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Abstract

The South Auckland volcanic field hosts 82 volcanic centres over an area
of approximately 300 kfmin the Pukekohe, Bombay, Tuakau, Pukekawa and
Onewhero regions. The intraplate, monogenetic basadtaanic fidd was active
between 1.59 and.®1 Mg and produced scoria cones, basd#ia flows, tuff
ringsandmaars.

Three volcanic centrdsave been studiefdr the purpose of this thesisiet
Kellyville volcanic complex, the Onewhero tuff ringdathe Bombay volcanic
complex Eachcentrehoss atuff ring and varying levels of associated magmatic
activity, and has been studiedhrough stratigraphiclogs facies analysis and
componentrystudiesto illustrate the styles of eruptiorend their contrdling
factors.

The Kellyville volcanic complex hosts a breached tuff ring and two-intra
tuff ring scoria coneslhe tuff ring facies identified include a lithrech block and
bomb facieswith a massive fine lapilli to block and bomb facgiesd a cross
bedded coarse and fine ash fasigth alaminated alternating coarse and fine ash
facies dominantin the early and late stages of the eruption, respectivdig.
aquifer for the tuff ring eruption was the Mercer Sandstone of the Waitemata
Group. Bothfall and surge processeecurred, withsurges beaming dominant
towardsthe end ofthe tuff ring eruption Grainsize decreased through the eruption
due to an increase in water/magma ratio and a decrease in magma ascent rate and
eruption energy.

The Onewherauff ring is the largest in the South Auckland volcanic field,
and hosts a tuff ring with a separate lava flow on its outer flarks.tuff ring
facies identified include a well sorted, cross bedded alternating fine and coarse ash
faciesdominant in boththe early and late stages of the eruptiand a poorly to
very well sorted, fine ash to block and bomb fagiessent in discrete pulsékhe
aquifer for the tuff ring eruption was the ancestral Waipa/Waikato River and its
alluvial sediments. Both fallduand surge processesccurred, with surges
bemming dominant towards end dlfie tuff ringeruption.Grainsize was constant
through the eruption due to a steady water/magma ratio and a stable interaction
between magma and water.

The Bombay volcanic comptehosts at least one tuff ring, a tuff cone,
numerous scoria and spatter cones and at least two large deposits of ponded basalt
lava. The tuff ring facies identified include a well sorted coarse ash to fine lapilli
faciesdominant in both the early and dastages of the eruptipand a poorly
sorted coarse lapilli faciewhich occurs intermittently throughout the eruption
The aquifer for the tuff ring eruption was the Mercer Sandstone of the Waitemata
Group. Fallout from steady eruption column wa®minarn in the tuff ring
eruption Grainsize decreased through the eruption due to a highly efficient
water/magma ratio and an increase in ascent rate and eruption fragmentation.

The eruption style of elcanism in the South Auckland volcanic field is
largely cantrolled by the distribution of faults, as well ahe interaction of
differing magmasupplies and ascent ratesth waterbearing sedimentary rocks
and surface water of ttencestral Waip&V/aikato River.



Acknowledgements

| would like to thank the two dst thesis supervisors in the world, Associate
Professor Roger Briggs and Doctor Adrian Pittari for their constant support and

advice.

Thank you to all the amazing teacharsl staffin the Earth and Ocean Sciences
department at the University of Waikatdhvavhave made my time at university an

exciting, inspiring experience that | will never forget.

Special thanks goes to: Steve Ho@ddie) for always being there, Rochelle
Hansen for help with the identification of foraminifera, Renat Radosinsky for lab
assistance and all the great advice, and Helen Turner for support with thel SEM.
would like to sincerely thank diatom expert Vivienne Cassie Cooper for lending
me her immense wealth of knowledge for a day.

| am grateful for funding receiveidom the Geolog ¢ a | Society of New
Hastie Scholarship, the AUSIMM Postgraduate Research Scholarship, and the

Broad Memorial Fund.

Thank you to all the friendly farrawners for allowing me to traipse all over their
land, including Terry Glass, Richard and Jedndrews and the Poole family.
Thank you to both James Boyce and Keith Miller for access to the Holcim Quarry
at Bombay, as well as the Holcim office in Auckland.

To all my friends at university, especially Mar, Jam and Raimank you for all
the office chats arguments, discussions, lunches, scrapbooking sesbidhslay

parties (and cakesand breathtaking fieldtrip¥.ou are all amazing.

To my family, thank you foalwaysbelieving in me and giving me the confidence
and support to accomplish whateveet out to do in life.

And to Ryani for your support, friendship, companionship and love, I will be
forever grateful. | love you.



Table of @ntents

ADSITACT ...ttt e e e e e e e e e — [
ACKNOWIEAGEMENTS ...ttt il...
LISt Of FIQUIES ... naanees Vil.....
LISt Of TADIES ...ceveiiiiiiiiee e Xi...
Chapter One: INtrodUCTION .......eiiieiiiee e e e e 1
3 A 11 Yo [ T 1T o PP 1
1.2 Objectives Of the StUY........ccoeiiiiiiiii e 1.
1.3 Location of the study area...........ccoovvviiiiiiiiiiiiiiii e 1
1.4 FIEld WOTK ...ttt 2...
1.5 Laboratory analySiS..........oooecuuuuiiiiiiiiiieiieee et 3.
1.6 Chapter OURNES. ... ...ttt e e e e e 4..
Chapter TWO: SEtiNgG ......cccoviiiiiiieeeier e e e e 7..
P22 I [ 1 o T U Tod 1] o TP 7
2.2 South Auckland voIcanology...........ccoeeeiiiiiiiiiiiiiceeeieeeee e 10
2.3 Previous work at Kellyville............oeevieeeeenn 14
2.4 Previous Work at ONEWNEIO..........ceevvvviiiiiiie e 15
2.5 Previous work at Bombay QUALTY............uueeiiiieiieeeiiiie e 15
Chapter Three: Kellyville Volcanic Complex ...........ccceeeevviiiiiiiiiiiiiccennn, 17
G 200 I |11 0T [ Tod 1 o] o SO 17
3.2 Country roCK geOIOGY. ... uuueeieiiiiiiiiieeee e e 17
3.3 Kellyville volcanic comMpleX............oooevriiiiiiiiiiiiiiiiee e 21
3.4 SCOMA CONBS.. .ottt et e e e e e e e e e e e e e e e 22 e e e e e e e e e e e a s 23
TG B = 1o ] 1 011 (= PP UPUPRR 25
3.6 Facies and stratigraphy...........ccccuueeeiiiiiiii e 30
3.6.1 Kellyville tuff FiNg.........cuiiiiiiieee e, 31
3.6.2 Tuff ring facies........coieiiiiiiiii e 31
3.6.3 Tuff ring facies stratigraphy..........ccooocvrrviiiiiiiiiiiiiieeeeeeennn 37
3.6.4 SCOria 008 fAaCIES....ciiii i i 38.
3.6.5 Basalt geochemistry.........ccoccoeiiiiiiiiiiii e, 41.
G T A ©0 1 o1 oo 01T o 11 Y/ PP 2
3.7. 1 TUff riNG AEPOSITS...eeeiiieiiiiiiiieee e 44..



