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Abstract

The study of Tongariro Volcanic Complex in New Zealand gives an opportunity to view arc
magmatism from a setting where the classic arc structure is overprinted by the regional tectonic
setting. Instead of viewing the volcano (and associated magmatic processes) as a component
of a volcanic arc to determine the origin of andesitic magmas, focus was given on magmatic
processes within the volcanic complex. Processes within the plumbing system of the volcanic
complex and their implications on andesitic magmatism and volcanic hazards were determined
by tracking magma, of selected eruptive products, from their reservoirs to the surface. By
focusing on processes that may determine the petrological characteristics of specific deposits
(from known eruptions), the influence of local structures associated with eruptive centres
within the complex and the diversity of resultant eruption styles may be interpreted as

magmatic processes are evaluated.

The deposits for this study are from the last 16 ka history of Tongariro, majority are from the
last 10 ka. These are from known eruptions and the deposits were mapped, dated and studied
by previous researchers. Lava flow eruptions are from Te Maari and Red Crater, and Plinian to
vulcanian eruptions are represented by the Mangamate Tephra and Ngauruhoe deposits. For
each eruptive deposit, whole rock major, trace and isotope compositions were determined.
Groundmass and mineral components were analysed for major elements. Major element and
volatile (H20, CO», S, CI) compositions of melt inclusions in component olivine and pyroxene

crystals were also determined.

The deposits from the recent history of Tongariro VVolcano can be related to a common source.
The basalts can differentiate to more evolved andesitic to dacitic compositions by
crystallization and/or melting. Magmatic differentiation takes place in different reservoirs, at

different depths, within the complex. Differences were observed in the volatile contents of the



magmas and these may be related to magma storage and ascent processes. Magmatic processes
for the deposits in this study, interpreted from compositions, considered and are consistent with

eruption styles.



Acknowledgements

Whether there are regrets on my acceptance to the PhD program, I’'m grateful for the
opportunity to come to New Zealand and study a very interesting volcano. It is a good place to
recover and heal. I’m thankful to my supervisors, Georg Zellmer, Bruce Christenson, Gert Lube
and Shane Cronin, for providing support and advice for the completion of this project. Project
funds from GNS Science covered analytical costs and enabled acquisition of crucial data. It
was also very kind of Bruce Christenson to host me at NIC and I’m thankful for a mentor’s
guidance. | enjoyed the lab work at NIC and had help from many who | bothered from their
everyday work. Thanks to all the VRS group at Massey, especially to Kate Arentsen, Karoly
Nemeth and Jon Procter. In the labs at Massey, | learned from Bob Stewart, Clel Wallace, Anja
Moebis, Paul Barrett, lan Furkert and Glenys Wallace. For those who considered my

experience in volcanology and had confidence in my work, | appreciate the kind regard.

The samples for this project were sent to different laboratories in New Zealand and all over the
world. These are the big names who kindly accepted my samples for analysis: Gregory
Shellnutt (National Taiwan Normal University), lan Schipper (Victoria University), Maya
Kamenetsky and Vadim Kamenetsky (University of Tasmania), Chris Harris (University of
Cape Town), Julia Bryce and Flor Fahnestock (University of New Hampshire) and Samuel

Mukasa (University of Minnesota). I’'m grateful for the collaboration.

A challenging part of the project is the living aspect. Thanks to all the house owners who
provided a room for me. Wonderful people from Ngaio flat and friends from Massey allowed

for good times away from study.

Finally, good friends and family helped me continue through discouragements and enabled me

to finish this work.



Tongariro Alpine Crossing trail from Ketetahi, a view of North Crater and Ketetahi fumaroles

