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CHAPTER 5 

ERUPTIONS FROM HAROHARO LINEAR VENT ZONE 

This chapter comprises a paper 'Geochemistry and magmatic properties of eruption episodes from 

Haroharo Linear Vent Zone, Okataina Volcanic Centre, Taupo Volcanic Zone, New Zealand during the 

last 10 kyr' which was submitted to Bulletin of Volcanology in February 2005. 

Ian Nairn provided the Whakatane stratigraphy and samples, assisted with Mamaku and Rotoma 

stratigraphy, and provided some unpublished Rotoma whole-rock data (samples beginning with R, see 

Appendix 5.2). Phil Shane assisted with field work. Catherine C. Williams' (nee Wright) Mamaku data 

was used from her Masters thesis (Wright, 2000). 

Raw data for this chapter is in Appendix B. 
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ABSTRACT 

Post-10 ka rhyolitic eruptions from the Haroharo linear vent zone, Okataina Volcanic Centre, have 

occurred from several, simultaneously active vents spread over 12 km. Two of the three eruption 

episodes have several compositionally distinct homogeneous magma batches. Three magmas totalling 

-8 km3 were erupted during the 9.5 ka Rotoma episode. The most evolved Rotoma magma 

(Si02=76.5-77.9 wt%, Sr=96-112 ppm) erupted from a southeastern vent, and is characterised by a 

cummingtonite-dominant mineralogy, a temperature of 739+14 OC, and D2 of NNO +0.52+0.11. The 

least evolved (Si02=75.0-76.4 wt%, Sr=128-138 ppm, orthopyroxene+ hornblende-dominant) Rotoma 

magma erupted from several vents, and was hotter (764+18 O C) and more reduced (NNO +0.40+0.13). 

The -11 km3 Whakatane episode occurred at 5.6 ka and also erupted three magmas, each from a 

separate vent. The most evolved (Si02=73.3-76.2 wt %, Sr=88-100 ppm) Whakatane magma erupted 

from the southwestern (Makatiti) vent and is cummingtonite-dominant, cool (745*11 OC), and reduced 

(NNO +0.34?0.08). The least evolved (Si02=72.8-74.1 wt %, Sr=132-134 ppm) magma was erupted 

from the northeastern (Pararoa) vent and is characterised by an orthopyroxene+ hornblende-dominant 

mineralogy, temperature of 764+18 OC, and Ds of NNO +0.40+0.13. Compositionally intermediate 

magmas were erupted during the Rotoma and Whakatane episodes and are likely to be hybrids. A 

single -13 km3 magma batch erupted during the intervening 8.1 ka Mamaku episode was relatively 

homogeneous in composition (Si02=76.1-76.8 wt%, Sr=104-112 ppm), temperature (736+18 OC), and 

oxygen fugacity (NNO +O. Ig+O. 12). 

The post-I 0 ka magmas cannot be related by crystal fractionation suggesting that each magma formed 

separately. Some of the vents tapped a single magma while others tapped several. Deposit 

stratigraphy suggests that the eruption tapped alternated between the distinct magmas. Often these 

magmas were simultaneously erupted from separate vents. Both effusive and explosive activity 

alternated, but was predominantly effusive (>75% erupted as lava domes and flows). The plumbing 

systems which fed the vents are inferred to be complex, with magma experiencing different conditions 

in the conduits. As the eruption of several magmas was essentially concurrent, the episodes were likely 

triggered by a common event such as magmatic intrusion or seismic disturbance. 

Keywords: magmas, rhyolite, Rotoma, Mamaku, Whakatane, Haroharo, Okataina. 
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INTRODUCTION 

Post-I 0 ka rhyolitic episodes from Haroharo linear vent zone (HLVZ), situated in the Okataina Volcanic 

Centre (OVC), New Zealand (Fig. 5.1) were unusual in that eruptions occurred from linear chains of 

vents, and two of the three post-10 ka episodes tapped several distinct magmas. These magmas were 

erupted explosively and effusively from several simultaneously or sequentially active vents spread over 

12 km. Some vents tapped a single magma, while others tapped several. 

Most rhyolitic eruptions appear to have occurred from single central vents (e.g., Aramaki, 1984; Wilson, 

1985; Suzuki-Kamata and Kamata, 1990) or ring fissures (e.g. Bacon, 1983; Hildreth and Mahood, 

1986). In contrast, basaltic eruptions commonly occur along linear vent zones, e.g., the 1984 eruption 

of Krafla volcano in Iceland (Tryggvason, 1986) and the 1971-1972 eruptions of Kilauea volcano, 

Hawaii (Duffield et al., 1982). Other than those from OVC, only a few other rhyolitic eruptions from 

1 linear vent zones have been documented. For example, some post-42 ka events from Lipari and 

Vulcano in the Aeolian Islands (Gioncada et al., 2003), the 1640 BC Minoan eruption of Santorini 

(Pfeiffer, 2001), and 1960 rhyodacitic fissure eruption from the Cordon Caulle Volcanic Complex (Lara 

et al., 2004). The OVC rhyolitic episodes are extraordinary as most (seven of the nine) episodes in the 

last 26 kyr, from the HLVZ and the Tarawera linear vent zone (situated 10 km south; Fig 5.1), have 

tapped several distinct magmas along their length (Nairn, 1992; Nairn et al., 2004; Smith et al., 2004, 

submitted). The HLVZ eruption episodes are slightly different to those from Tarawera linear vent zone 

(e.g., Nairn et al., 2004) as they erupt rhyolites with limited compositional diversity and display no 

evidence for mafic reactivation. 

Recent shallow seismic activity (Bryan et al., 1999) and the presence of low S-velocity layers suggest 

magma could be accumulating in the crust beneath HLVZ (Bannister et al., 2004). Thus, it is pertinent 

to establish future hazards associated with HLVZ eruptions by determining the general eruption history, 

styles of activity, processes operating in magma chambers, and the triggering of events. Here we 

document the geochemical, mineralogical, and magmatic properties of the three most recent eruption 

episodes from HLVZ, with the aim of deciphering the magmatic processes that occurred beneath the 

vents. 

1 BACKGROUND 

The Taupo Volcanic Zone (TVZ) in the North Island of New Zealand is one of the most frequently active 

rhyolitic areas on Earth (Wilson et al., 1995). It is part of an active rifting arc that extends by -7 mm per 
I 

year (Villamor and Berryman, 2001). It is characterised by intensely faulted and thinned crust (-30 km), 

high heat flow (4200 MW), and frequent, voluminous rhyolitic eruptions (Stern, 1986, 1987; Henrys et 

al., 2003). Of the eight calderas that make up the TW, only the OVC and Taupo Volcanic Centre are 

considered to be active. Frequent activity commenced at OVC after the voluminous (>I00 km3) 

caldera-forming Rotoiti event (Nairn, 2002) at - 50 ka (Shane and Sandiford, 2003). During the 
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subsequent interval (40- 31.5 ka; all calendar ages following Lowe et al. (1999)), intra-caldera eruptions 

were medium-sized (0.1- 12 km3), plinian episodes (Jurado-Chichay and Walker, 2001). Post-26 ka 

events were less frequent, but apparently greater in volume (see Smith et al., submitted). In addition, 

the style of activity of post-26 ka events was apparently different, with predominately effusive activity 

from chains of vents situated along one of two linear zones, Tarawera and Haroharo (Fig. 5.1). 

Figure 5.1. Shaded relief map of Okataina Volcanic Centre showing the outline of the caldera and the linear vent 
zones (LVZ), Haroharo and Tarawera. 

The HLVZ is a series of vents which lie within a 27 km long, 3 km wide, 050"-trending zone that reflects 

a deep-seated basement fracture. The zone parallels the regional tectonic fabric and appears to be the 

northeast-continuation of the Ngakuru graben axis (Nairn, 2002) (Fig. 5.1). Numerous vents were active 

along the vent zone during each eruption episode. Lava flows of younger eruptions have buried older 

vents. Each eruption episode produced 1-3 km3 (all volumes are in dense rock equivalent) of 

pyroclastics and >5 km3 of lava. Explosive activity was predominantly magmatic, producing -30 km- 

high plinian columns that dispersed ash across much of the central North Island (e.g., Lowe, 1988; 

Lowe et al., 1999; Sandiford et at., 2001; Shane and Hoverd, 2002), and localised ( 4 0  km from vent) 

pyroclastic density currents (e.g. Nairn et at., 2001; Kobayashi et al., submitted). Effusive activity 
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generated a chain of overlapping lava domes and coulees, which form the 800 m-high Haroharo 

Volcanic Complex (Fig. 5.2) (Nairn, 2002). 

Figure 5.2. Lavas and pyroclastics on the Haroharo Linear Vent Zone, from Nairn (2002). Boxes refer to Fig. 5.3 
a-c 

During the last 26 kyr there have been five eruption episodes from vents along HLVZ. The 25 ka Te 

Rere (Nairn, 1992) and 15.8 ka Rotorua (Nairn, 1980; Smith et al., 2004) appear to be the earliest 

episodes. During these events much of the activity was from vents within the Okareka Basin at the 

southern end of the HLVZ (Fig. 5.1 and 5.2). This study focuses on the three most recent episodes 

from HLVZ, the 9.5 ka Rotoma, 8.1 ka Mamaku, and 5.6 ka Whakatane eruption episodes (Table 5.1), 

which erupted from a series of vents mainly along the central and northern end of the HLVZ. Post-10 

ka eruption deposits are summarised in Table 5.1 and the location of the lavas are shown in Figure 5.2 

and 5.3. 



Table 6.1.Stratigraphy and chronology of post-10 ka HLVZ lavas and pyroclastics 

Eruptive e q  Age bvao Volume Vent area Volume Magma Samples Vent area Eptsode ka 

Whakatane 5.6 Makatiti Dome Makatiti A WTl W86 

Matakatiti Lavas Makatiti A - - 
Pararoa Dome Pararoa 0.03 WT3 W200 
Okataina Lavas Wlakatiti A WTI W212 

Tapahoro Dome Makatiti A - - 
Tapahoro Lavas Makatiti A WTl W207 

Rotoronui Lavas Makatiti A WTl  W220 

Makatiti 

Pareroa 

Makatiti 

Pararoa 

Rotoma 9.5 Waiti Lavas Te pohue' 2.58 RT3 V83, M14, M16-17 

Kaipara Lavas Te pohue' 1.36 RT1 V84, M47, M5556 

Te Pohue Lavas Te pohue" 0.94 RT1 V29, V85, V86, R80 Otarnuri Te pohue' 

Tua hu Pukenmu 

Haroharo Dome Haroharo 0.85 W M  W72 Whakatane Ash (piinlan) Makatiti 2.55 WT1 * 
Rotokohu Dome Haroharo 0.17 WT2 W204 Rotokohu and Haroharo Haroharo 0.04 WT2 * 

0.48 RTl? V200. V202 

0.02 RT1 V1-2 

Marnaku 8.1 Te Horaa Dome Te Horoa 0.60 M45 

Hainini Dome Hainini 0.69 M37 
Halnini Lavas Hainini 1.31 M41 

Te Horoa Te Horoa 0.07 - 

I 1 Rotoma & Ts ~ohue% RT3 * ~ Maiutu Rotoma 0.004 RT3 V53, V92, V108 

All calibrated ages are from Lowe et a(. (1 999). See Table 5.2 for characteristics of the magmas. A combined volume of 7.5 km3 #under Whakatane lava domes and flows and precise vent 
location is unknown. Sample numbers for fall deposits are in Appendix 5.1. 