3.7.2 Scoria cone dePOSItS......ccceeeirurrummniiiiiaae e eeeeeeeeeeieeeinnees a7

3.8 StratigraphiC VArIAtiD. ..........uuueeeeeiieieieeeeeee e 49.
3.9 DISCUSSION. ....etttiiiiiiiiiitte e e e e e r e e e e e e e e e e e e e e e e s e s s e anannes 50...
3.9.1 Is Kellyville a tuff ring or a maar2........cccevvvvvevvvvvvvininnnnnn. 50
3.9.2 Emplacement proCeSSES. .......ouvvvveeeiiiiiiiieiiiiieeeee 54
3.9.3 Eruption NiStOry..........uuuviiiiiiiiiiiiiiieeee e 57
Chapter Four: Onewhero TUff RING .......uueiiiiiiiiiiiiiceecceeeeee 63
vt o1 (oo 18 ox 1 o] o WP PPPPPPPPPRPPPP 63...
4.2 Country roCK gEO0IOGY.......ceeeeeieiiiiiiieee e e e ee ettt e 63
4.3 ONEWNETO tUFT MING ..eiiiiiiiiiiiiieee e 66..
4.4 Sample 10CAlItIES.........uuvieeiiiiei e 61..
4.5 Faties and Stratigraphy.........cccceeeoiie e 73.
4.5.1 ONewhero tUff MiNg.........uueeeeieiiiiiiieeeeeee e 73
4.5.2 TUFf NG FACIES.....uuviiiiiiiiiiiiii e 73
4.5.3 Tuff ring facies stratigraphy..........cccceeeeeiieeeeeieeieieeeiiiiinnns 76
4.5.4 Lava flow faCiesS........cccooviiiiiiiiiiiiiiieeeeeeee e 11
4.5.5 Basalt geoCheBtry ..o B
4.6 TUFf NG COMPONENTIY ...ttt 81.
4.7 Stratigraphic Variation.............cccceiiiiee e 84
4.8 DISCUSSION. ...ttt ittt e e e e e e e e e e e e e s s s s s s eeeeeeeeaaaeaeeaeaaeas 85...
4.8.1 Emplacement PrOCESSES. .....cuviiiiiiieieeeeieieaieeiiiiiieeeeeeee 85
4.8.2 ErUptiorIStOrY ...ttt 87
Chapter Five: Bombay Volcanic CompleX..........ccceeeevviieiieeeieiiiiiiieeiiinn, 91
5.1 INEFOTUCTION ....ceeiiiiiiiieiee et 22 a2 e e e e e 91
5.2 Country roCK ge0I0GY.....cccceeeeieieieeeeeee e 9l.
5.3 Bombay volcanic COMPIEX........cooeviiiiiiiiiiiiiiiieee e 92.
5.4 QUAITY FBIOTY ..coiiiiiiiiiiie e Q3..
5.5 Facies and stratigraphy...........coei oo 99,
5.5.1 Bombay Quarry tuff ring.........cccoeeriiiiiiiiiiii e 99
5.5.2 TUff riNG fACIES....ccoviiiiiiiiiie e 101.
5.5.3 Tuff ring facies stratigraphy...........coooeeiiiiiiiiiiiiiiiiiieeeee. 103
5.5.4 Basalt flowscoria and spatter facies............ccccceeeeeieeennns 103
5.5.5 Basalt geochemistry........ccccoooviiiiiiiiii 106
5.6 COMPONENTIY....ciiiiiiiiiieie e e e 109

\Y



5.6.1 TUMT NG .o 109

5.6.2 Dense basalt.............coooviiiiiiiiiiii s 110
5.6.3 Scoria and SPatter.............ceevvviviiiiiiiiiei e 111
5.7 Stratigraphic variation................uuuuuiiiiiiiie e 111
5.8 DISCUSSION. .....ciiiiiiieieiiiiiiiiias e e e e e e e e e e e e e e e e eeeeet e e s e e e e e e e e e e eeeees 112
5.8.1 Emplacement proCeSSES. ......ccovvveeeeiiiiiiiiiiiiiiiiieeeee 112
5.8.2 Eruption NIiStOrY......ccooieieiieeeeeiieieeeeeeee e 114
Chapter SiX: DISCUSSION......cc.vuuiiiiiiiiiieeeeeeeeee e e e e e e e e eaaeaes 119
6.1 INtrOAUCHION.......coiiiiieieeei e e e e e e e e e 119..
6.2 Eruption styles and ProCESSES.........uuuurriiiiriiieeeeeeeeeesieiiireieeeeeeees 119
5.3 SUMIMAIY .. cttii ittt e et e e e e e et e e e et e e e esaeaeees 123..
RETEIENCES ...t 127
APPENAICES. ...ttt a e e as 133..
APPENTIX ONE...eiiiiie e 133
APPENAIX TWO....coiiiiieceiiiceee e e e e e e e 141
APPENIX TRIEE......eiiiii i 171

Vi



List of Figures

Chapter 2: Setting Page
Figure 2.1:New Zealand active plate bodary 8
Figure 2.2:North Island intraplate volcanism 9
Figure 2.3Distribution of volcanic centres in the SAVF. 12

Chapter 3: Kellyville volcanic complex

Figure 3.1The Mercer Sandstone at the northern turig rim breach. 18
Figure 3.2The Mer@r Sandstone in thin section 18
Figure 3.3:SEM photosof plankticard unknown benthic foraminifera. 19

Figure 3.4Koheroa Siltstone in outcrop from southern rim breach 20

Figure 3.5KKoheroa Siltstone in thin section 20
Figure 3.6:Mercer Townshi@mndKellyville tuff ring breach. 21
Figure 3.7:Map of Kellyville volcanic complex 22
Figure 3.8:Glass Hill scoria cone 23
Figure 3.9:Scoria outcrop and mine on Glass Hill. 24
Figure 3.10School Hill scoria cone 25
Figure 3.11Diatomite in outcrop 26
Figure 3.12Fossil leaf impressions in diatomite deposit 27