Vi



MELT GENERATION, STORAGE AND ASCENT BELOW TONGARIRO

VOLCANIC COMPLEX, SOUTHERN TAUPO VOLCANIC ZONE.........cccccevrururunns I
5 N 5 3 73 0 III
ACKNOWLEDGEMENTS....coioumimismmemsmisnisassssissssasssssssssssssssssssssssssssssssssasssssssssasssnssnssnsssassnsssnssasans V
1 INTRODUCTION.....cicististisminisemsssssssssssssesasssssssssssssssssssssssssssssssssasssnssnsssssssssnssssssasssnssnssanssnssnssn 1
1.1 Statement of hyPothesis ....cccovviiiiiiiiiiiiiicr e e e e 1
1.2 IMpPortance of the ProjJEct ........ccccveviriiiiiiiiiiiiiiiiiiii s ssssssssssssssssssssssssssssssssssssssssssss 2
13 (0] J1=T 1Y/ T PRt 3
1.4 Background: review of arc magmatism ........cccccviiiiiiiiiniiiiiiiiniininiisininsaes 4
1.4.1 Contributions from the subducting SIab ........ccuiiiiiiiie e e e 4
1.4.2  Contributions from the MaNntIe ... e e e e e e e e e e braeeee s 6
1.4.3 Contributions from the overriding CrUST .........ccoiiiiiiiie e e e e e e rre e e e eae e e e e bbeeeeanes 7
1.5 Background: magmatic d@gassSiNg .......ccceeerriiiiiiiiiiiiisiississsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 8
1.6 General geologic setting: TAUPO VOICANIC ZONE ......ceeeeiiiiiiiiiinnnreiiiiiiisinnneeniiissssssseesssssssssssssessssssssses 9
1.6.1 Tectonic setting for the Taupo VOICANIC ZONE.......coccuiiiieiiiii et e e s e e e s bae e enes 9
1.6.2 Review of petrology of the Southern Taupo VolCanic ZONE.......cccvvvveeiiiiiinieniiienie s sve e 13
1.7 Field area and samples: Tongariro Volcanic CompleX........cceeiriiiiiiiniiinininssssssssssssssssssssssssssssssssssssssnns 15
1.7.1  Volcanic centres for this StUAY .........cocuiiiiiiii ettt et ee e e e s tbe e e e ta e e eenaeeesabeeeens 16
1.7.1.1 Te Maari Craters: Lower Te Maari 17
1.7.1.2 Te Maari Craters: Upper Te Maari 18
1.7.1.3  North Crater 19
1.7.1.4  Red Crater 20
1.7.1.5  Ngauruhoe 21

1.7.2  DePOSItS FOr this STUAY ....eeiiiiiiiieiiee ettt e e ere e e et e e e te e e seaba e e e sbbeeeesabaeeeeasaaeessseaaans 22

72 D00 1 5 0 D 1 25
2.1 Sample selection, collection and preparation...........cccceviieiieeercciiiiieerc e ee e rennee e e e e e e e nnanes 25
2.1.1  Sample PrepParation: FOCK ... it iee e cciiee sttt e e e e eete e e st e e e et eeseeae e e ssaeeeesstaeesenssaeesnseeeesnseeesannns 29

D B o4 oY= { - o] o 1 PSRN 30
2.2 Analytical methods and data presentation............ccceeeeeeiieeieiieeieeeeeeeeeeeeeeeeeeeseeeeeseeessesssssssssssssssssssssne. 30
2.2.1 Whole rock major and trace element chemistry ........ccoeei i 30
2.2.2  Whole rock FEO and Fe203 determination.........ccoveeeiiieiiieriieeeeeiee ettt st siee e 31
2.2.3  Whole rock iSOtOpe ChEMISEIY ......uviiiiiiic e et e e e e e et e e e e e s e s aataeeeeeeeeeans 32
2.2.4  Mineral and groundmass ChEMISTIY .....ccueiiiiiiieieiiie e cee e e e s e e e sta e e e e rraaeesnseeeesnseeeeennns 33
2.2.5 Meltinclusion chemistry from microprobe and FTIR.........cocoiiiiiiiii it 34
2.2.6  Melt inclusion data errors and proxy COMPOSITIONS ......c.ceeeiiuiieieriiiieieireeeeeieeeesreeeesreeeeerereeeesseeeeennes 39

vii



2.3 [ 1 T 0 T e 1= | 1Ty N 44

2.3.1  EqUilibrium determination .......c..cececiiie et sre e e et e e e e e e st e e e et a e e e rrae e snraeeeanraeeeannns 44
2.3.2  MiIneral thermobarOmMELIY .....o.uiii it e e s bae e e e sabe e e s s beee e sabeeessnbeeesnnnes 45
e 75 T Y/ = I I 4 Vo Yo =1 | 1T o =SSRt 49
2.3.4  DCOMPIress MOUEIING .....eeiiiiiiieiie ettt ettt s b e e et e s b e s bt e s be e e st e sbeeenneesane 49
2.3.5  Polytopic VECOr ANAIYSIS (PVA) ..ccceeiiieceiee e cteee ettt ttee sttt e e et e e s aa e e e s taeeeesataeesessaeesnseaeesnsaeeennnns 50
RESULTS AND DISCUSSIONS ...coociitiimininmsmssnsssmsssssssssssssssasssssssssssssssssssssssassss ssnssasssnsssssnsssnssnsas 51

