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Abstract 

Stratigraphically important Quaternary rhyolitic tephra deposits that erupted from the Okataina and Taupo volcanic centers in New 
Zealand can be geochemically identified using the FeO and MgO contents of their biotite phenocrysts. The FeOlMgO ratio in biotite does 
not correlate with FeOlMgO in the coexisting glass phase so that tephra beds with similar glass compositions can be discriminated by their 
different biotite compositions. Some individual tephra deposits display sequential changes in biotite composition that allow separate phases 
of the eruption to be identified, greatly increasing the potential precision for correlation. In addition, devitrified lavas that are unsuitable for 
glass analysis can be correlated to coeval tephra deposits by their biotite compositions. Biotite is common in high-K,O (>4 wt%) tephra 
beds and is widely dispersed in ash plumes because of its platy form, thus making it important in correlation studies. 
O 2003 Elsevier Science (USA). All rights reserved. 
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Accurate age control and correlation are pivotal to Qua- 
ternary studies and are often hindered by the availability of 
material for numeric dating and by the discontinuous or 
fragmentary character of surficial deposits. The rhyolitic 
tephra beds from large-magnitude eruptions provide oppor- 
tunities for precise correlations up to thousands of kilome- 
ters from the volcanic vents and between terrestrial and 
marine environments. In discontinuous sequences, mineral- 
ogical or chemical fingerprinting is commonly required to 
identify a tephra bed. Biotite is a common phenocryst phase 
in high-silica rhyolitic tephra. However, use of its compo- 
sition as a tool in tephra correlation (e.g., de Silva and 
Francis, 1989; Haynes et a]., 1995) has received little atten- 
tion in Quaternary studies. Here, we demonstrate its value in 
the fingerprinting of tephra marker beds from the Taupo 
Volcanic Zone (TVZ) in New Zealand. 

Although extensively studied, TVZ rhyolitic tephra beds 
can be difficult to identify and sometimes require a multi- 
criterion approach. In addition to field relationships, the 

* Corresponding author. Fax: f64-9-373-7435. 
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ferromagnesian mineralogy (Froggatt and Lowe, 1990) and 
the geochemistry of the glass phase (Froggatt, 1983) aid in 
identification. However, sequences of tephra beds that 
erupted from volcanos over periods of <20,000 yr in New 
Zealand (Shane, 2000) and elsewhere (e.g., Sarna-Wojcicki 
et al., 1984) can display similar chemical and mineralogical 
characteristics. Many tephra beds from the frequently active 
Taupo Volcanic Center (TVC) and Okataina Volcanic Cen- 
ter (OVC) (Fig. 1) are difficult to distinguish on the basis of 
glass chemistry (e.g., Stokes et al., 1992). Apart from the 
use of Fe-Ti oxide compositional data (Shane, 1998), little 
attention has been given to the composition of ferromagne- 
sian phases as an aid in chemical fingerprinting (e.g., Cronin 
et al., 1996). 

Tephra and lava that erupted from the Haroharo and 
Tarawera volcanic complexes (Nairn, 1989) of OVC (Fig. 
1) and some TVC tephra beds display high oxygen fugacity 
(fO,) (Shane, 1998) and contain the hydrous phases cum- 
mingtonite andlor biotite. In biotite-bearing deposits, the 
phase is commonly ubiquitous, occurring in all parts of the 
eruptive sequence. However, almost no compositional data 
have been published on biotite in TVZ-derived tephra beds. 

0033-5894/03/$ - see front matter O 2003 Elsevier Science (USA). All rights resewed. 
doi: 10.101 6lS0033-5894(03)00012-7 
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Fig. 1. Map of central North Island of New Zealand showing localities 
refemd to in the text. Inset: map of North Island. TVZ, Taupo Volcanic 
Zone. 

We have investigated the composition of biotite as a poten- 
tial aid in fingerprinting and correlating the tephra deposits 
and the glassy carapaces of lava and domes. 

Biotite 

Occurrence and samples 

OVC and TVC have erupted biotite-bearing tephra beds 
in the past ca. 50,000 14c yr (Froggatt and Lowe, 1990). 
Ages for tephra beds are cited in calendar years (cal yr) 
from Lowe et al. (1999), unless specified otherwise. At 
OVC, these tephra beds have been erupted from Tarawera 
[Okareka (22,500 cal yr B.P.), Rerewhakaaitu (17,700 cal yr 
B.P.), and Kaharoa (700 cal yr B.P.)] (Nairn, 1989). The 
other Tarawera eruption, the Waiohau (13,800 cal yr B.P.), 
does not contain phenocrystic biotite. The Rotorua tephra 
(15,700 cal yr B.P.) does contain biotite and was erupted 
from a separate center within OVC, near Lake Okareka 
(Nairn, 1980) (Fig. 1). TVC has produced at least three 
Biotite-bearing fallout deposits: Otake at ca. 48,000 14c yr 
B.P., Waihora at ca. 47,000 14c yr B.P., and Poihipi at ca. 
27,000 cal yr B.P. (Froggatt and Lowe, 1990; Vucetich and 
Howorth, 1976). The neighboring Maroa center also erupted 
the biotite-bearing Puketarata tephra at ca. 16,800 cal yr 
B.P. (Froggatt and Lowe, 1990). The large-volume Rotoiti 
ignimbrite and fall deposits that erupted from OVC at ca. 

50-60.000 cal yr B.P. (Lian and Shane, 2000) and the 
overlying Earthquake Flat ignimbrite (Nairn and Kohn, 
1973) from the neighboring Kapenga center (Fig. 1) are also 
important marker horizons that are biotite bearing. Biotite is 
also common in older TVZ-derived tephra beds (e.g., Shane 
et al., 1996). 

In proximal deposits of pyroclastics and lava that we 
have examined (Table I), biotite occurs as subhedral to 
euhedral hexagonal flakes or plates up to 4 mm in size and 
sometimes as "books" of crystals. Modal abundance is gen- 
erally <2%. Microinclusions (<I00 pm) of Fe-Ti oxides, 
apatite, and zircon may occur. Coexisting ferromagnesian 
phases in decreasing abundance include hornblende, or- 
thopyroxene, cummingtonite, and rarely augite. Quartz and 
plagioclase feldspar are ubiquitous in these deposits. We 
crushed single lapilli or blocks of glassy lava to liberate the 
biotite. Bulk ash samples were used in fine-grained deposits. 
Minerals within the sieved 70- to 500-pm size fraction were 
separated by electromagnetic methods. The biotites were 
mounted in epoxy blocks for electron microprobe analysis. 

Biotite geochemistry 

Typical electron micropbe analyses generated totals on 
biotites in the range 94-96% (Table 2). The difference from 

Table 1 
Stratigraphic units examined in this study 

Unit Locationa 

Kaharoa 
A, D, G, H flow 
B. E F 
C flow, H, I, J, K, L 
M 
Green Lake lava 
Ruawahia lava 
Tarawera lava 
Crater lava 
Wahanga lava 
core W703 

Rotorua 
lava dome 
blocklash flows 
mid top falls 
Onepoto 
Kaipo 

Puketarata 

Rerewhakaaitu 
base, middle, top 

Okareka 
base, middle, top 

Poihipi 
Waihora 
Otake 
Earthquake Flat 
Rotoiti 

" NZMS 260 map grid reference. 
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Table 2 
Average composition of biotite in =derived tephra beds 

Kal 2 Ka2 + Rk f Rr 2 Pk t Ok 2 P + W t Oe 2 Ea t Rb 2 

SiO, 35.80 0.62 36.26 0.33 35.82 0.42 35.86 0.45 35.99 0.34 36.20 0.54 35.79 0.53 36.02 0.60 36.51 0.31 36.21 0.25 36.30 0.61 1 
TiO, 4.76 0.22 4.72 0.12 4.73 0.13 4.75 0.17 4.46 0.21 4.74 0.20 4.71 0.10 4.71 0.26 4.70 0.14 5.06 0.12 4.99 0.16 , 
A1203 13.27 0.28 13.18 0.17 13.26 0.19 13.28 0.30 13.70 0.70 13.34 0.23 13.05 0.08 13.12 0.31 13.41 0.14 13.23 0.15 13.23 0.22 ' 
FeO 22.40 0.58 20.48 0.33 21.13 0.45 22.17 0.43 20.71 0.91 19.38 0.94 23.11 0.76 21.75 0.38 18.40 0.30 19.56 0.34 18.74 0.47 ; 
MnO 0.38 0.06 0.40 0.06 0.36 0.09 0.41 0.10 0.33 0.07 0.31 0.09 0.38 0.07 0.26 0.09 0.17 0.11 0.26 0.07 0.28 0.06 
MgO 954 0.25 11.18 0.18 10.23 0.23 9.87 0.24 10.01 0.63 11.47 0.79 8.78 0.49 9.93 0.26 12.21 0.11 11.34 0.18 11.24 0.15 
CaO 0.15 0.31 0.18 0.09 0.06 0.04 0.06 0.05 0.10 0.08 0.07 0.04 0.05 0.05 0.09 0.05 0.05 0.05 0.08 0.06 0.07 0.04 
Na,O 0.50 0.16 0.66 0.12 0.38 0.11 0.38 0.11 0.36 0.06 0.40 0.12 0.31 0.08 0.45 0.08 0.31 0.10 0.35 0.09 0.28 0.12 
K20 8.29 0.56 8.45 0.12 8.26 0.12 8.45 0.14 8.21 0.28 8.31 0.16 8.40 0.25 8.39 0.10 8.48 0.08 8.34 0.11 8.45 0.06 
C1 0.28 0.06 0.42 0.27 0.30 0.05 0.31 0.04 0.33 0.03 0.32 0.04 0.36 0.03 0.36 0.04 0.26 0.02 0.34 0.03 0.32 0.05 
total 95.36 1.52 95.95 0.83 94.52 0.83 95.55 1.00 94.19 0.78 94.53 1.07 94.93 1.09 95.07 1.52 9450 0.27 94.76 0.69 93.91 0.83 

Si 5.44 0.86 5.57 0.02 5.59 0.03 5.56 0.03 5.61 0.03 5.59 0.03 5.62 0.06 5.60 0.05 5.59 0.03 5.59 0.02 5.63 0.05 
Ti 0.54 0.09 0.55 0.01 055 0.02 0.55 0.02 0.52 0.03 0.55 0.02 0.56 0.02 0.55 0.03 0.54 0.02 0.58 0.02 0.58 0.01 
A1 2.38 0.38 2.39 0.03 2.44 0.03 2.43 0.04 2.51 0.12 2.43 0.04 2.41 0.02 2.40 0.02 2.43 0.02 2.41 0.02 2.42 0.03 
Fe 2.84 0.46 2.63 0.05 2.75 0.06 2.88 0.06 2.70 0.13 2.50 0.14 3.03 0.09 2.83 0.05 2.36 0.05 252 0.04 2.43 0.07 
Mn 0.05 0.01 0.05 0.02 0.05 0.02 0.05 0.02 0.04 0.01 0.04 0.02 0.05 0.01 0.03 0.01 0.02 0.02 0.03 0.01 0.04 0.01 
Mg 2.16 0.34 2.56 0.03 2.38 0.04 2.28 0.04 2.33 0.14 2.64 0.17 2.06 0.12 2.31 0.04 2.79 0.03 2.61 0.03 2.59 0.02 
Ca 0.02 0.05 0.03 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 
Na 0.15 0.05 0.20 0.03 0.11 0.03 0.11 0.03 0.11 0.02 0.12 0.04 0.10 0.02 0.13 0.02 0.09 0.03 0.11 0.03 0.08 0.04 
K 1.61 0.28 1.65 0.02 1.64 0.02 1.67 0.03 1.63 0.05 1.64 0.02 1.68 0.04 1.67 0.02 1.66 0.02 1.64 0.02 1.68 0.03 
CI 0.09 0.07 0.21 0.08 0.08 0.01 0.08 0.01 0.09 0.01 0.09 0.01 0.09 0.01 0.10 0.01 0.07 0.00 0.09 0.01 0.09 0.01 
total 15.28 2.42 15.83 0.09 15.60 0.05 15.63 0.05 15.55 0.06 15.60 0.04 15.61 0.11 15.64 0.03 15.55 0.06 15.59 0.05 15.56 0.06 

I 1.78 1.88 1.76 1.79 1.76 1.77 1.78 1.81 1.75 1.76 1.77 
M 5.60 5.78 5.73 5.76 5.59 5.73 5.69 5.72 5.71 5.74 5.64 
T 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

Kal, Kaharoa (early phase); Ka2, Kaharoa (late phase); Rk, Rerewhakaaitu; Rr, Rotoma; Pk, Puketarata; Ok, Okareka; P, Poihipi; W, Waihora; Oe, Otake; 
Ea, Earthquake Flat; Rb, Rotoiti, I, interlayer cations; M, octahedral cations in the M site; T, tetrahedral cations. Presented as a mean and standard deviation 
(italics). Oxides in wt% and cations in atoms per unit formula on the basis of 22 oxygens. All Fe expressed as FeO. Analyzed by a Jeol JXA-840 probe fitted 
with a PST Prism 2000 EDS detector at University of Auckland. Absorbed current 1.5 nA at 15 kV and a focused beam. 

100% is considered to be due to the unanalyzed anions OH and 
F and other minor elements such as Ba (e.g., Righter et al., 
2002). Calculations based on 22 oxygens and assuming ideal- 
ized anions gave cation totals of I = c a  1.8, M = 5.6-5.8, and 
T = 8 (I, interlayer cations; M, octahedral cations in the M site; 
T, tetrahedral cations) which are typical of biotite compositions 
(e.g., Deer et a]., 1996). Some low analytical totals are accom- 
panied by lower K20 contents, suggesting that this oxide can 
be mobile during alteration. Hodder et al. (1991) have docu- 
mented the rapid dissolution and alteration of biotite in acid 
peat bogs. In this study, low K20 contents (<8 wt %) were 
noted in biotites from some devitrified pyroclastic flows and in 
some ash beds from acid peat bogs. In these deposits, the 
biotite has a golden color. Analyses on such biotites were not 
used in this study. 

Biotite occurs in abundance in Tarawera tephra beds to- 
gether with glass of high K20 (>4 wt %) and high SiO, (>77 
wt %) contents, calculated on an anhydrous basis. Other tephra 
beds, with lower K20 (Fig. 2) and higher FeO and CaO in 
glass, are dominated by hypersthene and hornblende andlor 
contain augite. These compositional relationships suggest that 
the biotite is comagmatic and that its presence partly reflects 
bulk magma chemistry. Some curnrningtonite-bearing tephra 
beds overlap the compositional ranges of biotite-bearing tephra 
beds, but generally have lower K20 contents (Fig. 2). Glasses 
in biotite-bearing tephra beds from TVC and Mama are also 
characterized by high K20 contents, as are older Pleistocene 
tephra beds from TVZ (Shane et al., 1996). 

70 72 74 76 78 80 
SiO 2 (wt %) 

Fig. 2. (A) Composition of glass in OVC-derived tephra beds classified on the 
basis of ferromagnesian mineral assemblage: biotite (Bio), cummingtonite 
(Cum), hypersthene and hornblende (Hy+Hb), and hypemthene, hornblende, 

19 - 

18- 

and au&(Hy+Hb+~ug). (B) Average FeO content of glass compared with 
that of coexiting biotite in tephra beds examined in this study. 

. . . 
. , . , . , . 

0.7 0.8 0.9 1 .O 1.1 

FeO glass (wt %) 
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Fig. 3. Composition of single biotite phenocrysts in tephra beds erupted from the Tarawera Volcanic Complex (A) and from TVC (B). Puketarata tephra 
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Within most of the eruptive units that we have examined, 
the intercrystal compositional variation of biotite in most 
major oxides is approximately t 1-2% of the average 
abundance (Table 2): SiO, ( t  <0.40 wt %), A1203 (? 
<0.20 wt %), FeO ( 2  <0.40 wt %), and MgO ( t  c0.20 wt 
%). Much of this variation is comparable to analytical error. 
A few tephra beds display greater variability. Compositions 
do not vary as a function of probe beam position or orien- 
tation of the mounted crystal. X-ray backscatter imaging 
further supports the lack of evidence for compositional 
zonation within crystals. 

8 9 10 11 12 13 8 9 10 11 12 

MgO (wt 46) MgO (wt 46) 

 omp positional homogeneity within tephra beak 

There is little variation in the high-abundance oxides 
$i0,. TiO,, A1203, and K20 in biotites from the different 
ebptive deposits that we have examined (Table 2). How- 
ever, there are significant differences in biotite FeO and 
Ng0 contents, which vary inversely. FeO varies from 18.0 
tb 22.4 wt % and MgO from 8.1 to 12.5 wt %, which is 
significantly greater than within-deposit variations ( t  
7k0.40 wt %). In comparison, the glasses within the tephra 
deds are compositiona~ly very similar and relatively invari- 
able (average SiO, = 77.4-77.8 wt %; FeO = 0.79-1.05 wt 
%). There is no simple relationship between glass and co- 
e s t i n g  biotite compositions (Fig. 2). 

I A binary plot of the FeO and MgO contents in biotite (Fig. 
q)  enables tephra beds from both OVC and TVC to be distin- 
&shed. Not every biotite composition is unique to a particular 
emption. For example, biotites in the upper beds of the Rotoiti 
fall deposits and in Earthquake Flat ignimbrite are composi- 
tionally similar and cannot be distinguished (Table 2). 

Tarawera volcanic complex 

Kaharoa eruptive episodes 

The A.D. 13 15 t 12 Kaharoa eruptive episode (Hogg et 
al., 2003) is the most recent rhyolitic event in the TVZ. We 

examined this eruption in the greatest detail because it is 
well exposed, the deposits are mostly fresh, and preliminary 
geochemistry suggested that two magmas may have been 
erupted sequentially, both of which are biotite bearing 
(Naim et al., 2001). The episode involved the eruption of 
4-5 km3 of pyroclastic falls and lava and occurred from at 
least seven vents spread over an 8-km-long zone (Nairn et 
al., 2001). The Kaharoa eruption is divided into several 
phases based on proximal stratigraphy. The eruption started 
with a series of plinian pyroclastic fall and pyroclastic 
density currents (units A-H), dispersed mostly to the south- 
east. This sequence was followed by dome extrusion (Crater 
Dome) and the eruption of fall units I-L dispersed to the 
north and northwest. Later explosions produced a tuff cone 
and associated fall deposits (unit M), before the extrusion of 
the three summit lava domes (Ruawahia, Tarawera, and 
Wahanga). 

Analysis of biotite in Kaharoa deposits revealed two 
distinct compositional populations that can be distinguished 
on the basis of FeO and MgO contents (Table 2). Tempo- 
rally, they separate early and late-phase deposits, and 
broadly follow the division based on whole pumice com- 
positions of Naim et al. (2001) and glass chemistry from 
this study (Fig. 4). Type 1 biotites have FeO contents of ca. 
21.5-23.4 wt % and MgO contents of ca. 9-10 wt % and are 
found in the early units A, B, C flows, D, E, F, G, and H 
falls, and I. These units display higher K,O content in the 
glass phase (Fig. 4). Type 2 biotites have FeO contents of 
ca. 19.4-21.0 wt % and MgO contents of ca. 10.5-1 1.5 wt 

% and are found in the later unit M fall deposits and in the 
Crater, Wahanga, Ruawahia, and Tarawera domes. The 
samples of Crater and Tarawera domes were devitrified, 
thus preventing the analysis of glass. However, the biotites 
from these domes are compositionally indistinguishable 
(Type 2) from the other late-stage domes (Wahanga and 
Ruawahia), indicating that the biotite had not undergone 
alteration. Green Lake Plug is a small dome that cannot be 
stratigraphically placed in the Kaharoa eruptive sequence 
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Fig. 4. Comparison of biotite phenocryst composition with glass composition of tephra beds. (A) Kaharoa tephra divided into stratigraphic units (see text). 
(B) Rerewhakaaitu tephra classified by pumice clast composition (high-K or low-K). (C) Rotoma tephra classified into eruptive units: low-K pumice fall, 
high-K pumice fall, lava, and block-and-ash flows. 

(Nairn et al., 2001). Although the plug glass is devitrified, 
its biotite composition is indistinguishable from that of 
Type 1 biotites, indicating early extrusion. Transitional py- 
roclastic units (H flows, J, K, and L) contain both Type 1 
and Type 2 biotites, in some cases within a single lapillus. 
A similar temporal division is possible based on CaO and 
K,O contents in glass, but the separation is less distinct 
(Fig. 4). 

Distal ash from the Kaharoa event is dispersed in two 
relatively narrow lobes to the northwest and southeast (e.g., 
Nairn et al., 2001; Sahetapy-Engel, 2002). To test which 
part of the eruptive episode contributed to the distal ash, we 

analyzed biotites from a deep-sea core (W703) 180 km to / 
the southeast of the vent and fallout ash from a site near I 
Whangarei some 350 km to the northwest of the vent (Fig. ; 
1). The southeastern lobe sample contained low-Mg (Type i 
1) biotite, indicating that the early plinian phases (A-H) ! 

were responsible for most of the distal ash dispersal in that 
sector. The northwestern lobe sample contained mostly 
low-Mg (Type 1) biotite and one high-Mg (Type 2) crystal, 
along with glass shards belonging to early and late-stage 
compositional groups. This is consistent with the tephra 
dispersal as mapped by Sahetapy-Engel (2002), which 
shows that the bilobate fall unit H and the mixed composi- 
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tional intermediate units J, K, and L were dispersed to the 
northwest. 