Figure 3.13Diatomite species in the Kellyville volcanic complex. 28

Figure 3.14Combined stratigraphy of the Kellyville tuff ring. 29
Figure 3.15: Facies A deposits. 32
Figure 3.16: Facies RAasalt ballistic. 33
Figure 3.17: Facies B in outcrop. 34
Figure 3.18: Facies B deposits. 34
Figure 3.19Facies C in outcrap 35

vii



Figure 3.20Alternating fine and coarse ash fall and surge beds 36
Figure 3.24: Fine and coarse ash fall and surge keuiflow direction 37
Figure 3.22Stratigraphic log of exposextoriaoutcrop,School Hill. 39

Figure 3.23Changes in vesicularity with height within School Hill 40

Figure 3.241nner textures of vesicles in scaria 41
Figure 3.25N&0 + K,0 wt% against &, wt%. 43
Figure 3.26: Zr/Nb ratio against Nb (ppm). 43
Figure 3.27Tuff deposits viewed in thin section 44

Figure 3.28Dense porphyritic olivine basalt with olivine phenocrysts45
Figure 3.29Scoria palagonite and tachylite clasts within tuff déggos 46
Figure 3.30: Large,aned, embayed plagioclase crystal 46
Figure 3.31Koheroa Siltstone lithic lapilli and block samples 47
Figure 3.32Scoria from School Hill scoria cone with infilled vesicles48
Figure 3.33Basalt flow from School Hill sata cone 48
Figure 3.34: 8atigraphicvariation throughout the exposed tuff ring. 51
Figure 3.35Kellyville tuff ring eruption progressian 61

Figure 3.36Failure of the tuff ring rim 62

Chapter 4: Onewhero tuff ring

Figure 4.1:Geological map of th®newhero tuff ring 64
Figure42Carter Siltstone in outcr 6 at Maoads
Figure 4.3 Carter Siltstondnand specimens. 66
Figure 4.4:Locality 1 showing facies A 68
Figure 4.5 ocality 2, northeastern tuff ring rim 69
Figure 4.6:Locality 3 containing both facies A and B 69
Figure 4.7Ma o a 6 s \Wawing avdr a Basalt lava flow. 70
Figure 4.8:Combined stratigraphy of the Onewhero tuff ring. 71

viii



Figure 4.9:Lower tuff. 75

Figure 4.10Sample of Facies A. 75
Figure 4.11Sample of faas B. 76
Figure 4.12Highly crystalline olivine basalt. 78
Figure 4.13N&0 + KO wt% against Sigwt%. 80
Figure 4.14Zr/Nb ratio against Nb (ppm 80

Figure 4.15Vesicular brown scoria clast with olivine phenocrysts 81
Figure 4.16Non-vesicular, cystalline basalt with olivine phenocrysts 82
Figure 4.17Embayed olivine crystal within tuff deposit 83
Figure 4.18Te Akatea Formatioand Aotea Formatiowithin tuff. 84

Figure 4.19Stratigraphicvariation throughout the exposed tuff ring 86

Chapter 5: Bombay volcanic complex

Figure 5.1:Alluvial sediments underlying tephra from the TVZ 92
Figure 5.2:Geological map of Bmbay volcanic complex. 94
Figure 5.350 m high tuff cliff exposedBombay Quarry 95
Figure 5.4 History of the excavation dombay Quarry 98

Figure 5.5:Jones Block Quarry after partial excavation of overburde®9

Figure 5.6:Facies stratigraphy of the exposed 5@ffiring cliff. 100
Figure 5.7Base of tuff cliff showing Buvial depositsandtephra 102
Figure 5.8:Panoranic photo and sketch of Bombay Quarry 103
Figure 5.9:Scoria and spatter cones within basalt flows 104
Figure 5.10Columnar basalt from inner quarry 105
Figure 5.11Sheeted basalt from inner quarry 105
Figure 5.12Elongated spatter lens from a spattone 106
Figure 5.13Na,0 + K,O wt% against Sigwt%. 108
Figure 5.14Zr/Nb ratio against Nb (ppm). 108



Figure 5.15: Hypocrystalline olivine basalt 109
Figure 5.16Broken olivine phenocryst with altered iddingsite rims 111
Figure 5.17 Stratigraphc variation throughout the exposed tuff ring. 112

Figure 5.18Spatter cone undeeathalluvial deposits and tephra 115

Chapter 6: Discussion

Figure 6.1Water/magma ratios versus explosive energy 124



List of Tables

Table 3.1 Mean \esicularity and density of Glass Hill and School Hill 40
Table 3.2: XRF geochemical data of basalt from Kellyville tuff ring. 42
Table 4.1 XRF geochemical data of basalt from Onewhero tuff ring. 79

Table 5.1 XRF geochemical datd basalt from the BomlyaQuarry. 107

Xi



Xii



Chapter Oneintroduction

1.1 Introduction

The South Auckland volcanic field in New Zealand represents the
complete history of a basaltic monogenetic volcanic field. The field was active
1.597 0.51 Million years ago(Briggs et al. 1994) and is young enough that
erosion hagot removed it from the geologiteecord. Many of the 82entres are
easily accessible. Study of these volcanic centres can offer insight into our
understanding of controls on, and eruption histories of tuff rings, maars, scoria
cones and effusive centres in the South Auckland voldemhic

1.2 Objectives of the study

Studies into the volcanism of the South Auckland volcanic {8IVF)
can improve the understanding of the full life of a monogenetic volcanic field,
what controlled its character and progression, and hence by assowibat may
control other similar monogenetic fields, such as the nearby active Auckland
volcanic field. The main purpose of this thesis isttalg three volcanic centres
with tuff rings and varying levels of associated magmatic activity, using
stratigrghic data, facies analysis and componentry data to illustratgtyties of
eruptions as well aher controlling factors.

1.3 Location of the study area

The SAVF covers the Pukekohe, Bombay, Tuakau, Pukekawa and
Onewhero regiongBriggs et al. 1994) over an area of approximately 300 km
(Schofield 1958; Raffey 1977; Rafferty & Heming 1979; Weaver & Smith
1989) Thefield hosts 82 volcanic centres and a wide range of volcanic activity,

with 38 tuff rings and maarand 57 scoria cones atava flows



Three study areas have been chosen for this thesiKdllygille volcanic
complex is situated in the southern end of $#e/F, 11.2 km south of Bombay
and 150 m east of Mercer township. The complex consists of a breached tuff ring
and two intratuff ring scoria conesThe Onewhero tuff ring is situated ineth
southern end of th&AVF, 17 km south of Bombay and 5 km south of the
Waikato River. It is the largest tuff ring in tI®AVF. A lava flow is present on
the outskirts of the tuff ring. The Bombay Quarry volcanic complex is situwated
the eastern side dfie SAVF, 3.4 km southwest of Bombay. The complex consists
of at least one tuff ring, a tuff cone, numerous scoria and spatter cones and at least
two large deposits of ponded basalt lava.