3 VARIABLE MAGMA RESERVOIR DEPTHS FOR TONGARIRO VOLCANIC

COMPLEX ERUPTIVE DEPOSITS FROM 10,000 YEARS TO PRESENT. ........cccccunmmsersanins 53
3.1 Y ] 1 T o 53
3.2 01 4o To L1 4o o R 54
3.3 Y=t o T N 59
IR 700 A N =1 1V Tor=Y I 0 T=Y o T Yo LSRRt 59

I 70 I =T s gTo] o 1 o 0 0 T=Y o T USSRt 60
3.4 RESUILS ..vvveeeeiiiiiiiiiineeeiiiiiiisssnneestsissssssssssesssssssssssnsessssssssssssnsesssssssssssnssesssssssssssnnsesssssssssssnnssesssssssssnns 62
341 MiINEralogy aNd tEXEUIES ..c.veieiieiiiieite ettt ettt ettt et s bttt e s bt e bt e s b et e bt e s bt e s bt e sabeeeseesabeeenseesbeeenseesane 62
3.4.2  Bulk rock, mineral and groundmass COMPOSItIONS ......ccueeiiiiiiieieiiiiie et et e e e e e e st e e e ebaeeeeaens 65
3.4.3  Pressure and temperature of crystallization..........ccceeeciir i e 69
3.4.3.1 Equilibrium conditions and xenocrysts 69
3.4.3.2  Depths and temperatures 73

3.5 DiSCUSSION ..uuuuieiiiiiiiiiiiiiiiiiiiisssssssssssssssss sttt s sssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnnnns 77
T R Y =Y <0 o =l =TT Yo 11 SRR PPPPPN 77
3.5.2 Mingling and vesiculation at different depths for the Mangamate samples.........cccccoeeeiiieeeeciiieeenns 79
3.5.3 Thermobarometry results and MELTS model test for the Wharepu samples .......cccccccevvveeeeniveennnns 82
3.6 L7 0T (1 T 85

4 MELT INCLUSION VOLATILE CONTENTS FROM TONGARIRO DEPOSITS:

INSIGHTS ON CRYSTALLIZATION AND MAGMATIC PROCESSES.......cccoiummmmmmmmnmsnmssnnn 87
4.1 7Y o1 1 - of SRRt 87
4.2 101 oY 13Tt 4 1o o O PRTIN 87
4.3 1Y, 134 1o T £ PPTIN 89
4.4 RESUILS ....ieeeeiiiieeniirieeeierteeeereeeeiereensereenssereensseresssseresssseressssssesnsssesessssssesnssssssnssssssnssesssnssessnnssesennssssanns 92
4.4.1 Evaluation of melt inclusion and host crystal @quilibrium ........ccoecvevveviiiiiiciiecececeee e 92
4.4.2 H0, COy, S, Cl melt inclusion compositions and effect of homogenization .........ccccccveveeciieeineenn. 107
4.5 DISCUSSION teeuiirieenrirreenereennereenssereensseresnssereenssessesssesssnssessssssesssnssesssnssesesnssesessssessnnssesesnssssennssssennnseses 111
4.5.1  Crystallization @NVIFONMENTS ......ooiiiiiiie ettt e st e e st e e e e rae e e srae e e e sateeeeenneeeesnseeeans 111

viii



4,5.1.1 Te Maari 113

4.5.1.2  Ngauruhoe 1975 116
4.5.1.3 Wharepu lapilli 118
4.5.2  Water speciation in the SAMPIES......cuiii it e e et e e s b e e e rea e e sereeeens 120
4.5.3 Modelled volatile compositions in melt and gas Phases .........cocceeiieeiiiiiieiniieneeeeee e 122
4.5.4  Eruption style and vOIlatile CONTENT .......cccuiiiieiiii e s e e e e ree e e s ereeeeas 126
4.6 (07T 0T (1T T3S 130