Earlier Tarawera eruptive episodes 

The 17,700 cal yr B.P. Rerewhakaaitu eruptive episode 
(Nairn, 1989) involved an estimated 5 km3 of pyroclastics 
and lava (Nairn, 1989). Distal tephra deposits from this 
episode (Shane and Hoverd, 2002) are characterized by two 
distinct glass populations of about equal abundance: a 
high-K group (K20 = ca. 4.1 wt %) and a low-K group 
(K,O = ca. 3.3 wt %) (Fig. 4). Both populations have a 
similar S O 2  content. Closer to the source, these populations 
are represented by two types of coarse lapilli, in some cases 
coexisting in the same fall units. The high-K lapilli are 
crystal-rich and dominated by biotite, whereas the low-K 
lapilli are crystal-poor and dominated by hypersthene and 
hornblende with only traces of biotite. Unlike the Kaharoa 
eruptives, there is no compositional difference in biotite in 
the lapilli types (Fig. 4), and the total crystal population 
displays a narrower compositional range (FeO = 20.3-22.0 
wt %; MgO = 9.8-10.7 wt %). The low K20 content of the 
biotite-poor lapilli is inconsistent with the occurrence of 
biotite compared to other TVZ rhyolites (Fig. 2). This sug- 
gests that the low-K, biotite-poor lapilli are a product of 
mixing low-K, biotite-absent magma with high-K, biotite- 
rich magma, a conclusion supported by the occurrence of 
both pumice types in the same depositional units. 

The 22,500 cal yr B.P. Okareka eruptive episode in- 
volved an estimated 8 km3 of pyroclastics and lava (Nairn, 
1992). Glass in Okareka lapilli and ash deposits is compo- 
sitionally uniform (e.g., Shane and Hoverd, 2002; P. Shane, 
unpublished data). However, the biotite crystal population 
displays a wide compositional range (mostly FeO = 18.6- 
20.4 wt%, MgO = 10.7-12.3 wt %). A few outlier crystals 
of higher FeO content were also found (Fig. 3). This vari- 
ation is greater than that found in other tephra deposits. Our 
preliminary studies reveal no stratigraphic variations 
through the sequence of Okareka fall deposits. 

qotonuz eruptive episode 
I 

I We examined the 15,700 cal yr B.P. Rotorua eruptive 
episode in some detail as an example of a biotite-bearing 
tephra that did not originate at the Tarawera Volcanic Com- 
plex. It is of additional interest because most of the glass 
shards in the fallout ash have low K20  contents (ca. 3 wt %) 
(e.g., Shane and Hoverd, 2002). and high eruption temper- 
atures have been estimated (ca. 850°C; Shane, 1998). Both 
these features are atypical of biotite-bearing tephra from the 
TVZ. The Rotorua eruptions occurred from vents near Lake 
Okareka (Nairn, 1980) and involved an estimated 4 km3 of 
pyroclastics and lava (Nairn, 1992). 

Free biotite crystals are common in distal Rotorua fall 
deposits. The proximal plinian pumice fall deposits are 
dominated by low-K lapilli with a ferromagnesian mineral 

assemblage comprising hypersthene + hornblende + au- 
gite, but no biotite. These proximal pumice deposits are 
accompanied by high-K (>4 wt %), biotite-bearing lapilli in 
the upper half of the fall sequence. This high-K component 
is very scarce in distal fallout ash, although our electron 
microprobe investigation of Rotorua tephra glass at One- 
poto (Shane and Hoverd, 2002) at 160 km from the source 
(Fig. 1) found a minor (about 5-10%) high-K (K20 = 4.2 
wt %) shard population. Domes that extruded late in the 
Rotorua episode (Nairn, 1980) and their associated block- 
and-ash flows contain abundant biotite and have high-K 
glass. Using the amphibole-plagioclase geothermometer of 
Holland and Blundy (1994), we estimated a temperature of 
720-740°C for the high-K lapilli and lava consistent with 
the occurrence of biotite in these deposits, and 820-830°C 
for the low-K lapilli. 

The biotite is broadly compositionally similar in all Ro- 
torua eruptive units including the distal fall ash. However, 
biotite crystals in late-stage domes and block-and-ash flow 
deposits display slighter higher (but overlapping) FeO con- 
tents, and they are contained within glass of slighter higher 
K20  content (Fig. 4). 

Application to distal tephra correlation 

An 18,000-year-long sequence of 16 rhyolitic and 
andesitic tephra beds is interbedded with peat and mud at 
Kaipo bog (Fig. 1). The Kaipo sequence has been the 
subject of detailed tephrostratigraphic and radiocarbon stud- 
ies (Lowe et al., 1999) and is significant because it brackets 
the transition from the Last Glacial to the Holocene in a 
montane area considered sensitive to paleoclimatic changes 
(Newnham and Lowe, 2000). One of the tephra beds in the 
sequence was provisionally assigned to the Puketarata erup- 
tion on the basis of its stratigraphic position, glass chemis- 
try, and abundance of biotite (Lowe et a]., 1999). However, 
an estimated age of ca. 15,700 cal yr for the tephra conflicts 
with the previously estimated age for Puketarata tephra of 
16,800 cal yr (Lowe et a]., 1999). Consequently, identifica- 
tion of the tephra at Kaipo requires clarification. Our anal- 
yses of biotite from the tephra shows that it is composition- 
ally similar to those of Rotorua tephra, but dissimilar to 
those of Puketarata tephra (Fig. 5). This correlation of the 
Kaipo bog tephra with Rotorua tephra based on its biotite 
composition is supported by the tephra's stratigraphic posi- 
tion (between Waiohau and Rerewhakaaitu tephras) and by 
its identical age. The identification is further corroborated 
by our analysis of glass within the Kaipo bog tephra, being 
more similar to late-stage high-K glass from Rotorua tephra 
than to glass from Puketarata tephra. In addition, we found 
a small fraction of low-K glass in the Kaipo bog tephra that 
is similar to the early erupted low-K glass of Rotorua fall 
deposits (Fig. 5). 
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Fig. 5. Composition of biotite and glass in a distal tephra at Kaipo bog compared to compositional data from proximal deposits of Rotorua tephra and 
Puketarata tephra. The Kaipo bog tephra contains biotite and two compositional populations of glass that are similar to those of the Rotoma tephra 

Discussion 

Although biotite composition can be used to distinguish 
some tephra beds, not all biotite compositions are distinc- 
tive. Some tephra beds from different volcanic centers such 
as the 17,700 cal yr B.P. Rerewhakaaitu tephra from OVC 
and the 47,000 I4c yr B.P. Waihora from TVC contain 
compositionally similar biotite (Table 2, Fig. 3). Thus, iden- 
tification of some unknown tephra beds in distal settings 
still requires stratigraphic control together with glass com- 
positional data. 

Greater magmatic compositional differences between 
eruptive units are accompanied by greater differences in 
composition of associated biotites. In the TVZ-derived te- 
phra beds, major components in biotite such as SiO,, A120,, 
TiO,, MnO, and K20 are invariant (Table 2). In contrast, de 
Silva and Francis (1989) and Haynes et al. (1995) found that 
TiO,, MnO, and A1203 contents of biotite are good discrim- 
inators (as are FeO and MgO). The South American ignim- 
brites examined by de Silva and Frances (1989) have SiO, 
contents in glass that range from ca. 70 to 77 wt %, com- 
pared with a range of 77.4 to 77.8 wt % in the TVZ tephra 
beds examined here. 

Biotite-bearing tephra beds in both the TVZ and the 
western United States (Izett, 1981) have high K20 contents 
in glass (> ca. 4 wt %). Thus, biotite occurrence is con- 
trolled by bulk magma composition. Some studies of rhyo- 
lites have shown that Fe content has a negative correlation 
between the biotite and the coexisting rock composition 
(e.g., Boden, 1989; Hildreth, 1979). This is not evident 
among the TVZ deposits (Fig. 2). The two biotite popula- 
tions in the Kaharoa eruptives distinguished by FeO con- 
tents of 20.5 and 22.4 wt % are accompanied by glass with 
essentially indistinguishable FeO contents of 0.82 and 0.79 
wt %, respectively. In addition, the variability of biotite 
composition within a deposit is not related to variation in 
the glass composition. For example, biotites in the Okareka 
eruptives display the widest compositional range (Fig. 3), 
but the accompanying glass is homogeneous (e.g., Shane 
and Hoverd, 2002). As a result, biotite compositions can be 

used to fingerprint some tephra beds which otherwise are 
not chemically distinctive. The causes of FeO and MgO 
variation in biotite are beyond the scope of this paper. 
However, they may be related to the mineralogical assem- 
blage present and to factors such as oxygen fugacity and 
temperature, in addition to bulk magma composition. 

Analyses of biotite and glass from single lapilli clasts 
and individual depositional units within some eruptive ep- 
isodes from OVC reveal more compositional complexity 
than earlier major-element, glass-composition-based finger- 
printing studies had indicated (e.g., Stokes et al., 1992). 
This complexity has implications for tephrostratigraphy. 
Some tephra beds can be uniquely identified, even where 
stratigraphic control is uncertain, because they were derived 
from two distinct magma batches and so have twin finger- 
prints. For example, Kaharoa, Rerewhakaaitu, and Rotorua 
tephra are each the product of two magmas that can be 
distinguished on the basis of glass chemistry. In Kaharoa 
eruptives, biotite composition allows the deposits to be 
divided into early (low-Mg) and late (high-Mg) phases of 
the episode, whereas intermediate phases contain a mixed 
assemblage (Fig. 4). These findings indicate that the Kaha- 
roa eruptive episode sequentially tapped two magmas that 
intermingled during the eruption. The biotite compositions 
allow thick, proximal deposits to be placed within the erup- 
tion sequence. In contrast, biotite in Rotorua tephra is a 
phenocrystic phase of one of two magmas. This phase was 
volumetrically subordinate in the ash plume, but it is present 
in some proximal ejecta and it dominates the late-stage lava 
domes and block-and-ash flow deposits. Biotite was effi- 
ciently liberated from the pyroclastic material and widely 
dispersed in the tephra. There is also a slight progression in 
FeO content in the biotites, where early erupted lapilli 
generally have lower FeO content in biotite compared with 
that of the late-stage lava (Fig. 4). 

Conclusions 

The lack of compositional variation in sequences of 
tephra beds erupted from TVC and OVC over periods of 



Appendix C Supporting papers 

P. Sham et al. /Quaternary Research 59 (2003) 262-270 269 

i di 

ill 
2 
dnalysis of major-element glass chemistry data from 
Okareka and Rerewhakaaitu tephra beds, which are com- 
positionally similar, allows only partial classification 
(Stokes et al., 1992), whereas biotite compositions show 
clear distinction from simple binary plots (Fig. 3). Biotite 
can also be used to fingerprint some lavas in which 

I devitrification has made the glass unsuitable for analysis, 

:20,000 years has led some workers to employ discrimi- 
ant function analysis of glass chemistry data to classify 
:phra beds, with various degrees of success (Cronin et 
1.. 1997; Stokes et al., 1992). The composition of Fe-Ti 
xides, and temperature and fO, estimated from these 
hases, can be used to distinguish some compositionally 
imilar tephra beds (Shane, 1998). This study shows that 
le FeO and MgO contents of biotite in TVZ-derived 
:phra and lava provide additional criteria for identifica- 
on and correlation. Clear distinction can be achieved 
rithout statistical treatment of data for compositionally 
imilar tephra beds such as those erupted from Tarawera 
I the last 26,000 cal yr and from TVC in the interval ca. 
6-50,000 cal yr B.P. (Fig. 3). For example, statistical 

e.g., the Green Lake Plug, Tarawera, and Crater dome 
lavas of the Kaharoa eruptive episode. Some eruptive 
episodes (e.g., Kaharoa and Rotorua) display a progres- 
sion in biotite composition as the eruption proceeded 
which allows temporal distinction within the eruption 
deposits. This greatly increases the potential precision for 
tephra correlation and for studies of eruption event se- 
quences. 

The utility of biotite analysis in conjunction with glass 
major-element chemistry for tephra identification in distal 
settings is demonstrated by the identification of Rotorua 
tephra at the Kaipo bog sequence (Fig. 5) rather than Puket- 
arata tephra as erroneously assigned by Lowe et al. (1999). 
This revision limits the known dispersal of Puketarata te- 
phra and eliminates the requirement to reassess its age. 

Shane et al. (1996) estimated that biotite occurs in about 
one quarter of all TVZ-derived tephra beds, and it is a 
common phase in tephra elsewhere (e-g., Izett, 1981). The 
use of biotite fingerprinting greatly increases the potential to 
provide age control and correlate Quaternary deposits con- 
taining tephra where other material amenable to dating is 
unavailable. 

The investigation of biotite compositions in TVZ tephra 
&ill also have implications for petrological studies relating 
to magmatic and eruption processes. 
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Abstract A 10 mm thick, c. 15 700 calendar yr BP 
(c. 13 100 I4c yr BP) rhyolitic tephra bed in the well-studied 
montane Kaipo Bog sequence of eastern North Island was 
previously correlated with Maroa-derived Puketarata Tephra. 
We revise this correlation to Okataina-derived Rotorua 
Tephra based on new compositional data from biotite 
phenocrysts and glass. The new correlation limits the known 
dispersal of Puketarata Tephra (sensu stricto, c. 16 800 cal 
yr BP) and eliminates requirements to either reassess its age 
or to invoke dual Puketarata eruptive events. Our data show 
that Rotorua Tephra comprises two glass-shard types: an 
early-erupted low-K20 type that was dispersed mostly to 
the northwest, and a high-K20 type dispersed mostly to the 
south and southeast, contemporary with late-stage lava 
extrusion. Late-stage Rotorua eruptives contain biotite that 
is enriched in FeO compared with biotite from Puketarata 
pyroclastics. The occurrence of Rotorua Tephra in Kaipo 
Bog (100 lun from the source) substantially extends its 
known distribution to the southeast. Our analyses 
demonstrate that unrecognised syn-eruption compositional 
and dispersal changes can cause errors in fingerprinting 
tephra deposits. However, the compositional complexity, 
once recognised, provides additional fingerprinting criteria, 
and also documents magmatic and dispersal processes. 

Keywords tephra; stratigraphy; tephrochronology; 
correlation; Rotorua Tephra; Puketarata Tephra; Okataina; 
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INTRODUCTION 

An 18 000 calendar (cal) year long sequence of peat and mud 
interbedded with 16 rhyolitic and andesitic tephra beds is 
exposed at Kaipo Bog, near Lake Waikaremoana, in eastern 
North Island, New Zealand (Fig. 1A). This sequence has been 
the subject of detailed tephrostratigraphic and radiocarbon 
studies (Lowe & Hogg 1986; Lowe et al. 1999) because it 
brackets the transition from the Last Glacial to the Holocene 
in a montane area considered sensitive to paleoclimatic 
changes (Newnham & Lowe 2000). Ac. 10 mm thick rhyolite 
tephra bed within the Kaipo sequence lies between 
Rerewhakaaitu and Waiohau Tephras, both erupted from the 
Okataina Volcanic Centre (OVC) (Fig. I), but was assigned 
to the Puketarata Tephra primarily on the basis of its glass 
chemistry and abundant biotite (Lowe et al. 1999). However, 
a radiocarbon age of 13 420 f 80 14c yr BP (Waikato 
radiocarbon age, Wk-5 163) on a peat slice from 4 cm beneath 
the tephra bed is at odds with the previously estimated 
c. 14 000 I4c yr BP age for distal Puketarata Tephra (Lowe 
1988a). Consequently, Lowe et al. (1999) suggested that 
either the previous age estimate on Puketarata Tephra was 
too old or that perhaps two compositionally similar tephra 
layers were erupted at c. 14 000 and c. 13 000 14c yr BP 
from the Puketarata source at the Maroa Volcanic Centre 
(Fig. 1). 

Here we focus on the identification of the tephra bed from 
Kaipo Bog. The bed has an estimated age of c. 13 100 14c 
yr BP when adjusted for the sedimentation rate in the bog 
(Lowe et al. 1999), equivalent to c. 15 700 cal yr BP (based 
on the calibration dataset of Stuiver et al. 1998). The 
identification of this tephra at Kaipo is significant because 
Puketarata Tephra has not been directly dated near its source 
(described by Lloyd 1972; Wilson et al. 1986; Brooker et al. 
1993), and little is known about its distal dispersal. Rotorua 
Tephra, from OVC (Nairn 1980), was also erupted at 
c. 13 000 14c yr BP (= c. 15 700 cal yr BP). Although the 
15 700 cal yr BP tephra at Kaipo was initially thought to be 
Rotorua Tephra, based on its stratigraphic position and 
mineralogy, this correlation was rejected in favour of 
Puketarata Tephra because of the Kaipo bed's high K20, and 
low Tiof and MgO, glass chemistry (Lowe et al. 1999). New 
geochemical data, reported below, show that this high-K20 
glass is in fact a component of Rotorua Tephra. 

GEOCHEMICAL FINGERPRINTING 

Glass composition 
Rotorua Tephra was erupted from OVC vents near Lake 
Tikitapu (Nairn 1980) (Fig. 1B). Previous studies have shown 
that it has a distinctive glass composition with high FeO and 
CaO (>1.2 wt%) and relatively low K20  (c. 3 wt%), in 
comparison with other OVC-derived high-silica rhyolite 
tephra beds (e.g., Lowe 1988b). Rotorua Tephra has a 
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Fig. 1 A, North Island, New Zealand, showing localities referred to in text. B, The proximal area of Rotorua Tephra withii the central 
Taum Volcanic Zone (TVZ) showing samvle sites. OVC = Okataina Volcanic Centre. Grid from sheet U16 of New Zealand Map Series 

hypersthene + hornblende + augite ferromagnesian mineral 
assemblage (FMA) (Froggatt & Lowe 1990), and a relatively 
high eruption temperature (c. 850°C) has been estimated from 
Fe-Ti oxide data (Shane 1998). However, biotite has been 
recorded in the upper part of proximal Rotorua fall sequences 
(Froggatt & Lowe 1990). Biotite is common in distal Rotorua 
fall deposits, such as in lake deposits in the Waikato region, 
where it comprises c. 10% of FMA (Lowe 1988a), and in 
Onepoto Basin in Auckland (Fig. I), some 160 km northwest 
from vent (Shane & Hoverd 2002). The presence of biotite 
is not consistent with the high eruption temperature and low 
K20 glass contents of the Rotorua Tephra. 

Samples from various proximal deposits (Fig. 1B) of the 
Rotorua eruptive episode were analysed (Table 1): early plinian 
phase coarse pumice from a pumice pit c. 4 km northwest of 
the vent; lava from the late stage dome (Trig 7693) and an 
associated block-and-ash flow deposit near Te Mu Road; and 
fall clasts from site 102 c. 3 km south of the vent. The early 
phase pumice clasts (Table 1, sample 1) contain low-K20 
(c. 3 wt%) glass, typical of distal deposits (e.g., Lowe 1988a,b). 
However, rare biotite-bearing pumice clasts are also found in 
the middle and upper parts of the early plinian deposits at the 
pumice pit (first noted by Allen 1988), with the uppermost 
deposits dominated by biotite-bearing lapilli. Rotorua fall 
deposits south of the vent (e.g., site 102, Fig. 1) are composed 
mostly of these biotite-bearing clasts, with glass (Table 1, 
sample 2; Fig. 2A) that is K20-rich (>4 wt%) and with a higher 
Si02 content than the early erupted pumice. The biotite-bearing 

fall clasts are compositionally (Table 1) and mineralogically 
similar to the lava dome (Trig 7693) and to the block-and-ash 
flow deposits at Te Mu Road. Kilgour (2002) also noted two 
pumice/lava types based on whole-rock analyses. We also re- 
examined distal Rotorua Tephra from Onepoto Basin. Of the 
19 shards analysed, 4 are composed of high-K20 glass, and 
the remainder are typically low-K20 glass (Table 1, sample 5; 
Fig. 2A). This confirms the wide dispersal of products from 
two magma types. 