1.4 Field work

Field work was undertaken over six weeks tie three study areas.
Stratigraphic logs wereonstructedof all exposed outcrapaccessible in each
area. This was limited athe Bombay Quarry, where access was limited due to
safety rules. Samples were collected from significant layers and occurrences in
outcrop, and photographs were taken of each outcrop and sample location.
Topographical maps and GPS-aalinates were used to determine sample and

outcrop locationsSample data is available from Appendix One.

Four stratigraphic logs wernstructedf expogd tuff ring outcrop at
Kellyville, as well as one of the two scoria cones. Sampiere taken from the
above sections, as well as the second scoria cone, a diatomite ,capddivo
sections of the underlying sedimentapuntry rockunits. Three stragraphic logs
were constructedof exposed tuff ring outcrgpat Onewhero, and samples were
collectedfrom these, an outer lava flowand the underlying sedimentacguntry
rock units. One large stratigraphic log waseasureaf exposed tuff ring outcrap
at Bombay Quarryand samples were taken from this outcrop as wethase of
surrounding spatter and lava deposits that were accesStka¢igraphic logs are
available from Appendix TwoSamples were alsmllectedof alluvial and tephra
deposits at thbase of the tuff ring depositAccess to Kellyville land was granted

by Terry Glass and local farm workers. Access to Onewhero land was granted by



Richard andlenny Andrews and the Poole family. Access to Holcim Quarry at
Bombay was granted by James Beynd Keith Miller.

1.5Laboratory analysis

102 thin sectiondrom the three field areawere madefrom samples
representative of stratigraphic and facies charagesanalysed for petrography
62 thin sections were made from deposits associated witketiheville volcanic
complex, including tuff (25)juvenile clasts (7), lithics (20), scoria (&nd
diatomite (2). 19 thin sections were made from the Onewhero tuff ring and
associated lava flow deposits, including tuff (14), lithics (3) and basalt |ava22
thin sections were made from deposits associated with the Bombay Quarry
volcanic complex, including tuff (9), lithics (7), baslava(4) and spatter (2).

An X-ray FluorescencegXRF) spectrometerfrom the University of
Waikatowas used on fresh bals samples in order to determine theigjor and
trace element composition®nly three samples (Onewherb, Bombay Quarry
2) were able to be analysed due to the degree of alteration in most basalts
sampled. Major element geochemistry was analysed usisgd glass disks.
Samples were powdered with a tungsten carbide mill, andi 3% g of powder
was added with 2.5D0 2.55 g of 1.2: 2.2 flux in platinum crucibles and stirred.
Crucibles were stepeatedevery 15 minutesn a Bradway Fusion Furnace at
temperatures of 700°C, 800°@nd 1040°C with the furnace shaker mixing the
contents A pinch of ammonium iodide was added at the end of thehstapng
process to prevent the contents of the crucible from sticking. The contents were
then poured onto a gphite disk and flattened with a press. Once the disk had
cooled, it was set on heated plates to allow the glass to anneal. The fused disks are
then analysed with XRF. Trace elemem@mpositions were analyseasing
pressed powder pellets. 5 g of the pomedesamples were mixed with 1315
drops of PVA binder and put into an aluminium cup to be compressed with a
hydraulic press loaded to 90 bars. The pressed samgsithen put into an oven
for 2 hours toevaporatethe PVA binder, and then analysbg XRF. Loss On

Ignition was determinelly heating 2 g of powdered sample in silica crucibles in a



Bradway Fusion Furnace at 1100°C for about an hour, and measuring difference

in weight after heating.

A Hitachi S4100 Field Emission Scanning Electron Microscopth X-
ray analyser(SEM) was used from the University of Waikato to assist with
species identification of diatoms from Kellyville volcanic complex diatomite and

microfossil material from all three study areas.

Microfossils were analysed using foramerél picking of sedimentary

samples from all three areas in order to identify age determinant species.

Vesicularity and density were measured using vesicular basalt, scoria and
spatter samples from all three study areasddaltic clastsf size 4 phideposits
were used for each sample, and maximum, minimum and average vesicularity and
density measurements wemdetermined Vesicularity and density data are

available from Appendix Three.

1.6 Chapter otlines

The outline ofthethesis is as followsChapter 2 outlines the setting of the
study area. New Zealand tectonic setting and intraplate volcanism in the North
Island are discussed, specificallff the Auckland Province. Previous studies of
South Auckland volcanology are discussed, as well as thenalmgy of three

volcanic centres that are the basis of this thesis.

Chaper 3 focuses on the Kellyville volcaniomplex and presents the
results of a field study on its geology, fackesiationsand stratigraphy, as well as
laboratory studiesf the componentryof both a tuff ring and two inteeuff ring
scoria conesStratigraphic relationships and facies analysis are used to define
emplacement processes and the eruption history. The distinction of whether
Kellyville is a tuff ring or a maar is discuske

Chapter 4focuses on the Onewhero tuff ring, outlining its geology, facies
and stratigraphy as well as the componentry of a tuff ring and a nearby lava flow.
Stratigraphic relationships and facies analysis are used to define emplacement

processes anddheruption history.



Chapter 5 focuses on the Bombaglcanic @mplex, presentinghe
geology of the quarry and the surveyimgtoryof the basalt deposits to be mined.
Facies and stratigraphic analysesdiseussed as well as componentry of both the
tuff ring and effusive products. Stratigraphic changes are used to define the

emplacement processes and eruption history of the volcanic complex.

Chapter 6 summarises the eruption histories of all three field areas. The
characteristics of the deposits are atded and the main controls in eruption

stylesand mechanisms are interpreted.