5 MODELS OF STORAGE AND DIFFERENTIATION FOR TONGARIRO VOLCANO

MAGMAS AND ITS RELATION TO THE SOUTHERN TAUPO VOLCANIC ZONE......... 131
5.1 Y« 1 - Tt N 131
5.2 4L oo UL T P 131
5.3 1YL= 1T L 134
5.4 Whole rock major and trace element COMPOSItiIONS .......ccceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeennneeennee 135
5.5 Radiogenic isotope COMPOSIIONS ......ccviiiiiiiiiiiiiiiiiiiiiisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 139
5.6 Crystallization MOAEIS .....cccieeiiiiiiiiiiccccccrrccr e s e s s e s e s e s s s s e e s s s e e s e seseseenanens 143
5.7 Differentiation and shallow degassing ........cccceviiriiiiiiiiiiiiiiiiiiniiiiiississssssssssssssssssssssssssssssssnes 150
5.8 Shallow reservoir magmas and evaluation of crustal assimilation.........ccccceeeeeeeiiiieeeceeeeeeeececeeeeeeeees 153
5.9 Differentiation model and regional relevance .........ccccevviiiiiiiiiiininnnnnnninnissssssssssssssnns 156

5.9.1  Comparison With RUGPENU ......cceeiiiiiiee ettt e e e e e s et e e e e e e sesanntaaneaeeeennes 156

5.9.2  Differentiation MOGel.......c..ei i e s b e aee s 158
5.10  CONCIUSIONS ...cuuunnenereiiiiiiiiieeeteeiiiisisesree e ass s e s s s s as s e e s s s s s sas s s e e e s se s s s sans e e e s ssssssssnnseeensssssssnns 162

6 CONCLUSIONS, RECOMMENDATIONS AND VOLCANIC HAZARDS IMPLICATIONS
163

6.1 ConcluSIONS aNd SUMMAIY ...cciiiiiiiiiiiiiiiiiiiiiiiiiiiiiisisess s sssss s s s s s s ssssssssssssssssssssssssssssssssssssssssssssssnnnns 163
6.2 Volcanic complex, rifted continental arc and volatiles .........ccooeeeeeeeciiimiiieecccccrrrrr s 168
6.3 Relative ascent rates and hazard implications.........cccceiiiiiiiiiiiiiiiniininnnin s s s s s aes 171
APPENDICES ... ecrecrcrncrscssscssssssssssssssssssssmsssmssssssassesssessasssasssmsssnsssnssnsnsssnsssnssns snmsssnnsnsnsssns 173
REFERENCES....... i ss s ssss s s s sas s s smssssssnssmssasssassss sssssasssnssmssanssanan 241



LIST OF FIGURES

Figure 1-1. Abstract representation of magma storage and processes below Tongariro

AV 0] (o U3 Lo TSR 2
Figure 1-2. Regional tectonic setting for North Island, New Zealand...............cccoooviiiienenne. 11
Figure 1-3. Two models for arc magmatism within the Central VVolcanic Region, NZ based on
GEOPNYSTICAI UALA. . ...t b e bbbt 13

Figure 1-4. SPOT satellite imagery of Tongariro Volcanic Complex. The different eruptive

Centres are 1abelled. ....... ..o 16
Figure 1-5. The field area, view 100King SOUtEaSL.............cocoriririiiiiiei e 17
Figure 1-6. Sites of major fumarolic activity. Photos were taken last April 21-23, 2015. ......18
Figure 1-7. General stratigraphy of sampled units from Tongariro Volcanic Complex.......... 22

Figure 1-8. Location of rock samples (circles) and fumaroles (balloons). Waypoints from
TaDIE 1-2 AIe SNOWN. .....eiiie ettt et e e s e nte e st e ereenneenseaneenneas 24
Figure 2-1. Photo documentation of some samples for this Study. ..........cccocevviiniinicnen, 27
Figure 2-2. Composite log of Mangamate Tephra Formation outcrops along Desert Road
(WPL N TADIE 1-2). oottt b et 27
Figure 2-3. Photos of selected clasts before sample preparation (cutting and cleaning). ........ 28
Figure 2-4. Stratigraphic log for samples from the Rotoaira Lapilli Formation outcrop along
Rotoaira Road (WPL14 in TabIe 1-2). ....ooiiiiiiiiiiieee e 28
Figure 2-5. Agreement between Ti values determined by XRF and ICPMS. .........ccccccceinnee. 31
Figure 2-6. Results of whole rock FeO and Fe>O3 determination presented as redox buffer