Te Matae Lavas ~akatiti' 4.08 M48-M51 
Parewhaiti Dome Parewhatti 0.65 M4O Parewhalti Parewhaiti 0.01 

Ruakokopu Lavas ~akatiti' 2.55 M46 Hainini Hainini 0.01 M9-MI 3 

Otanghoana Lavas ~akatiti' 1 .03 M2 

Oruaroa Lavas ~ a k a ~ t i '  1.07 M3 Mamaku Ash (plinian) ~ a k a t i t t  Hainini 1.22 .. 

I Rotoma Lava Flow Rotoma 0.24 
RT2 VQO, R83 

RT3 V89, V91, R81 
Pukerirnu 8 Te ~ o h u e 5  RTl * 

Rotama Ash (pllnian) Rotoma & Te pohue'? 2.21 RT2 * 



Figure 5.3. Lavas and pyroclastics of the (A) Rotoma, (B) Mamaku, and (C) Whakatane eruption episodes. 
Modified from Nairn (2002). Letters [in brackets] denote approximate sequence order (A= youngest), see Table 
5.1. Deposits are shaded according to magma type (e.g., RTI and WTl) see Table 5.2. 
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STRATIGRAPHY OF THE POST-10 KA HLVZ ERUPTION EPISODES 

The stratigraphy of the post-I 0 ka HLVZ eruption episodes largely follows Nairn (2002). 

Rotoma eruption episode (9.5 ka) 

The Rotoma eruption episode occurred at 9.5 ka from at least six known vents spread along 12 km of 

the HLVZ (Table 5.1; Fig. 5.2 and 5.3a) (Nairn, 2002). The vents appear to have been in three main 

vent areas, the southwestern Pukerimu tuff cone, the middle (Te Pohue) vent area (situated beneath 

the 5.6 ka Rotokohu dome), and the Rotoma vent area at the northern end of the HLVZ in the vicinity of 

Lake Rotoma (Fig. 5.3a). During the eruption episode, several vents appear to have been 

simultaneously active. The eruption commenced with explosive magmatic and phreatomagmatic 

activity from the Rotoma vent area, which generated pyroclastic fall eruptions and pyroclastic density 

currents (pdcs), the Matutu Pyroclastics, creating the Matutu tuff ring (Nairn, 2002) (Table 5.1; Fig. 

5.3a). Plinian eruptions followed from both the Rotoma and Te Pohue vent areas and dispersed ash 

mainly to the northeast (Fig. 5.3a). Shortly afterwards activity commenced at the Pukerimu vent area, 

12 km southwest of Rotoma, with phreatomagmatic eruptions and pdcs (Tuahu Pyroclastics) (Fig. 5.3a) 

(Nairn, 2002). The Rotoma and Te Pohue lava flows were extruded from their respective vent areas 

while explosive activity continued from other vents (Fig. 5.3a). Te Pohue lava was followed by the 

extrusion of the Kaipara and Waiti lavas (Fig. 5.3a) (Nairn, 2002), previously associated with the 

Mamaku eruption episode (see below), from the same vent area. The final eruptions of the Rotoma 

eruption episode generated pdcs (Otamuri pyroclastics) which accumulated forming a thick (>200 m) 

pyroclastic fan in a valley southwest of the Kaipara lava flow (Fig. 5.3a) (Nairn, 2002). 

Detailed dispersal and vent areas of some Rotoma pyroclastic units cannot be accurately determined 

as proximal deposits are buried beneath the later Rotoma, Mamaku, and Whakatane lavas. Numerous 

fall units are unable to be correlated between the northeast (around Lake Rotoma) and southwest 

sectors (around the Pukerimu tuff cone). Thus, a single isopach map was generated using the 

combined thickness of fall deposits. The isopach map displays a dominant northeastern dispersal (Fig. 

5.4a). Using the method of Pyle (1 989), a minimum bulk volume of -5.1 5 km3 was estimated for the fall 

deposits, which equates to -2.2 km3 of magma (using respective densities of 2.35 g/cm3 for magma 

and 1 glcm3 for tephra fall). Volumes of lavas and pdc deposits were estimated using areal distribution. 

Lavas amount to more than 5.1 km3 and pdc deposits account for -0.5 km3 of magma (Table 5.1). A 

total of -8 km3 of magma was erupted during the Rotoma eruption episode. 

Mamaku eruption episode (8.1 ka) 

The 8.1 ka Mamaku eruption episode occurred from several vents spread over at least 9 km of the 

southern part of the HLVZ (Wright, 2000; Nairn, 2002) (Table 5.1; Fig. 5.2 and 5.3b). The episode was 

predominately effusive with >90% of the magma extruded as domes and lava flows. The eruption 

appears to have commenced with phreatomagmatic explosions, followed by magmatic pyroclastic fall 
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Figure 5.4. lsopach maps of (A) Rotoma and (B) Mamaku fallout deposits. Site thicknesses and isopach contours 
are in centirnetres. 
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eruptions from Hainini and Te Horoa vents (Fig. 5.3b). In the central caldera, plinian fall units are 

interbedded with pdc deposits (Hainini pyroclastics), which were most likely generated by column 

collapse (Nairn, 2002) (Fig. 5.3b). The extrusion of Parewhaiti dome commenced, with northerly- 

directed Parewhaiti pdcs generated during explosive collapse of the lava flow fronts. The subsequent 

Ruakokopu, Otangimoana, and Oruaroa lava flows most likely extruded from vents near the present 

Makatiti dome (Fig. 5.3b). After further pyroclastic activity the Te Horoa Dome and Hainini Dome and 

lavas were extruded. The Mamaku eruption episode appears to have finished with a phreatomagmatic 

eruption from Te Whekau explosion crater (Fig. 5.3b) (Nairn, 2002). 

Approximately 13 km3 of magma was erupted during the Mamaku eruption episode. A lava volume of 

-12 km3 was estimated from the areal distribution and thicknesses of the flows and an indicative fallout 

volume of -1.2 km3 was estimated from an isopach map (Fig. 5.4b) with few thickness measurements. 

Whakatane eruption episode (5.6 ka) 

The 5.6 ka Whakatane eruption episode comprises the youngest rhyolite lavas and pyroclastics of the 

Haroharo Volcanic Complex (Nairn, 2002) (Table 5.1; Fig. 5.2 and 5.3~). The stratigraphy and 

sequence has been documented in detail by Kobayashi et al. (submitted) (in Appendix C). The eruption 

episode occurred from three vents spread over -11 km of the HLVZ. Three general vent areas are 

defined, situated beneath the Makatiti and Tapahoro lavas (Makatiti vent area), Haroharo and 

Rotokohu lavas (Haroharo vent area), and Pararoa dome (Pararoa vent) (Fig. 5.3~). Activity 

commenced at Haroharo (middle vent area) with a vent-opening explosion producing lithic-rich pdcs. 

These were immediately followed by explosive plinian eruptions, and pdcs from Makatiti vent (-6 km 

southwest of Haroharo). The plinian eruptions dispersed Whakatane Ash mainly to southeast (see 

Kobayashi et al., submitted), with a less-developed lobe to the northeast. Pdcs generated from plinian 

column collapses funnelled into valleys east of Makatiti vent and accumulated (up to 50 m thick). 

Explosive activity, producing pyroclastic flows and falls, occurred at Haroharo and Pararoa while 

Makatiti vent was still erupting. Ejecta from sequences clearly show that eruptions alternated between 

the three major vent areas, with some most likely simultaneous (Kobayashi et al., submitted). Extrusion 

of Haroharo, Rotokohu and Pararoa domes, from their respective vents, commenced during the major 

plinian eruptions from the Makatiti vent. Rotoronui, Okataina, Tapahoro, and Makatiti lavas from the 

Makatiti vent area began extruding after the Makatiti plinian eruptions had ceased. Makatiti and 

Pararoa domes continued to extrude after all major pyroclastic eruptions and appear to represent the 

final phases of the Whakatane episode (Kobayashi et al., submitted). 

Approximately 11.3 km3 of magma was erupted during the Whakatane eruption episode (Kobayashi et 

al., submitted) (Table 5.1), with -75% of the volume extruded as lava domes and flows. Most 

pyroclastics and lava were erupted from the Makatiti vent area (-10 km3 of magma), with - 1.29 km3 

erupted from the Haroharo, and -0.04 km3 from Pararoa vent areas (Kobayashi et al., submitted). 



Chapter 5 Eruptions from Haroharo Linear Vent Zone 

GEOCHEMISTRY 

Whole-rock 

X-ray fluorescence spectrometry (XRF) was used to determine whole-rock major and trace element 

compositions of post-10 ka HLVZ pumice clasts and lavas (Appendix 5.1). To ensure the analyses 

were representative, and not affected by crystal loss during eruptive fragmentation, only pumice clasts 

and pieces of lava >4 cm were used. XRF analyses were normalised to 100% to account for the 

variability in post-eruption hydration. Post-10 ka deposits are medium-K20, calc-alkaline rhyolites, with 

compositional ranges of 74.5-77.9 wt% SO2, 2.9-3.4 wt % K20, 1 17-200 pprn Zr, 96-1 38 pprn Sr, and 

89-116 pprn Rb. Si02 displays negative correlations with FeO, CaO, MgO, Zn, Sr, and Zr; and a 

positive relationship with K20 (Fig. 5.5). 

Magma types 

Three distinct geochemical groups are observed in both Rotoma and Whakatane whole-rock data 

(Table 5.2; Fig. 5.5). Each of the groups is chemically distinct and homogeneous, suggesting that each 

represents a separate magma body. The Rotoma magmas are denoted RTI, RT2, and RT3. Likewise, 

the Whakatane magmas are denoted WTI, WT2, and WT3. The mineral assemblage and glass 

composition of each these magmas is also quite distinctive (see Table 5.2). The Mamaku deposits are 

chemically homogeneous and display variation comparable to that of analytical uncertainty, suggesting 

the eruption tapped a single homogeneous magma. 

The most evolved Rotoma magma (RTI) (76.38- 77.92 wt % Si02, 0.85- 1 . I3  wt % FeO) has low Sr 

(96- 112 ppm) and Zr (120- 146 ppm) (Table 5.3). Whereas, the least evolved Rotoma magma (RT3) 

(74.96- 76.44 wt % SO2, 1.25- 1.46 wt % FeO) has the highest Sr (128- 138 ppm) and Zr (162- 193 

ppm) (Table 5.3; Fig. 5.5a and b). The remaining type (RT2) is compositionally intermediate to RTI and 

RT3 with 75.75- 77.30 wt % Si02 and 142- 165 pprn Zr (Table 5.3; Fig. 5.5a and b). 