We also analysed proximal-medial deposits of the 
Puketarata Tephra. Samples included basal and upper- 
sequence ash and lapilli at 1 km from the vent (NZMS 260 
grid reference U17/753900) (Table 1, sample 6); a vertical 
sequence through 40 cm of ash and fine lapilli at 4 km from 
the vent (U17P73863) (Table 1, sample 7); and the late-stage 
lava dome (U171761903) (Table 1, sample 8). Puketarata 
Tephra is characterised by biotite >> hornblende > 
cummingtonite + hypersthene FMA. All of the pyroclastic 
samples have the same K20-rich (c. 4 . 0 4 4  wt%) glass 
composition (Table 1, Fig. 2B). We combined analyses of 
samples collected vertically through the pyroclastic deposits 
(samples 7 and 8) because the data do not vary more than 
analytical uncertainty. The K20  content of Puketarata Tephra 
glass is similar to, but slightly lower than, the high-K20 glass 
of Rotorua Tephra (Fig. 2B). The Puketarata lava dome 
samples display slightly higher K 2 0  content (c. 4.4-4.6 wt%) 
than those of the pyroclastics, but are similar in all other 
elements (Table 1). 
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Biotite composition 
Little has been previously published on the composition of 
biotite in rhyolites erupted in the TVZ. We made electron 
microprobe analyses of biotite from various deposits of the 
Rotorua eruptive episode (see above), from proximal-medial 
Puketarata eruptives, and the 15 700 cal yr BP tephra bed at 
Kaipo (Table 2). Typical analytical totals are in the range 
94-96 wt%, with the discrepancy from 100% considered due 
to unanalysed anions OH and F, and other minor elements 
such as Ba (e.g., Righter et al. 2002). Formulae calculated 
based on 22 oxygens assuming idealised anions give cation 
totals of I = 1.8-1.9, M = 5.6-5.8, and T = 8.0, which are 
typical of biotite compositions (e.g., Deer et al. 1966). Biotite 
in Puketarata pyroclastics can be distinguished from that in 
~o to rua  ~ e ~ h r a b ~  its generally lower F& content (Fig. 2C). 
However, biotites from the Puketarata lava dome plot within 
the compositional field of those from Rotorua Tephra. 

CORRELATION OF THE 15 700 CALYR BP 
TEPHRA BED AT KAIPO 

Our analyses of glass shards, replicated using different 
samples and separate electron microprobe systems (Table 1, 
Fig. 2A,B), indicate correlation of the tephra bed at Kaipo 

with the Rotorua Tephra. The tephra at Kaipo contains two 
populations of glass, both of which match the compositions 
recorded for Rotorua Tephra. The predominant Kaipo 
population (Table 1, samples 9a and 10a) has high K20 
(>4 wt%) and low CaO ( e l  wt%), which corresponds to the 
late stage Rotorua eruption events (Fig. 2B). The minor 
population (Table 1, samples 9b and lob) has low K20  
( ~ 4  wt%) and high CaO (>1 wt%), which corresponds to the 
early stage Rotorua eruption events (Fig. 2B). In addition, 
glass in the predominant (high-K20) Kaipo population 
generally has a slightly higher K20  content than glass from 
pyroclastic deposits of Puketarata Tephra (Fig. 2B). 

Biotite crystals in the tephra bed at Kaipo display higher 
FeO contents than those in proximal pyroclastic deposits of 
Puketarata Tephra but compositionally match those of 
Rotorua Tephra (Fig. 2C). However, they are also similar to 
Puketarata lava dome biotite. 

The Puketarata lava dome contains glass of higher K20 
content and biotite of higher FeO content than the Puketarata 
pyroclastics, and is compositionally similar to the high-K20 
glass and high-FeO biotite within late-stage Rotorua Tephra 
(Fig. 2). The K20 content in the glass of Puketarata lava 
may have been affected by vapour-phase alteration during 
slow cooling, because the glass does not differ significantly 
in other elemental abundances. Prolonged cooling may also 

Table 1 Electron microprobe analyses of glass shards from Rotorua Tephra, Puketarata Tephra, and the tephra at Kaipo Bog. 

Si02 
A1203 
Ti02 
FeO 
MnO 
MgO 
CaO 
NazO 
K 2 0  
C1 
H20 
n 

Si02 77.24 0.18 77.13 0.14 77.42 0.19 76.55 0.26 77.71 0.36 76.76 
Al2o3 12.30 0.10 12.27 0.12 12.40 0.10 12.74 0.22 12.57 0.05 13.15 
Ti02 0.10 0.06 0.10 0.05 0.14 0.06 0.34 0.12 0.08 0.20 0.20 
FeO 0.92 0.11 0.91 0.08 0.77 0.12 1.31 0.10 0.82 0.06 1.43 
MnO 0.08 0.06 0.10 0.04 0.10 0.05 0.09 0.07 0.14 0.08 0.09 
MgO 0.06 0.06 0.06 0.03 0.08 0.06 0.24 0.06 0.08 0.02 0.18 

1 CaO 0.75 0.07 0.74 0.03 0.67 0.07 1.38 0.04 0.66 0.06 1.20 
I Na20 4.08 0.12 4.05 0.14 3.87 0.09 4.20 0.13 3.55 0.21 3.93 
K20 4.25 0.08 4.47 0.11 4.39 0.06 3.03 0.10 4.20 0.13 2.89 
C1 0.18 0.03 0.17 0.04 0.16 0.03 0.13 0.08 0.19 0.03 0.17 
Hz0 4.36 1.68 2.93 0.49 4.90 1.13 4.45 0.85 1.85 1.26 2.30 
n 26 10 11 4 11 1 

1 = Rotorua pumice clast, pumice pit site (U161017317); 2 = Rotorua pumice clast, site 102 (U16/025256), 3 = Rotorua lava, Trig 7693 
(U16/027284), 4 = Rotorua lava clast, Te Mu Rd block-and-ash flow deposit (U161048273); 5 = Rotorua Tephra, Onepoto Basin (Rl l /  
666866); 6 = Puketarata lapilli basal and upper (U17P53900); 7 = Puketarata ash base, middle and top (U17/773863); 8 = Puketarata 
lava (U17/761903); 9 = Kaipo Bog tephra, depth 4.17-4.18 m (W18P39717); 10 = duplicate analysis of Kaipo Bog tephra. 
Analyses are recalculated to 100% on a volatile free basis and expressed as a mean and standard deviation (italics) in wt%. Total Fe as 
FeO. Water by difference. n = number of shards analysed. 
Samples 1-9 analysed by a Jeol JXA-840 probe fitted with a PGT Prism 2000 EDS detector at University of Auckland. Absorbed 
current of 1.5 nA at 15 kV and a beam defocused to 15 pm. Analysts: P. Shane and V. Smith. Sample 10 analysed by a Jeol JXA-733 
probe at Victoria University of Wellington. Current of 8 nA at 15 kV and a beam defocused to 10-15 pm. Analyst: D. Manning. 
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Fig. 2 A, Compositions of single glass shards in Rotorua Tephra 
deposits. B, Compositions of single glass shards in proximal 
Rotorua deposits compared with those of Puketarata Tephra and of 
the tephra bed at Kaipo Bog. C, Compositions of single biotite 
phenocrysts/crystals in Rotorua deposits, Puketarata Tephra, and 
the tephra bed at Kaipo Bog. 

have resulted in re-equilibration of the biotite. Neither of 
these processes would have occurred in any associated 
pyroclastics. We have found no proximal-medial Puketarata 
Tephra with this higher K20 composition, and do not consider 
the dome extrusion phase to have been capable of widely 
dispersing ash that would have been compositionally different 
from that of the main pyroclastic phase of Puketarata. 

DISCUSSION AND CONCLUSIONS 

The identification of two glass populations in the c. 15 700 
cal yr BP tephra at Kaipo Bog rules out its previous 
identification as Puketarata Tephra, despite some partial 
overlap of chemical compositions. The glass compositions, 
together with biotite analyses, radiocarbon ages, and 
stratigraphic position, strongly support correlation to Rotorua 
Tephra now recognised to have a bimodal glass composition. 
The age of c. 13 100 14c yr BP (= c. 15 700 cal yr BP) 
estimated for the tephra bed at Kaipo using sedimentation 
rates and tephrochronology (Lowe et al. 1999) is consistent 
with the pooled radiocarbon age of Rotorua Tephra of 13 080 
k 50 (n = 10) reported by Froggatt & Lowe (1990). The new 
correlation of the Rotorua Tephra at Kaipo eliminates the 
requirement to either revise the age of Puketarata Tephra or 
to invoke a scenario of two "Puketarata Tephra" eruptions 
occumng c. 1000 yr apart, as was tentatively suggested by 
Lowe et al. (1999). Apart from identification of the tephra in 
the Waikato region some 90 km NNW of the vent (Lowe 
1988a), dispersal of Puketarata Tephra (sensu stricto) remains 
well constrained only close to its source (Wilsonet al. 1986). 
Topping & Kohn (1973) tentatively identified Puketarata 
Tephra in the Tongariro region 60-80 km south of the vent. 
However, subsequent studies in this region do not record 
this tephra (e.g., Donoghue et al. 1995; Cronin et al. 1997). 
We conclude that Puketarata Tephra has a limited dispersal 
and was probably the product of a single eruptive episode. 

The new glass chemistry data for Rotorua eruptives 
demonstrate that two distinct magmas were involved in the 
eruption: (1) a low-KzO magma dominant in the early- 
erupted plinian pumice and ash; and (2) a high-K20, biotite- 
bearing magma forming the later erupted lava extrusions and 
their accompanying pyroclastic ejecta component. Kilgour 
(2002) also noted (from whole rock compositions) that early- 
phase plinian fall deposits, dispersed primarily to the 
northwest, are relatively low in Si02 in comparison with late- 
phase dome-building lavas. 

Loose biotite crystals are found throughout the Rotorua 
proximal plinian pumice fall deposits, but biotite-bearing 
clasts occur only in the middle to upper parts of the proximal 
plinian fall sequence. The compositional contrast can be used 
to trace dispersal of the ash as the eruption proceeded. Our 
preliminary studies show that low-K20 plinian ejecta were 
deposited predominantly to northwest of the vent, as found 
at the pumice pit site and Onepoto Basin (Fig. 1). They 
comprise most of the Rotorua plinian deposits as mapped by 
Pullar (1972), Nairn (1980), and Lowe (1988a). The later 
stage, high-K20 ejecta dominates Rotorua fall sequences to 
the south, at Te Mu Road, site 102, and Kaipo (Fig. 1). 
However, some variation within the distal fall deposits 
indicates complexity within the dispersal processes. Four of 
the 19 glass shards analysed from Onepoto Basin (160 km 
NNW of the vent) are of the high-K20 (late-erupted) type 
(the 15 others are the low-K20 early type), whereas 22 of 27 
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Table 2 Electron microprobe analyses of biotite from Rotoura Tephra, Puketarata Tephra, and the tephra at Kaipo Bog. 

1 2 3 4 5 6 7 

Si02 
Ti02 
A1203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
C1 
total 

n 
Si 
Ti 
Al 

1 Fe 
Mn 
Mg 
Ca 
Na 
K 
C1 
total 

I 
M 
T 

1 = Rotoma pumice clast, site 102 (U16/025256), 2 = Rotoma lava, Trig 7693 (U16/027284), 3 = Rotorua lava clast, Te Mu Rd block- 
and-ash flow deposit (U161048273); 4 = Rotorua Tephra, Onepoto Basin (R111666866); 5 = Puketarata lapilli base and upper (U17/ 
753900); 6 = Puketarata lava (U17P61903); 7 = Kaipo Bog tephra, depth 4.17-4.18 m (W18/7397 17). 
Presented as a mean and standard deviation (italics). n = number of crystals analysed. Oxides in wt% and cations in atoms per unit 
formula on the basis of 22 oxygens. 
Analysed by a Jeol JXA-840 probe fitted with a PGT Prism 2000 EDS detector at University of Auckland. Absorbed current of 1.5 nA 
at 15 kV and a focused beam. Analysts: P. Shane and V. Smith. 

glass shards analysed from Kaipo Bog (100 km southeast of 
the vent) are of the high-K20 type. Minor amounts of the 
"opposite" glass type are dispersed to both the northwest 
and southeast distal sites. This suggests that reversals in wind 
directions and/or wind shear at different altitudes must have 
occurred during the early Rotorua plinian eruptions, and 
during the explosive pyroclastic activity associated with the 
late phase lava extrusions. 

Geochemical fingerprinting is likely to be problematic 
where unrecognised changes in magma composition and 
dispersal direction occurred as an-eruptioi proceeded. 
However, the variation in chemical characteristics, once 

1 recognised, actually enhances the potential for correlation 
by increasing the number of fingerprinting parameters. In 
the Kaipo Bog case, detailed stratigraphically controlled 
studies of variations in glass chemistry, in combination with 
biotite compositions, have been required to identify a thin 
rhyolite tephra in a distal setting. 
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Abstract 

Examination of glass and crystal chemistry in the Rotoiti Pyroclastics (>I00 km3 of magma) demonstrates that 
compositional diversity was produced by mingling of the main rhyolite magma body with small volumes of other magmas that 
had been crystallizing in separate stagnant magma chambers. Most (>90%) of the Rotoiti deposits were derived from a low- 
K20, cummingtonite-bearing, rhyolitic magma (TI) discharged throughout the eruption sequence. TI magma is homogeneous 
in composition (melt Si02=77.80k0.28 wt.%), temperature (766-1- 13 "C) and oxygen hgacity (NNM.92-1-0.09). Most TI 
phenocrysts formed in a shallow (-200 MPa), near water-saturated (a,,=0.8) storage chamber shortly before eruption. 
Basaltic scoria erupted immediately before the rhyolites, and glass-bearing microdiorite inclusions within the rhyolite deposits, 
suggest that basalt emplaced on the floor of the chamber drove vigorous convection to produce the well-mixed TI magma. 
Lithic lag breccias contain melt-bearing biotite granitoid inclusions that are compositionally distinct from TI magma. The 
breccias which overlie the voluminous TI pyroclastic flow deposits resulted from collapse of the syn-Rotoiti caldera. Post- 
collapse Rotoiti pumices contain TI magma mingled with another magma (T2) that is characterized by high-K glass and biotite, 
and was cooler and less oxidised (712f 16 "C; NNO-0.16k0.16). The mingled clasts contain bimodal disequilibrium 
populations of all crystal phases. The granitoid inclusions and the T2 magma are interpreted as derived from high-K magma 
bodies of varying ages and states of crystallization, which were adjacent to but not part of the large T1 magma body. We 
demonstrate that these high-K magmas contaminated the erupting TI magma on a single pumice clast scale. This contamination 
could explain the reported wide range of zircon U-Th ages in Rotoiti pumices, rather than slow crystallization of a single large 
magma body. 
O 2004 Elsevier B.V. All rights reserved. 
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1. Introduction 

The assembly and migration of granitic plutons and 
the eruption of their silicic equivalents are fundamen- 
tal processes in the evolution of the lithosphere. Large 
volume (>I00 km3) silicic eruptive deposits vary 
greatly in their degree of compositional heterogeneity. 
Some, such as the Bishop Tuff, display a continuous 
range of compositionally zoned ejecta (Hildreth, 

1981), usually explained by in situ chemical differ- 
entiation within a single magma chamber. The zoning 
mechanism(s) remain uncertain; they include crystal 
settling (Andersen et al., 2000) and magma mixing 
(Hervig and Dunbar, 1992). Other mega-scale events 
such as the 5000 km3 Fish Canyon Tuff (Bachmann et 
al., 2002) are geochemically homogeneous, with 
eruption-triggering scenarios that include rejuvenation 
via underplating by a volatile-rich mafic intrusion 

Y Bay of Plenty 

@2 Rotoiti ianimbrite' 

Fig. 1. Map showing the caldera collapse structure associated with the Rotoiti event (from Naim, 2002), and the distribution of Rotoiti 
pyroclastic flow (Naim, 1972) and Earthquake Flat Pymlastics (Naim and Kohn, 1973). Sample localities are also shown. Inset: map of North 
Island, New Zealand. 



Appendix C Supporting papers 

P Shane et al. /Journal of Volcanology and Geothermal Research 139 (2005) 295-313 297 

(Bachmann and Bergantz, 2003). Mafic intrusion into 
more silicic magmas is an important process in 
generating compositional diversity, and in reactivating 
magmas and triggering eruptions (e.g., Murphy et al., 
2000; Leonard et al., 2002; Nairn et al., 2004). 
However, little has been published on the mixing of 
rhyolitic magma with equally evolved magmas (e.g., 
Eichelberger et al., 2000; Smith et al., 2004), 
particularly for large volume (>I00 km3) deposits. 

The focus of this study is the Rotoiti Pyroclastics 
(Nairn, 1972, 2002), produced by a short-duration 
caldera-forming eruption of >lo0 km3 of rhyolitic 
magma at Okataina Volcanic Centre (OVC), Taupo 
Volcanic Zone (TVZ), North Island, New Zealand 
(Fig. 1). The age of the eruption is controversial, with 
estimates ranging between -45 and 64 ka (see Shane 
and Sandiford, 2003). Most workers agree the event 
occurred post-64 ka. The TVZ is situated above an 
active convergent plate boundary characterized by 
high heat flow and frequent rhyolitic eruptions (1-10 
km3 events on a millennia1 scale; Wilson et al., 1995), 
implying rapid magma generation and/or leakage. The 
Rotoiti deposits have received considerable geochem- 
ical, isotopic and chronologic attention in attempts to 
study the longevity of the Rotoiti magma body prior 
to eruption. Previous studies have suggested that 
several separate magma bodies may have occurred 
prior to the eruption. Glass-bearing granitoid inclu- 
sions within the Rotoiti deposits have been interpreted 
as derived from the slowly cooled and rapidly 
quenched remnants of a separate (unrelated) magma 
body (Burt et al., 1998; Brown et al., 1998). The 
contemporaneous growth of another adjacent but 
mineralogically and compositionally distinct magma 
body (Burt et al., 1998) is demonstrated by eruption of 
the Earthquake Flat Pyroclastics (Nairn, 2002) from 
Kapenga Caldera (Fig. 1) immediately following the 
Rotoiti eruption (Nairn and Kohn, 1973). Uranium- 
series disequilibrium studies on zircons in Rotoiti 
pumice clasts and granitoid inclusions have been 
interpreted as resulting from multistage crystallization 
and magma accumulation over a period of -50 ky 
(Charlier et al., 2003). 

Apart from the unpublished theses of Davis (1985) 
and Schmitz (1995) (recently summarized by Schmitz 
and Smith, 2004), there is no systematic compilation 
of the glass and mineral phase chemistry of Rotoiti 
Pyroclastics, although the distinctive cummingtonite- 

dominated ferromagnesian assemblage has been the 
subject of mineral equilibrium studies by Ewart et al. 
(1975) and Nicholls et al. (1992). Their interpretations 
of the magmatic processes, and those of Burt et al. 
(1998) and Charlier et al. (2003), were based on 
analyses of only a few Rotoiti pumices without 
consideration of sample location in the eruption 
sequence, or of any compositional variability within 
clasts. Here, we use the glass and phase chemistry of 
stratigraphically well-controlled samples from 
throughout the Rotoiti Pyroclastics sequence to 
examine the chemical and physical heterogeneity of 
the magma(s). We present evidence confirming that 
evacuation of the main Rotoiti magma body excavated 
minor volumes of separate magma bodies, as sug- 
gested by Burt et al. (1998), but also find that rapid 
pre- or syn-eruption magma mingling contaminated 
the main Rotoiti magma body. This has implications 
for the origin of compositional diversity in rhyolitic 
deposits, and the inheritance (and geochronological 
interpretation) of refkctory phases such as zircon. 

2. Rotoiti Pyroclastics 

Lithic lag breccias within Rotoiti pyroclastic flow 
deposits on the rim of Haroharo caldera show that the 
Rotoiti vents were located in the caldera (Fig. 1) 
where they are now buried by post-26 ka lavas (Nairn, 
2002). The Rotoiti eruptions began with eruption of 
the <0.5 km3 Matahi tephra sub-plinian basaltic scoria 
(Pullar and Nairn, 1972). The first rhyolitic ejecta 
(Re1 beds) conformably overly the unweathered 
basaltic scoria, but no scoria has been found within 
the rhyolite deposits. The Re1 beds are composed of 
crystal-rich (-25%) alternating plinian and phreato- 
plinian fall beds; with some proximal fine-grained 
intraplinian pyroclastic flow deposits (Nairn, 2002). 
Re1 mineralogy is dominated by large bipyramidal 
quartz crystals, plagioclase laths, cummingtonite, and 
abundant Fe-Ti oxides. The Re1 beds are overlain by 
thick (>50 m) multiple, non-welded pyroclastic flow 
deposits that cover an area >850 km2 to north of the 
OVC, and extend 30 km from the caldera rim to the 
coast (Fig. 1). The pyroclastic flow deposits contain 
thin co-ignimbrite ash beds (Re2 beds). Most pumice 
clasts within these pyroclastic flows (here denoted 
Re2pf) are similar to pumices in the Re1 deposits; a 
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few Re2pf clasts contain very rare crystals of biotite, 
also noted by Burt et al. (1998). The top of the Re2pf 
pyroclastic flow sequence is marked by lithic lag 
breccias that resulted from caldera collapse (Nairn, 
2002) and contain plutonic lithics described by Burt et 
al. (1998), Brown et al. (1998), and Charlier et al. 
(2003). Overlying pyroclastic fall and flow (Re3 and 
Re3pf) deposits are lithologically similar to Re1 beds 
but contain biotite, conspicuous as loose flakes. Re3 
and Re3pf pumice clasts contain large (up to 3 mm) 

quartz, and hornblende crystals in addition to common 
cummingtonite, and flakes of biotite (up to 4 mm in 
size). Distal parts of the Rel, Re2 and Re3 fall beds 
telescope into the very widely dispersed Rotoehu 
Tephra (Nairn, 1972). 