L= E LY 2= (o TN N L PSSR 32
Figure 2-7. Sample spectra for a measurement of melt inclusion by FTIR. .........cc.ccovvennnn. 36
Figure 2-8. Absorbance and reflectance spectra for a very thin wafer where the reflectance

signal affects the absorbance Signal. ..o 37



Figure 2-9. Extinction coefficients (€) used for the samples based on the trend established by
standards (DiXon et al., 1995).......cciiiiiiieiie et nres 38
Figure 2-10. Sample 150320-01E-m-mi-ol1-1 (melt inclusion). Photos below are the same
melt inclusion in a thINNEr WaFET. ... 40
Figure 2-11. Absorbance versus thickness for the melt inclusion in 150320-01E-m-mi-ol1 and
melt inclusions in olivine grouped for sample 150320-01E. ..........ccccoeviveveiieseese e 42
Figure 2-12. Example of MI proxy compositions and actual melt inclusion compositions used
O COMPULE ThE PIrOXIES. ..evieieieiiecie ettt et et e e ste e e e s reesbeenteaneenneas 43
Figure 3-1. Location map for samples in this study. Some of the named eruptive centers are
labelled (TL: Tama Lakes, Ng: Ngauruhoe, RC: Red Crater, NC: North Crater, TM: Te Maari
Craters). Inset map shows the volcanoes of North Island, New Zealand and the Hikurangi
Trench. Stratigraphic positions for the samples are also ShoOwn. ...........ccccccovveviicve e, 56
Figure 3-2. Photos showing the two members of the Mangamate formation sampled along the
o= (o T Lo o1 (o] (] PSSR 58
Figure 3-3. Backscattered electron images of Samples. ........ccccovevviveiiciicccceeceee e 63
Figure 3-4. Olivine, orthopyroxene and clinopyroxene compositions in terms of molar Mg#
for the samples iN thiS STUAY..........coviiiiecc e 72
Figure 3-5. All the mafic minerals (olivine, orthopyroxene, clinopyroxene) and groundmass
compositions from the Ngauruhoe 1975 SamPIES. ......ccceiiviiiiiiiiiecie e 72
Figure 3-6. Plagioclase compositions in terms of % An for the samples in this study............ 73
Figure 3-7. Temperatures determined from mineral thermometers using models from Putirka
20107 YOO OO 74

Figure 3-8. Pressures determined from mineral barometers using models from Putirka (2008).

Xi



Figure 3-9. Pressures of crystallization for the pyroclast samples showing mean values (large
open circle). Pressure values from the lava flow (Red Crater) are not averaged. Probable error
is shown for each value for samples with more than 3 points. ..........ccccccveveiieii e 76
Figure 3-10. Modeled crystallization pressures and equivalent depths with respect to the
general 10cation Of ErUPLIVE VENES. .......ccviiiiiice e 78
Figure 3-11. Bivariate plots of groundmass compositions for Te Rato and Wharepu, the
shaded symbols represent 18NS groUNAMASS. .........eiverreeiieiierieeie e e sre e e e re e sneas 80
Figure 3-12. Rhyolite-MELTS model for Wharepu compositions. ............ccccceevveveiieeieennenne 84
Figure 3-13. Comparison of olivine composition (Mg#) and crystallization temperature from
the MELTS model at 0.5 to 1 kbar pressure and the results of liquid (saturated with olivine)
thermometer (Equation 15, Putirka (2008)) (). ....ccveerveeiieiierieeie e e se e 85
Figure 4-1. Extinction coefficients € (1630 cm -1) variation with cation sum Si*" + AI**
established by standards (Dixon ef al., 1995). .....ccooiiiiiiiiii e 90
Figure 4-2. Compositional variation in terms of Mg# and SiO; for melt inclusions from all the
depOoSitS IN ThIS STUAY. .....cviieicciece et sr e reeene e 93
Figure 4-3. Te Maari lava olivine xenocrysts (white circles) plot with Red Crater lava
0liVINeS (Green diamMONS)......c.eciiiieie et be e be e sae e sreenaesreenre e 94
Figure 4-4. Melt inclusion composition for the different samples plotted in Rhodes diagram,
symbols and colour scheme as for FIQUIE 4-2. ........coveiiieiieiiiece e 99
Figure 4-5. Olivine hosted and pyroxene hosted melt inclusions from Wharepu. ................ 100
Figure 4-6. Melt inclusion compositions calculated to equilibrium and plotted with bulk,
groundmass and measured melt inclusions (heated and unheated). ...........cccccovveviiiieeiinenen. 103
Figure 4-7. Comparison of several compositions representing melt (measured and modelled)

