 Nuku Hiva Pua St. 25 Artefact adze bevel Eiao 
5177 Nuku Hiva Pua St. 25 Artefact preform bevel T. Deserte 
5178 Nuku Hiva Pua St. 25 Artefact preform complete T. Deserte 
5179 Nuku Hiva Pua St. 25 Artefact preform mid-section Eiao 
5180 Nuku Hiva Pua St. 25 Artefact preform butt N-W Nuku Hiva 
5181 Nuku Hiva Pua St. 25 Artefact preform complete T. Deserte 
5160 Nuku Hiva Pua St. 27           Artefact preform bevel N-E Nuku Hiva 
5162 Nuku Hiva Pua St. 27           Artefact preform bevel Eiao 
5165 Nuku Hiva Pua St. 6-9 Artefact adze complete Eiao 
1524b                   Nuku Hiva Anaho St. 101                         Reference    
1532 Nuku Hiva Anaho St. 101                         Reference    
1545 Nuku Hiva Anaho St. 101                         Reference    
1578 Nuku Hiva Anaho St. 101                         Reference    
1587 Nuku Hiva Anaho St. 101                         Reference    
1589a                   Nuku Hiva Anaho St. 101                         Reference    
1589b                   Nuku Hiva Anaho St. 101                         Reference    
1590 Nuku Hiva Anaho St. 101                         Reference    
5317b                   Nuku Hiva Anaho St. 92-95 Reference    
5317c                   Nuku Hiva Anaho St. 92-95 Reference    
5319 Nuku Hiva Anaho St. 92-95 Reference    
5327 Nuku Hiva Anaho St. 92-95 Reference    
5330 Nuku Hiva Anaho St. 92-95 Reference    
6411 Nuku Hiva Anaho Teonepoto Reference    
6412 Nuku Hiva Anaho Teonepoto Reference    
6413 Nuku Hiva Anaho Teonepoto Reference    
6414 Nuku Hiva Anaho Teonepoto Reference    
5000 Nuku Hiva Ha‘atuatua  Reference    
5001a                   Nuku Hiva Ha‘atuatua  Reference    
5001b                   Nuku Hiva Ha‘atuatua  Reference    
5001c                   Nuku Hiva Ha‘atuatua  Reference    
5001d                   Nuku Hiva Ha‘atuatua  Reference    
5618b                   Nuku Hiva Hakaea  Reference    
5622a                   Nuku Hiva Hakaea  Reference    
5622b                   Nuku Hiva Hakaea  Reference    
5623 Nuku Hiva Hakaea  Reference    
5625b                   Nuku Hiva Hakaea  Reference    
5625c                   Nuku Hiva Hakaea  Reference    
6407 Nuku Hiva Hatiheu Atikea Reference    
6408 Nuku Hiva Hatiheu Atikea Reference    
6409 Nuku Hiva Hatiheu Atikea Reference    
6424 Nuku Hiva Hatiheu Atikea Reference    
6455 Nuku Hiva Hatiheu Atikea Reference    
6456 Nuku Hiva Hatiheu Atikea Reference    
6459 Nuku Hiva Hatiheu Naniuhi Reference    
6460 Nuku Hiva Hatiheu Naniuhi Reference    
6461 Nuku Hiva Hatiheu Naniuhi Reference    
6463 Nuku Hiva Hatiheu Naniuhi Reference    
6024 Nuku Hiva Ho‘oumi  Reference    
6026 Nuku Hiva Ho‘oumi  Reference    
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Sample K Ca Ti Cr Mn Fe Ni Cu Zn Rb Sr Zr Nb 

# ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
5175 8530 70014 20562 249 1300 108423 212 138 114 13 469 268 32 
5176 10544 68200 23154 125 1173 93495 109 37 134 27 618 285 29 
5177 8350 68106 20361 267 1210 92939 194 54 128 23 480 241 27 
5178 7516 72160 18739 572 1351 92939 274 58 128 22 433 249 23 
5179 8821 67322 23734 80 1144 93172 107 47 127 23 614 287 21 
5180 9282 68531 23096 116 1171 92537 86 72 131 24 542 285 30 
5181 9301 61127 19270 376 1173 92392 184 48 112 26 456 246 31 
5160 8752 75354 20645 46 1310 96586 104 93 116 25 492 265 27 
5162 8791 65011 24040 71 1259 93723 113 49 125 22 628 293 29 
5165 10222 62828 22528 83 1358 94063 103 56 127 33 591 295 26 
1524b                   5256 65336 18910 409 1344 93074 133 98 100 15 336 201 19 
1532 6224 67532 18980 167 1168 92874 113 77 121 17 380 215 21 
1545 4206 76129 17916 102 1036 83540 136 34 139 14 428 211 20 
1578 5769 72139 19858 184 1287 93237 148 67 130 16 389 212 20 
1587 5149 64137 19697 24 1140 84635 66 87 102 21 509 271 32 
1589a                   5052 73723 17296 131 1009 83928 82 53 102 16 388 219 16 
1589b                   6339 71586 18095 41 998 83752 100 85 119 20 520 257 29 
1590 6279 70187 19460 122 1180 92505 49 60 127 17 409 220 20 
5317b                   8107 64844 18190 29 965 83433 94 157 102 21 488 258 32 
5317c                   8007 65684 18207 46 960 83516 103 152 99 28 503 261 34 
5319 4369 77434 16049 148 928 83406 81 92 96 13 350 206 24 
5327 7037 68684 18273 111 937 83151 80 113 97 32 472 246 25 
5330 5839 77353 17218 218 915 83399 63 112 98 21 449 239 26 
6411 10577 80876 19632 21 1309 93419 110 105 133 32 692 262 37 
6412 10296 74158 19278 22 1142 93256 114 116 122 37 689 264 37 
6413 10386 75616 19608 51 1172 93268 105 124 126 32 716 271 39 
6414 10957 75386 19008 40 1629 93455 91 132 122 42 708 274 36 
5000 4306 98071 24332 198 1389 101020 61 49 104 8 458 220 26 
5001a                   6072 86056 18755 200 1366 89171 98 87 89 18 428 222 23 
5001b                   6454 84918 18614 191 1364 88967 72 101 85 16 403 218 22 
5001c                   5701 75218 15973 171 1176 72971 84 113 115 19 446 223 24 
5001d                   6698 78568 17152 206 1250 82290 82 100 91 12 398 207 22 
5618b                   7880 76018 22774 47 1336 94031 108 94 125 21 585 317 31 
5622a                   10400 82507 25408 63 1189 95449 110 103 102 32 590 335 40 
5622b                   8896 73174 22493 90 1318 93601 104 85 130 32 575 299 30 
5623 9547 76687 23020 183 1185 91977 110 95 128 44 553 312 33 
5625b                   7702 77416 22733 54 1430 93730 97 91 132 17 577 306 32 
5625c                   8028 66691 22913 76 1350 93520 97 81 125 17 499 303 35 
6407 10173 63411 21879 250 1104 93621 180 48 140 34 600 335 33 
6408 10643 66012 22447 216 1252 94409 190 69 127 34 609 326 30 
6409 10103 63593 21845 250 1182 93495 184 52 139 33 599 324 32 
6424 9929 59786 23743 329 1097 93216 189 56 127 36 566 319 34 
6455 9136 56825 20917 183 988 92341 189 71 124 36 552 303 28 
6456 8607 59266 21074 248 1117 92844 155 51 115 33 547 303 29 
6459 9644 52164 17276 134 714 90529 192 43 137 34 556 256 33 
6460 7511 57763 17701 169 846 91226 186 92 131 25 552 284 28 
6461 12486 50228 18920 106 696 90389 139 66 138 46 591 292 41 
6463 12139 50442 22683 297 831 92632 205 47 135 42 545 304 32 
6024 10931 66683 18707 241 1196 92787 161 71 138 35 561 242 31 
6026 10848 65989 18999 285 1223 93062 177 69 140 38 562 244 28 
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Sample Island Bay Location Type Manu. Portion Provenance 

#     category   
6027 Nuku Hiva Ho‘oumi  Reference    
6028 Nuku Hiva Ho‘oumi  Reference    
5295b                   Nuku Hiva Pua  Reference    
5295c                   Nuku Hiva Pua  Reference    
5295d                   Nuku Hiva Pua  Reference    
6429 Nuku Hiva Taioha‘e Koueva Reference    
6430 Nuku Hiva Taioha‘e Koueva Reference    
6431 Nuku Hiva Taioha‘e Koueva Reference    
6416 Nuku Hiva Taioha‘e Tahuna Nui Reference    
6418 Nuku Hiva Taioha‘e Tahuna Nui Reference    
6419 Nuku Hiva Taioha‘e Tahuna Nui Reference    
6420 Nuku Hiva Taioha‘e Tahuna Nui Reference    
6421 Nuku Hiva Taioha‘e Tahuna Nui Reference    
5305 Nuku Hiva Taipivai  Reference    
5340 Nuku Hiva Taipivai  Reference    
5341 Nuku Hiva Taipivai  Reference    
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Sample K Ca Ti Cr Mn Fe Ni Cu Zn Rb Sr Zr Nb 

# ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 
6027 10984 67761 19353 308 1362 93767 242 61 134 34 561 242 28 
6028 10821 68099 19381 297 1229 93203 167 76 134 38 566 239 30 
5295b                   7315 66953 25576 157 1114 90349 119 105 134 19 528 281 38 
5295c                   7413 88387 23427 186 1448 94286 145 87 137 21 569 280 31 
5295d                   8432 79441 24913 207 1235 96415 114 102 130 23 520 275 28 
6429 16954 48072 15182 5 1139 91195 155 67 137 94 830 360 46 
6430 13347 60749 21347 113 2228 94798 423 45 117 53 868 360 50 
6431 13321 45387 21261 34 3898 97389 185 52 133 51 856 370 46 
6416 16196 47416 16690 1 1471 91562 81 43 134 66 761 385 48 
6418 14138 56876 19033 1 964 91951 55 62 138 55 841 380 55 
6419 13691 57669 19049 18 1115 91353 82 65 131 55 885 365 54 
6420 19251 44206 16069 1 1198 90566 88 63 144 93 821 348 54 
6421 21496 51279 17157 1 1437 91356 37 42 140 102 926 430 57 
5305 14936 54945 17624 90 1353 92066 86 54 122 57 883 359 54 
5340 19221 41858 15317 1 1121 89959 32 23 144 104 841 429 60 
5341 15622 52855 17890 56 3818 91824 165 71 147 70 895 348 46 
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