The magma erupted during the Mamaku episode was relatively homogeneous with a whole-rock 

compositional range of 76.05- 76.82 wt % Si02, 3.09- 3.22 wt % K20, 104- 112 pprn Sr, and 130- 143 

pprn Zr (Fig. 5.5e; Table 5.3). The Waiti and Kaipara lava flows, previously grouped in the Mamaku 

eruption episode (Nairn, 1989), are compositionally more similar to Rotoma deposits. Stratigraphic 

evidence suggests that they could have been erupted at the end of the Rotoma eruption episode or at 

the beginning of the Mamaku eruption episode. They were previously grouped in the Mamaku eruption 

episode as Rotoma pyroclastic deposits are not found overlying the lavas (Nairn, 2002). As the Waiti 
I 

lava flow is compositionally similar to RT3 deposits and the cummingtonite-bearing Kaipara lava flow is 

compositionally similar to RTI deposits (Table 5.3, sample M47; Fig. 5.5b and e) they are now 

considered to have been erupted during the final stages of the Rotoma eruption episode. 
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Figure 5.5. Whole rock compositions and magma types of the: (A & B) Rotoma (PR= from Pukerimu vent, TP= 
from Te Pohue vent, and R=Rotoma vent), (C &D) Whakatane deposits (M= from Makatiti vent, H= from 
Haroharo vent, and P= from Pararoa vent), and (E) Mamaku. See Table 5.1 for sample descriptions. Samples 
listed in general stratigraphic order. * see Appendix 5.2 for sample numbers. Typical error bars are shown. 



Table 5.2. Summary characteristics of post-10 ka HLVZ magmas 

Whole-rock Glass 
Magma Crystal % Mineral assemblage T (OC~ f 0 2  (NNO~ 

Si02 (wt%) K20 (wt%t Sr (ppm) CaO (W!) K2O ( M A )  

Whakatane 

WT1 -1 5 qtz>plag>hb>cum>fe-ti~opx 73.3-76.2 3.2-3.3 88-1 00 0.57-0.87 3.65-4.09 745 (1 1) 0.34 (0.08) 

W 2  -15 qtzzplag>hb>fe-tircum>opxzbio 73.7-75.5 3.1-3.3 92-115 0.62-0.90 3.40-3.87 737 (9) 0.29 (0.11) 

WT3 -1 5 plag>qtz>opx*fe-ti>hb>cgt 72.8-74.1 2.9-3.0 132-1 34 0.78-0.96 3.37-3.64 n o  (5) 0.52 (0.05) 

MDF -90 plag>hb>qtz>opx>>cgt>bio 59.8* 1.1' 369' 0.43-0.65 3.95-4.27 

Mamaku -1 5 plag>qtz>opx>fe-tizhbcpx 76.1-76.8 3.1-3.2 104-1 12 0.63-0.87 3.58-3.90 735 (18) 0.18 (0.1 1) 

Rotoma 

RTI -13 plag+qtz>fe-tbcgtzhbzopx 76.5-77.9 2.9-3.1 96-1 12 0.69-0.92 3.28-3.86 739 (14) 0.52 (0.1 1) 

RT2 -1 3 plag*qtz>fe-ti>hb>opx>cgt 75.8-77.3 2.8-3.0 111-131 0.72-1.06 3.253.56 760 (9) 0.62 (0.06) 

RT3 4 3 plag>qtz>fe-tBopx>hbcgt 75.0-76.4 2.8-3.0 128-138 0.85-1.02 3.22-3.43 764 (18) 0.40 (0.13) 

Qtt= quartz, plag= plagioclase, hb= hornblende, cgt= cummingtonite, opx= orthopyroxene, cpx= dinopyroxene, bio= biotite, and fe-ti= Fe-Ti oxides. 
*from Nairn (2002). determined using the Fe-Ti oxide method of Ghiorso and Sack (1991), average and standard deviation in parentheses. 



Table 5.3, Representative whole-rock analyses of post-10 ka HLVZ deposb 

Rotoma Mamaku W hakatane 
Sample V1 V4 W V29 M47 V16 V55 V87 V53 MI4 M26 M28 WlOA W42 W207 W72 W74 W204 WlOB W200 
Vent PR PR PR TP TP R? R? R3 R f P  M M M H H H P P 
Maama RTl RTl RTI RTl RTI RT2 RT2 RT2 RT3 R M  Wl WTI W1 WT2 WT2 WT2 WT3 W 3  

Si02 
Ti02 
&Q3 

Fez03 
FeO 
MnO 
MgO 
CaQ 
Na20 

KzO 
p205 
LO1 

Sc 
v 
t n  
Ga 
Rb 
Sr 
Y 
Zr 
Nb 
La 
Ce 
Pb 
f h  - 9 9 10 10 8 8 8 9 11 10 10 13 12 . . 11 14 10 8 

Majors in weight % and trace elements in ppm. Oxides are norrnalised to 100% on a volatile free basis. Sample numbers correspond to units in TaMe 1. PR= Pukerimu tuff cone, TP= 
Te Pohue, R= Rotoma, M= Makatitl, H= Haroharo, P= Pararoa. FeO was calculated using the folia\Ning equation (Fe20,3/1.I 1134 as ail FeO was expressed as Fe203 
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Each of the three Whakatane magmas erupted from a unique vent area. WT1 magma erupted from the 

Makatiti vent area is the most evolved (-77.2 wt % Si02; -3.3 wt % K20) and has low Sr (-94 ppm) and 

Zr (-121 ppm) (Table 5.3 and Fig. 5 . 5 ~  and d). Whereas, WT3 magma erupted from the Pararoa vent, 

at the northeast end of the linear vent zone, is the least evolved (75.4 wt % SOs; 3 wt % K20) and 

displays the highest Sr (133 pprn) and Zr (185 ppm) contents. WT2 magma erupted from the middle 

vent area, Haroharo, is compositionally intermediate to the other two magmas (Table 5.3 and Fig. 5 . 5 ~  

and d). 

Glass 

Glass analyses were performed using microbeam techniques on single shards (see Appendix 5.1), 

which allowed the composition and homogeneity of both clasts and fine-grained matrix samples tobe 

assessed. Glass shards in post-10 ka HLVZ deposits have ranges of 76.5-78.7 wt% Si02 and 2.9-4.1 

wt % K20 (Table 5.4). To facilitate comparison the effects of secondary hydration were removed by 

recalculating analyses to 100% (Shane, 2000). Compositional variations do not reflect differences in 

eruption mechanisms, i.e., lavas versus pyroclastics. However, slow cooling of some lava flows, due to 

their thickness (often >200 m) and presumed prolonged extrusion, has resulted in post-eruption 

alteration, such as devitrification andlor alkali exchange, in some samples. Samples that have 

experienced post-eruption alteration typically have heterogeneous matrix glass, with some analyses 

displaying significantly higherllower Na20 andlor K20 relative to others (Scott, 1971). These analyses 

and their samples were discarded. 

The Si02 contents of the glass in all post-10 ka HLVZ deposits shows little variation (Table 5.4). 

However, CaO and K20 compositions are variable (Table 5.4). Glass compositions of the most evolved 

and least evolved Rotoma magmas, RTI (0.69- 0.92 wt % CaO, 3.28- 3.86 wt % K20) and RT3 (0.85- 

1.02 wt % CaO, 3.22- 3.43 wt % K20), are mostly distinct (Table 5.4; Fig. 5.6a). However, the glass 

compositions of the intermediate RT2 magma overlap with those of the other magmas (Fig. 5.6a). 

Similarly, Whakatane glass shards of the most-evolved WT1 Makatiti magma (0.57- 0.87 wt % CaO, 

3.65- 4.09 wt % K20) are compositionally distinct from those of WT3 Pararoa magma (0.78- 0.96 wt % 

CaO, 3.37- 3.64 wt % K20) (Fig. 5.6~). The intermediate Haroharo WT2 clasts can only be 

distinguished somewhat, as they display a large degree of overlap with the other magmas (Table 5.4; 

Fig. 5.6~). No significant variation is observed in Mamaku eruption deposits (Table 5.4; Fig. 5.6b). 

Glass data of the Oruaroa and Otangimoana lava flows, and Te Horoa pyroclastics were discarded in 

1 this study as the deposits appear to have been effected by post-eruption alteration. Overall, the glass 
I 

chemistry data supports the whole-rock classification of magma types (Table 5.2). This allows fine- 

grained deposits to be fingerprinted and classified (e.g., Fig. 5.7). 
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Figure 5.6. Glass compositions of: (A) Rotoma, (B) Mamaku, and (C) Whakatane deposits. The compositional 
field of the magmas are defined on whole-rock composition (see Table 5.2). See Table 5.1 for sample 
descriptions. Samples listed in general stratigraphic order. 
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Northwestern shore of Lake Rotoma (site 98) 

p.t. massive t h e  ash 
(biotite-bearing) V142 

Noff h of Pukerimu tuff cane (site 2) 

pf&ksk(brvsbeddad 
on 10.10 crn ~cak, p.s ash 
&angular bpWI 

Figure 5.7. Stratigraphic columns and whole-rock compositions of Rotoma deposits proximal to each vent area, 
at site 2 and site 96 (see Fig. 5.3a). Deposits proximal to Pukerimu vent area are RTI in composition; whereas, 
coarse deposits proximal to the Rotoma vent area are either RT2 or RT3 in composition. The Rotoma episode 
commenced with the eruption of RT3 from the Rotoma vent area. Localised pyroclastic falls and pdc's were 
generated, these are not represented in these columns. RTI-RT3 refer to the whole-rock compositional groups 
(magmas), see Fig. 5.5. P.s.= poorly sorted m.s.= moderately sorted and w.s.= well sorted. 
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TEMPORAL AND SPATIAL VARIATIONS IN MAGMA TYPE 

The stratigraphy, characteristics, and dispersal of the Rotoma units indicate a tenuous linkage between 

vent area and magma type erupted. Thick, coarse deposits proximal to the three vent areas suggest 

the southwestern Pukerimu vent only erupted RTI magma (Fig. 5.7). The middle Te Pohue vent area 

erupted all three magmas, and northeastern Rotoma vent area erupted RT2 and RT3 magmas. 

Compositional variation vertically through the Rotoma pyroclastic deposits indicates that the eruption 

alternated back-and-forth between all three distinct magmas (Fig. 5.7), and it is likely that several vents 

were active simultaneously. However in general, the Rotoma eruption episode commenced at the 

northern Rotoma vent area erupting RT3 and then moving onto RT2 magma. Activity appears to have 

progressively moved south, with RT2 and possibly RT3 magma from the middle Te Pohue vent area, 

and then RTI from the southern-most Pukerimu vent. Towards the end of the plinian phases the middle 

Te Pohue vent area began effusively erupting RTI (Te Pohue and Kaipara lavas) and then finally RT3 

(Waiti lava) magma (Fig. 5.3a). 