Chapter Wwo: Setting

2.1 Introduction

New Zealand lies along the boundary between the Pacific and Indo
Australian plates, where both subduction and stlke movement occu{Barnes
et al. 2010) The onlyactive intraplate volcanism in the North Island occurs in
Northland and Aucklandentirely inthe IndeAustralian platgFig. 2.1) (Johnson
& Wellman 1989) The intraplate volcanoes in New Zealand are generally
separate from the active plate boundary zone, in areas of relative equaesc
(Johnson & Wellman 198%nd hae no apparent tectonic relationship with the
active marginWeaver & Smith 1989; Briggst al. 1994; Cooket al.2005) The
Northland and Auckland areas of intraplate volcanismaaaut 400 km behind
the acive marginand are situated in an extensional environment, howavgr
the Northland province haharacteristi@rc signature¢Smithet al. 1993; Cook
et al.2005)

The Northland province is 50000 kmnorthwest of the active margin
an area that is tectonically qui@Veaver & Smith 1989)and the Auckland
province is 35400 km behind the present pldteundary(Weaver & Smih
1989) Northlandand Aucklandvolcanism cover an area of approximately 2500
km? and 400 krfi respectively(Weaver & Smith 1989)Both provinces can be
further split up into several volcanic fields. The Northland province contains the
KaihokeBay of Islands and the Whangaieiraplate volcanic fieldgHeming
1980; Weaver & Smith 1989; Smitkt al. 1993; Cooket al. 2005) The
Auckland province containfom south to north thékete Ngatutura South
Auckland, and Aucklandolcanic fields (Cook et al. 2005) The North Island
intraplate volcanic activity has occurred from the Miocene to recent times
(Johnson & Wellman 1989; Coait al. 2005)and the Auckland province shows
an age trend of progressive young(iBgiggs et al. 1994)northwards through this
period Fig. 2.2). Volcanic products of the North Island intraplate volcanism are
mainly basaltic and include maars, scoria cones and lava flaNswith small
volumes(Heming 1980; Kear 1996)



Northland
Province

Auckland
Province

Indo-Australian
Plate

Pacific Plate

P

200 km

Figure 2.1: New Zealand active plate boundary, shoW@gubduction andb)
strikes | i p boundar i es activeintrbptate tvdicanic provemcest 6 s t wo

(Figure adapted from Coa al 2005)

Cook et al. (2005) noted that the subducting Pacific Plate beneath the
North Island can only be tracked to 250 km deep, and cannot be tracked to
underneath the South Auckland volcanic field. Cook et al. (2005) summarise that
the volcanism is caesl by decompressional melting in the extensional

environmenbf western and northern North Island
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Northland
Province

Kaihoke-Bay of Islands
9.7 Ma - 1300 yr

Whangarei
2.24 Ma - 36 ka

Auckland
250 ka - 500 yr

South Auckland
1.59-0.51 Ma

AUCk!and Ngatutura
Province 1.83-1.54 Ma

0 2|5 SIO Okete
Scale (km) 2.69-1.8 Ma A

Figure 2.2 North Island intraplate volcanism, showing the two provinces and
their associated fields: Northland Province, containing Kaitigke of Islards

and Whangarei, and Auckland Province, containing Auckland, South Auckland,
Ngatutura and Okete. Note the progressive younging northwvatee Auckland
Province fields(Figure adapted froriiVeaver & Smith 1989Briggs et al. 1994;
Cooket al. 2005 andge data fronSmithet al. 1993; Briggset al. 1994).



2.2 South Aucklandaicanology

The South Auckland volcanic fieldSAVF) (Fig. 2.3) covers the
Pukekohe, Bombay, Tuakau, Pukekawa and Onewhero re@iggs et al.
1994) over an area of approximately 300 kr(Schofield 1958; Rafferty 1977;
Rafferty & Heming 1979; Weaver & Smith 1989)he field is comprised of
scoria cones, basaltic flowsuff rings andtuff cones(Rosenberg 1991)The
monogenetic volcanic activity has resulted in 15 to 28 &frdeposits(Rafferty
1977; Rafferty & Heming 1979)

The number of volcanic centres recorded for $#8/F has changed over
time. An early estimate of over 70 centrgSchofield 1958 Rafferty 1977;
Rafferty & Heming 1979; Heming 1980; Weaver & Smith 198@ps
supeseded byd7 volcanic centre@riggset al. 1994; Coolet al.2005)

Recently, sing a combination of mapped locations and the use of volcanic
ages fronBriggs et al. (1994)the number of tuff ringsscoria cones and effusive
depositshas beerrecountedas 38 andl3 and 39respectively.However the
number of tuff ring centres and effusive (scoria cone and effusive) centres are 30
and 52 respectivelyThe reason for this is thatokcanoes that were either
overlapping one another or had very small distances between thengrnveped
asone centreTheir genetic relationshigvas further established using available
age data. Volcanoes in the same centre were either all stylaef volcanism or
a combination oftuff rings, scoria conesand effusive volcanismThis method
brings the total number ofolcanic centres within th&AVF to 82. Further
research and understanding of each volcano and their age data would allow the
above number of centres for tBAVF to be confirmed.

The SAVF was active between 1.59 and 0.51 {Baiggset al. 1994)and
is separated from the younger Auckland Volcanic Fgddkm further north by
about 250 kgCooket al. 2005) The age range of the field has been obtained by
43 K-Ar dates byBriggset al.(1994) The youngest age obtained was 0.56 + 0.05
Ma atPukekoheCone, and the oldest was 2.24 + 0.37 at Drury Hills ¢Bniggs
et al. 1994) A younger KAr date of 0.51 Ma was previously obtained $typp
(1968)for Pukekohe Hill.
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Much of the SAVF is situated in a dowfaulted area of Mesozoic
greywackes, sandstones and argill{feafferty 1977xhat form the basementhe
Te Kuiti Group uncoformably overlies he Mesozoic baseme and the
Waitemata Group unconfoably overlies the Te Kuiti GrougRafferty 1977;
Edbrooke 2001)The Kaawa Formation unconformably overlies the Waitemata
and Te Kuiti Groups,as do pumice fall deposits from nearby eruptfo in
Coromandel and Taup¢Rafferty & Heming 1979; Edbrooke 2001The
Tauranga Group is the uppermost stratigraphic group in the area and is mostly
exposed north of the Waikato Fault, as the Puketoka Formation anbatipo
Pumice Alluvium (Edbrooke 2001)A block of Mesozoic basement has been
uplifted in the northeast part of tf®AVF, and is known as the Hunua Block

which has not preventedolcanism from occurring in this region.