Davis (1985) determined modal mineral abundan- 
ces for Rotoiti Pyroclastics. Re1 and Re2pf pumice 
clasts typically comprise 15-25% crystals, 10%-20% 
plagioclase, 5-1 0% quartz, 1-2% cummingtonite, 
0.5-1% Fe-Ti oxides, and trace hornblende and 

Maketu Royden Downs 
Rd 

(rn) paleosol paleosol 

860, 860-2 lapilli + ash 
mixed cgt + bio clasts 

915 p w w  sorted, massive fine ash, R&pf 
accretionary lapilli, cgt>>bio, hb 

alternating poorly sorted ash 
8 well sorted ash 

912 lapilli + ash, cgt>>opx 

911 coarse ash, cgt 

, , ,. , *..",,,,. 

poorly sorted fine ash 

paleosol 

Fig. 2. Stratigraphic column o f  Rotoiti Pyroclastics at Maketu Peninsula showing sample positions and correlation to sampled pyroclastic flow 
units. Locations shown in Fig. 1. 
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orthopyroxene. Rare biotite occurs in some Re2pf 
samples. Re3 and Re3pf beds display a similar 
mineralogy but with trace biotite. We found some 
clasts in the uppermost Re3 beds contain 2-3% biotite 
and 1-2% hornblende. The biotite-bearing ejecta 
appears to represent <lo% of the total erupted 
products. Schmitz (1995) reported a compositional 
range of Si02=72-76 (mostly 75-76) wt.%, and 
K20=1.7-2.7 wt.% for all Rotoiti ejecta, based on 
whole-rock analyses (recalculated anhydrous). Burt et 
al. (1998) and Charlier et al. (2003) interpreted this 
range to represent a weakly zoned magma. 

Earthquake Flat Pyroclastics (EFP) overlie Rotoiti 
Pyroclastics and Rotoehu Tephra in medial and distal 
locations without weathering or erosion of the 
contacts, suggesting very little time separated the 
events (Nairn and Kohn, 1973). The eruption involved 
-10 km3 of biotite-dominant magma. 

No proximal exposures of Rotoiti Pyroclastics 
reveal the entire eruption sequence, thus we sampled 
a section at Maketu Peninsula some 30 km from the 
inferred vents (Figs. 1 and 2). Although the sequence 
at this section is condensed (the pyroclastic flows 
being represented only by co-ignimbrite ash), the 
section provides a stratigraphically unambiguous 
sequence with all major units represented. This 
section was supplemented by sampling thick sequen- 
ces within the main pyroclastic flow (Re2pf) fan at 
Maungarangi Road (U15105 163 I), Stockton Road 
(V15/201643), and the uppermost Re3 beds at 
Roydon Downs Road (V151111640) (Figs. 1 and 2). 
A granitoid clast from the lithic lag breccia at U151 
10 1485 was also examined. 

3. Glass chemistry 

3.1. Magma types 

Two types of matrix glass, referred to as T1 and 
T2, were recognised in Rotoiti deposits. They are 
considered to represent melt from two separate 
magmas (T1 and T2) as discussed in the following 
sections. Compositionally distinct minerals are also 
associated with these glass types and are labelled 
accordingly to their occurrence with the glasses (e.g., 
T1 hornblende). Their characteristics are summarized 
in Table 1. 

Table 1 
Summary characteristics of two magma types (TI and T2) 
represented in Rotoiti deposits 

T I n 
Units Re1,2,2pf,3 Re3 
Mineralogy cpvhbopx bio>hb 
Matrix glass K20 (wt.%) 3.34k0.10 4.07f 0.17 
Inclusion glass K20 (wt?h) 3.35 k0.11 3.89f0.18 
Plagioclase (An) 3 0 4 0  26-29 
Hornblende MgO (wt.%) 14.5-15.5 10.5-13.0 
Spinel (Usp) 21f1 26f l 
Ilmenite (Ilm) 86f  1 91f  l 
T P-3 766f 13 712f16 
f o 2  (NNO) +0.92+0.09 -0.16f 0.16 
Note that T2 is always found mingled with TI. 

3.2. Matrix glass 

Seventy-one electron probe analyses were made of 
matrix glass within pumice lapilli, and glass shards in 
ash samples, fi-om throughout the proximal-medial 
Rotoiti Pyroclastics sequence (Fig. 3A, Table 2). All 
analyses were recalculated anhydrous to account for 
variable post-eruption meteoric hydration (e.g., 
Shane, 2000). Most Rotoiti glass analyses define a 
compositionally uniform erupted melt, with variation 
less than analytical error (e.g., Si02=77.80k0.28 
wt.%; Fe0=0.85f 0.1 1 wt.%; K20=3.34f 0.10 
wt.%), and are compositionally identical to shards in 
distal Rotoehu Tephra >lo0 krn from vent (Lian and 
Shane, 2000; Shane and Hoverd, 2002). Thus, the 
same glass composition is present in samples taken 
throughout the Rotoiti stratigraphic sequence, across 
the dispersal fans, and fiom different depositional 
modes. This glass composition is found in all the 
cummingtonite-dominated ejecta, and is referred to as 
T1 (Table l), representing melt from 'Tl'magrna. 

A volumetrically subordinate, compositionally dis- 
tinct glass is found in some ash matrix samples of 
Re2pf, and in ash and lapilli of Re3 and Re3pf beds 
where biotite is present (Fig. 3A). This 'T2' glass 
displays higher K20  (4.07k0.17 wt.%, n=36) and 
slightly lower Si02 (77.4050.26 wt.%) than T1 glass. 
Within individual lapilli (e.g., clasts 91712, 86012 in 
Table 2), the T2 glass is always accompanied by 
patches of low-K20 (Tl) glass (Fig. 3A). The two 
glass types display the same colour and vesicularity, 
and cannot be distinguished optically. However, spot 
micro-beam analyses indicate the T1 glass occurs as 
rounded 'blebs' over 4 mm in size. These results 
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1 I Re3 clasts: 1 

CaO (wt %) 

B 
4.51 px iq  

inclusions: 

- 
s 4 

X 599-1 
2 - V 917-2 - 

3 1 . . . , . . . 1 . . - 1  
0.6 0.8 I 1.2 

CaO (wt %) 

Fig. 3. (A) Individual glass shard analyses o f  matrix glass in Rotoiti 
Pyroclastics pumice and ash. Mingled clasts from Re3 are identified 
sepamtely. (B) Individual glass inclusion analyses from quartz 
compared to matrix glass from pumice and ash in Rotoiti 
Pyroclastics. Samples 912-1 and 913 from Rel, 599-1 from ReZpf, 
and 917-2 from Re3. Compositional fields of TI and 'I2 magma 
also shown. 

demonstrate mingling of two separate magmas in 
Re2pf and Re3 units. 

3.3. Glass inclusions in quartz crystals 

Microinclusions of glass up to 300 pm in diameter 
are common in quartz crystals throughout the Rotoiti 
sequence. The inclusions commonly have rounded 
shapes, and many display shrinkage bubbles (<20% 
volume). Glass inclusions in samples 912 and 913 
from the lower Re1 beds, 91712 fi-om a mingled clast 
in the uppermost Re3 beds and 55911 from Re2pf 
deposits were examined (Table 2). Visibly cracked 
and devitrified inclusions were excluded: these are 

more common in Re2pf deposits. Electron microp- 
robe analyses reveal two compositional populations 
of glass inclusion that mirror the T1 and T2 matrix 
glass found in Rotoiti deposits (Fig. 3B). The low- 
K 2 0  glass inclusions are compositionally uniform 
(SiO2=77.80+0.30 wt.%; K20=3.35k0.11 wt.%, 
n=22), and identical to matrix glass of the TI 
deposits. High-K20 glass inclusions are also uniform 
(Si02=77.67+0.35 wt.%; K20=3.89k0. 18 wt.%, 
n=8), and identical to T2 matrix glass found in 
biotite-bearing deposits of the upper Re3 beds. The 
two inclusion types have not been found together 
within a single crystal. Low-K20 glass inclusions 
were found in all samples examined. High-K20 glass 
inclusions are found in Re3 (91712 mingled Tl+T2 
clast), Re2pf deposits (55911, homogeneous TI 
clast), and in a single crystal of Re1 (9 12, homoge- 
neous T1 ash). 

The analytical difference from 100% for glass 
inclusions can be indicative of volatile contents that 
represent mostly water and minor C02, SOz, and F in 
the magma (Lowenstern, 1995). The totals are subject 
to variable analytical elemental errors; surface rough- 
ness from imperfect polishing can also reduce 
analytical totals. Replicate analyses on anhydrous 
glass standards give an indication of error ( 4 0 . 5  
wt.%) on analytical totals. An average analytical 
difference of 7.45k1.45 and 6.19k0.77 wt.% was 
obtained for low-K20 inclusions in samples 912 and 
9 13 (respectively) from the lower Re 1 beds. These are 
not statistically different from values of 7.50k0.65 
wt.% (low-K20) and 8.15k0.63 wt.% (high-K20) for 
inclusions in the uppermost Re3 beds (clast 91712). 
Overall average for low-K20 inclusions is 7.12 k 1.26 
wt.% (n=13). Although the precision is uncertain, 
these values imply little difference between early and 
late erupted Rotoiti products. In contrast, all inclu- 
sions in Re2pf clast 559/1 have analytical differences 
of <3.5 wt.%. This may reflect post-depositional 
volatile-loss in the thick, slow-cooling flow unit. 
Numerous cracked and devitrified inclusions (not 
analysed) were noted in this sample. In general all 
of the Rotoiti values are in the upper end of the range 
reported for volatiles in other silicic magmas based 
on glass inclusions (Lowenstern, 1995). C1 variation 
in all glass inclusions is within analytical error 
(0.21f O.O4%), and the same as that of all matrix 
glass. This implies little C1 degassing during eruption. 
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Table 2 
Composition of glass in Rotoiti Pyroclastics 

ID Si02 A120, Ti02 FeO MnO MgO CaO Na20 K20 C1 H20 n 

ash 

lapilli 

clast 

clast 

lapilli 

ash 

clast 

ash 

clast 

clast 

ash 

clast 

clast 

clast 

clast 

clast 

Inclusions in quartz 
912-1 

- - 0.11 0.02 0.16 

Stratigraphy of samples shown in Fig. 2. Analyses are recalculated to 100% on a volatile free basis and expressed as a mean and standard 
deviation (italics) in wt.%. Total Fe as FeO. Water by difference; n=number of shards analysed. Analysed by a Jeol JXA-840 probe fitted with a 
PGT Prism 2000 EDS detector at University of Auckland. Absorbed current of 1.5 n.4 at 15 kV and a beam defocused to 20 pm. 
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4. Mineralogy 

4.1. Plagioclase and quartz 

Plagioclase is the most common mineral phase in 
Rotoiti Pyroclastics (10-20% modal). It occurs as 
euhedral to subhedral tabular laths up to 4 rnm in 
size. Plagioclase in T1 ash and clasts has a 
compositional range of h23-56 (mostly 
or CaO (6-9 wt.%) and K20  (0.25-0.45 wt.%) 
(Table 3). Zoning was not systemically investigated; 
however, both normal and reversed zonation within 
the stated compositional range was detected. The 
most calcic compositions (An48-56) represent cores 
of rare crystals within Re2pf. There are no composi- 
tional trends with stratigraphic position within Re1 
and Re2pf units (Fig. 4A). A secondary, less calcic 
(Ca0=4.5-6 wt.%), and more potassic 0(20=0.7-0.8 
wt.%) crystal population was found in the biotite- 
bearing clast 917/2 from the upper Re3 beds. (This 
clast also contains mingled Tl+T2 glass.) Other (TI) 
clasts in Re3 beds contain plagioclase of the same 
compositional range as the earlier erupted deposits. 

Reconnaissance analyses of a granitoid inclusion 
(clast 940) revealed a bimodal sodic (Anlz-17) and 
potassic (Or544o, Ab38-44) population that does not 
overlap with compositions in other Rotoiti plagioclase 
samples (Fig. 4A). 

Large, bipyramidal quartz crystals (up to 5 mm in 
size) occupy 5-10 vol.% (modal) in all Rotoiti 
deposits. The crystals are typically euhedral and 
contain glass inclusions (see above). 

4.2. Amphibole 

The most common ferromagnesian crystals in TI 
ash and clasts are pale yellow amphiboles with weak or 
no pleochroism, found as large (up to 5 rnm), elongate 
prismatic crystals in all depositional units. They 
classify as curnrningtonite, and are compositionally in- 
variant (Si=7.73-7.91, Fe=2.16-2.35, Mg4.00-4.21 
atoms per formula unit-apfu). There is no strati- 
graphic trend in size, habit or composition (Table 4). 

Dark amphiboles with strong green-brown pleo- 
chroism occur rarely in T1 clasts of Re1 and Re2pf 
deposits as small euhedral to subhedral acicular 
crystals ( 4  mm). They are calcic (CaB>1.50 atoms), 
have alkali contents of (Na+K)* <0.50 atoms, and 
classified as magnesiohornblendes ( M ~ / M ~ + F ~ ~ +  
>0.5) following Leake et al. (1997). The crystals 
display little compositional variability (e.g., A1=0.97- 
1.15 apfu, Ca=1.56-1.63 apfu). The homblendes are 
characterized by MgO contents of 14.5-15.5 wt.% 
and K20 contents of c0.3 wt.% (Fig. 4B). They are 
referred to as T1 hornblendes. 

Large dark amphiboles are common in mingled 
Tl+T2 pumice clasts and as loose crystals in ash of 
Re3 beds. These also classify as magnesiohomblendes 
on the above basis, and show little compositional 
variation (e.g., A1=1.01-1.22 apfu, Ca=1.59-1.66 
apfu). These large hornblendes are subhedral tabular 
laths up to 5 rnm in size. They have lower MgO 
(10.5-13 wt.%) (Fig. 4B) and higher Na20 and K20  
contents than the homblendes in TI clasts, and are 
referred to as T2 homblendes. Neither hornblende 

Table 3 
Representative analyses of plagioclase 

910 91211 913 939 55911 c 55911 r 91611 91711 917/2 86012 940 940 

SiO, 
A1203 
FeO 
CaO 
Na20 
K20 
Total 
An 
Ab 
Or 

Stratigraphy shown in Fig. 2.55911 c and 559/lr=core and rim of single crystal; 94O=Rotoiti granitoid lithic. Analysed by a Jeol JXA-840 probe 
fitted with a PGT Prism 2000 EDS detector at University of Auckland. Absorbed current of 1.5 nA at 15 kV and a focused beam. 
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A. Plagioclase 
1.27 

+ 
Re1 
Re2pf 
Re3 
granitoid 

01 
2 3 4 5 6 7 8 9 1 0 1 1 1 2  

CaO (wt %) 
B. Hornblende 

+ Re2pf 

Re3 clasts 

0 860-2 

C. Biotite 
MgO (wt %) 

1 granitoid 

171 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5 6 7 8 9 1 0 1 1 1 2  

MgO (wt %) 

Fig. 4. Composition of crystals in Rotoiti deposits. (A) Plagioclase. 
K-feldspar in granitoid lithics is not shown. (B) Hornblende. (C) 
Biotite. 

type shows evidence of compositional zonation on the 
basis of spot core and rim analyses. Re3 clast 86012, 
characterized by mingled Tl+T2 glass, contains a 
bimodal population of TI and T2 hornblende crystals 
(Fig. 4B). We infer that the low-MgO T2 hornblendes 
are phenocrysts of the magma represented by the 

high-K20 T2 glass. There is no evidence of break- 
down reaction rims that can occur on a scale of days 
due to changes in magma conditions (Rutherford and 
Hill, 1993), in any Rotoiti amphibole. This suggests 
the two magma and hornblende types were brought 
into contact in the conduit only briefly during 
eruption. 

4.3. Biotite 

Biotite occurs as large (up to 5 mm) euhedral 
flakes and 'books' in about 113 of pumice lapilli and 
blocks in the uppermost Re3 beds. It is accompanied 
by large T2 hornblendes. In these clasts, biotite is 
commonly the most abundant ferromagnesian phase 
(-40% of ferromagnesians). In many TVZ deposits, 
biotites are unzoned and vary little in composition 
between crystals with the exception of FeO and MgO 
contents, which may vary between eruptions (Shane et 
al., 2003). Rotoiti biotites are relatively homogeneous 
(FeO mostly 18.5-19.5 wt.%, MgO 1 1.0-1 1.5 wt.%) 
(Table 4). Biotite in granitoid inclusion clast 940 is 
compositionally distinct, with high FeO (22.3 1-24.46 
wt.%) and low MgO (5.53-7.55 wt.%). In TVZ 
deposits, biotite is always associated with high-K20 
glass (>4 wt.%) (Shane et al., 2003), thus Rotoiti 
biotite is considered to be a phenocryst of the T2 
magma represented by high-K20 glass in mingled 
clasts of the Re3 beds. 

Biotite also occurs as a very rare phase in a few T1 
pumice clasts in the Re2pf units. Burt et al. (1998) 
reported one crystal analysis that contained -6 wt.% 
MgO, similar to that of biotite in the granitoid lithics, 
and suggested biotite in Re2pf units could be 
xenocrysts fiom the granitoid magma. These rare 
crystals show no sign of compositional breakdown 
from changes in magmatic conditions. 

Orthopyroxene (EndgA3) occurs as rare, small 
(<0.5 mm) acicular crystals, throughout the Rotoiti 
sequence, but slightly more common in Re3 beds. 

4.5. Fe-E oxides 

Spinel occurs throughout the Rotoiti sequence as 
discrete subhedral to euhedral crystals up to 500 pm 
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Table 4 
Representative analyses of ferromagnesian phases 

Si02 

Cummingtonite 
910 54.13 
91211 53.81 
913 53.42 
939 52.67 
91611 52.74 
91712 53.25 
91711 54.54 
86012 53.97 

TiOz A1203 FeO MnO MgO CaO 

0.28 1.24 18.74 1.42 19.34 1.68 
0.28 1.79 18.31 1.52 19.08 2.20 
0.39 1.73 18.55 1.54 18.82 1.88 
0.36 2.23 18.21 1.47 18.64 2.32 
0.35 1.84 18.95 1 .56 18.61 2.19 
0.39 1.62 18.97 1.42 18.68 1.77 
0.17 1.29 18.77 1.39 19.29 1.59 
0.27 1.27 18.84 1.52 19.09 1.59 

Total 

Hornblende 
55912 48.81 0.95 5.5 1 13.50 0.57 15.36 10.03 1.29 0.3 1 0.10 96.43 
91712 46.89 1.26 6.49 18.23 0.8 11.71 9.99 1.16 0.47 0.25 97.25 
91711 46.90 1.47 6.95 16.16 0.56 12.64 10.58 1.59 0.54 0.22 97.61 
86012 47.00 1.31 6.5 1 17.74 0.79 12.11 10.09 1.47 0.5 1 0.20 97.73 
86012 48.86 1.17 6.19 13.56 0.69 15.47 10.26 1.23 0.17 0.06 97.66 

Biotite 
91712 36.72 5.26 13.61 19.59 0.21 1 1.60 0.10 0.00 8.57 0.42 96.08 
860 36.52 5.08 13.48 18.75 0.28 11.32 0.08 0.09 8.50 0.25 94.35 
940 34.83 4.44 15.55 22.55 1.21 7.23 0.06 0.00 8.94 0.26 95.07 

Stratigraphy shown in Fig. 2. 94O=Rotoiti granitoid lithic. Analytical conditions as in Table 3. 

in size, and as inclusions in or attached to 
cumrningtonite, T1 hornblende and orthopyroxene 
(up to 200 pm in size). It is remarkably composi- 
tionally uniform (Usp 21zk1, n=60), showing no 
significant variation with stratigraphic position, host 
crystal type, or lack of host crystal. Compositional 
variability both within and between crystals in major 
and minor elements is comparable to analytical 
uncertainty (e.g., T i02=6.91  f0 .17  wt.%, 
A1203=1.52+0.08 wt.%, FeO=83.76+0.79 wt.%; 
Table 5). These spinels are referred to as TI spinels. 
A second population of spinel (Usp 26f I, n=9) 
occurs as inclusions within large low-MgO horn- 
blendes (7'2) in Tl+T2 clasts of Re3 beds (Fig. 5A). 
These spinels are also compositionally uniform and 
are distinguished by higher TiOz (8.95k0.22 wt.%) 
and lower A1203 (1.3820.07 wt.%) contents. This 
population is referred to as T2 spinels. Clasts with 
mingled glass compositions (Tl+T2) contain both 
types of spinel with the T2 type being confined to 
T2 hornblende hosts. 