TrOM WRNAIEPU. ittt a et e st e et e e sreeabeeanaeetee e 105

xii



Figure 4-8. Olivine analysis from polished slides and thin wafers. Modelled olivine
compositions from R-MELTS (models discussed in Section 4.5.1) are also shown............. 106
Figure 4-9. Variation in total H2O for the different deposits..........cccccevvriienininiinieieieen, 108
Figure 4-10. Melt inclusions from Te Maari 1500 A.D. lava flow (A) showing crystallite
formation along the border. Homogenized melt inclusions are also shown, labelled H. The
fractured state of H-OI2-1 is due to polishing of thin wafers. Naguruhoe 1975 (B) and
Wharepu (C) unheated melt inclusions, the glass is free of crystallites. .............ccccccevvennne. 109
Figure 4-11. Evaluation of OH-H>Omolec equilibrium in silicate, after Stolper (1982) and
Zhang €t al. (1995). ....cuiiiiieee ettt e et e e ra e reenaenre s 111
Figure 4-12. Rhyolite MELTS model (fractional crystallization at 1 kbar) results for Te Maari
1500AD lava flow. Model input is listed in Appendix Table 11.........ccccccovvvevviiieiieieciiennnn, 114
Figure 4-13. Differences in major element compositions between olivine-hosted and
pyroxene-hosted Melt INCIUSIONS..........c.ooii i 116
Figure 4-14. Rhyolite MELTS model results (equilibrium melting and crystallization at
4kbar) for Ngauruhoe 1975 pyroclasts. Model input is listed in Appendix Table 11. .......... 118
Figure 4-15. Rhyolite MELTS model (equilibrium crystallization at 5 kbar) results for
Wharepu tephra. Model input is listed in Appendix Table 11..........cccooveviiiieiieiececeee 119
Figure 4-16. VolatileCalc (Newman and Lowenstern, 2002) models of equilibrium
concentrations between OH and H2O molecular (lines) for Te Maari (A) and Wharepu and
Ngauruhoe 1975 (B) for the indicated pressure and temperature. ...........cccccevvveeieevivecieesinnn 121
Figure 4-17. DCompress model results for Te Maari (Basalt 1 in Appendix Table 11) and
Wharepu (Basalt 3 in Appendix Table 11) CO. and H20 compositions. Measured values and

VOlatilECaIC rESUILS QI8 SNOWVN. ..ot e e e e eeeeeeeeees 123

xiii



Figure 4-18. Models for open system degassing of basalt using Dcompress (Burgisser et al.,
2015), showing the variation of S and H2O dissolved in the melt as the magma is
decompressed starting from 3000 t0 10 DAr. ..........ccviieiieie i 125
Figure 4-19. Models using Dcompress (Burgisser et al., 2015) for open system degassing of
basalt (m10 in Figure 4-13) and rhyolite as magma is decompressed from 3000 to 10 bar..125
Figure 4-20. HoO-S-Cl SYSTEIM. .......oiuiiiiiiiiiiieiieeeie et 128
Figure 5-1. Regional tectonic setting for Tongariro VVolcano showing the Central VVolcanic
Region (solid line) and the Havre Trough Back-Arc Basin (bounded by dashed hachured
lines) (left). Tongariro Volcanic Complex, named eruptive vents are labelled (right) and
sample sites are SNOWN (Fed CIrCIES).......c.civiiiiiiiie e 132

Figure 5-2. Total alkalis versus silica classification for igneous rocks after Le Bas et al.,

Figure 5-3. Trace element variations relative to standard average compositions. Symbols are
AS TOF FIQUIE 52, ..ttt st te e s be e e s ae e ste e e e are e teeneenre s 137

Figure 5-4. Off trend, significantly higher Ni values for Te Maari whole rock compositions.