There is a close relationship between the tuff rings and cones in this
volcanic field(Rafferty 1977) The tuff rings are commonly in clusters or nested,
and range from 0.5 to 2.5 km in diametRafferty & Heming 1979; Weaver &
Smith 1989) Several tuffrings in the field have formed nested scaoaeswhere
strombolian activity occurred after phreatomagmatic erupt{®edferty 1977;
Rafferty & Heming 1979; Weaver & Smith 198%coria cones in this field are
commonly small and steegided (Rafferty 1977)

Rafferty (1977)comparel the SAVF to the Auckand volcanidield, which
has fewer centres, about FCassidyet al. 2007) Nested scoria cones are
common in both the Auckland and South Auckland volcanic fi¢Risfferty
1977; Weaver & Smith 1989)

Rafferty (1977) suggestedthat the processes that formed the South
Auckland volcanism were also the causetha Pleistocene displacement of the
major faults in the area, including the Drury, Pokeno, Wairoa and Waikato faults.
Approximately half of the volcanic centres are either directly on, or very close to,
faults in the volcanic field. This suggests that tricanism is largely fault
controlled(Briggs et al. 1994; Briggset al. 2010) It is also possible that faults
pre-dating the volcanism are present but covered in the extensive lavas that
largely cover the fieldBriggs et al. 1994) Therefore the level of fault control of

the volcanism may be larger than what is apparent.
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Figure 2.3: Distribution of volcanic centr@és the SAVF. Two main faults are

shown: Drury Fault and Waikato Faulthe three main areas of study, Kellyville

volcanic complex, Onewhero tuff ring and Bombay Quarry volcanic complex are
shown(Briggset al in prep. 201Q)

Cook et al. (2005) gave the opinio that it is unlikely that the dith
Auckland volcanism occurred from magma chamberd, is charaterised by

comparatively shotlived eruptionderived from small batches of magis@urced

directly from the mantletypical of monogenetic basaltic fields elsewhere in the
world (Connor & Conway 2000)

Greig (1989) studied the aquifer potential of the Kaawa Formation in the

Manukau lowlands area, finding a large variation in aquifer transmissivities of 30
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to 500 nf/day.Hadfield (1988)studied the hydrogeology of the Kaa®armation
in the Pukekohe/Tuakau area, and found similar aquifer transmissiviti¢ S(ED
m?/day), as well as producing geological crssstions across the South

Auckland volcanic field.

Rafferty (1977 and Rafferty & Heming(1979)suggest that the Waikato
River may have had a large role in the level of phreatgpmatism in the&SAVF,
asseveral tuff rings are aligned along the Waikato River where surface water is

abundant.

Earlyworkonthefi Fr a n k | i was @hdetakehySihofield(1958)
who studiedbasalts in South Auckland and suggested that they were between
early to mid Pleistocene in ageclofield (1958) reported the Franklin Basalts to
consist of basalt flows and basaltic tuffs commonly containing Waitemata Group
lithics. The lavas are all basaltic and all contain olivine, augite, plagioclase and
opaquegRafferty 1977) Schofield(1958)originally divided the South Auckland
basalts into two groupgranklin basalts and Bombay basaltsased oncone
morphology and degree of weatherirgriggs et al. (1994), Cook (2002) and
Cooket al. (2005) concluded that there was no basis for this subdivil@fferty
(1977) and Rafferty and Heming (1978&cided that tlsi would limit further
classification using geochemical characteristics, and so divided the basaltic
products of theéSAVF into two different groups; a hyperstheneh subalkaline
group and a nephelimgch alkaline groupCook (2002) studied the geochemyst
of a characteristic group of volcanic samples from $#&/F in a Ph.D. thesis.
Cook et al. (2005) further analysed the differences between these two distinct
groups of basalt, calling them Group A and Group B (respectively), using a
greater range of sgptes taken by Cook (2002).

The petrography, physical volcanology, mechanisms of eruptions and
hazard implications of one scoria cone (Onepoto volcano) and five tuff rings
(Barriball Road maar, Maketu tuff ring, Raventhorpe maar, Aka Aka tuff ring,
Smeed Qarry Road tuff ring) were studied in the SAVF Bpsenberg1991)
who concluded that the styles of volcanism were mainly controlled by the
hydrology and lithology of the underlying country rocBskic (1995)conducted

a geological and geophysical subsurface investigation of Onewhero Crater and

13



Pukekohe Hill as part of a MShesis, and concluded that there are no signs of a
feeder system still preserA. recent studyby llanko (2010) further summarised
the facies, petrography, geochemistgption and emplacement processes of the

Barriball Road tuff ring.

2.3 Previous work at Kellyville

Kellyville was first described byBattey (1949)asiia <cr at er wi t h a
breached rim and a centr al plug of |l ava an:¢
Codlchester(1968) completeda BSc Hons studydescribingthe geology of the
Kellyville tuff ring. A geological map of New Zealan@chofield 1967)shows
Kellyville as a ficrescentlTheqwdme Kidywlle pat ch of
was first used in a tablsummarisingthe stratigraphy of the Ngaruawahia
subdivision(Kear & Schofield 1978)Kermode(1992)lists Kellyville tuff ring as
one of the Qatermary volcanoes in South Aucklan@vith an age of 1.48 My
(Briggset al.1994)

Kear & Schofield(1978) list a maximum tuff ring rim height of11 m
and a surrounding alluvial plain height 465 m Kear & Schofield(1978) also
describe the breach in the crater rim and its terracesnwillliey point out a
Asmall but -phaeamedehil tonén the centre that
tuff and agglomerate, and that the surrounding tuff ring is comprised of evenly
bedded basaltic material with lithiggesumed to be mainly Koher@iltstone
(Kear & Schofield 1978)

Rafferty (1977)reported that the lavas that formed the strombolian scoria
cone are the same as the ones within the tuff ring dep&satgerty (1977)
suggested that the changes in eruptive style can therefore be inferred to be caused
by magmawater interaction. The diatomite deposit at Kellyville has been
described byVaterhous€1980)

The Waitemata @up was first named bidochstetterin 1864 for the
Ai nterbedded 1| ight grey siltstones and sar
harbour(Kear & Schofield 1978)Colchester(1968) reports that the Waitemata
Group underlies the Kellyville Tuff Ring, antivo formations of tfs group,
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Mercer Sandstone and Keroa Siltstoneoutcrop on the northern and southern
ends (respectively) of the breach in the crat&ear (1961) describedOtaian
Mercer beds as calcareous siltstones and loose brown sand3tbeesontacts
within this group are poorly defined as they are rarely viqikEar & Schofield
1978) The WaitemataGroup extends as far south aseider (Kear 1961,
Edbrooke 2001)

2.4 Previous work at Onewhero

Kermode(1992)lists Onewhero as the largest the Quaternary volcanoes
in South Awkland The Onewhero tuff ring is 0.88 M{Briggs et al. 1994)
Waterhous€1978)produced a map detailing the geology and volcanic deposits of
the Onewhero area.

Rafferty (1977) theorised that Onewhero must have blasted through the
original lava flows of neagp Onewhero cone, as they are preserved in the
northern outlet of the tuff ringrafferty (1977)noted that Onewhero has no plug,
and that boreholes have failed to detect any basalt to depths of 1Rafferty
(1977) speculates that the lack of detected basalt could be due to the tuff ring
having no magmahamber, or if the tuff ring floor had collapsed following the

eruption due to withdrawal of the magma source.

Te Kuiti Group has been described around the South Auckland area by
Kear (1961) Carter dtstone has been describeshd given a Waitakian age
(Waterhouse & White 1994 ukic (1995) reported that the Waitemata Group is
40-60 m wnderneaththe volcanic deposits (however this was not seen in the field,

and the Te Kuiti Group outcrops at approximately 90m a.s.l.).