Rhombohedra1 Fe-Ti oxides occur in T1 clasts 
throughout the Rotoiti sequence mostly as tabular and 
elongate inclusions (up to 100 pm in size) in 

cummingtonite, T1 hornblende and orthopyroxene, 
and are less abundant than spinel inclusions. Like 
spinel, the rhombohedra1 phase (ilmenite) is remark- 
ably uniform in composition (Ilm 86f 1, n=50) (Table 
5), both within and between crystals and regardless of 
stratigraphic position. Major and minor element 
compositional variability in these 'TI ' ilmenites is 
comparable to analytical uncertainty (e.g., Ti02= 
45.16f0.46 wt.%, Mg0=1.79+0.09 wt.%). T2 horn- 
blende~ in TI+T2 mingled clasts of Re3 beds contain 
a compositionally different ilmenite population (Ilm 
91 f 1, n=5), referred to as T2 ilmenite (Fig. 5B). This 
population is also compositionally uniform (e.g., 
Ti02=48.28+0.38 wt.%, Mg0=1.52f 0.23 wt.%). 
Tl+T2 mingled clasts contain both types of ilmenite 
with the T2 type being confined to low-MgO (T2) 
hornblende hosts. 

The common T1 spinels and ilmenites found 
throughout the Rotoiti sequence are considered to be 
equilibrium pairs on the basis of Mn-Mg distribution 
criteria of Bacon and Hirschmann (1988). The same 
criteria imply that the T2 spinels and ilmenites found 
in biotite-bearing clasts are also equilibrium pairs, 
supporting the inference of magma mingling from 
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Table 5 
Representative Fe-Ti oxide compositions 

910 91211 913 939 91611 91711 9 1711 86OD 860D 

Spinel 
Si02 0.07 
Ti02 6.86 
A1203 1.65 
FeO* 84.13 
MnO 0.77 
Mi30 0.81 
Total 94.29 
FeO 35.67 
Fez03 53.85 
Total 99.69 
xu,, 0.20 

Rhombohedra1 
SO2 0.02 
TiOz 45.62 
A1203 0.13 
FeO* 49.87 
MnO 1.35 
MgO 1.75 
Total 98.74 
FeO 36.57 
Fez03 14.78 
Total 100.22 
Xnm 0.86 
T ("C) 758 

f o 2  -13.89 -13.19 -13.49 -13.75 -13.95 - 13.68 - 16.49 -13.81 -15.60 

Stratigraphy shown in Fig. 2. FeO*=total Fe as FeO. Analytical conditions as in Table 3. 

high- and low-K20 glass compositions in these 
samples. 

5. Intensive parameters 

5.1. Temperature and oxygen fugacity 

Estimates of temperature (T) and oxygen fugacity 
Cf02) were obtained fiom Fe-Ti oxides pairs using 
the algorithm of Ghiorso and Sack (1991). Fe-Ti 
oxide pairs attached to the same host ferromagnesian 
crystal were used to insure crystallization within the 
same part of the magma chamber. Fifty pairs from 
cummingtonite hosts in Rel, Re2pf and Re3 beds 
produced T and j02 estimates that vary less than 
analytical uncertainty (T=766+ 13 "C; f02= 
-13.64f 0.35 log units), and thus show no variation 
with stratigraphic position. The data produce a trend 
nearly parallel to and about one log unit above the 

Ni-NiO buffer (NN0+0.92+ 0.09) (Fig. 6). Two Fe- 
Ti oxide pairs fi-om high-MgO (Tl) homblendes in 
clast 55912 produced comparable results (T=770 and 
772 "C; p2=-13.58 and -13.55). 

Fe-Ti oxide pairs (n=4) fi-om large low-MgO (T2) 
hornblendes in clasts fiom Re3 beds produced lower 
T (712+ 16 "C) and more reduced values of j02 
(- l4.39kO.50) that cut across the NNO buffer 
(NNO-0.16+0.16) (Fig. 6). F e T i  oxides attached 
to curnmingtonite within the same clam produce T 
a n d p 2  estimates comparable to that of cummington- 
ite hosts in the rest of the Rotoiti sequence. These 
different T-$32 trends within the same clast demon- 
strate disequilibrium. 

Thermodynamic stability field models of Evans 
and Ghiorso (1 995) indicate that XFe of cummington- 
ite is influenced by f02. At P=200 MPa, the 
approximate experimental stability field of curnrning- 
tonite in Rotoiti pumice (Nicholls et al., 1992), the 
average XFe of cummingtonite (0.33k0.005) implies 
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43 44 45 46 47 48 49 

TiO, (wt %) 

Fig. 5. Composition of spinel (A) and ilmenite (B) in Rotoiti 
deposits. Re3 clasts with bimodal populations are identified 
separately. 

a n P 2  of -NNO+O.8. This is in good agreement with 
Fe-Ti oxide estimates (NN0+0.92+0.09), suggesting 
all of these phases are in equilibrium. 

An estimate of pre-eruption magma temperature 
can be obtained from amphibole and plagioclase using 
the algorithm of Holland and Blundy (1994). The 
edenite-ritcherite algorithm was used because it is 
considered to be less influenced by pressure (Bach- 
mann and Dungan, 2002). For Rotoiti deposits, this 
assumes the two phases are in equilibrium. This is 
difficult to assess because the hornblendes are 
relatively homogeneous, while plagioclase display 
limited normal and reverse zoning in CaO and 
Na20. Crystal compositions were averaged for sam- 
ples with relatively homogeneous populations and 
outlier analyses were omitted. We used crystal rim 
analyses where available. TI hornblendes and typical 
plagioclase (Ab& in TI-type clast 559/2 from Re2pf 

produced an estimate of 762 "C in excellent agree- 
ment with the average Fe-Ti oxide estimate for all 
curnmingtonite-dominated deposits (T=766 + 13 "C). 
A similar estimate of 773 "C was obtained using the 
T 1 hornblende population from a Tl  +T2 mingled 
clast from the upper Re3 beds (86012). Low-MgO 
(T2) hornblendes and the distinctive sodic plagioclase 
(Ab70) population in T 1 +T2 mingled clast 9 1 7/2 
produced 743 "C. This lower temperature is consistent 
with those derived from Fe-Ti oxides attached to T2 
homblendes. 

5.2. Pressure and water saturation 

Saturation pressure for volatiles in glass inclusions 
can be estimated from magmatic solubility models as 
a function of temperature and pressure. Analytical 
differences from 100% for Rotoiti glass inclusions 
give an approximate sum of unanalysed components, 
mostly H20, F, C02 and SO2, of about 7% (see 
Section 3.2 above). In rhyolite magmas, this is mostly 
water (3-7 wt.%) (e.g., Lowenstem, 1995). Assuming 
the Rotoiti analytical difference is mostly water, and 
that C02 contents are low (e 1000 ppm and probably 
~ 5 0 0  ppm-Lowenstem, 1995), then the volatile 
solubility model of Newman and Lowenstern (2002) 
gives a P estimate of 250 MPa for the average low- 
K20 glass inclusion (7.12+ 1.26 wt.% difference) at 
766 "C (Fe-Ti oxides). The one standard deviation 
limits give a 180-3 10 MPa range. 

Equilibrium pressure can be estimated by plotting 
the glass (melt) composition on the Quartz-Albite- 

+ Re1,2,2pf,3 

Re3 clasts: 

917-1 

Fig. 6. Temperature a n d P 2  estimated from Fe-Ti oxides in Rotoiti 
deposits. Mingled clasts from Re3 are identified separately. 
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Orthoclase (-H20) ternary of Tuttle and Bowen 
(1958) following the method of Cashman and Blundy 
(2000). Using the average composition of TI glass 
(representing -90 vol.% of the Rotoiti Pyroclastics) 
produces a P estimate of -200 MPa. T2 glass in 
mingled Re3 clasts plots at -250 MPa. If the magmas 
were water-saturated, this represents the absolute 
pressure of equilibrium between quartz, plagioclase 
and melt. 

These P estimates for T1 Rotoiti glass are in good 
agreement with mineral equilibria that indicate a 
shallow, water-saturated magma chamber for cum- 
mingtonite-bearing deposits (P=-200 MPa; a,,,=l) 
(Ewart et al., 1975). Nicholls et al. (1992) made 
experimental crystallization studies using Rotoiti 
pumice with cummingtonite+homblend~orthopyrox- 
ene mineralogy, i.e., our T1 type. Their results suggest 
cummingtonite formation at P<350 MPa, T-750 "C, 
when a,,,, is 0.75-1.0. Biotite crystallization only 
occurred in water-undersaturated conditions (a,,,, = 

0.75) at high P (500 MPa), and in the absence of 
cummingtonite. This supports the suggestion made 
here that the biotite+cummingtonite crystal assem- 
blage in Re3 clasts is not in equilibrium, or it did not 
crystallize from the same melt. Studies of lower Si02 
glasses (-75 wt.%) from Mt. St. Helens at NNO+l 
(similar to Rotoiti) and awater=l confirm the stability 
of cummingtonite at 2-3 MPa and <790 "C (Gesch- 
wind and Rutherford, 1992). This experimental 
stability temperature for cummingtonite is consistent 
with that estimated for Rotoiti T1 ejecta from Fe-Ti 
oxides (766f 13 "C) and amphibole-plagioclase (762 
"C) equilibrium. Fe-Ti oxide estimates of T a n d n 2  
(T=766k 13 "C; NNO-tO.92f 0.09) suggest a,,,, = 
-0.8 using cummingtonite thermodynamic stability 
fields of Evans and Ghiorso (1995), at 200 MPa. 

5.3. Zircon saturation temperature 

The distribution of Zr between zircon and melt 
(glass) can be used to estimate melt temperatures (TZr) 
or the temperature of zircon crystallization (Watson 
and Harrison, 1983; Miller et al., 2003). Using the 
average T1 glass composition and a Zr concentration 
of 80 ppm in glass from a single laser ablation ICPMS 
analysis (unpublished data) gives an estimate of 735 
"C. This estimate of Zr content in glass is low 
compared to values in the range 150-190 ppm 

reported for whole pumice clasts in early erupted 
deposits by Schmitz (1 995). These Zr values could be 
influenced by the presence of zircon crystals in the 
pumice, although zircon only occurs in very trace 
abundance. TZ, based whole-rock Zr contents and T1 
glass give higher values of 786-807 "C. If T2 magma 
contained similar Zr contents, then similar TZ, values 
would be obtained for average T2 glass compositions 
(785-806 "C). However, it is not possible to estimate 
the Zr content of T2 magma from Schmitz (1995) data 
because our microprobe data shows late-stage pumice 
clasts are the products of magma-mingling. 

6. Discussion 

6.1. Lack of zonation in TI magma 

Glass and Fe-Ti oxide compositions, and T and 
n2 estimates for all Rotoiti pumices except the 
biotite-bearing clasts and ash (see Section 6.2) are 
consistent within analytical uncertainty and lack 
stratigraphic variation. This reveals a >I00 km3 T1 
magma body of remarkably uniform composition 
(melt Si02=77.80f 0.28 wt.%) and physical proper- 
ties (T=766+13 "C; NNOi-O.92f0.09). This uni- 
formity in T1 melt (glass) is also reflected in melt 
inclusions trapped in quartz crystals, indicating 
homogeneity was achieved prior to quartz crystal- 
lization. Previous workers (Schmitz, 1995; Burt et al., 
1998; Brown et al., 1998; Charlier et al., 2003) 
described the small compositional range in whole- 
rock analyses throughout the Rotoiti sequence as the 
result of a weakly zoned magma chamber. Schmitz 
(1995) also suggested that mingled Rotoiti and EFP 
magmas were erupted towards the end of the Rotoiti 
episode. The thermal and compositional homogeneity 
documented here makes zonation of the TI magma 
body unlikely. Instead, the variation in Re1 and Re2 
whole-rock analyses may reflect variable (15-25%) 
crystal contents in the analysed clasts, and that in Re3 
pumices would reflect variable mingling of Tl  and T2 
magmas. 

Of the crystal phases in T1 ejecta, only plagioclase 
displays significant compositional variability (mostly 

including a few calcic cores (An48-56). 
These must reflect early (higher temperature) crystal- 
lization events that took place prior to the composi- 
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tional and thermal uniformity being established 
throughout the T1 magma. This uniformity represents 
high-level storage chamber conditions as indicated by 
low mineral equilibrium pressures, and pre-dates 
quartz growth as indicated by glass inclusions. 

6.2. Magma mingling 

The only significant compositional or mineralogic 
variation within the Rotoiti Pyroclastics occurs with 
the biotite-bearing lapilli and ash found in the upper- 
most Re3 beds and rarely in Re2pf beds. Individual 
biotite-bearing clasts contain high-K20 glass (T2) 
mingled with low-K20 glass (Tl) typical of early- 
erupted T1 ejecta. Crystal populations of the mingled 
Tl+T2 clasts are also compositionally bimodal (Figs. 
4 and 5). In each case, one mode is typical of early T1 
ejecta. Quartz can also be subdivided on the basis of 
the composition of its glass inclusions as either TI or 
T2 (Fig. 3B). The lack of any intermediate composi- 
tions between the TI and T2 matrix glasses, minerals, 
and crystal inclusions argues against the composi- 
tional differences being produced by hctional crys- 
tallization or other differentiation processes. Instead, 
rapid mingling of T1 and T2 magmas and their 
eruption before equilibration is demonstrated. 

Fe-Ti oxides in low-MgO (T2) hornblendes fiom 
Re3 biotite-bearing clasts produce lower temperatures 
and p2 than those attached to cummingtonite and 
orthopyroxene hosts in the same clast (Fig. 6). The 
two different T-f02 trends produced in the same clast 
demonstrate separate buffering assemblages were in 
contact prior to or during eruption and did not have 
time to re-equilibrate. Again, only rapid mingling of 
two compositionally distinct magmas can explain 
these observations. 

6.3. Pre-eruption magma storage and separate 
magma bodies 

Several lines of evidence indicate that the mingled 
Tl+T2 clasts are not the products of a single magma 
chamber, either continuously zoned (e.g., Hildreth, 
198 1) or discontinuously zoned, with discrete gaps in 
compositions and thermal properties (e.g., Boden, 
1989). The biotite-bearing Tl+T2 clasts contain glass 
that is more potassic than the early-erupted curnrning- 
tonite-dominant T1 ejecta, although its Si02 content is 

about the same or slightly lower (Table 2). Thus, it is 
not possible to state that T2 magma is more evolved 
than TI. Fe-Ti oxides in T2 magma indicate lower 
temperatures (-712 "C-Fig. 6) than in the early T1 
ejecta (760 "C). These compositional and thermal 
trends are the reverse of that expected f?om the 
sequential top down evacuation of a 'normally' zoned 
(continuous or discontinuous) magma chamber (Hil- 
dreth, 1981). In such a chamber, T2 magma being 
cooler would represent a layer (or roof) above T1 
magma. Tl+T2 pumice clasts could result from 
mingling in the conduit if deep drawdown was 
induced by rapid eruption discharge rates (Blake and 
Ivey, 1986). This mechanism has been proposed for 
mingled clasts found in deposits of the 0.7 ka Kaharoa 
event of OVC (Naim et al., 2004). However, the 
absence of T2 magma throughout the early and 
middle stages of the Rotoiti eruptive sequence is not 
consistent with a T2 over T1 magma layer model; in 
fact the Rotoiti eruption sequence would suggest the 
reverse order. We consider that the disparate T-p2 
trends and differing K20 contents (despite nearly 
identical Si02 contents) of the T1 and T2 magmas 
reveal they were buffered by different chemical 
conditions, without any linking differentiation trends. 
These features are consistent with storage of the two 
magmas in separate chambers prior to magma 
mingling, rather than as one continuous but zoned 
body. 

Low aspect ratio (sill-like) magma bodies heated or 
replenished fiom beneath undergo rapid convection 
via roof heat loss (de Silva and Wolff, 1995). Such 
geometries have been suggested for some TVZ 
magma bodies on the basis of their compositional 
and thermal homogeneity, mechanisms for magma 
mixing, and vent geometry (Blake et al., 1992; Naim 
et al., 2004). The compositional and thermal homo- 
geneity of Rotoiti T1 magma requires thorough 
mixing via convective overturn, and thus a low aspect 
ratio T1 magma body is assumed. 

Quartz-plagioclase-melt equilibrium, thermody- 
namic constraints on cummingtonite, volatile esti- 
mates from glass inclusions, and experimental P-T 
conditions for Rotoiti pumice all point to a shallow 
(-200-250 MPa), near water-saturated (a,,,=0.8) 
chamber for the voluminous T1 magma. Fe-Ti oxides 
and plagioclase-hornblende equilibrium give T=-760 
"C, and Fe-Ti oxides indicate a relatively oxidised 
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magma (NN0+0.9) compared to other W Z  magmas 
(see Shane, 1998). The good agreement in physical 
parameters estimated by various mineral pairs suggest 
most of the TI crystal assemblage formed under 
common (shallow) conditions shortly before eruption. 

The T2 magma had a lower T (-712 "C) and was 
less oxidised than TI (Fig. 6), although crystal-glass 
equilibria suggest similar P conditions (Section 5.2) 
and thus shallow storage depths for both magmas. 
Similarly, the glass-bearing granitoid inclusions in 
Rotoiti ejecta represent another compositionally dis- 
tinct magma body tapped during the TI eruption. Burt 
et al. (1998) suggested the granitoid parent body 
crystallized at greater depth (300-500 MPa), based on 
Nicholls et al. (1992) experimental stability fields for 
a water-saturated, cummingtonite-bearing rhyolite 
from OVC. This mineralogically different rhyolite 
may not be a good analogue for the granitoid 
inclusions (which lack cumrningtonite), and thus P 
is not properly constrained. Because granitoid inclu- 
sions are found only in the lithic lag breccia, which is 
dominated by lithic clasts produced by caldera 
collapse, the granitoid magma must have been stored 
at shallow depth (i.e., in the region affected by 
collapse above the TI magma body) prior to or 
during the eruption of TI magma. 

The eruption of EFP immediately following the 
Rotoiti caldera-forming event shows that a firther 
magma body resided in close temporal and spatial 
proximity. EFP can be distinguished from magmas 
that produced Rotoiti pumice and granitoids by 
contrasting geochemistry (Burt et a]., 1998), and 
zircon model ages (Charlier et a]., 2003). In summary, 
at least three potassic magma bodies (Rotoiti T2, EFP, 
and granitoid parent) in various states of crystalliza- 
tion were residing close to the large TI magma body 
before the Rotoiti eruptions began. 

6.4. U-series chronology of the granitoid inclusion 
and Rotoiti pumices 

Burt et al. (1998) suggested the granitoid inclu- 
sions represent long-lived remnants of the 280 ka 
Matahina Ignimbrite magma. However, U-series data 
record a later crystallization history (Charlier et al., 
2003), with an isochron age of 57f 8 ka reported for 
one granitoid inclusion based on whole-rock and 
mineral separates. A zircon single crystal age spec- 

trum from another granitoid inclusion gave ages in the 
range 46 to >300 ka with large individual errors 
(>20%), indicating multistage crystallization. Charlier 
et al. (2003) agreed with Burt et al. (1998) in 
interpreting the granitoid inclusions as derived from 
a magma body separate from the Rotoiti rhyolites, but 
discounted a connection to the 280 ka Matahina 
eruption. 

The isochron and single crystal age spectrum of the 
granitoid inclusions are similar to those of pumice 
clasts from Rotoiti Pyroclastics reported by Charlier 
et al. (2003). For a single pumice clast from the Re2pf 
unit, whole-rock, plagioclase, ferromagnesian phases, 
and magnetite splits produced an isochron of 69+28/ 
-22 ka. Adding data from a zircon separate produces 
an isochron of 77+4 ka. For a combined suite of 
pumice clasts from the upper Re3 beds, whole-rock 
and splits of different sized zircons produced an 
isochron of 71 f 2  ka. Zircon single crystal ages range 
from 29+2 11- 17 to >300 ka with a peak frequency at 
60-90 ka, again with large individual errors (-20- 
100%). The eruption age of Rotoiti Pyroclastics has 
been variously dated at 45-65 ka. Thus, although the 
analytical uncertainty of the U-series chronology is 
large, the zircon fraction implies crystallization events 
occurred prior to eruption. Using a similar approach, 
Charlier et al. (2003) obtained a wide zircon age 
spectrum for EFP, but with mostly older ages than 
those for Rotoiti samples. Charlier et al. (2003) 
concluded that significant crystallization occurred 
over prolonged periods (>50 ky) in the three separate 
magma bodies: Rotoiti (our TI and T2), the granitoid 
parent, and EFP. 