The glass composition varies vertically through Whakatane pyroclastic deposits indicating that the 

eruption alternated between the three magmas (Fig. 5.8). In addition, the composition of some 

Whakatane matrix samples spans the compositional range of all magmas (see Fig. 5.8) indicating that 

some beds include ejecta from each of the three magmas, erupted simultaneously from their respective 

vents. In general, the eruption sequence commenced with the eruption of WT2 magma from the middle 

(Haroharo) vent area (see Kobayashi et al., submitted), and then moved to the western Makatiti vent 

area which tapped the WT1 magma. The WT3 magma was the last to be tapped and erupted from the 

Pararoa vent situated at the eastern end of the HLVZ. 

MINERALOGY 

Post-I 0 ka HLVZ deposits contain 10-20% crystals and a similar mineralogy containing plagioclase + 

quartz> orthopyroxene + hornblende + cummingtonite + Fe-Ti oxides with zircon and apatite as 

accessory phases. However, differences in the mineral assemblages are observed between magmas 

(Table 5.5). 

Rotoma lava and pumice clasts have on average -13% crystals. The mineral assemblages of the 

compositionally distinct magmas are subtly different. The RTI deposits (fall and pdcs proximal to the 

Pukerimu vent, and the Te Pohue and Kaipara lavas) have cummingtonite as the dominant 

ferromagnesian mineral and contain similar abundances of both quartz and plagioclase (see Table 

5.5). The mineral assemblages of RT2 and RT3 deposits are similar (fall and pdcs proximal to the Lake 

Rotoma vent, and the Rotoma and Waiti lavas) and contain hornblende and orthopyroxene as the 

dominant ferromagnesian minerals, with only minor amounts of cummingtonite, and have plagioclase 

as the dominant felsic phase (Table 5.5). 
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Southeast of Haroharo dome (site W9) 

0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.86 0.90 0.95 1.W 

cao (wt %) 

Figure 5.8. Stratigraphic column and glass compositions of Whakatane deposits at site W9. WTI-WT3 refer to 
the glass composition of the magmas, see Fig. 5.7. See Fig. 5 . 3 ~  for locations 

Unlike the Rotoma and Whakatane deposits, Mamaku deposits do not contain cummingtonite, and all 

units display a similar mineral assemblage (Table 5.5). Mamaku deposits generally contain 

~rthopyroxene and plagioclase as the dominant ferromagnesian and felsic phases. Trace amounts of 

clinopyroxene are found in a few units. 

Whakatane pumices and lava have 10- 20% phenocrysts, with an average -14%. The deposits of the 

three magmas have slightly different mineral assemblages. WT1 Makatiti deposits have more quartz 

Lhan plagioclase and a ferromagnesian mineralogy of hornblende> cummingtonite> orthopyroxene (see 

Table 5.5). The mineral assemblage of the WT2 Haroharo deposits is only subtly different, it contains 

slightly more hornblende and biotite but less cummingtonite and orthopyroxene than WT1 (Table 5.5). 

The WT3 Pararoa deposits are distinct and contain plagioclase and orthopyroxene as the dominant 

lelsic and mafic phases (Table 5.5). 



Chapter 5 Eruptions from Haroharo Linear Vent Zone 

Table 5.5. Modal mineralogy of post-10 ka HLVZ deposits 

Sample Magma Mineral Plaq Qtz Opx Hb Cqt Fe- Cpx Bio 
Rotoma 

v84 
V86 

V90 

V108 
v53 
V83 
V89 

Mamaku 
M2 
M3 
M8 
M8 
M I0  
M 37 
M40 
M41 
M45 
M46 
M48 
M49 

Whakatane 
W86 WT1 10-1 5 
W207 WT1 15-20 
V220 WT1 15-20 

-1 5 

W200 WT3 10-1 5 
WlOB WT3 15-20 

-1 5 41 26 13 8 3 9 

Samples from eruptive units, see Table 5.1. Plag= plagioclase, qtz= quartz, opx= 
orthopyroxene, hb= hornblende, cgt= cummingtonite, cpx= clinopyroxene, & bio= biotite 

Microdiorite fragments 

A few microdiorite fragments (MDF) ranging from c8 mm to 5 cm in size are found in the Whakatane 

deposits and comprise -4% of ejecta. They display similar petrographic characteristics to plutonic 

clasts from the -50 ka Rotoiti and Earthquake Flat pyroclastics, described by Burt et al. (1998). 

Whakatane MDF contain vesicular glass (40%)  and have a mineral assemblage of plagioclase 

(-50%), calcic amphibole (-35%), quartz (-lo%), and Fe-Ti oxides (-5%), with trace amounts of 

cummingtonite and biotite. Quartz crystals are anhedral and show evidence of resorption and cracking. 

Amphiboles are acicular to lath shaped, up to 8 mm long, and are often anhedral-subhedral displaying 

ragged edges, suggesting the crystals were beginning to break down. The plagioclases are generally 

smaller (<4 mm), euhedral, and lath shaped with sharp crystal faces. They are optically zoned but we 

have not investigated how this relates to the compositional variation. Interlocking plagioclase and 

quartz aggregates (-5 mm), and granophyric or micrographic textures, are occasionally observed. The 
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minor amount of glass (40%)  is evolved with high Si02 (-77.83 wt %) and K20 (-4.15 wt %), and is 

unlike that of Whakatane deposits in which the MDF are found (Table 5.4). 

MINERAL CHEMISTRY 

Although the magmas defined on whole-rock composition relate to slightly different glass compositions 

and mineral assemblages, phenocryst compositions show little variation between the magmas (Fig. 

5.9). 

Felsic phenocrysts 

Quartz and plagioclase occurs in all post-10 ka HLVZ eruption deposits. Quartz occurs as euhedral- 

anhedral crystals, commonly displaying conchoidal fracture, and usually 1-3 mm in size. Plagioclase 

usually occurs as 2-4 mm, twinned, euhedral to subhedral tabular laths. Oscillatory optical zoning is 

often observed, but it does not appear to relate to compositional variation. However, compositional 

zonation was not comprehensively investigated. Plagioclase in post-10 ka HLVZ deposits ranges from 

in composition (Table 5.6; Fig. 5.9a), and classifies as andesine (An20-50) and labradorite (Anso- 

(Deer et al., 1966). It is compositionally variable within individual eruption deposits with ranges 

greater than analytical error (An +6, Or +I). All the post-10 ka HLVZ eruption deposits display a similar 

dominant population (AnZ244). However, calcic plagioclases (An,46) are found in the Mamaku and 

Whakatane (WT2, WT3, and MDF) deposits (Fig. 5.9a). 

Pyroxene 

Orthopyroxene is common in HLVZ deposits and classifies as hypersthene (see Deer et al., 1966, pp 

112) (Table 5.6). The crystals range from small (0.5 mm) and subhedral to large (2.5 mm) and acicular 

or lath shaped. Orthopyroxenes in Rotoma deposits occupy a wide compositional range (En45-69) with 

most analyses between En53-64; whereas, those in Mamaku (EnBlso) and Whakatane (En 54-62) deposits 

show less compositional variation (Fig. 5.9b). However, Mamaku does have some distinct MgO-rich 

orthopyroxenes (Entisao and W O ~ , ~ ~ . ~ )  that differ from those in the dominant population (En~l-58 and Wol- 

,) (Fig. 5.9b). 

1 Clinopyroxene only occurs in trace amounts in the Rotoma (RTI and RT2) and Mamaku deposits. 
I 

I Crystals are generally small (4 .5  mm) and lath-shaped. Clinopyroxene analysed from the matrix of 

Rotoma pyroclastic samples have a composition of En4243 and W041-42 (Table 5.6). 

Amphiboles 

Amphiboles in post-10 ka HLVZ deposits usually occur as medium-large (up to 3 mm) lath shaped 

crystals, and display strong green-brown pleochroism. Compositionally they are generally calcic (CaB 

B1.5 atoms), and classify as magnesio-hornblendes (MgIMg + ~ e ~ '  >0.5; (Na + K)A ~ 0 . 5  atoms) 

following Leake et al. (1997). HLVZ hornblendes are compositionally variable with 4.92-9.44 AI2O3, 



f ab l e  5.6.Representative mineral compositions of post-9.5 ka Haroharo deposits 
Sum of 

Sample Mgma SiQ Ti02 A1203 FeO MnO MOO CaO Na20 K@ CI Total 

Plagloclase 
Rotoma V4 RT1 

V16 RT2 
V53 RT3 
V83 RT3 

Marnaku M42 
M37 
M10 

Whakatane M 1 2  W 1  
w32 w-2 
W74 WT2 
WlOB W 3  
WlOB WT3 
Wk13539 MDF 
Wk13543 MDF 

O~thopyroxene 
Rotoma V7 RTl 

V16 RT2 
V53 RT3 

Mamaku M42 
M40 
M09 

Whakatane W n O  W1 
WZ04 WT2 
WlOB wT3 

Clinopyroxene 
Rotoma V14 

Harnblemde 
Rotoma V8 RTl 

V84 RT1 
V16 RT2 
V53 RT3 
V83 RT3 

Mamaku M23 
M30 
M23 
M37 
M i0  
M42 

Whakafane WlOA WTl 
W74 WT2 
W74 w 
WlOB W 3  
Wk13539 MDF 
Wk13539 MDF 
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fable 5.6. cont... 