2.5 Previous work at Bombay Quarry

Bombay Quarry isoperatedby Holcims Aggregates, who have hired
several companies fwrovide geotechnical surveys amdport on the area and any
factors that influence either the quality of the basalt or their ability to mine it.
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According to a report made for Milburn NZ Ltd (Holcims Quarry) by
JohnO'Brien Associate®t al. (1994) the basalt deposit that is available to be
mined occurs within gently rollgnland comprised of tuff, volcanic ash and basalt.
The underlying sedimentary geology is comprised of the Waitemata Group, which
is present at depths of 30 to 70 m below the mineable basalt, as well as on the
surrounding lower valleys and plai@®hn O'Brien Associate= al.1994)

Ormiston Associates Lt@1999) have reported on the basalt resource at
Bombay Quarry using drilling, geological studies and resource modelling. They
have concluded that the economically viable basalt resource is smaller than what
was first estimatedbefore quarrying began (first estimated at 4 milliof) now
2.45 million n?) (they estimate a quarry life of 13 years 1999 . AThe revised
geological model generally indicates that the basalt deposit comprises a high
quality central core of basalt saunded by shells of successively decreasing rock
quality. This is further complicated by an explosion crater which has replaced part
of the southern corner of the high quality basalt with lowliuacoria and
volcanic debrié (Ormiston Associates Ltd 1999)

Alloway et al.(2004)has provided a date for a tephra layer that appears at
the base of an upper tuff succession in the quarry. The tephra layét AWNBs
dated using ITPFTisothermal plateau fission track dating) 1-1.2 Ma.lt is
correlated with a posDngatiti tephra layer (AB7) from Schnapper Rock at
Beachlands, anbas been proved to beoin the Taupo Volcanic Zon@lloway
et al.2004)
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Chapter ThreeKellyville Volcanic Complex

3.1 Introduction

The Kellyville volcanic compleXKVC) is situated athe southern end of
the South Auckland volcanic field (SAVF) near Mer@eig. 2.3)

An early phreatomagmatic phase 1.48 Ma produced a tuff ring, followed
by a later magmatic phase that produced tvasiacones within the tuff ring. The

tuff ring was infiled with a lakethatdeposited diatomite.

This chapter will cover the underlying geology of the Kellyville tuff ring.
Several lithologic facies and their stratigraphy have been identifigae atiff ring
and scoria conesThe componentry of the tuff andcoria deposits will be
discussed as well as its stratigraphic variat®drdiscussion othe classification,
emplacemenprocessesanderuption history of th&K\VVC is presented at the end

of the chapter.

3.2Country rock gology

The Kellyville tuff ringis underlain by the Mercer Sandstone and Koheroa
Siltstone which are formations within the Waitemata Gritgirooke 2001)

Mercer Sandstone

The type section ofhe Mercer Sandstan(Fig. 3.1) is exposed on the
northern rim breach of the Kellyville tuff rin@Kear & Schofield 1978Jlocality
8). The unit is a massive to thick beddedyeakly indurated,poorly sorted,
calcareougo noncalcareousbuff-colouredto brownsandstonevith interbedded
light grey, sandy mudstor({&ear & Schofield 1978; Edbrooke 2001)is 26 m
thick at Mercer but occurs up to 600 m thick elsewh&abrooke 2001)The
Mercer Sandstondips gently north (3°gaccording toColchester(1968) and is
never fully exposed in outcrop, howeweear & Schofield(1978 and Edbrooke

(2001)suggest thathe lower contact witthe Koheroa Siltstone is conformable.
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Figure 31: The Mercer Sandstone at therthern tuff ring rim breagHocality 8.

Geological hammer is 33 cm long.

Figure 3.2:The Mercer Sandstonan thin section under cross polarised light
(XPL) showinga calcareous matrix with small quartz grajsample W2011543)
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In thin sectionMercer Sandstonéig. 3.2) appears asa very well sorted
fine calareoussandwith commonquartz crystals, some glauconisnd pyrite
staining.The Mercer &ndstone is Otaian in agear & Schofield 1978)Sieved
samples of the sandstone were picked forilfosaterial (Fig. 3.3). The fossils
found included Astrononion sp of the Rotaliina family, bivalve fragments,
echinoid spinesGynindina sp benthic foraminifera, unidentified spirakenthic

foraminifera(Fig. 3.3), andGlobigerina bulloids (pers. commB. Hayward)

.
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Figure 3.3:SEM photos of planktic foramnifera (left) and unknown benthic (?)

foraminiferafrom the Mercer Sandstorigample W2011543)
Koheroa Siltstone

The type section othe Koheroa Siltstong(Fig. 3.4) is exposed on a
railway cuttingon the southern rim breh of the Kellyville tuff ring, andalong
Koheroa Roado Mercer School(Kear & Schofield 1978)locality 9). It is a
calcareous, massive well beddedlight greyto bluegrey sandysiltstonewith
interbedded calcareous sandst{lRear & Schofield 1978; Edbrooke 200The
Koheroa Siltstone is 27 m thick at Mercer but occurs up to 75 m thick elsewhere
(Edbrooke 2001and dips gently north (4°) according @mlcheste(1968) The
underlying contactvith theWaikawvau Sandstone is not exposed.
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Figure 3.4: Kheroa Siltstone in outcrop from southern tuff ring rim breach,

locality 9 (pen is 13 cm long).

Figure 35: KoheroaSiltstonein thin section, plane polarised light (PRsample
W2011544)

The Koheroa Siltstonés a very well sorted finealcareoussilt with small
quartz and plagioclase crystals, and some pyrite stafRigg3.5). It is Otaian in
age (Kear & Schofield 1978)Sieved samples of the siltstone were picked for
fossil material. The fossils foundcluded Globigerina sp, Globigerinoides sp
and Hoegludina elegansbenthic foraminifera. The Globigerinoides sp
foraminifera are representative of the laiel Miocene. TheHoegludina elegans

foraminifera are representative of deegter(pers. comm BHayward)
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3.3 Kellyville volcanic complex

The Kellyville volcanic complex was active 1.48 NBriggs et al. 1994)
The KVC is situated at the southern end of the South Auckland volcanic field
11.2 km south of Bombay 46 km south of Pokencand 150 m east of Mercer
township The KVC consists ofa breached tuff ringFig. 3.6)and two intratuff
ring scoria coneslt is accessible from Great South Road (State Highway 1),
which runsalong its western sid&ellyville is one of the larger tuff rings the
SAVF, with a diameter of 1.8 km. The highest point of elevation on the tuff ring
rim is 111m. The maximum thicknessof the tuff itself is 92 m, measured from
the stratigraphidbase.The inner base of the tuff ring ranges from 10 to 12.sd
The width of the tuff ring rim ranges from approximately 200 to 60Based on
modern day topographyrhe innergeomorphic slopandes of the tuff ring are
approximatéy 10°. The outergeomorphic slopa@angles ange from 7° to 9°The
tuff ring has been breached on its western side. The breach is 0.9 km wide, and

would have allowed the lake within the tuff ringtie drained.