While Charlier et al. (2003) recognised that the 
Rotoiti event tapped more than one magma as 
demonstrated by the macroscopic granitoid inclusions, 
our interpretation of the U-series chronology is 
influenced by the evidence for magma mingling and 
crystal disequilibrium within individual Rotoiti pumi- 
ces and the probability of crystal-scale contamination. 
The Rotoiti pumice samples studied by Charlier et al. 
(2003) contain biotite, and are thus likely to be 
mingled (TI+T2) products of the two magma types 
we have identified. The presence of rare quartz with 
high-K20 glass inclusions in Re1 ash, and rare biotite 
crystals in Re2pf pumices, indicates that much of the 
TI erupted sequence may be slightly contaminated 
with T2 or granitoid magma. Thus, zircon crystals in 
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Rotoiti pumice could have multiple sources and Section 5.3) are greater than eruption temperature 
diverse crystallization histories. Inferred zircon satu- (-760 "C). Thus, T1 magma would be capable of 
ration temperature (Tzr) estimates (786-807 "C) for crystallizing zircon. If the much lower TZr estimate 
T1 magma based on whole-rock Zr contents (see (735 "C) based a single glass analysis of Zr was 
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Fig. 7. Schematic model of events associated with the Rotoiti eruption. Step 1: at -150-60 ka, high-K lavas are extruded and intruded, followed 
by the ascent of proto-Rotoiti T1 magma at -50 ka. Step 2: Rotoiti TI magma accumulates in a storage chamber. Mafic underplating drives 
mixing and thermal homogeneity. Step 3: eruption of Tl  magma and caldera formation. Magmas mingle due to sidewall collapse. Step 4: post- 
caldera formation faulting and deformation provides conduits for EFP eruption. 
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accepted, then T1 would not have been crystallizing 
zircon at the time of eruption, and any crystals present 
would represent relicts. The longevity of the volumi- 
nous T1 magma body cannot be inferred from zircon 
chronology unless the zircon crystals can be identified 
as coming only fiom T1 magma. It is possible that 
many zircons crystallized in the subordinate T2 
magma that could have had a different thermal history. 

6.5. Eruption 

The Rotoiti episode started with the basaltic plinian 
eruption of Matahi Tephra (Fig. 7). Although basaltic 
ejecta is not found mixed with the overlying rhyolitic 
ejecta, the temporal relationship implies an associa- 
tion, and younger rhyolitic eruptions triggered by 
basaltic intrusion have been documented elsewhere in 
OVC (e.g., Nairn, 1992; Leonard et al., 2002; Nairn et 
al., 2004). The compositional and physical uniformity 
of the -100 km3 T1 Rotoiti magma indicates thorough 
mixing by rapid convection driven by a significant 
heat (and volatile?) source. This is most likely 
achieved by large-scale mafic underplating, as sug- 
gested for other homogeneous eruptives such as the 
Fish Canyon Tuff (Bachmann et al., 2002). Chilling 
and degassing of basalt magma spreading across the 
floor of the T1 rhyolitic magma chamber may have 
prevented hrther basaltic eruption as the Rotoiti 
eruption progressed. However, the glass-bearing, 
microdiorite lithics described by Burt et al. (1998) 
may represent the remains of mafic intrusions that 
rose into the rhyolite body. 

Rapid phenocryst formation and evacuation of the 
T1 rhyolitic magma occurred at -200 MPa and 760 
"C, in near water-saturated conditions. After the initial 
plinian phase (Rel) from a central vent, the volumi- 
nous sheet-forming pyroclastic flows (Re2pf) were 
emplaced along with their co-ignimbrite ash (Re2), 
largely evacuating the magma chamber. This resulted 
in deep caldera collapse, marked by the lithic lag 
layer, with contemporaneous and subsequent erup- 
tions probably occurring f?om vents on the collapse 
ring faults that also intersected a number of cooler 
biotite-bearing magma bodies in various states of 
crystallization. A body of near-solidified crystal mush 
was evacuated as the granitoid inclusions. A less 
crystallized magma body (T2) was also extensively 
intersected and mingled with the T1 Rotoiti magma. 

After entrainment in the eruption conduits, the 
mingled (Tl+T2) magmas were ejected as Re3 
eruptives toward the end of the eruption. 

The disrupted and reactivated biotite-bearing mag- 
mas may be associated with pre-Rotoiti volcanism 
now only represented by rhyolite domes (some crystal- 
rich with biotite) mapped by Nairn (2002) as Hapar- 
angi-Kapenga Rhyolites adjacent to the southwest rim 
of the syn-Rotoiti caldera (Fig. 1). These domes lie 
between the Rotoiti vents and the EFP vents in 
Kapenga caldera, with one dome dated at 130 ka 
(McWilliams, personal communication, 2001). The 
older zircon ages obtained from Rotoiti and EFP ejecta 
may be relicts of this pre-Rotoiti magmatic episode. 

Further reactivation of biotite-bearing stagnant 
magmas has occurred within the syn-Rotoiti caldera 
since the Rotoiti event. Smith et al. (2004) demon- 
strate that a high temperature rhyolite magma 
ascended to reinvigorate and entrain a high-level, 
cooler, biotite-bearing magma during the 15.8 ka 
Rotorua eruption from a vent within the syn-Rotoiti 
caldera (Fig. 1). The Rotorua eruption shows that 
high-K20, biotite-bearing magmas continued to reside 
beneath the caldera until reactivated by new magmatic 
incursions. 

7. Concluding remarks 

At OVC, the subtle mingling of separate rhyolite 
magmas has been identified as the main cause of 
compositional diversity in several smaller (-=lo km3) 
eruptive episodes that have disequilibrium crystal 
populations and mingled melts preserved in their 
ejecta. These episodes include the 0.7 ka Kaharoa 
maim et al., 2004), the 15.8 ka Rotorua (Smith et al., 
in press), the 17.7 ka Rerewhakaaitu (Shane et al., 
2003), and some of the -30-40 ka eruptions (Smith et 
al., 2002). The present study confirms that the limited 
geochemical diversity found in the larger (>lo0 km3) 
Rotoiti episode was also produced by magma min- 
gling. This history of magma mingling requires that 
silicic magma batches have been emplaced at OVC at 
a rate greater than the frequency of eruptions. 

In some tectonically stable cratonic settings, the 
incremental addition of silicic magma batches may 
accumulate to form long-lived bodies of batholithic 
proportions. Controlled by external heat inputs and 
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internal convection processes, these bodies may 
become discontinuously or continuously zoned, or 
be mixed to uniform (hybrid) compositions. In 
contrast, the OVC is located on a thin and rapidly 
extending crust, above an active convergent plate 
boundary. Here, high rates of extension, and rapid 
magma generation and eruption have usually pre- 
cluded the accumulation of very large magma bodies, 
and their pre-eruption hybridisation or zoning. Unlike 
the later eruptions at OVC, the Rotoiti episode 
followed a long period of apparent quiescence, during 
which only minor lava extrusion is known (Nairn, 
2002). The TI Rotoiti magma body accumulated at 
shallow depth during this time, and was mixed by 
vigorous convection to uniform composition shortly 
before eruption, probably driven by basalt emplaced 
on the chamber floor. The subsequent rapid eruption 
and caldera-forming processes intersected and 
entrained two adjacent, stagnating, magma bodies, 
which are represented by the high-K20 components of 
the late-phase Tl+T2 ejecta, and the granitoid 
inclusions. A consequence of this magma mingling 
is that the reported zircon U-series age spectra of 
individual Rotoiti pumices will at least partly reflect 
pre-Rotoiti crystallization events within the different 
magma bodies, thus complicating any interpretation of 
the pre-eruption crustal residence time for the 
voluminous T1 magma. 
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ABSTRACT 

The -5.5 ka Whakatane eruption episode consisted of a sequence of intracaldera rhyolite eruptions 

from at least five vents spread over 11 km of the Haroharo linear vent zone within Okataina Volcanic 

Centre. Initial vent-opening eruptions from the Haroharo vent produced coarse lithic clast "blast beds" 

and pyroclastic density currents (surges). These were immediately followed by eruption of very mobile 

pumiceous pyroclastic surges from Makatiti vent at 6 km to SW. Major plinian eruptions from Makatiti 

vent then dispersed Whakatane Tephra pumice fall deposits (bulk volume -6 km3) across the 

northeastern North Island while smaller explosive eruptions produced pyroclastic flows and falls from 

Haroharo-Rotokohu vents, and at Pararoa vent on the caldera rim 11 km NE from Makatiti. The 

pyroclastic eruptions at all vents were followed by the extrusion of lava flows and domes; extruded lava 

volumes ranged from 0.03 km3 for Pararoa dome to 7.5 km3 for Makatiti-Tapahoro lava flows and 

domes. Minor variations in whole rock and glass chemistry show that the three main vent areas each 

tapped a slightly different high-silica rhyolite magma. About 10 km3 of M-type magma was erupted 

from Makatiti-Tapahoro vents; about 1.3 km3 of H-type magma from Haroharo-Rotokohu vents, and 

0.04 km3 of P-type magma from Pararoa vent. 

There are no significant weathering or erosional breaks within the Whakatane episode sequence, 

suggesting that all Whakatane eruptions occurred within a short time interval. However, the extrusion 

of Haroharo dome within the Makatiti pyroclastic eruption sequence suggests a duration of -2 years for 

the main pyroclastic eruption phase. Emplacement of the following voluminous (7.5 km3) lavas from 

Makatiti-Tapahoro vents would have occurred over > I0  years at the -10-20 m3s-' inferred extrusion 

rates. 

keywords: stratigraphy; Haroharo volcano; high-silica rhyolite magmas; multiple vents; pyroclastic 
I 

&ruptions; lava extrusions; episode duration 
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INTRODUCTION 

The -5.5 ka (calendar age) Whakatane eruption episode (Nairn 2002) is the most recent activity from 

Haroharo volcanic complex, located in the northern part of Haroharo caldera in the Okataina Volcanic 
, 

Centre (Fig. 1). Haroharo, and its neighbouring Okareka and Rotoma rhyolite complexes, have grown 1 
I 

by the accumulation of high-silica rhyolite lavas and pyroclastics during five major eruption episodes i 
within the last 25 kyr (Table 1). Eruptions during each episode occurred from multiple vents (Figs. 1, 2) ~ 
spread along the NE-trending, 27 km long, -3 km wide "Haroharo linear vent zone" (Nairn 2002). The 

Whakatane Tephra (Froggatt and Lowe 1990, after Vucetich and Pullar 1973) is the distal fall deposit 

produced during the episode (Fig. 1). 

The sequence of events during the Whakatane episode was complex, with eruptions occurring 

simultaneously or sequentially from multiple vents (Figs. 2, 3). I4c ages for Whakatane proximal 

pyroclastic deposits are given in Table 2. The event sequence inferred from stratigraphic relationships 

of Whakatane lavas and pyroclastics is presented in Table 3. 

WHAKATANE EPISODE VENT LOCATIONS 

Whakatane episode eruptions occurred from five known vents (Figs. 2, 3) spread across 11 km of the 

Haroharo linear vent zone. All Whakatane vents, and much of the proximal pyroclastic deposits, are 

buried beneath late phase lava extrusions. Makatiti vent underlies Makatiti lava dome at summit of the 

Haroharo complex, and is the source of the thick (locally >200 m) syn-Whakatane lava flows that 

extend 6 km into lakes Okataina and Tarawera (Fig. 3). Makatiti vent was also the major source for the 

Whakatane Tephra plinian fall deposits. Northeast from Makatiti, the Tapahoro, Haroharo and 

Rotokohu lava domes mark other Whakatane episode vents with associated pyroclastic deposits. 

Pararoa vent is located at the intersection of the NE-trending Haroharo linear vent zone with the N- 

trending topographic rim of Haroharo caldera (Fig. 2), here formed in >0.28 Ma rhyolite lava (Nairn 

2002). A small lava dome filling Pararoa vent has an apron of pyroclastic deposits (Fig. 3). 

The now largely buried Oruaroa, Otangimoana, Ruakokopu and Te Matae lava flows (Fig. 2) of the 8 

ka Mamaku eruption episode (Table 1) appear to have vent locations close to the Makatiti and 

Tapahoro vents of the Whakatane episode. Similarly, the 8 ka and 9.5 ka Waiti, Kaipara and Te Pohue 

lava flows (Fig.2) appear to have been extruded from vent(s) close to the Haroharo and Rotokohu 

vents of the Whakatane episode. 

WHAKATANE EPISODE PROXIMAL PYROCLASTIC DEPOSITS 

Thick proximal pyroclastic deposits, including large ballistic clasts, are associated with each 

Whakatane episode vent. The thick, topography- controlling, proximal (here mostly <3 km from vent) 

deposits at each vent were mapped as pyroclastic formations by Nairn (2002). They also correlate with 

widespread, topography-mantling, thin pyroclastic fall (tephra) deposits. At each vent, the proximal 
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deposits are interbedded with thin medial (here -3-10 km from vent) to distal (>-I0 km from vent) 

pyroclastic deposits erupted from the other vents. Correlation of the medial-distal deposits with their 

vents has been the main aim of this study, so that the position of each eruptive unit within the 

Whakatane episode sequence can be determined (Table 3). The lithologies of some representative 

pyroclastic deposits are shown in Fig. 4. 

Figure 1. Map of Haroharo caldera and associated features in the Okataina Volcanic Centre (OVC on inset map) 
in the Taupo Volcanic Zone (TVZ). Main faults are also shown. Stars mark post-26.5 ka vents. Dashed lines on 
map (and inset) are Whakatane Tephra isopachs in cm. Box on inset shows area of the main map in TVZ; W is 
Whakatane town. 
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Table 1. Eruption episodes on the Haroharo linear vent zone. See Fig. 2 for vent locations. Magma volumes ' 

(from Nairn 2002) are approximate. I 

EPISODE CAL. AGE KNOWN MAGMA VOLUME 

&a) VENTS ERUPTED (km3) 

Whakatane 5.6 5 12 

Mamaku 8.1 5 17 

Rotoma 9.5 4 8 

Rotorua 15.7 3 4 

Te Rere 25 3 13 

Figure 2. Map of Haroharo volcanic complex in Haroharo caldera, with eruptive names and ages of the 
Whakatane (5.5 ka), Mamaku (8 ka), Rotoma (9.5 ka), Rotorua (15.7 ka) and Te Rere (25 ka) eruption episodes 
(see Table 1). Some Tarawera complex eruptives are also identified. 
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Figure 3. Topographic map (20-m contours) of Whakatane episode eruptive~; lavas (solid colour) and thick 
pyroclastic flow deposits (dot stipple). Some older eruptives are also named (see Fig. 2). Estimated limits of the 
thin deposits of pumiceous pyroclastic surges from Makatiti (Mppdc) and blast beds from Haroharo and Pararoa 
vents (Hbb and Plbb) are also shown. Black squares locate sections mentioned in the text. TH is Te Haehaenga, 
Mkt is Mangakotukutuku. 
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Table 2. Radiocarbon ages for proximal Whakatane episode pyroclastic deposits, plus a drowned tree in Lake 
Tarawera (from Nairn 2002). 

NZ 14C No. Event or deposit dated Age Old TIM Sample description and Sample location 

(ss8 ~ r )  stratigraphic position 

NZ 4305 Makatiti pyroclastic surge 4830 *90 Charcoal from small branches V161151369 (W48) 

NZ 4306 Makatiti pyroclastic surge 4880 k90 

NZ 4307 Makatiti pyrodastic surge 4940 *90 

NZ 4308 Haroharo (?) pyroclastic 

surge 

NZ1946 Haroharo vent opening 

explosion 

NZ 1358 Pararoa pyroclastic flow 

NZ 4930 Rise in level of Lake 

Tarawera following 

Tapahoro lava flow 

carbonised in basal pyroclastic 

surge from Makatiti vent 

Charcoal from small branches 

carbonised in pyrodastic surge 

from Makatiti vent 

Charcoal from small tree (15 cm 

diam.) carbonised in pyroclastic 

surge from Makatiti vent 

Charcoal from small branches in 

basal fine ash (Haroharo vent?) 

Charcoal from small branches in 

basal ash from Haroharo vent 

4690 *I 20 Charcoal from outer 20 rings of 

charred branch in pyroclastic flow 

deposit from Pararoa dome 

Wood from 6 m high tree trunk in 

growth position at 30 m water 

depth in Lake Tarawera 

Top of Hainini dome 

Vl61134370 (W26) 

Gully notth of Okataina 

lava flow 

Vl6Il6O369 (W99) 

Gully between Hainini 

and Parewhaiti domes 

V161237328 (453) 

Tioki Road 

V161155399 

Track on side of Waiti 

lava flow 

v151215427 (W10) 

Farm track at base of 

Pararoa dome 

U 1 61082289 

In Lake Tarawera, 700m 

off west shore 

Table 3. Sequence of eruption events inferred during the Whakatane episode (youngest at top). 

Makatiti-Tapahoro vents Haroharo-Rotokohu vents Pararoa vents 

Makatiti dome growth (plus small 

pyroclastic explosions) 

Makatiti lava flows (plus small 

pyroclastic explosions) 

Okataina lava flow 

Tapahoro dome growth 

Tapahoro lava flows 

Rotoroniu lava flow 

Whakatane 

Pararoa dome extrusion 

plinian 

eruptions 

vent-opening explosions? 

Pararoa phreatomagmatic eruptions Haroharo dome growth ends 

Rotokohu dome growth ends 

Haroharo domehava growth commences Pararoa pyroclastic eruptions 

Rotokohu dome growth commences 

Pyrodastic eruptions from Rotokohu and 

Haroharo vents, building tuff cone Vent-opening phreatomagmatic explosions 

vent-opening explosions - Hbb blasts 
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igure 4. Grain size histograms and component analyses for representative samples of the main pyroclastic 
eposits in the Whakatane eruptives as described in text. See Fig. 3 for site locations. Md+ = median diameter; 
+ = standard deviation (sorting parameter). Sorting values for pyroclastic deposits are:- 0-1, very well sorted; 1- 
, well sorted; 2-4, poorly sorted; >4, very poorly sorted (Cas & Wright 1988). n.a. = components not analysed. 

L coarse, relatively well-sorted and often cross-bedded deposit dominated by dense clasts of glassy 

nd lithoidal rhyolite (including ballistic blocks to -1 m) and with minor juvenile pumice (Fig. 4a, b), ...- 
xms basal layers of the Whakatane eruptives in sections to west and south of Haroharo dome. At 

I 
section W9 (see Fig. 3 for all locations) 2.2 km SE of Haroharo vent and at -+380 m (asl), this coarse 
I 
deposit (here denoted ''Hbb" for Haroharo basal bed) is about 1 m thick, consists of two block and lapilli 
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beds separated by an intervening ash-grade pyroclastic density current deposit (henceforth "pdc"), and 

contains ballistic blocks to 0.6 m length with spectacular impact structures (Fig. 5). Hbb deposits are 

also exposed at W25 on Parewhaiti dome (Fig. 4a), at W26 and W67 (Fig. 4b) on the flanks of 

Pukerimu tuff cone (Fig. 3) and at -+800 m on Hainini dome at 3.5 km SW of vent (W48 - Figs. 3, 6). 

At W213, 2.7 km W of vent, the Hbb layer is -15 cm thick (see Fig. 136) with 5-10 cm dense lithic 

angular clasts. Hbb was not deposited at W90, 5 km south of the Haroharo vent. The Hbb layers 

contain shredded and carbonised wood; they mantle the pre-eruption topography, being found high on 

the 8 ka Hainini and Parewhaiti domes, and do not greatly thicken into valleys. This distribution 

indicates a high-energy transport mechanism. The Hbb layers appear to result from at least two blasts, 

largely directed into a southwest sector from a vent or vents explosively opened through the (now 

buried) steep southern margin of the 8 ka Waiti lava flow (Figs. 2, 3). 

At W32 (Fig. 3), 1 km NW of the Haroharo vent, the lower Hbb layer is coarse (lithic blocks to 20 cm) 

but relatively thin (-0.4 m) for its proximity to source. Here, the upper Hbb layer contains a white ash 

and lapilli pumiceous pdc deposit (henceforth Hppdc), and at W52, 1.5 km to north of the Haroharo 

vent, the stratigraphic position of the Hbb layers is occupied by two Hppdc layers (Fig. 7), -0.5 m thick, 

containing abundant carbonised wood and with thin fines-depleted layers (Fig. 4c). This distribution 

suggests the north to northeast sector was shielded from the Hbb blasts, probably by shape of the 

Waiti lava flow margin, and that the magma that rose to drive the Hbb explosions also produced an 

eruption column that collapsed northward to generate the Hppdc pyroclastic flows. Because the white 

Hppdc is not recognised to south and west of the Haroharo vent, a south-westerly wind may have been 

blowing during these initial Whakatane episode eruptions. -- In~all~sections, the Hbb-and,kippdc,layers: 
- -- 

- =s- - directly~underlie.a.finegrained~Pumiceous -. pdrdevsi t  (Mppdcl, Figs. 4d, 5, 6, 7) erupted from Makatiti 

vent (see below). 

Smaller explosive eruptions continued from the Haroharo vent after the initial Hbb and Hppdc 

eruptions, to contribute to the Rotokohu tuff cone (see below), and interbedded with Makatiti 

pyroclastics, form thick pyroclastic flow and fall deposits on Rotoiti Road (i.e. at W9 - Figs. 3, 5) and on 

the Hainini lava flow (W90 - see Fig. 13B) at 5 km from vent. 

Rotokohu pyroclastics 

Coarse ppdc and fall beds exposed on Mokino Road between V15l166400 and V151188405 (Fig. 3) 

are part of a tuff cone sloping north from vents since buried beneath Rotokohu and Haroharo domes 

(Fig. 3). These proximal deposits contain carbonized logs, and are interbedded with, and overlain by, 

finer (ash and pumiceous lapilli) fall beds from Makatiti vent. 
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Figure 5. W9 section at V16ll9I38O (see Fig. 3). Numbers on section indicate sample locations. 
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Figure 6. W48 section at V16ll 51369 (see Fig. 3). Numbers on section indicate sample locations. Scale bars are 
10 cm long. 