Figure 5-5. Two end-member mixing models showing the proportion (5.94-6.12%) of olivine
(green circles) added to Te Maari 1500AD lava flow samples (clustered blue circles). ....... 138
Figure 5-6. A narrow range in Pb isotopes Support a Common SOUICE. ........ccceerveervearveesinens 141
Figure 5-7. Mixing line between MORB (EPR) (Ito et al., 1987) and Kermadec bulk
sediments, gray diamond, (Plank and Langmuir, 1998) and between MORB (EPR) and a
Ngauruhoe crustal xenolith (Price et al., 2010) to approximate subducted sediments closer to

LT [0 YA L PSPPSR 142

Xiv



Figure 5-8. Sample isotopic composition relative to established mantle sources: Depleted
MORB Mantle (DMM), Enriched Mantle | (EMI), Enriched Mantle 1l (EMII), Hi-u mantle
(HIMUD. oot s et e e s es et s e s s es s ee e s eeseeeseres e en e 143
Figure 5-9. A distinct magmatic source for the samples in this study constrained by trace
BIEMEBNT FALIOS. ...ttt 144
Figure 5-10. Track of liquid for different Rhyolite MELTS model results. .............ccccuo...... 147
Figure 5-11. Crystallization models describing trace element partitioning in the liquid as
composition 01D-C (normative composition: 5% olivine, 7% clinopyroxene, 8% spinel, 17%
orthopyroxene, 63% plagioclase) and 318-03 (normative composition: 5% olivine, 25%
clinopyroxene, 1% spinel, 20% orthopyroxene, 49% plagioclase) are crystallized. ............. 150
Figure 5-12. CI-S-K>0 system showing degassing of S then CI, and differentiation — low to
high K>O. Melt inclusion compositions are plotted. Groundmass (outlined in red) have
evolved and degassed COMPOSITIONS. .......cccciiiieiieie et ere s 152
Figure 5-13. 80 versus MgO for AFC model at 10 and 1 kbar, MgO approximating percent
crystalized, labelled in the HQUId traCk. ...........cccoveiiiiiie e 155
Figure 5-14. Major and trace element differences between Tongariro and Ruapehu (Hackett,
1985; Gamble et al., 1999; Conway, 2016) for deposits from ~16 ka to present. Crustal
xenolith compositions are from this StUAY. .........ccceoeiiiiiiic e 157
Figure 5-15. Possible mixing end-members to describe compositions of Tongariro and
Ruapehu (Hackett, 1985; Gamble et al., 1999; Conway, 2016) based on 10 major element
concentrations. Crustal xenolith compositions are from this study and Price et al., 2010,
basement compositions are from Graham (1985). .........cccceiiiiiiiiiici e 158
Figure 5-16. Possible effects of rifting, decompression and ascent rates on magmatic
PITOCESSES. ..vteeutreeestreeesteeessteeessteeeasteeesssee e seee e seeeanse e e aate e e an b e e e enb e e e anbe e e aR b e e e eR b e e e R ae e e nRe e e e naeeennreeanes 160

Figure 5-17. A conceptual model for magma storage regions below Tongariro. .................. 161

XV



Figure 6-1. Summary illustration for magma depths from different eruption periods and vents.
Magma composition and modelled processes from the results section are indicated............ 164
Figure 6-2. Subduction related fluid enrichment should be similar for the ~ 10 ka deposits
that are related to a common source as supported by trace element ratios in this figure (Ba/La)
and in the text. The large difference in total H>O content between Wharepu Tephra and the
rest of the samples may imply involvement of processes that enriched source values.
Connected (X) symbols are H>O values from plagioclase hygrometry. ..........ccccoovvvererinnnn. 166
Figure 6-3. Comparison between Tongariro samples (this study) and samples representing
eruptions from up to 210 ka (Hobden, 1997) in terms of K/Rb and Ba. ...........cccccovevvvennenen, 168
Figure 6-4. Comparison of CI/K>O ratios between Tongariro melt inclusions (open symbols:
circles (Te Maari 1500AD), triangles (Ng 1975), squares (Wharepu)), Western-East African
Rift basalts (cross symbol), Cascade calc-alkaline basalt (asterisk), and Lau Basin glasses
(dash). Note that only the olivine-hosted melt inclusions that were homogenized are plotted