Sum of Sample Magma SiQ TO2 FeO MnO MgO CaO Na20 K20 CI Total 

Cummingtonite 
Rotoma V4 RTl 

V84 RT l  
V16 RT2 
V53 RT3 

Whakatane W 1 2  W r l  
W32 Wr2 
WlOB Wr3 
MI3543 MDF 

Biotite I M T  
Rotoma V142 36.35 4.85 13.26 18.80 0.30 11.54 0.04 0.44 8.24 0.32 94.14 15.55 1.76 5.68 8.03 

V142 35.57 4.65 13.46 19.33 0.26 10.89 0.01 0.59 8.01 0.36 93.13 15.58 1.78 5.65 8.05 
Whakatane MI3539 MDF 36.54 4.53 13.40 17.60 0.23 12.76 0.12 0.43 7.56 0.24 93.41 15.53 1.65 5.74 8.07 

WW5D MDF 36.91 4.25 12.88 16.44 0.23 13.16 0.04 0.00 8.24 0.32 92.29 15.51 1.63 5.70 8.10 

Sample Magma Si02 Ti02 4 2 0 3  F e w  MnO MgO Total F@J FeO T0ta l~ 

Spinal &ih 

Rotoma V7 RT l  0.13 7.56 1.33 85.17 1.03 0.62 95.84 53.69 38.86 101.22 0.22 
V16 RT2 0.05 7.69 1.38 84.01 0.82 0.65 94.62 52.67 36.61 99.90 0.22 
V83 RT3 0.10 8.46 1.51 83.26 0.75 0.77 94.88 51.05 37.32100.00 0.24 
VlO8 RT3 0.15 8.32 1.69 82.61 0.63 0.84 94.26 50.57 37.11 99.32 0.24 

Whakatane W5f4 WT1 0.13 8.13 1.26 84.20 0.70 0.53 94.96 51.89 37.50 100.15 0.24 
W 4  Wr2 0.08 8.18 1.45 83.74 0.91 0.56 94.97 51.71 37.21 100.15 0.23 
WlOB WT3 0.01 8.51 1.48 82.98 0.76 0.70 94.46 50.86 37.22 99.56 0.24 
Wk13543 MDF 0.15 6.77 1.36 85.63 0.89 0.83 95.63 55.21 35.95101.16 0.20 

Rhombohedra1 
Rotoma V8 

V16 
v53 

Whakatane W42 
w.212 
w 4  
Wl OB 
woo 

RTl 
RT2 
R f 3  
W r I  
WT2 
m 
wT3 
Wr3 

Atoms per unit formula based on 320 in plagioclase, 6 0  in orthopyroxene and clinopyroxene, 230 hornblende and cummingtonite, 220 in biotite, and 320 in spinel 
and 30 in the rhombohedra1 phase. XFe = Fel(Fe*Mn+Mg+Ca). I = interlayer cations, M = octahedral cations in the M site, T =tetrahedral cations. FeO* = tdai Fe as 
FeO. FeO and Fe203 were calculated using the method of Carmichael (1967). Total, is the recalculated total using FeO and Fe203, 



(A) Plagioclase (0) Orthopyroxene (C) Hornblende 

V "  ' MgO (wt"h) 

Figure 5.9. (A) Plagioclase, (B) orthopyroxene, and (C) hornblende compositions of post-10 ka HLVZ deposits. Grey bars denote Whakatane MDF compositions. 
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12.33-15.79 MgO, and 0.74-2.49 wt % Na20 (Table 5.6). Each eruption episode displays a slightly 

different compositional mode (Fig. 5.9~). Hornblendes in most of the Whakatane deposits are uniform 

(e.g., 5.1-6.6 wt % AI2O3, 13.7-14.9 wt % MgO, and 1.07-1.63 wt % Na20) (Table 5.6; Fig. 5.9~). 

However, a few hornblende crystals in Whakatane (WT2 and WT3) deposits are distinct and similar to 

those of the MDF, with high A1203 and Na20 (8.5-12.1 wt % AI2O3and 2.17-2.60 wt % Na20; Table 5.6). 

A few AI2O3- and alkali-rich (8.29-10.47 wt % AI203 and 1.72-2.32 wt % Na20) hornblendes are also 

observed in the Mamaku deposits (Table 5.6). 

Compositional variation in hornblendes, especially in Al, Mn, Ti, and Si, is associated with pressure and 

temperature induced element substitutions (e.g., Bachmann and Dungan, 2002). Hornblendes in the 

Rotoma, Mamaku, and Whakatane eruption deposits are compositionally variable, with exchanges 

shown by linear trends between Si and T~~ (Al in the tetrahedral site), Si and Na+K, Si and Ti, and T~~ 

and Ca. These substitutions are associated with temperature induced Edenite ( T ~ i  + A, = T~~ + A ( ~ a  + 

K)) and Ti-Tschermak ( T ~ i  + M ' -M3~n = T~~ + M'-M3~i) exchange, and plagioclase exchange ( T ~ i  + M 4 ~ a  = 

T~~ + M 4 ~ a ) .  Pressure sensitive substitutions (e.g., Al-Tschermak exchange ( T ~ i  + M1-M3~g  = T~~ + 

M 3 ~ I )  are not evident in post-10 ka HLVZ hornblende. 

Cummingtonite occurs in the Rotoma (RTI and RT2) and Whakatane (WTI,WT2 and WT3) eruption 

deposits. The acicular-lath shaped crystals display very weak or no pleochroism and are usually < 2 

mm. Cummingtonite in Rotoma deposits (18.26-20.42 wt % FeO and 16.99-19.16 MgO) is 

compositionally distinct from those in the Whakatane deposits (20.3-22.2 wt % FeO and 16.3-17.9 wt % 

MgO) (Table 5.6). The Whakatane MDF also contain minor amounts of cummingtonite, which is 

compositionally similar to that in other Whakatane deposits but is slightly lower in FeO (19.5-20 wt %). 

The composition of cummingtonite in the Rotoma and Whakatane magmas relates to different oxidation 

states (Fig. 5.10), following the relationship of Evans and Ghiorso (1995) in which X F ~  (= %Fe/(Fe + Mg 

+ Mn + Ca)) of cummingtonite decreases with oxidation. 

Biotite 

Biotite occurs in one Rotoma unit and in the Whakatane MDF. It has a mottled green-brown pleochroic 

appearance and occurs as euhedral-subhedral hexagonal books which are often up to 1.5 mm wide. 

Biotite comprises up to 35% of the ferromagnesian mineral assemblage within a massive, fine-grained, 

1 poorly sorted, (likely phreatomagmatic) unit in the Rotoma eruption sequence. The unit is > I  m in 

proximal sections (>I5 m thick) on the northeastern shore of Lake Rotoma (Fig. 5.7), and found 

throughout sections north of lakes Rotoehu and Rotoiti (Fig. 5.1). Considering that biotite only 

crystallises in l V Z  magmas that have high-K20 (>4 wt %) glass compositions (Shane et al., 2003), it is 

not likely to be cognate with the low-K20 (-3.45 wt %) melt of Rotoma deposits. The biotite in the 

Rotoma unit has a composition of 18.8-19.89 wt % FeO and 10.89-11.59 wt % MgO (Table 5.6), 
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identical to that found in the Earthquake Flat eruption and older (hol Okataina Rhyolites and hk2 

Kapenga Rhyolites) deposits (Smith et al., submitted) (Fig. 5.1 1). Thus, it could have been accidentally 

derived from an older hol biotite-bearing dome (Bowyer, 2001; Nairn, 2002) in the Lake Rotoma 

vicinity. The presence of trace amounts of biotite in Whakatane MDF clasts (Table 5.6) is consistent 

with their evolved glass composition (>4 wt % K20) (see Shane et al., 2003). Rare biotite flakes were 

also observed in some WT1 and WT2 deposits but were too small to be analysed. 

700 710 720 730 740 750 760 770 780 790 800 

Temperature (oC) 

- 
- 

1.0 - 

Figure 5.10. Temperature, oxygen fugacity (in NNO units relative to the NiNiO buffer), and composition (XFe) of 
the post-10 ka HLVZ curnmingtonite bearing magmas. Activity of water contours are from Evans and Ghiorso 1 
(1 995). ! 

FeO (wt%) 

1 Whakatane 
A Rotoma 

Figure 5.1 1. Biotite compositions of Rotorna, Whakatane MDF, and older deposits (-50 ka Earthquake Flat and 
pre-50 ka Okataina and Kapenga rhyolites). 
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Fe-Ti oxides 

Fe-Ti oxides in the post-10 ka HLVZ deposits occur as free crystals and as inclusions within other 

phenocrysts. They are commonly euhedral and are often up to 500 pm in diameter. The spinel phase 

(Xu,, 0.20-0.25) is usually octahedral in shape, while the rhombohedral phase (ilmenite, Xllm 0.86-0.92) 

is commonly tabular. 

Spinels in Rotoma deposits occupy a wide compositional range with 7.20-8.82 Ti02, 49.45-54.15 

Fe203, and 0.63-1.22 MnO. RT3 spinels are distinct, with higher Ti02 and Fe203 and slightly lower MnO 

than those in the other magmas (RTI and RT2) (Table 5.6; Fig. 5.12a). The rhombohedral phase 

displays the same wide compositional range (45.30-47.88 Ti02, 10.17-14.77 Fe203, and 1.36-1.97 

MgO) in all of the Rotoma magmas (Table 5.6). Both the spinel and rhombohedral phases of the 

Mamaku deposits display compositional ranges that are similar to analytical uncertainty (see Table 5.6; 

Fig. 5.12b). Spinel in the Whakatane magmas (Xu,, 0.21-0.24) occupies a compositional range of 8-8.6 

wt % Ti02, 50.9-53.1 wt % Fe203, and 0.4-1 wt % MgO (Table 5.6). A couple of outliers are observed in 

lava flow samples, the variation is most likely associated with post-eruption alteration. Spinel in the 

Whakatane MDF is distinct with lower Ti02 (6.7-6.8 wt %) and higher Fe203 (55.2-56.6 wt %) (Table 

5.6). The rhombohedral phases present in WT3 are slightly different, with slightly higher MgO (1.7-2 wt 

%), and lower Ti02 (45.7-46.8 wt %) than those in the other (WTI and WT2) deposits (45.3-48.9 wt % 

TiO2, and 1.2- 2 wt % MgO) (Table 5.6; Fig. 5.12~). No analyses were acquired for the rare 

rhombohedral phase in the Whakatane MDF. 

INTENSIVE PARAMETERS 

Temperature and oxygen fugacity 

Eruption temperature (T) and oxygen fugacity (f02) were calculated from Fe-Ti pairs from single clasts 

using the method of Ghiorso and Sack (1991) (Table 5.7). The equilibrium between the Fe-Ti oxides 

was assessed using the method of Bacon and Hirschmann (1988). The magmas (defined on whole 

rock composition) (Table 5.2) can be somewhat distinguished on T and f02 (Fig. 5.13). Each of the 

Rotoma magmas display a similar temperature range (731-797 "C), but f02 differs slightly between 

magmas. The f02 of the RTI and RT2 magmas form a separate, more oxidised trend (750+13"C, 

0.6k0.09 NNO, units relative to the NiNiO buffer) than that of the RT3 magma (774+20°C, NNO 

0.47k0.14) (Table 5.7; Fig. 5.13). Two T-D2 groups are observed in RT3 deposits, analyses of early 

Matutu pdc (V53 and V108) samples suggest they were derived from a slightly hotter and more 

oxidised magma than the later stage Waiti lava flow (V83) (Table 5.7). However, Fe-Ti oxides in the 

Waiti lava could have experienced some exsolution, resulting from presumably slow cooling, and thus 

the T and f02 estimates may not be reliable. Fe-Ti oxides from Mamaku deposits give an average 

eruption T of 735k18"C and fO2 of 0.00-0.40 NNO (Table 5.7; Fig. 5.13). The WT1 and WT2 

Whakatane magmas have similar T and fD2 (-740°C and -0.30 NNO; Table 5.7; Fig. 5.13), and differ 

from the hotter and more oxidised WT3 magma (770k5OC and 0.52k0.05 NNO; Table 5.7; Fig. 5.13). 
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Figure 5.12. Composition of (A) spinel phase in Rotoma, (B) spinel phase in Mamaku, and (C) the rhombohedra1 
phase in Whakatane deposits. Groups based on magma type, see Table 5.2. 
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Table 5.7. Temperature and oxygen fugacity of post-10 ka Haroharo deposits 

Sample Magma Pc Fe-Ti Hb-Plaa 
(MPa) T("CI f 0 2  (NNO) n (ed- (ed- 

Rotoma 
v 1  
v 4  
v 7  
V8 
v22 
V28 
V29 
V84 
V86 
Average 

V16 

v53 
V83 
VlO8 
M14,16,17 
Average 

Mamaku 
M28 
M30 
M31 
M32 
M34 
M35 
M4 1 
M37 
M42,44 
MI0  

Whakatane 
WlOA 
w2514 
W42 
W86 
W220 
Average 

W911 
W32 
W74 
W204 
Average 

W l  OB 
W200 
Average 

Wk13539 MDF 120 990 913 

n= number of determinations. PC= crystallisation closure pressures calculated from average glass 
compositions. Standard deviation in brackets. See Table 1 for sample designations. 