- 
k Mpfall 
- - 

leach& at top) & 
Figure 7. W52 section at V151173412 (see Fig. 3). Numbers on section indicate sample locations. Scale bars are 
10 cm long 

285 
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Makatiti pyroclastics 

Proximal pyroclastic deposits resulted from partial collapse of the large plinian eruption columns from 

which most of the Whakatane Tephra fall beds were being dispersed. The vents were later buried 

under Makatiti and Tapahoro domes (Fig. 2, 3), with much of the proximal pyroclastic material buried 

under the Makatiti, Okataina, Rotoroniu, and Tapahoro lava flows (Fig. 3). The first widespread 

Makatiti eruptive is a thin, pink to yellow coloured, fine-grained (ash-dominated - Fig. 4d) multi-layered 

ppdc deposit (here denoted Mppdcl) that directly overlies the Haroharo-erupted Hbb and Hppdc 

deposits to north of Makatiti vent. The Mppdcl surges travelled NNE across the summits of the 8 ka 

Hainini and Parewhaiti domes (Fig. 3), leaving deposits between 0.2 and 0.7 m thick at W48, W67 and 

W25; at W48 the surges contain an interbedded thin pumice fall deposit (Figs. 6, 8, 138, 13C). The 

Mppdcl layers thicken into the depression between Hainini dome and the 9.5 ka Pukerimu tuff cone 

(Fig. 3), to be -1 to 1.5 m thick at W26 (Fig. 13A). The Mppdcl deposit can be traced 7 km north of 

Makatiti vent to W213 (where it is -8 cm thick) and 8 km to W52, where it is -4 cm thick (Figs. 7, 138, 

C). Its distribution to south of vent is concealed by overlying lavas. 

Mpfall 

Hbb 

paleos 

Figure 8. Base of W67 section at V161148376 (see Fig. 3). showing relationship of Hbb and Mppdcl beds. 

286 
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Figure 9. (A) Makatiti pyroclastic beds at V161156350 (X on Fig. 3) in the Hainini stream gully near Tapahoro 
dome. Only about one third of the exposed thickness of the pyroclastic beds is visible in the photo. Ellipse marks 
geologist for scale. (6) A later, distant, view of the same area, showing lavas of Tapahoro dome overlying the 
Makatii pyroclastics. Arrow marks the lava/pyroclastics contact. A rockfall from the dome has buried the camera 
site for photo A. Height of the visible section is >A00 m. Photos from (Nairn 2002). 

The relationship of the widespread Mppdcl surge unit to the very thick valley fill pyroclastic deposits 

that accumulated to NE and east of Makatiti vent (Figs. 3, 9) is not clear, as the base of the Makatiti 

deposits is nowhere exposed within 2 km of the vent. Very thick (>50 m) proximal pyroclastic fans filled 

tributary valleys of the Mangakotukutuku Stream between the 8 ka Parewhaiti and Hainini domes and 

Hainini lava flow (Fig. 3), and also the "Hainini gully" valley to south of the Hainini lava flow. These 

deposits were subsequently largely buried (Fig. 9) beneath the 5.5 ka Tapahoro lava flow. 

Subhorizontally plane-bedded and long- wavelength, low-amplitude dune bedded ppdc units are 

interbedded with thin airfall and massive pyroclastic flow deposits within these fans. Occasional dense 

blocks range up to 1 m diameter, but are usually not associated with impact sags, demonstrating final 

transport by surges, rather than ballistic impact at the block site. A rare impact deformation structure 

(Fig. 10) was found associated with a particularly lithic-rich bed (representing a vent-widening phase?) 

at section W758 - 1.8 km from the main Makatiti vent. Further down valley, these cross-bedded ppdc 

deposits pass into massive pyroclastic flow deposits that, together with other ppdc flows that passed 

over the Hainini lava flow, form the Pukemaire fan (Fig. 3) extending to the Tarawera River valley in the 

Te Haehaenga basin. This fan also includes syn- and post-eruption mudflow deposits. 
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Figure 10. Impact sag in Makatiti pyroclastic deposits at W758 (V161165350 - see Fig. 3), -2 km from Makatiti 
vent. 

I 

Figure 11. lnterbedded surge (Mppdc) and fall (Mpfall) beds at W47 (V161151367 - see Fig. 3), on brecciated 
Hainini dome lavas (8 ka). Ka is Kaharoa Tephra (0.7 ka). The Mppdcl surge has stripped soil cover from the 
dome surface, and only pockets of Hbb remain. Scale and spade are both 1 m in length. 
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Figure 12. W10 section at V151214426 - see Fig. 3. Numbers on section indicate sample locations. Scale and 
spade are both 1 m in length. See text for further explanation. 

Some of the later ppdc units that filled the Mangakotukutuku and Hainini valleys have widespread 

correlatives that passed north from vent to leave thin deposits on Hainini dome (W47 on Fig. 3; Fig. 

11). These later (Mppdc) deposits were similar to the Mppdcl unit, but are interbedded with thin but 

coarse lapilli fall units, and thickened into the valley to south of Pukerimu cone (Fig. 3) where several 

flow units are present at W26 on the valley floor (Fig. 13A). However, only two of these Mppdc flows 

left thin deposits at slightly higher elevation on the shoulder of the Pukerimu tuff cone at W67. I 

Pararoa pyroclastics 

The Pararoa pyroclastics are exposed only in farm track cuttings at the foot of Pararoa dome (i.e. at 
I 

W10 - Fig. 3), where they are interbedded with tephra fall deposits from Makatiti and Haroharo vent$ 

(Fig. 12). The basal beds are finely laminated ash layers that overlie a paleosol on 8 ka Mamak 

Tephra, and contain soft-sediment deformation structures, ballistic blocks and impact sags. This vent- I 
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Cigure 13. Correlation lines for proximal-medial Whakatane pyroclastic deposits. (A) W26 to W25 (west-east); W 
213 to W78 (northwest-southeast); W42 to W3 (southwest-northeast). All sections are located on Fig. 3. 
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opening Pararoa phreatomagmatic eruption deposit (Ppmb on Fig. 12) is directly overlain by -1 m thick 

ash and lapilli beds that are distal fall units from Makatiti (and possibly Haroharo) vents (Fig. 13C). 

These Mpfall beds (Fig. 12) are directly overlain by coarse Pararoa pyroclastic flow deposits, -5 m 

thick, of rhyolite ash, pumiceous lapilli and blocks (Pbflow). Included are large (up to 1 m), angular 

dense lithic blocks, some with bread-crusted outer surfaces, and carbonised logs (14c dated in Table 

2). A 0.4 m thick surge layer of ash and small lapilli (Ppdc on Figs. 12, 13C) is conformably 

interbedded. The pumice-rich upper Pararoa pyroclastic flow deposits pass up into a -1 m thick bed 

(Plbbl on Figs. 4e, 12) dominated by dense lithic rhyolite clasts that are typically angular and often 

heat-reddened. Apparent juvenile material in this bed consists mostly of dense glassy rhyolite (Fig. 

4e), with some gradation to clasts with a more pumiceous texture. The dense clast bed can be traced 

2 km north, through W11 to W211 (Figs. 3, 13C), where -10 cm of well-sorted dense lithic rhyolite 

clasts (one 10 cm clast found within an impact sag) are exposed in the Whakatane Tephra sequence in i 
a SH30 road cutting at W211. At W10, the dense clast bed is directly overlain by distal pumice lapilli 

and ash falls from Makatiti (Mpfall on Fig. 12, and see below), which become finer upwards. 

lnterbedded within the uppermost Makatiti ash falls (Fig. 12) is another proximal lithic clast bed (Plbb2 

on Fig. 12), -0.5 m thick and finer grained than that erupted earlier, but containing scattered dense 

clasts to 0.3 m dimensions and associated impact sags. 

Pararoa pyroclastics are not found on Pararoa dome, which is inferred to have been extruded in and 

over the explosion vents for the proximal pyroclastic ejecta. We interpret the Pbflow deposits as 

originating from vulcanian-type explosions through a small growing lava dome. These explosions 

simultaneously erupted pumice from the magma column in the conduit, and dense blocks derived from 

the previously extruded lava. The overlying dense lithic clast Plbb layers are interpreted as originating 

from violent phreatomagmatic explosions through a solidified lava body (possibly pre-Whakatane 

episode?); the explosions driven by interaction of the Pararoa magma with groundwater at shallow 

depths. No vent for the dense clast beds has been identified, suggesting that it is buried beneath the 

later-extruded Pararoa dome. 

DISTRIBUTION OF WHAKATANE EPISODE PYROCLASTIC DEPOSITS 

Tracing the pyroclastic deposits dispersed in different directions from the widely separated Whakatane 

episode vents has been hindered by the presence of several areas where lack of exposure prevents 1 
hand-over-hand field correlation. Chemical analyses (whole rock and glass) of coarse proximal 

pyroclastic deposits and lavas have been used to characterise and partially discriminate the eruptives 

from each vent (see below). This data, combined with field mapping, has identified the thinner and 

finer-grained medial and distal deposits that are found interlayered with (a) proximal deposits at other 

vents (e.g. see Figs. 8, 12); and (b) with other distal deposits at intermediate and distal sections (e.g. 

see Fig. 13). Correlation diagrams (Fig. 13) show the relationships of proximal to distal Whakatane 

pyroclastic deposits. Areas covered by the lithic clast-rich Hbb blast beds from Haroharo and Plbb 
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beds from Pararoa are shown in Fig. 3, as are the pumiceous pdc deposits from Makatiti, Haroharo- 

Rotokohu and Pararoa vents. 

The Whakatane Tephra plinian fall beds were mostly dispersed into SE and NE sectors (Fig.l), with the 

main dispersal axis to SE. The widespread distal tephra beds consist of multiple layers of relatively 

well-sorted pumiceous coarse ash and small lapilli (e.g. the basal fall bed at W214 - Fig. 4f, and W78 in 

Fig. 13b), interbedded with fine ash layers that probably originated as co-ignimbrite ash clouds. Apart 

from the early-erupted Hbb and Mppdc proximal beds, Whakatane Tephra lacks any distinctive internal 

marker beds that could be used for correlation between the proximal and distal deposits. Most of the 

distal tephra fall beds were erupted from Makatiti vent, but they cannot be precisely correlated to the 

proximal Makatiti fall beds rarely exposed in the thick pyroclastic flow fans (Figs. 2, 3, 9). Sections 

downwind on the SE dispersal axis at W90, W78 (and W214) show thinning of the Whakatane medial 

to distal fall sequences (Fig. 13), as the pdc beds interbedded in medial sections (W25, W67, W48, 

W42 etc) pinch out, to be replaced by thin, fine-grained, co-ignimbrite ashes. Further to SE, at Okahu 

Road (V161246188) fine ashes interbedded with the pumice lapilli layers are overthickened and are 

interpreted as resulting from rain flushing through co-ignimbrite ash clouds. 

WHAKATANE LAVA EXTRUSIONS 

Names and locations of all Whakatane episode lavas are shown on Figs. 2, 3. None of these lavas are 

overlain by thick Whakatane plinian pumice deposits, although some domes and flows extruded earlier 

in the episode are mantled by local pyroclastic deposits produced during extrusion of adjacent younger 

lavas. The inferred positions of all lavas in the Whakatane episode sequence are shown in Table 3. 

Makatiti dome and flows 

Makatiti dome overlies small ribbed lava flows that extend northwest and southeast from the dome (Fig. 

3). All these lavas have sharply defined, steep flow margins commonly rising about 50 m above the 

preceding Okataina, Rotoroniu and Tapahoro flows. Makatiti dome is directly overlain only by the 3.4 

ka Rotokawau scoria, and probably represents the final phase of the Whakatane episode (only Pararoa 

dome could be younger -see below). The northwestern Makatiti lava flow is pocked by 3 deep (>30 m) 

rlat-floored pits. A monolithologic ash, lapilli, and block breccia, 6 m thick at V161139354, overlies the 

brecciated lava surface adjacent to the northernmost pit. All Makatiti pits are located in basins between 

:he !?\!a ?!ow ridaes, - suggesting that the pits may have been formed by secondary explosions 

xiginating where infiltrating rainwater was concentrated onto underlying hot lava. 

Okataina lava flow 

The Okataina lava (Figs. 2, 3) extends 5 km northwest from the source vent under Makatiti dome, and 

Falls through 620 m onto the floor of Lake Okataina as a bilobate flow, locally >200 m thick. 

3athymetric contours indicate the flow extends 200-300 m west under the lake. The flow surface 
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displays well-developed arcuate flow ribbing in autobrecciated, glassy pumiceous lava; the ribbing is 

convex downstream and aligned transverse to flow direction. Close to the Makatiti lavas this surface 

ribbing is obscured by a thin pyroclastic mantle deposited during the Makatiti extrusions. 

Tapahoro dome and lava flows I 

Tapahoro dome is a multiple extrusion, partly overlain by Makatiti dome, and locally mantled (see Fig. ~ 
9) by late-phase pyroclastics erupted during the extrusion of Makatiti dome and flows. The multi-lobate 

Tapahoro lava flows (Figs. 2, 3) extend 6 km SE from source vents under the Makatiti and Tapahoro 

domes, to form the northeastern shore of Lake Tarawera. Although densely-forested, the Tapahoro 

lavas display moderately well developed surface arcuate ribbing, and have steep, 150 m high terminal 

flow fronts above the outlet to Lake Tarawera. Thin (< 1 m), late-phase Whakatane pyroclastics mantle 

the Tapahoro flow surface in distal sections. i 
Rotoroniu lava flows 

These densely forested flows form three main lobes extending from an apparent source buried beneath 

Makatiti dome, and overlie the 8 ka Oruaroa, Otangimoana, Te Horoa, and Ruakokopu lava flows (Fig. 

2). Some surface flow ribbing is apparent in the Rotoroniu lavas, except near source where shallow 

exposures cut through a smooth mantle of the pyroclastic flow material associated with the later 

extrusion of Makatiti dome. 

Haroharo dome and lava flow 

Haroharo is a 2 km diameter dome and flow, with a vent location inferred close to the summit (Fig.3). 

Lava flowed initially to southwest, off the southern margin of the 8 ka Waiti lava flow, with a later lobe 

flowing to southeast. This younger flow shows moderately well developed surface ribbing, transverse 

to the flow-direction. Both the dome and the flow have steep margins up to 130 m high, overriding 

Rotokohu tuff cone and dome to east. 

Although thick (>2 m) and coarse (lapilli and blocks) Whakatane-age pyroclastics outcrop adjacent to 

Haroharo dome (e.g. at W32 and W33 - Figs. 3, 13b, c), the dome is overlain only by a thin layer (-0.5 

m thick at W208) of yellow-brown rhyolitic ash beds with scattered small pumice lapilli (Fig. 14). Glass , 
composition of the lapilli (see below) indicates eruption from Makatiti vent. The fine ash beds in the 

mantling tephra are interpreted as co-ignimbrite ashes associated with Makatiti pyroclastic flows, as 

seen in the upper parts of other Whakatane tephra sections (i.e. Fig. 11). The upper ash beds are not 

baked or pneumatolytically altered, suggesting the Haroharo dome surface had cooled prior to their 

deposition. Extrusion of Haroharo dome therefore continued during the main Whakatane episode 

plinian pyroclastic eruptions, but had ceased prior to deposition of the dome-mantling tephra. We infer 

this tephra was erupted during the final phases of the plinian eruptions from Makatiti vent. 
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Figure 14. Tephra fall beds mantling the brecciated lava surface of Haroharo dome at W208 (see Fig. 3). White 
and black scale bars are 10 cm in length. Rk is Rotokawau Tephra (3.4 ka). "co-ign" is co-ignimbrite. 

Rotokohu dome 

The small (1 km diameter, 150 m thick) Rotokohu dome was extruded on the buried margin of the 8 ka 

Waiti flow, adjacent to, and partly overlain by, Haroharo dome (Fig. 3). Lava extrusion was preceded 

by construction of the Rotokohu tuff cone, which was breached to south but is partially preserved to 

north and east of the dome. Roioitui-IU C j ~ i i ; ~  cj:e\z \v!ithin the tuff cone before lava flowed out to the 

southeast. The dome is overlain by >2 m of pneumatolytically-altered coarse pyroclastic deposits at 

V161182398, apparently erupted from Haroharo vent (Nairn 2002). Although base of the fall deposit is 

not exposed, the pneumatolytic alteration shows that the underlying dome was still hot when the 

pyroclastics were deposited. Rotokohu dome is therefore inferred to have been extruded immediately 

prior to extrusion of Haroharo dome (Table 3). 
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Pararoa dome I 
This small (700 m basal diameter) rhyolite lava dome with a small summit crater rises 150 m above the I 

Haroharo caldera moat to west (Figs. 2, 3). Pararoa dome is sited on the topographic rim of Haroharo 

caldera and appears to occupy a small slump scar embayment in the dissected pre-caldera rhyolite. 

The dome lava is overlain by Kaharoa Tephra at V151220422, but no Whakatane-age pyroclastics have 

been found on the dome. Eruption of the Pararoa pyroclastics preceded the dome extrusion. 

AGES FOR WHAKATANE EPISODE ERUPTIVES 

All Whakatane episode eruptives lie above the weathered surface of the 8 ka Mamaku episode lavas 

and pyroclastics (Table 1) and beneath the 3.4 ka Rotokawau basalt scoria erupted from the 

Rotokawau-Rotoatua chain of craters (Fig. 2) at 3.4 ka (Nairn 2002). Charcoal from Whakatane 

proximal pyroclastic deposits has produced I4c ages (uncalibrated) between 4.7 and 5 ka (Table 2). 

Thin Hppdc surge deposits erupted to NW and SE from Haroharo vent have given I4c ages of 4910 + 
70 and 5000 + 90 yr BP. Three charcoal samples in Mppdc surges from the Makatiti vent have given 

"C ages that range between 4830 f 90 and 4940 t 90 yr BP. The Makatiti and Haroharo ages overlap 

at one standard deviation, and the differences are not statistically significant, in agreement with the 

field mapping that demonstrates interfingering of the pyroclastic deposits from these two vents. 

Charcoal from the Pararoa Pyroclastics at W l 0  has a I4c age of 4690 + 120 yr BP (Table 2). Although 

younger, the Pararoa age overlaps the others at two standard deviations, suggesting it need not 

indicate a statistically-significant younger event. The dated Pararoa deposits are interbedded between 

Makatiti plinian pumice falls (see Fig. 12) without evidence for weathering or erosion at any contact, 

and the different ages cannot be taken as showing that the Pararoa eruptions occurred hundreds of 
I 

years after the I4c dated Makatiti events. The stratigraphic relationships show the younger Pararoa age 

is likely to be an artefact of the sample, or the dating process. , 

The Tapahoro lavas control location of the Lake Tarawera overflow at +300 m. Before emplacement of 

the Tapahoro lavas, Lake Tarawera overflowed across the 8 ka Ruakokopu and Te Matae lavas (Fig. 

2) at below +270 m elevation. A drowned tree found in upright growth position in Lake Tarawera where 

the lake floor is now at 30 m depth (at U161082289) has a I4c age of 5090+100 yr B.P. (NZ4930 - Table 

2). The >30 m rise in lake level required to drown and preserve the tree was caused by damming of the 

earlier and lower outlet from the Lake Tarawera basin by the Tapahoro lava flows (Hodgson and Nairn 

submitted). 

A weighted mean of Whakatane episode radiocarbon ages, including some from distal localities (not 

reported here), is 4830 t 20 I4c yr BP, equivalent to a calibrated age of 5550 yr BP (Lowe et al., 1999). 

The calibrated mean age is used in this paper; ages given for the other Haroharo eruption episodes 

(Table 1) are also calibrated. 
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PETROLOGY OF WHAKATANE EPISODE ERUPTIVES 

Grain size distributions and component populations of typical Whakatane pyroclastic deposits are 

shown in Fig. 4. A detailed petrological investigation of the Whakatane eruptives is in progress; here 

we present data to demonstrate the ability to correlate Whakatane eruptives to their source vents, and 

make a preliminary analysis of Whakatane magmatic processes. 

All Whakatane eruptives (pumices and lavas) have low crystal contents (-15 %), with plagioclase, 

quartz, orthopyroxene, cummingtonite, hornblende, Fe-Ti oxides as the main phenocryst phases. No 

significant differences are observed in the mineral proportions, or the chemistry of individual mineral 

phases, between eruptives from the different vents. Thus mineralogy is not useful for vent identification 

and eruptive unit correlation. 

A summary of the chemistry of typical Whakatane eruptives is given in Table 4, with samples taken 

from lavas and proximal pyroclastic deposits that can be categorically assigned to specific vents. All 

Whakatane eruptives are high-silica rhyolites, with mean Si02 contents of >75 wt O/O in whole rock and 

>77 wt O/O in glass (anhydrous). The analyses reveal small but consistent differences in whole rock and 

glass geochemistry (Table 4) that correspond to the three vent areas (Fig. 15). This suggests that 

each vent area tapped a compositionally distinct magma. The magma erupted from Makatiti-Tapahoro 

vents is here denoted M-type (high K20 in whole-rock and glass, and low Sr and Zr in whole rock). 