FO T T8 VTG, e ettt e e e e e e e e e ettt e e e e e e e e e e eeeeeas 170

LIST OF TABLES

Table 1-1. Mangamate Tephra Members dated 9,780 to 9,700 years BP or ~11,000 cal. years
BP (TOPPING, LO74). ..ottt ettt e e e e et e e e e sbeeabeesreeenree e 23

Table 1-2. Description and location of rock samples. The complete list is in Appendix Table

Table 2-1. Results for one melt inclusion (150320-01E-m-mi-ol1-1) at different thickness and

IR beam size (A). Results for melt inclusions grouped based on correlation with the trend

established by MI: 150320-01E-mM-mi-0l1-1 (B). ...ccccciiiiiiiiiiiie e 41
Table 2-2. Total number of melt inclusion analysis for the different deposits. ............ccccue.ee. 44
Table 3-1. Samples used fOr this STUAY. ..o 58

XVi



Table 3-2. Groundmass characteristics, textures and silica composition ranges. Bulk rock
Silica IS SNOWN FOr COMPATISON. .....ccviiiieie e re e aeaneenneas 64
Table 3-3. Bulk rock major element compositions for all the samples in this study. Refer to

LI 10 L A (o] g o[- TSR SUOS USSP 65

Table 3-4. Representative mineral and groundmass compositions for all the samples. Molar

Mg# = 100*[Mg/(Mg+Fe?*]; molar %An = 100*[Ca/(Ca+Na+K)]. .....coovvvvvvvirreesererreenans 67
Table 3-5. Single microprobe analysis run for Wharepu samples. ..........ccccovveveiieieeieciiennn, 68
Table 3-6. Summary of thermobarometry results using different models. ...........c.ccccevveienne. 69
Table 4-1. Selected melt inclusion and mineral host COMpOoSItIONS...........c.cccoevviieieeieciennnn, 95

Table 4-2. Different melt compositions (bulk, groundmass, melt inclusion, modelled) for
Wharepu samples and a calculated composition (Ml (calc)) after adding an olivine

(070 0T 00 LS 4 o] o USSR RTSPURTN 104
Table 4-3. Summary of thermobarometry results. ..........ccooviievieie i 112

Table 5-1. Samples for this study. The samples are listed from youngest (top) to oldest. ....134

Table 5-2. Sr, Nd and Pb isotope compositions for selected samples. . .......c.ccceevvievvenenne. 140
Table 5-3. Mineral phases for the different crystallization models. .............ccccoveeiiieiiene 146
Table 5-4. Whole rock 8D and 520 of selected samples from Tongariro. ..........cc..c.cceveee. 154
APPENDIX

Appendix Table 1. Complete list OF SAMPIES. .....ooovviiiiiiieiie e 175
Appendix Table 2. Complete list of whole rock major element analysis. ...........cccccceevvvenen. 182
Appendix Table 3. Complete list of whole rock trace element analysis..............ccccoceevienen. 185
Appendix Table 4. Whole rock FeO and Fe,O3 determination results............c.ccocvvvvrvenennnn. 192
Appendix Table 5. Whole rock 8D and 580 analysis laboratory report. .............ccccceeeeunen. 193

XVii



Appendix Table 6. Whole rock 87Sr/%°Sr, 43N d/***Nd, 2°Pb/2%4Pb, 207Ph/?%4Ph, 2%8Pb/?%*Ph
VAIUBS. ..ot n et 194
Appendix Table 7. Microprobe analysis for mineral, groundmass and melt inclusions for

o] (oot (0l [=T oL | SRS 195
Appendix Table 8. Statistics for all standards analysed as unknown, and comparison to
TETEIENCE VAIUES. ...t 220
Appendix Table 9. Microprobe analytical conditions.............ccccovevviieieenie e, 223
Appendix Table 10. List of FTIR measurements, sample spectra measurements and
COrresSpoNding CONCENIIALIONS. ........vciviiieiieeiieseese et e e et e et esteeae e e ste e e e sreenteeneenreas 225
Appendix Table 11. Rhyolite MELTS and DCompress input parameters. ...........cccccccvenne.n. 229
Appendix Table 12. Olivine and orthopyroxene hosted melt inclusion compositions
calculated t0 eqQUITTIDIIUM..........ooiii e 231

Appendix Table 13. List of copyright permiSSioNns. ...........cccccvvevieiiiie i 234

XViii