Overall, two f02 trends are clearly observed in all post-10 ka HLVZ data (Fig. 5.13), with the Rotoma 

RTI and RT2 magmas plotting along a more oxidised trend (-0.35 NNO) than the other post-10 ka 

magmas. The Rotoma RT3 and the Whakatane WT3 magmas are subtly distinct from the other post-10 

ka magmas with higher T and the same f02 (Fig. 5.13). 
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+ Mamaku 

WT1 

Figure 5.13. Temperature and oxygen fugacity (NNO), calculated using the method of Ghiorso and Sack (1991), 
of all post-I 0 ka HLVZ magmas. 

Plagioclase- hornblende equilibrium temperatures were calculated from average crystal compositions 

using the algorithms of Holland and Blundy (1994) (Table 5.7). T was estimated using the ed-ri 

(edenite+albite=richterite+anorthite) algorithm, as it is thought to be less sensitive to changes in 

pressure than the ed-tr (edenite+4quartz=tremolite+albite) algorithm (Bachmann and Dungan, 2002). 

Plagioclase- hornblende equilibrium shows that the Rotoma RT2 (786°C) and RT3 (770°C) magmas 

were slightly hotter than the RTI (741°C) magma (Table 5.7). The Mamaku magma had an average T 

of 751°C. All the Whakatane magmas display a T range of 739- 769°C (Table 5.7). There are slight 

differences between the Whakatane magmas but they are within analytical error of k40°C. A T estimate 

of -913°C was produced for the Whakatane MDF by pairing the compositionally dominant calcic 

plagioclases (An42-63) with the pargasitic amphiboles (Na20> 2.17) (Table 5.7). 

The Fe-Ti oxide and amphibole-plagioclase T are in agreement for each magma considering the 

analytical error of approximately + 3540°C (associated with both methods) (Table 5.7). The Fe-Ti 

oxide T and f02 data are more likely to accurately reflect that of the magma prior to eruption, as Fe-Ti 

oxides re-equilibrate within a few days to months following a change in T (e.g. Devine et al., 2003). 

Amphibole and plagioclase compositions are generally are less sensitive to T changes. The 

compositional differences observed in the hornblendes are associated with T substitutions (see above). 

This suggests that the magmas have a more complex thermal history than is represented by the Fe-Ti 

oxides. 
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Geobarometry 

Crystallisation closure pressures were calculated by projecting glass compositions on to the synthetic 

Qz-Ab-Or-H20 system of Tuttle and Bowen (1958), following the method of Cashman and Blundy 

(2000). The Whakatane, Mamaku, and Rotoma magmas may not have been water-saturated, thus 

these closure pressures (PC) may not reflect total magmatic pressure. However, they reflect the 

pressure at which quartz and plagioclase crystallise in equilibrium with the matrix glass. Phenocryst 

crystallisation within the magmas appears to have commenced at shallow depths, 120 MPa (- 5 km, 

using overburden densities of -2500 kg/m3) for the Whakatane and Rotoma magmas and 90 MPa 

(-3.6 km) for the Mamaku magma. 

Water saturation 

The degree of water saturation in the cummingtonite-bearing Rotoma (RTI and RT2) and Whakatane 

magmas was estimated from T and 0 2  using the thermodynamic stability model of Evans and Ghiorso 

(1995). The model suggests the activity of water (awater) in these magmas was between 0.6 and 0.9 

(Fig. 5.10). However, HLVZ magmas crystallised at shallower depths (120 MPa) than the magmas on 

which the Evans and Ghiorso (1995) model was based (200 MPa). We are unsure what effect the 

pressure difference would have on the awater measurements. The estimates are slightly lower than 

those determined using experimental crystallisation by Nicholls et al. (1992) which suggest that 

cummingtonite formation in cummingtonite +hornblende+ orthopyroxene magmas, at pressures ~ 3 5 0  

MPa, T-750°C, occurs when awater is between 0.75-1. 

The cummingtonite-lacking Mamaku magma has similar properties (composition, T, n 2 ,  and PC) to the 

cummingtonite-bearing Whakatane and Rotoma magmas, making the absence of cummingtonite 

somewhat anomalous. Since cummingtonite commonly crystallises in magmas that are close to water 

saturation (Nicholls et al., 1992), it is possible that the Mamaku magma had a lower awater than the 

Rotoma and Whakatane magmas. 

Density and viscosity 

Densities and viscosities of the post-10 ka HLVZ magmas were estimated for a range of H20 contents 

typical in rhyolites (Table 5.8), using the Conflow program developed by Mastin and Ghiorso (2000). 

Results suggest that the densities and viscosities of the magmas erupted during each eruption episode 

would have been similar provided the magmas had similar H20 contents, suggesting the magmas 

could have easily mixed and hybridised if they were in contact. 
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Table 5.8. Properties of post 10 ka Haroharo magmas 

Magma Hz0 Viscosity Dissolved Melt Magma density 
(wt %I /Pa S) (wt %) (kq mS) (kq m-'1 

Rotoma 
RT 1 4* 1 XIO" 4.14 21 89 2171 

RT3 4* 8-9 x 1 o5 4.17 21 90 21 74 
Mamaku 2 1 x l o f  2.42 2237 2286 
Whakatane 
WT1 4* 1 x 10" 4.09 2185 2151 
WT2 4* 1 x 10" 4.13 21 88 2159 
WT3 4* 5-6 x 1 o5 4.1 3 2181 21 52 

As the presence of cummingtonite in the Rotoma and Whakatane magmas suggests they are water 
saturated, properties of the magmas at H20 values that reflect water saturation are presented. As 
Mamaku does not contain cummingtonite we assume the magma is not water saturated and present 
the properties for a H20 value that is just below that of water saturation. 

FRACTIONAL CRYSTALLISATION MODELLING 

The whole-rock composition is that of the glass and phenocrysts combined and can be seen as the 

bulk composition of a 'proto-melt' prior to phenocryst crystallisation (see Blake et al., 2002; 

Hawkesworth et al., 2004). Rayleigh fractional crystallisation modelling of the HLVZ proto-melt 

compositions (Rb, Sr, and Ba), using the program of Keskin (2002), was used to establish whether: (a) 

the several magmas erupted during each of the Rotoma and Whakatane eruption episodes could have 

been derived from a proto-melt common to each episode, and (b) all rhyolite magmas from HLVZ in the 

last 10 kyr could have come from a common proto-melt. 

The Rotoma RTI and RT2 proto-melt compositions could not be derived from that of the (less evolved) 

RT3 proto-melt using the modal crystal contents (Fig. 5.14a). In order to form the more evolved RTI 

and RT2 compositions, the RT3 proto-melt would have had to crystallise between 7 and 22% of an 

assemblage comprising at least 20% biotite, along with approximately 35% plagioclase, 25% quartz, 

10% amphibole, and 10% Fe-Ti oxides. As biotite is not a phenocryst phase in the Rotoma deposits, it 

is unlikely these magmas were derived from a common melt via fractional crystallisation. 

Modelling the Whakatane magmas using the proportions of observed phenocrysts and composition of 

the least evolved WT3 proto-melt does not produce the WT1 and WT2 compositions. The WT1 and 

WT2 proto-melts could have only been derived from the less evolved WT3 proto-melt by crystallising 7- 

18% of a mineral assemblage comprising approximately 50% plagioclase, 40% hornblende, and 10% 

quartz (Fig. 5.14b). The large amount of crystallisation needed and the difference between the required 

mineral assemblage and the modal mineral assemblages of the magmas (see Table 5.5) suggests the 

magmas are not directly linked via fractional crystallisation to a common magma (see Sources of the 

magmas below). 

The trace element compositions of all the magmas from HLVZ in the last 10 kyr do not show any logical 

temporal trend (Fig. 5.14~). Thus, crystallisation over time cannot create the array of trace element 
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compositions. This suggests that the magmas were not sequentially derived from a common proto-melt 

via crystal fractionation. 

105 

p loo 

* RTJ 
. . . \  I . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 

70 80 90 100 110 $20 130 140 150 

Figure 5.14. Fractional crystallisation modelling of proto-melt (whole-rock) compositions of: (A) Rotoma, (B) 
Whakatane, and (C) all post-10 ka HLVZ deposits. M= mineral assemblage, i.e., M-RT1 is the mineral 
assemblage of RT1 magma (see Table 5.5). The best fit mineralogy for fractional crystallisation in Rotoma (A) 
deposits is: 35% plagioclase, 25% quartz, 20% biotite, 10% hornblende, and 10% Fe-Ti oxides. The best-fit 
mineralogy for Whakatane (B) is: 50% plagioclase, 40% hornblende, and 10% quartz. 
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DISCUSSION 

Source of the magmas 

Basaltic intrusion is crucial in the production of rhyolitic melts. Zircon ages, and trace and REE 

compositions suggest that TVZ rhyolitic melts are generated by melting of crustal materials such as 

greywacke, plutons, andlor granulites, together with some fractionation of basalt (Graham et al., 1995; 

Brown and Smith, 2004). All of the erupted TVZ rhyolitic magmas have undergone fractionation, 

especially of plagioclase (Conrad et al., 1988; Nicholls et al., 1992). Similar to other models (Bachmann 

and Bergantz, 2004; Hildreth, 2004), the evolved, fractionated melts in the TVZ appear to have been 

extracted from laterally extensive, well-mixed, crystal-rich (-45-50 %) mush zones (see Smith et al., 

submitted). The evolved melts segregate from the crystal-rich mush zones via processes such as 

crystal settling, deformation induced compaction associated with tectonic loading (Bachmann and 

Bergantz, 2004), earthquakes and eruptive disturbances (Koenders and Petford, 2004), and gas-filter 

pressing (Sisson and Bacon, 1999) once the melt has reached gas saturation (Hildreth, 2004). 