Haroharo-Rotokohu vented magma is H-type (medium K 2 0  in whole-rock and glass, and Sr and Zr in 

whole rock). Pararoa vented magma is P-type (low K 2 0  in whole-rock and glass, high Sr and Zr in 

whole rock). M-type and P-type magmas, which erupted from the two end vents, are compositionally 

distinct with no overlap (Fig. 15). The composition of H-type eruptives (from the middle vents) can be 

distinguished somewhat, but is intermediate between the other two compositional groups with a large 

degree of overlap in the glass chemistry (Fig. 15). Glasses from medial and distal samples of 

stratigraphically uncertain source vent commonly plot within one of the compositional fields (M-type, H- 

type, and P-type), thus vent area can be assigned (e.g., Fig. 16). Some matrix samples contain glass 

shards that scatter over more than one field (Fig. 16). This suggests the units comprise ejecta from 

different vents, and that the vents were active simultaneously. Eruptive units that have been analysed 

for glass composition are identified on Figs. 5, 6, 7, 12, 13 and 14. 

The M, H and  ?-type m g m a s  a! clispI=y similar phj;sicai parameiers. Temperatures (Tj  and oxygen 

fugacities (a2 )  calculated for the three magma types are all within analytical error, with an average T of 

-745OC and Dp of -14.7, using the method of Ghiorso and Sack (1991). Crystallisation pressures 

estimated by projecting glass compositions onto the synthetic Qz-Ab-Or-H20 system of Tuttle and 

Bowen (1958), following the method of Cashman and Blundy (2000), indicate that the three magmas 

crystallised at -120 MPa (equivalent to -5 km depth). 
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Table 4. Whole rock (by XRF) and glass (by EMPA) chemistry of Whakatane eruptive units. 

Glass Whole rock 

(wt %) M-type H-type p-type (wt%) M-type H-Vpe p-'3' Pe 

SiO;! 

Ti02 

A1203 
FeO 

MnO 

MgO 
CaO 
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H20 
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A l t o 3  
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( P P ~ )  
s c  

v 
Cu 
t n  
Ga 
Rb 
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Y 

Zr 

Nb 

Ba 

La 

Ce 
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Th 

n 

Major and trace element concentrations were determined by X-ray fluorescence spectrometry (XRF) techniques using a Siemens SRS 3000 
instrument X-ray spectrometer at the University of Auckland. The majors and traces were calculated using the low dilution fusion method in 
which the sample beads are prepared with 12:22 flux in a ratio of 2 g of ignited sample to 6 g of flux. The calibration uses theoretical fixed 
alphas as the matrix correction method. Glass compositions were determined by Jeol JXA-840A electron microprobe at the University of 
Auckland. An accelerating voltage of 15 kV, beam current of 600 pA and 100 s count time were used. A 15 pm defocused beam was used to 
minimize the loss of sodium. Typical microprobe analyses of glass shards have totals of 92-96%. The discrepancy from 100% is mostly due to 
secondary hydration (Shane 2000). Analyses were recalculated to 100% to eliminate secondary hydration and facilitate comparison. 

H-type magma has a composition that is intermediate between that of the M and P-type magmas (Fig. 

15). It thus could be a hybrid of the M- and P-type magmas. The data suggests that there were either: 

(1) three separate magma chambers located at similar depths in the shallow crust, but spread along 

the linear vent zone with each feeding a separate vent; or (2) there were two magma batches, M and 

P-type under the Makatiti and Pararoa vents, that partially hybridised to form type H, which is possible 

as they had similar physical properties. The similar mineral compositions, and broadly similar bulk 

magma compositions, suggest that all three magma types are closely related, and are likely to be from 

a similar source. 
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CaO (wt %) 

Figure 15. (A) Glass, and (B) whole rock chemistry of Whakatane eruptives. Three compositionally distinct 
roups can be identified which can be categorically assigned to vent areas. M-type to Makatiti-Rotokohu, H-type 

o Haroharo, and P-type to Pararoa (see Figs. 2, 3). I 
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Figure 16. An example of source identification using glass chemistry. Samples taken from section W9 (see 
locations on Fig. 5). (m) denotes matrix sample with multiple clasts/shards analysed; (p) denotes single 
pumice/clast analysed. The compositional heterogeneity of the matrix samples suggest these units may include 
mixed ejecta, sourced from different vents in simultaneous eruption. 
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VOLUMES OF WHAKATANE EPISODE ERUPTIVES AND MAGMAS 

Pyroclastic fall deposits 

A bulk volume of -6 km3 for the Whakatane Tephra fall deposits is calculated using the method of 

Fierstein and Nathenson (1992), based on our isopach mapping out to 0.5 m thickness (Fig. 1) and the 

mapping of Pullar (1973) in more distal areas. Most (-90%) of the tephra fall deposit was erupted from 

Makatiti vent. Assuming an average bulk density of 1 g/cm3 over the entire Whakatane Tephra fall 

deposit gives an equivalent magma volume (at density 2.35 g/cm3) of 2.55 km3, erupted from 

Makatitirrapahoro and Haroharo/Rotokohu vents (Table 5). 

Table 5. Volumes estimated for Whakatane Tephra, plus blast bed and pdc deposits, with area and thickness 
values used for the calculations. Conversion factor is the ratio of the deposit density (taken as 1.25 g/cm3 for pdc 
and 1 glcm3 for tephra fall) to magma density (taken as 2.35 g/cm3). 

Deposit name Area Average Volume Conversion Magma volume 

(krn2) thickness (m) (lo7 m3) (km3) 

Pararoa Plbb 5 0.5 0.25 none 0.0025 

Pararoa Ppdc 2 4 0.8 0.53 0.004 

Rotokohu tuff cone 

Haroharo Hbb none 

Haroharo Hpdc 10 

Whakatane Tephra from n.a. 

Haroharo vent 

Makatiti Mppdc 50 

Makatiti valley fills 15 

Pukemaire fan etc 

Whakatane Tephra from ma. 

Makatiti vent 

Total -2.8 

Pyroclastic density current deposits 

Because of poor exposure, and burial of much of the proximal pyroclastic deposits beneath subsequent 

lava flows, volumes estimated for the blast beds and pdc deposits are very approximate (Table 5). A 

0.2 km3magma volume is estimated for the Makatiti pdc eruptives - the Mppdc units, and the thick 

valley fills in the Mangakotukutuku and Hainini stream valleys and Pukemaire fan. This is much larger 

than the other pdc deposits from Haroharo and Pararoa vent areas (Table 5), but considerably less 

than the 2.3 km3 of Whakatane Tephra erupted from the Makatiti vent area. 

Lava flows 

Volumes of Whakatane episode lavas are given in Table 6. About 75% of the magma erupted during 

the Whakatane episode was extruded as lava. 
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Table 6. Areas and volumes of Whakatane episode lava extrusions 

Lava Area (kmL) Average Volume (km') 

thickness (m) 

Pararoa 0.4 120 (80) 0.03 

Rotokohu 1.1 150 0. 165 

Haroharo 4.25 200 0.85 

TapahorolMakatiti 37.3 200 7.5 

Total -8.5 

Volumes of magma types 

Volumes of the three magma types erupted are shown in Table 7. The Makatiti-Tapahoro vent area 

was the main source for both pyroclastics and lavas during the Whakatane eruption episode. About 

8 8 %  (= 10 km3) of all magma erupted during the Whakatane episode (1 1.3 km3) was M-type, erupted 

from Makatiti-Tapahoro vents. 

 able 7. Calculated volumes of Whakatane magmas erupted (dre is dense rock equivalent). 

Vent area Pyroclastic Lava volume Magma type; volume; 

volume (dre krn3) (km3) and % of total volume 

Pararoa 0.0065 0.03 P-type; 0.0365 krn3; 0.32% 

Haroharo- 0.285 1 H-type; 1.285 krn3; 11.35% 

Rotokohu 

Makatiti- 2.3 7.5 M type: 10 krn3; 88.33% 

Tapahoro 

Total 11.32 

DISCUSSION 

Eruption mechanisms 

The distribution and internal structure of the Hbb deposit indicates that at least 2 directed blasts 

occurred from the Haroharo vent area. The Hbb deposit matrix is relatively coarse (median diameter 

1.6 mm at >2.5 km from vent - see Fig. 4a, b) and poorly sorted with a low fines content ( I  lwt.% is 

'finer than 0.25 mm). Component analyses (Fig. 4a, b) of Hbb deposits show their coarse fractions to 

be dominated by angular clasts of dense glassy rhyolite(obsidian) and lithoidal rhyolite, with a lower 
I 

proportion of juvenile white pumice. Some of the obsidian and lithoidal rhyolite clasts may originate 

from the i~n?er!ying 8 ka W&ti 12v3 flsw (and possibly aisu from 9.5 i<a and 25 ka lavas - see Table 1) 

through which the first explosions of the Whakatane episode occurred. Magma rising beneath the 

Waiti flow may have encountered groundwater at the base of the flow, producing steam explosions that 

blew out the steep margin of the Waiti flow. The resulting coarse block ejecta was sprayed on ballistic 

trajectories over the adjacent topography, mantling the summits of Hainini and Parewhaiti domes and 

the valleys between them. At the same time, finer material was transported in turbulent surges that 

rolled over the topography leaving cross-bedded deposits on summits and in valleys. The vent-opening 
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blasts appear to have been immediately followed by venting of magma from the conduit, to form a 

vertical eruption column from which the Hppdc flows were dispersed mainly to north and northeast. 

This northward distribution suggests that the preceding blasts occurred into the wind, and that the Hbb 

dispersal was controlled by vent parameters rather than wind direction. 

In contrast to the Hbb deposits, the immediately overlying Mppdcl pumiceous pyroclastic surge layer is 

finer-grained with median diameter of 0.4 mm at W67 (Fig. 4d). It contains more fine ash with 37 wt% 

finer than 0.25 mm, and the coarser fractions contain more juvenile pumice and much less accessory 

lithic material than the Hbb deposits. The Mppdcl flow was highly mobile, covering the summits of 

Hainini and Parewhaiti domes, where thin ( 4  m) deposits are found, and did not greatly thicken into 

depressions (e.g. at W67 - Fig. 8). It can be traced 7 km north from Makatiti vent to W52 (Figs. 3, 7), 

where it is still 4 cm thick. At W48 on Hainini dome the Mppdcl deposit contains an interbedded thin 

but coarse pumice fall deposit (Fig. 6), indicating that (in contrast to the Hbb surges) these first 

widespread Makatiti surges originated by collapse of plinian eruption columns. Similar fine-grained 

ppdc flows are found interbedded within the later pyroclastic fall deposits higher in the Whakatane 

episode sequence (i.e. at W42 and W47 - Figs. 3,11,13), and at other sections across Hainini dome, 

and at W67 (Fig. 8), representing repeated column collapse events during the main plinian eruptions. 

These later widespread flows were not as mobile as the Mppdcl, and are represented in many distal 

sections (i.e. on Haroharo dome - Fig. 14) only by co-ignimbrite ash layers interbedded with the plinian 

pumice fall units. 

lnterbedding of eruption deposits 

Field mapping aided by sample chemistry has revealed the repeated interbedding of pyroclastics 

erupted from Makatiti, Haroharo and Pararoa vents in sections between and adjacent to these areas 

(see Figs. 5, 6, 7, 8,11,12, 13). Haroharo lava dome must overlie the initial Mppdcl pyroclastics from 

Makatiti, and underlies (Fig. 14) late plinian falls from Makatiti vent. Similarly, the multiple ejecta layers 

from Pararoa vent(s) are interfingered within distal Makatiti (and Haroharo?) plinian fall deposits (see 

Figs. 12, 13). This clearly demonstrates repeated alternation of pyroclastic eruptions at Pararoa and 

Makatiti. The overall stratigraphy of the Whakatane episode reveals the closely sequential, and 

possibly sometimes synchronous, occurrence of eruptions from vents spread over 11 km of the 

Haroharo linear vent zone. 

Vent locations and eruption triggering processes 

Unlike the 0.7 ka Kaharoa eruption vents at Tarawera complex in the southern part of Haroharo caldera 

(Nairn et al., 2001), the Whakatane episode vents do not lie on a near-straight line. Tapahoro vent is 

0.4 km to SE of a line drawn between the Makatiti and Pararoa vents; the Haroharo vent lies 1.4 km to 

NW from such a line. Instead, the Whakatane vents, (together with vents for the preceding Mamaku, 

Rotoma, Rotorua and Te Rere episodes - Table I) ,  define a -4 km wide, 27 km long, zone across the 
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Haroharo complex (Figs. I ,  2). The width of this vent zone suggests that it is not controlled by a single 

narrow linear structure such as the basalt dike system thought to control location of the Kaharoa vents 

(Nairn et al., 2004a; Nairn et al., 2005). The relatively scattered vent locations for the Rotoma, 

Mamaku and Whakatane eruption episodes, together with the absence of included basalt from their 

eruption deposits, implies that intrusion of basalt dikes to shallow depths was not a major influence on 

Haroharo vent locations. 

If the Whakatane episode was not directly primed and triggered by basalt intrusion, then alternative 

eruption-inducing mechanisms need to be considered. The variety of compositions erupted (Table 4 

and see above) indicates that the pre-eruption Whakatane magmas were stored in multiple (at least 

two, possibly three) chambers, at shallow depths in the crust. The relatively low crystal (-15 vol.%) 

and vesicle contents of Whakatane pumices and lavas are not consistent with pressurization of the 

magma chambers by extensive crystallisation or vesiculation (Tait et al., 1989). Neither is there 

evidence for reactivation of a stagnant, crystallising magma body, by influx of hotter (crystal-poor) 

rhyolite magma. [This process triggered the 15.7 ka Rotorua eruptions (Smith et al., 2004) from 

Okareka embayment vents at the southwest end of the Haroharo linear vent zone (Figs. 1, 2) ] .  

Absence of petrological evidence for a magmatic priming and/or triggering process suggests that the 

Whakatane eruptions may have been induced by some tectonic process, such as the extension of TVZ 

rifting into Haroharo caldera. 

The Ngakuru graben (Fig. 1) defines the axis of the young Taupo Fault Belt immediately to southwest 

of Haroharo caldera. The NE-extrapolation of this axis into Haroharo caldera is marked by the 

Haroharo linear vent zone. Scattering of the well-defined vents for the Rotoma, Mamaku and 

Whakatane eruption episodes along this vent zone (Fig. 1) indicates that rhyolite magmas rose up 

multiple, perhaps sub-parallel, basement fractures beneath the caldera floor during each of these 

episodes. A similar rifting process has been suggested as controlling the -10 ka episode of multiple 

vent eruptions in the Tongariro and Taupo volcanic centres (Nairn et al., 1998; Nakagawa et al., 1998). 

i/Ve have no evidence for fault displacements in the Ngakuru graben before or during the Whakatane 

?pisode, but detailed paleofaulting studies have yet to be carried out in this area. 

Duration of the Whakatane eruption episode 

Total duration of the Whakatane episode cannot be  c~nfidsr,t!y assessed from the available data, but 

some simple limiting estimates can be made. About 8.5 km3 of magma was erupted as lava during the 

Nhakatane episode (Table 6), most (88%) of this from the MakatitilTapahoro vents. Extrusion rates of 

12 and 17 m3/s were estimated by Stevenson et al. (1 994) for the earlier Waiti (8 ka) and Haumingi (25 

(a) lava flows from Haroharo complex (Fig. 2), based on eruptive viscosities inferred from the lava 

:ompositions and their flow morphologies. At a 15 m3/s extrusion rate, time for the emplacement of the 

'.5 km3 MakatitilTapahoro-vented lavas would be -16 years. However, extrusion may not have been 
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continuous; conversely, lavas may have been extruded simultaneously from these two vents. It seems 

likely that extrusion of lavas from the Makatiti and Tapahoro vents occurred over at least a decade. 

Haroharo dome provides a minimum duration estimate for explosive phases of the Whakatane episode. 

The dome has a volume of -0.85 km3; at 15 m3/s this would take 1.8 years to extrude, with its growth 

starting some time after the initial Hbb eruptions from the Haroharo vent. The Hbb deposits are directly 

overlain by the first Makatiti eruptives to be dispersed to north of Makatiti vent (Mppdcl), followed by 

the main Makatiti plinian eruptions. Haroharo dome had grown and its surface (within a few hundred 

metres of the vent area) had cooled before it was mantled by the final plinian pyroclastic deposits 

erupted from Makatiti vent. If surface cooling took a few months, explosive activity from Makatiti vent 

must have occurred over at least 2 years. 

Given the various uncertainties, we infer that explosive eruptions, including the main plinian events 

from Makatiti, could have occurred over a 12-year period after the first explosions opened the Haroharo 

vent. The following lava extrusions at Makatiti, and their associated small pyroclastic eruptions, 

continued for at least a decade, suggesting a minimum total duration of > I2  years for the Whakatane 

episode. 

SUMMARY 

Whakatane episode eruptions began at Haroharo vent when a rising magma column drove vent- 

opening explosions through the southern margin of an older rhyolite lava flow. At least two blasts 

occurred before a vertical eruption column developed as magma vented to the surface, with column 

collapse generating multiple ppdc flows. These Haroharo eruptions were directly followed by eruption 

of highly mobile, fine-grained ppdc surges from Makatiti vent (Fig. 3), also generated by eruption 

column collapse and travelling >6 km from the vent. Smaller explosive eruptions from Haroharo and 

Rotokohu vents then built up the Rotokohu tuff cone while the largest explosive eruptions of the 

Whakatane episode were occurring from Makatiti vent, dispersing the Whakatane Tephra from high 

eruption columns. Episodes of column collapse generated ppdc surges and flows that were funnelled 

into the valleys around Makatiti vent (Fig. 3), where they accumulated to >50 m thickness and built a 

large fan extending 5 km onto the floor of the caldera. Similar pyroclastic flows and surges 

undoubtedly travelled west towards Lake Okataina, and south towards Lake Tarawera, but were 

subsequently buried by lava flows. Only the most mobile surges were able to flow north across the top 

of Hainini dome, pass across the eastern shoulder of the Pukerimu tuff cone, and continue into the 

area later occupied by Haroharo dome. 

Vent-opening phreatomagmatic eruptions at Pararoa produced local fine ash deposits (with included 

ballistic clasts) before any Makatiti and/or Haroharo plinian falls were deposited in this area. The exact 

relationship of the opening Pararoa and Haroharo eruptions (i.e. which vent was first active) cannot be 
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more precisely defined. The main Pararoa pyroclastic eruptions occurred as vulcanian explosions 

through a growing lava dome, depositing coarse, dense pumice-dominated, ppdc flow and surge 

deposits, to build a small tuff cone around the vent. A phreatomagmatic explosion then deposited lithic- 

dominated lapilli and block beds to >2 km north of Pararoa vent (Fig. 3). About 0.6 m of pumice and 

ash falls from Makatiti were deposited at Pararoa (Fig. 12) before a second and smaller local 

phreatomagmatic explosion occurred, while the plinian eruptions at Makatiti were waning. This 

stratigraphy clearly records alternating eruptions from Pararoa, Makatiti and Haroharo vents. Some of 

these eruptions may have been simultaneous, given the travel time to Pararoa for Makatiti-erupted 

tephra. 

Extrusion of Haroharo, Rotokohu and Pararoa domes probably began during the main plinian eruptions 

from the Makatiti vent, but smaller Makatiti eruptions continued after Haroharo and Rotokohu domes 

had been emplaced. Extrusion of Rotoroniu, Okataina, Tapahoro and Makatiti lavas (Fig. 3) began 

from Makatiti vents after the major plinian eruptions had ended. The multilobed Rotoroniu and 

Tapahoro lavas flowed over the earlier Makatiti pyroclastic fans to dam the Okataina and Tarawera 

~valleys, and produce the present lakes Okataina and Tarawera. Smaller explosive eruptions continued 

from the Makatiti vent after the Tapahoro lava extrusion, mantling Tapahoro dome with up to 10 m of 

local pdc surge and fall deposits. These pyroclastic eruptions had largely ceased prior to extrusion of 

the Okataina lava flow from the Makatiti vent, followed by extrusion of Makatiti lava flows and finally 

Makatiti dome. Extrusion of Haroharo dome had ended before the last of the plinian eruptions at 

Makatiti vent, but Makatiti and Pararoa domes were not fully grown until after all major pyroclastic 

eruptions had ceased. These domes appear to represent the final phases of the Whakatane episode. 

The Whakatane eruption episode is representative of recent activity on the Haroharo vent zone. The 

Whakatane eruptions occurred from multiple vents that define a broad linear zone > I 0  km in length. 

Two or three compositionally different magma bodies were tapped in sequential or simultaneous 

eruptions, occurring over a duration probably > I 0  years. Absence of petrological evidence for eruption 

triggering by intrusion of basalt, or hotter rhyolite magma, suggests the Whakatane eruptions may have 

been triggered by extension of TVZ rifting into Haroharo caldera. 
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