Bachmann and Bergantz (2004) suggest that crystal-melt segregation occurs slowly over long periods 

of time (e.g., -5 km3 over 100-1000 yrs); while Koenders and Petford (2004) suggest it could be near 

instantaneous if the pressure around the magma chamber decreased (even momentarily), which is 

possible during earthquakes. Rhyolitic melts can be continually derived from mush zones over long- 

periods of time provided they are rejuvenated by the influx of hot mafic intrusions, which progressively 

reheat and lead to partial melting of the mush (Bachmann and Bergantz, 2004). 

The mush zones in the W Z  are likely to be the partial melt zones, identified using seismic and 

magnetotelluric methods (Ogawa et al., 1999; Henrys et al., 2003; Bannister et al., 2004), which reside 

in the lower crust at depths between 15 and 30 km. The lack of fractionation trends within or between 

the post-10 ka HLVZ magmas (Fig. 5.14~) suggests that each proto-melt was extracted separately from 

the mush zone (source) and migrated into storage chambers in the shallow crust ( ~ 6  km) where they 

crystallised (-1 5%) prior to eruption (as indicated by melt composition and equilibrium between Fe-Ti 

oxides). High seismicity has been recorded in recent times beneath the HLVZ (Bryan et al., 1999). 

These seismic events could be aiding melt segregation from the mush (source) zones (see Koenders 

and Petford, 2004). 

In TVZ rhyolitic magmas there is no relationship between f02 and ferromagnesian mineralogy, 

geochemistry, or pressure (see Smith et al., submitted), suggesting that f02 is not associated with 

degree of crystallisation or composition of the magma. However, there is a strong spatial control on f02 

in the TVZ, with f02 differences between OVC and Taupo volcanic centres (Shane, 1998; Smith et al., 

submitted), suggesting a link to the magma source areas. This is consistent with Carmichael (1991) 

who suggested that redox state of a magma is inherited from its source region. If this is correct, the two 

f02 trends observed in post-10 ka HLVZ deposits (Fig. 5.13) are associated with the magmas being 

derived from two different source (mush) zones. It is possible the Rotoma RTI and RT2 magmas 
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completely depleted their mush zone of melt, and the Rotoma RT3 and subsequent HLVZ magmas 

were derived from at least one separate mush zone. Two separate mush zones must have co-existed 

prior to the Rotoma eruption episode. Although the Rotoma RT3 and Whakatane WT3 magmas share 

the same D2 trend as the Whakatane (WTI and WT2) and Mamaku magmas, they both have a slightly 

higher O2 and are compositionally (whole-rock) distinct from the other magmas. In addition, they were 

both erupted from the northern end of the HLVZ. This suggests that they were most likely derived from 

a slightly different mush zone. The variability between (or within) the mush zones is likely to be 

associated with compositional variation of the source rocks and varying amounts of partial melting, 

perhaps due to the spatial and temporal variability in basaltic intrusion. 

Whakatane microdiorite fragments 

The Whakatane MDF display a wide range of mineral compositions (Table 5.6; Fig 5.9a and c). The 

dominant mineral compositions of the MDF (notably the calcic plagioclases and pargasitic amphiboles) 

would have crystallised in a hotter (>900°C), slightly less-evolved magma than that of the Whakatane 

magmas. In addition, some plagioclase and quartz aggregates in the Whakatane MDF display 

granophyric textures, fine-grained irregular patterned intergrowths of quartz and feldspar, which 

commonly result from rapid crystallisation at shallow depth (Lipman et al., 1997). This suggests the 

MDF clasts have experienced a prolonged crystallisation history in a long-lived magma. It is likely that 

they are remnants of a crystal-rich mush zone (see above) that were entrained by the expelled proto- 

melts melt. 

The minor amounts (40%)  of evolved glass (-77.83 wt % Si02 and -4.15 wt % K20) in the MDF is 

compositionally distinct from that of the Whakatane pumice matrix (Table 5.4). These evolved 

compositions probably resulted from advanced crystallisation (fractionation) of the melt within the MDF 

in isolation from the surrounding Whakatane magma. This mechanism is similar to that proposed by 

Pallister et al. (1996) to explain the rhyolitic glass compositions of some basalt inclusions in the 1991 

Pinatubo deposits. 

Magma body and extraction models 

The variation in style of activity from a single magma, i.e. both explosive and effusive activity (often 

simultaneously), suggests temporal variability in degassing most likely associated with variations in 

conduit geometry and rate of magma ascent (Massol and Jaupart, 1999). Some vents tapped several 

1 distinct magmas, while other vents >5 km apart tapped the same magma. The conduits and pathways 

of magma migration could have been complex, thus it is difficult to determine the precise geometry of 

the magma chambers feeding the post-10 ka HLVZ eruptions. The magmas that fed the post-10 ka 

eruptions may not have been from storage chambers located directly under the eruption vents, which 

are up to 12 km apart. Instead, the magmas may have migrated laterally during eruption. Inclined 

magma migration was geophysically recorded at Unzen Volcano between 1985 and 1999, where the 
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magma migrated at >50° from a 15 km deep storage chamber located 19 km west of the vent 

(Umakoshi et al., 1994; Umakoshi et al., 2001); and lateral magma migration appears to have occurred 

prior tolduring the 1912 Katmai- Novarupta eruption (Eichelberger and Izbekov, 2000; Hildreth and 

Fierstein, 2000; Coombs and Gardner, 2001). 

The individual post-10 ka HLVZ magmas lacked significant physical or chemical gradients, suggesting 

that each magma body was internally well-mixed. Sill-like shallow chambers have been favoured in 

many models (e.g. Blake et al., 1992; Eichelberger et al., 2000; Nairn et at., 2004; Smith et al., 2004) 

as their low aspect ratio allows cooling at the roof, promoting convective mixing (De Silva and Wolff, 

1995). The magmas most likely moved through the crust as dikes (PetFord et al., 1993; Jellinek and 

DePaolo, 2003). In an extensional regime such as the TVZ, dikes preferentially form at the sides of the 

chamber that are aligned with the extension direction (Jellinek and DePaolo, 2003), and then 

propagate along the axis of least principle compressive stress. The Haroharo and Tarawera linear vent 

zones trend in the direction of the axis of least principle compressive stress (Rowland and Sibson, 

2001), which is perpendicular to the extension direction of N37"W 53" (Acocella et al., 2003). Thus, the 

vents for the post-10 ka HLVZ eruption episodes were most likely fed by dikes trending parallel to the 

linear vent zone. An eruption along a dike occurred during the 1886 Tarawera eruption, along 17 km of 

the Tarawera linear vent zone (Fig. 5.1). Observations note the dike propagated laterally at the rate of 

-1 mls in an en echelon style from northeast to the southwest (Walker et at., 1984). 

The Rotoma and Whakatane eruption episodes both tapped three distinguishable magmatic 

compositions, with two end members and one intermediate (Fig. 5.5 and 5.6). The large amount of 

crystallisation needed and the difference between the required mineral assemblage and the modal 

mineral assemblages of the magmas (Fig. 5.14) suggests the magmas erupted during both the Rotoma 

and Whakatane episodes were not derived from a common magma via fractional crystallisation. The 

distinct mineral assemblages, compositions (whole-rock and glass), and temperatures of the two 'end 

member' magmas erupted during each of the Rotoma (RTI and RT3) and Whakatane (WTI and WT3) 

eruption episodes (Table 5.2), suggests that they came from distinct physically isolated bodies. The 

intermediate magmas (RT2 and WT2) are generally chemically and physically in-between the other two 

magmas (Table 5.2). These intermediate magmas could represent separate magma bodies or they 

could be hybrids formed by mixing of the end members. Trace element compositions plot along linear 

mixing trends (Fig. 5.14a and b), consistent with mixing (hybridisation) of the two end member 

magmas. The similar densities and viscosities of the magmas would have allowed them to mix 

efficiently once in contact. 

During the Whakatane episode each vent erupted a unique composition. The 'end member' magma 

types (WTI and WT3) erupted from the outermost vent areas (Makatiti and Pararoa) and the 

intermediate WT2 composition erupted from the middle vent (Haroharo), suggesting that each of the 
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distinct magmas were situated under separate vent areas fed by dikes propagating upwards (Fig. 

5.15a). Similarly, the end member magma types of the Rotoma (RTI and RT3) episode erupted from 

the outermost vent areas. It is likely that each these magmas were also located directly beneath their 

vents on either end of the HLVZ. However, the middle vent area (Te Pohue) erupted all three magmas 

and northeastern Rotoma vent area also erupted the intermediate RT2 magma. Thus, it is likely that 

the Rotoma magma bodies (andlor the dikes propagating from them) were laterally extensive and the 

middle (Te Pohue) and Rotoma vent areas were fed by a plexus of dikes which tapped several pockets 

of compositionally distinct magma (Fig. 5.15~). The Mamaku magma model is the least complex as the 

deposits are largely chemically and physically homogeneous suggesting the several vents, situated 

along 9 km of the HLVZ, tapped a single large (>A2 km3) homogeneous magma batch that was residing 

at around 3.5 km depth (Fig. 5.15b). 

Even though eruptions in the last 26 kyr from OVC have been similar in style and have occurred from 

linear vent zones, the magma storage and plumbing during each eruption episode has been different. 

The -1315AD Kaharoa eruption episode from the Tarawera linear vent zone (Fig. 5.1) tapped two 

compositionally distinct end member rhyolite magmas (Nairn et al., 2004). Unlike the Whakatane and 

Rotoma magmas, the Kaharoa magmas were tapped sequentially with time and both were tapped from 

several vents along 8 km of the linear vent zone. The Kaharoa magma storage model of Nairn et al. 

(2004) suggests that the magmas were stored in an 8 km long sill, with the early erupted magma sitting 

/directly above the other (Nairn et al., 2004). A single model cannot be applied to magma storage at 

ovc. 

Triggering 

/Eruptions are generally caused by large overpressures within the chamber, which are usually 

1 generated by: (a) mass and volatile transfer associated with the intrusion of a hotter, more volatile rich, 

mafic ( see Sparks et al., 1977; Pallister et al., 1992; Leonard et al., 2002; Nairn et al., 2004) or silicic 

(see Eichelberger and Izbekov, 2000; Smith et al., 2004) magma, (b) crystallisation induced second 

boiling (Tait, 1989; Eichelberger, 1995), and/or (c) seismic events (Linde and Sacks, 1998). 

Petrological evidence for mafic or silicic triggering is found in deposits from three (of the four) post-26 

kyr episodes from Tarawera linear vent zone (e.g., Leonard et al., 2002; Nairn, 2002; Nairn et al., 2004) 

1 and the 15.8 ka HLVZ Rotorua (Smith et al., 2004) deposits. No similar evidence has been found in any 

post-10 ka HLVZ deposits. However, the lack of mafic ejecta in the post-10 ka HLVZ rhyolite deposits 

does not preclude priming by mafic intrusion as the intruding magma may have been too dense to 

ascend through the silicic magma. In order to create large overpressures through crystallisation, i.e. 

cause second boiling, the magma must crystallise significantly (>30 %) or must be vapour saturated 

prior to any crystallisation (Eichelberger, 1995). As post-10 ka HLVZ magmas are not crystal rich, with 

average contents of -15%, the magmas must have been vapour saturated if they were triggered into 

eruption by second boiling. 
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Some studies suggest an association between large earthquakes and volcanic eruptions (e.g., Linde 

and Sacks, 1998; Lara et al., 2004). Lara et al. (2004) suggest that large (magnitude 9.5) 1960 Chilean 

earthquake triggered to the Cordon Caulle rhyodacitic fissure eruption 2 days later. Theory suggests 

that seismic events can trigger eruptions by: (a) causing fluctuations of the external pressure around 

the chamber which often lead to bubble growth and an increase in pore pressure (e.g., Koenders and 

Petford, 2004); (b) shaking bubbles and causing them to rise which often leads to a sufficient increase 

in pressure (Sahaglan and Proussevitch, 1992; Linde et al., 1994), promoting the development of dikes 

by compressing the magma chamber (Nostro et al., 1998); or (c) altering the stress field resulting in 

seismic events often along already stressed faults underlain by magma (Nostro et al., 1998; Lara et al., 

2004). Berryman et al. (2004) note a temporal link between fault ruptures and OVC eruptions, 

suggesting large and/or shallow seismic events are associated with the eruptions. Their paleoseismic 

studies on the 27 km-long Paeroa Fault (Fig. 5.1), southwest of OVC, has shown evidence of syn- 

eruptive displacements. In addition, the Rotoma tephra is found directly overlying a rupture suggesting 

that seismic events have occurred directly prior to an eruption. Faults in the TVZ accommodate 

regional extension, with rifting commonly occurring during rupture. Rifting was observed along the 

northeast-southwest trending Edgecumbe fault northeast of OVC during the 1987 Edgecumbe 

earthquake (magnitude 6.3) (Nairn and Beanland, 1989). It is possible that rifting during seismic events 

generated conduits for the HLVZ magma to ascend to the surface. 

Prior to the both Rotoma and Whakatane episodes, several magmas were residing in shallow storage 

chambers (-5 km) beneath the HLVZ. The magmas erupted virtually simultaneously during each 

episode, suggesting that all the magmas were triggered into eruption by a laterally extensive common 

event such as dike intrusion or a tectonic extension episode. Alternatively, the eruption of all the 

magmas may require only one of the magmas to have become overpressured. The ascent of this 

magma, most likely as a dike oriented along the axis of least stress (i.e. along the HLVZ), could have 

led to crustal dilation and movement triggering the eruption of adjacent chambers. At present we do not 

have evidence to decide between these possibilities. 

Magma production 

More than 32 km3 of magma was erupted during the three post-10 ka HLVZ eruption episodes. If all 

magma erupted during the Mamaku and the Whakatane eruption episodes was generated after the 

Rotoma event, then >0.2 m3/s of rhyolite magma was generated over the 3900 yrs between the 

Rotoma and Whakatane episodes. Although eruptions at TVZ are more frequent (see Smith et al., 

submitted), the production rate appears to be similar to that at Yellowstone during periods of intra- 

caldera activity (e.g., 0.29 m3/s between 70-170 kyr (Gansecki et al., 1996)), assuming the proportion 

of rhyolite erupted to that intruded is similar. 
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CONCLUSIONS 

Post-1 0 ka eruption episodes from the post-I 0 ka HLVZ occurred from several, often simultaneously 

active vents spread over 12 km. Deposits of the 9.5 ka Rotoma and 5.6 ka Whakatane episodes are 

compositionally diverse, each displaying three distinct whole rock compositional populations that relate 

to somewhat distinctive glass compositions and mineral assemblages, and indicating that both these 

eruption episodes tapped three distinct magmas. Pyroclastic stratigraphy indicates eruption alternated 

between the different magmas as the episodes proceeded, with distinct magmas at times being 

erupted simultaneously from separate vents. Deposits also suggest that activity (from individual 

magmas) alternated back-and-forth between effusive and explosive, suggesting temporal variations in 

degassing most likely associated with variations in conduit geometry and rate of magma ascent. 

Both the Rotoma and Whakatane eruption episodes tapped two compositional end members and one 

compositionally intermediate magma along the length of the HLVZ. The large amount of crystallisation 

needed and the difference between the required and the modal mineral assemblages, suggests the 

magmas erupted during each episode were not derived from a common magma via fractional 

crystallisation. The distinct end member magmas were formed separately and erupted as isolated 

bodies from vent areas at opposite ends of the HLVZ. The trace element compositions of the 

intermediate magmas plot along linear mixing trends suggesting they are hybrids of the end members, 

which had similar densities and viscosities that would have allowed them to mix efficiently. Some post- 

10 ka vents tapped several distinct magmas, while others (often up to 9km apart) tapped the same 

magma, suggesting that magmas were often laterally extensive and the plumbing systems were often 

complex. 

The lack of temporal fractionation trends in the HLVZ magmas over the last 10 kyr suggest that all the 

magmas were formed separately, i.e., were extracted independently from source (mush) zones. The 

two distinct f02 trends displayed by the magmas were likely to have been inherited from separate 

sources. This suggests that the post-10 ka magmas were derived from at least two different mush 

zones which co-existed in time. Microdiorite fragments, found in the Whakatane deposits, suggest 

prolonged crystallisation histories and are most likely to represent entrained fragments of the long-lived 

mush zone. 

The 8.1 ka Mamaku eruption episode was unlike the other HLVZ eruption episodes, and the others 

from OVC in the last 26 kyr (Nairn, 1992; Nairn et al., 2004; Smith et al., 2004, submitted), because it 

tapped a single compositionally homogeneous magma. The Rotoma and Whakatane, and most other 

OVC eruption episodes tapped several magmas indicating that discrete magma bodies commonly 

ascend to levels of neutral buoyancy in the crust (around 5 km beneath OVC) and stagnate until 

triggered into eruption. As several post-10 ka HLVZ magmas erupted essentially concurrently during 

each episode, the eruptions were likely triggered by a laterally-extensive common event such as 



Chapter 5 Eruptions from Hamham Linear Vent Zone 

magmatic (dike) intrusion or seismic disturbance. The post-10 ka HLVZ deposits differ from those of 

other well-studied post-26 ka OVC episodes (e.g., Nairn et al., 2004; Smith et al., 2004) showing that a 

single model does not apply to magma storage along the linear vent zones. 

APPENDIX 5.1: ANALYTICAL METHODS 

X-ray fluorescence spectrometry (XRF) 

Major and trace element concentrations were determined by X-ray fluorescence spectrometry (XRF) 

techniques using a Siemens SRS 3000 instrument X-ray spectrometer with a Rh tube at the University 

of Auckland. 

Electron Microprobe Analysis (EMPA) 

Glass and mineral compositions were determined by an energy dispersive electron microprobe (Jeol 

JXA-840A) at the University of Auckland. The analyses were collected using Princeton GammaTech 

Prism 2000 Si (Li) EDS X-Ray detector. An accelerating voltage of 15 kV, beam current of 600 pA and 

100 s count time were used. A 2 pm focussed beam was used to analyse the minerals and a 15 pm 

defocused beam for glass shards to minimise the loss of sodium. 

APPENDIX 5.2: SAMPLE NUMBERS 

Rotoma pyroclastic fall samples (magma type determined from whole-rock composition): 

Erupted from the Pukerimu vent area (all RT1): V1, V4, V7, V7a, V7b, V8, R10, R l  Ob, R11, R l  1s. 

Vent uncertain: V2(RT1), V5(RT1), V16(RT2), V16b(RT2), V22(RT1), V28(RT2), V55(RT2), 

V57(RT2), V58(RT2), V59(RT2), V67(RT2), V70(RT1), V1 O3(RT2), V105(RT2), V1 O6(RT2), 

V1 O7(RT2), V1 OS(RTl), Vl38(RT2), Vl39(RT2), V141 (RT2), V143(RT2), V145(RT2), R12(RT1), 

Rl3(RTl), R14(RT1), R28a(RT3), RGOa(RTI), R78111 (RT2), R7811 lg(RTl), R78/12(RT3), 

R78/14(RT1), R78/14b(RT1), R78114e(RT3), R78/15e(RT2), R78/16(RT1), R78/17(RT1), 

R78/18(RTl), R78/3(RT1), R78/5(RT2), R78/7(RTl), R78/7a(RTl), R78/9(RT1), R79(RT1), 

R82c(RT1) 

Erupted from Rotoma vent area: R43g(RT2), R43h(RT2), R45i(RT3), R78/8(RT3), R81 (RT3), 

R85(RT3), R86lA1 (RT2), R86/A2(RT2), R86lS1 (RT2). 

1 Mamaku pyroclastic fall samples: 

M04-M08, M22-M36, M38-M39, M42-M44, M52-M54. 

Whakatane pyroclastic fall samples classified according to magma type, determined from glass 

composition: 

WT1 (from Makatiti vent area): W911, W911A, W914, W919A, W9/9B, W9/9C, W2611, W32, W74, 

W67/ebbb, W67/ebbbA, W67/ebbbB, W67/ebbbC, W67/1A, W6711 B. 
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WT2 (from Haroharo vent area): W311, W312, W313, W314, W3/1A, W312A, W9/4BI W9/8A, W9/8B, 

W9111, WlOplinl, WIOA, W2514, W25/5, W25/7', W2614, W26/4A, W26/4B, W26/4C, W26/5AIW26/6, 

W2617, W42, W4813 W5213, W5214, W5217, W6712, W6713, W6714, W6715, W208A, W208B, 

W21 I pf, W21412, W21413, W21415, W21416, W21419. 

WT3 (from Pararoa vent area): W1 OBI W200. 

Whakatane microdiorite fragments (MDF): W913, W2615D, Wk13539, Wk13543 

Grid references of samples 

NZMS grid 
Sam~le  Sample 

reference 

NZMS grid 

reference 

V161154390 

V161156390 

V161163383 

V161171379 

v151143410 

V151227440 

V151250474 

V151274439 

V151257443 

V151203457 

V151242445 

V151245447 

V151224458 

V151225462 

Sample 
NZMS grid 

reference 

V 1611 09333 

V161107340 

V151210461 

U I61053327 

V151134408 

v151157411 

V151169425 

V161162385 

V161190379 

Vl6ll48369 

V161122390 

V161178366 

V161191347 

U I51033422 

U 1 61097305 

V161140298 

Vl5Il97358 

V161184335 

V161182325 

Vl6ll93321 

V151206390 

Sample 
NZMS grid 

reference 

V151222461 

V161188379 

Vl51214426 

V161164376 

V161135370 

Vl5lI674Ol 

V161150357 

V161152368 

v151173412 

Vl6Il48377 

Vl6Il61395 

V151184407 

Vl6Il38354 

V151218424 

V161190390 

Vl6Il67298 

V161108395 

V151220446 

V161107370 

VI61215258 

Vl6IlO8316 

Vl6Il65348 

V161165348 