Mercer Township
Tuff ring.rim NI O :
.*'A

A -
-— o N o 2. e

Breached rim

—

Tuff ring floor

Figure 36: Mercer Township and Kellyville tuff ring breach as viewed from the

northern crater rim.
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Figure 3.7 Map ofKellyville volcanic compleXWaterhouse 1980; Edbrooke 2001)
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There are severabads that run through the tuff ring. Koheroa Road runs
through the middle of the tuff ring from opposite the Mefawnshipto the east.
It provides access to Glass Hllocality 6), the largest outcrop of diatomite
(locality 7), and the largest expasaection through the tuff rinlocality 4, Fig.
3.7). It joins up with Kellyville Road, which runs along the northern tuff ring rim
and joirs with Great South Road. Glasedl begins im Koheroa Road near
Glass Hill and runs to thereviouslyun-named soria cone. Ifprovides access to
Mercer fhool and Kellyville Cemetery.The intra-tuff ring scoria conesare
locatedin the middle of the tuff ringThe larger scoria cone is Glass Hill, which is
45 m high and has slope angles26f. The smaller scoriaone which is 20 m
high with geomorphicslope angles 024°, has not been identified previously and

has been named in this study as School Hill scoria.cone

Several terraces have formed while a lake existed inside the tuff ring. The
terraces were formed dbke preexisting lake levels fluctuated over time. The
terraces can be seen even today, and occur at 55 m, 33 m, and 8 m above sea level
(Colchester 1968; Waterhouse 198Bjnall streams have drained the tuff ring
over time, erodingand transporting the underlying tuff as well as any recent

sedimentation (diatomite) into the Waikato River.

3.4 Scoria cones

Figure 3.8: Glass Hill scoria cone and the southern crater rim behind.
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Glass Hill(locality 6, Fig. 3.8, 3.9ac) is asymmetrial: it is steeper on its
southwestern side and has a more gradual slope on its northern and eastern sides.
The scoria conevas oncequarriedfor scorig most likely for railway ballast for
the nearby railway line. Old mining tracks and scrap metal caourel on the
southern side of the cone. An aldderground mingFig. 3.9,0), is still present
in the southwest side of the cone, and can be accessed via a small opening in what
is most likely to be a cavie of the original tunnel entrance. The tunnel/ésy
regular in size and shape, with a flat floor and domed, elongated roof 1.9 m high.
It is 2 m wide and 28 m long from the opening to the other side, which has been
caved in- possibly on purpose to prevent entry.

Figure 3.9:(a) Scoria outcropn Glass Hill (gological hammer is 33 cm long);
(b) Mine entrancg(c) Inside of mine

School Hill scoria condlocality 5 has a short basalva flow that has
begun to flow out from the scoria coffég. 3.10a,b)School Hillscoria con€Fig
3.10c,d)has been erupted 470 m to the east of Glass Billss Hill occurs
southeast of the southern mapped limit of the Drury Fault, and School Hill
branches off at approximately 90° from Glass Hill.
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Figure 3.10(a) School Hill scoria condocdity 5); (b) basaltlava flow at base of
scoria cones(c) exposed scoriautcrop, hammer is 33 cm long]) (Closer view

of scoria outcrop, hammer handle as scale.

3.5 Diatomite

The diatomite in Kellyville tuff ring was first identified in 1967, and
Winstone Aggregates later studied the deposit in detail in 1972 using drill logs
(Waterhouse 1980Winstone Aggregates drilled more than 30 holes up to 21 m
deep(Waterhouse 198Moth north and south of Koheroa&l, and 27 of these
drilled into diatomite.
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Figure 3.111(a) Diatomite in outcrop(b) Varnations in colour and layeringlarker
layers are rich in sediment and organic mggample W2011536)

Winstone Aggregates was later asked to carry out a study of the Mercer
diatomite deposifFig. 3.11a,b as part of the New Zealand Geological Survey, as
DSIR was attempting to map the occurrences of diatomite in and around
Auckland (Waterhouse 1980)This was to be used in cement if the diatomite
deposit was large enough to be economically viable, andicedtgreater than
90% SiQ. Three holes 122 m deep were drilled as well as 25 holes
approximately 1m deep. All holesntersected interbedded diatomite and
pumiceous materigunderlain by sandstones and siltsto(M&terhouse 1980)
possibly of the undeying Waitemata Group. North of Koheroa Road was an
average of 8.45 rthicknessof this deposit. South of the road was an average of 8
m of the deposit. Bulk deposits were taken to analyse the chemistry of the
diatomite, which was found to be no more thad?8SiQ in composition.
According to a study of the tuff ring b§olchester(1968)the diatomite here is
intercalated with pumice deposits. AccordingWaterhousg1980) pumice and
ash deposits are deposited by the lake within the tuff ring or by the Waikato
River through the rim breaclbue to these interbedded pumiceous deposits, any
quarrying of this diatomite deposit would have to include sording separation
of the pumice from the diatomeit This would be a difficult and lengthy process
and was ultimately decided by Winstone Aggregates not to be viable for
quarrying.
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In this study diatomite was found exposed along Koheroa Raladg a
155 mlong section(locality 7,Fig. 3.7). At its eastérn end approximately 3.5 m is
exposed, further west the deposit is exposed for 2 m, and at its western end closest
to the Glass Hill scoria cone, 3 m is exposed. Diatomite was ako jast
southeast of School Hill, suggesting its widespread occurrehogever he
diatomite has largely been eroded out of the base of the tuff ring due to the breach
in its rim. Diatomite samples showed very thin laminated layers ofedix
sedimentsFossil leaf and seed imprints were also found between some of the
diatomite layers Fig. 3.12. Diatomite in thin section shows carbonaceous

sediment as well as rounded grains of quartz.

Figure 3.2: Fossil leaf impressions in diatomite depdsitm locality 7(sample
W2011537)

Scanning Electron Microscopy was used onaiate samples in order to
assist withdiatom species identificatianThe diatom specieStephanodiscus
novaezealandiaeand Cyclotella stelligerafound are shown below iRig. 3.13.

The freshwater diatoméave age ranges from the Cretaceous to Recentrand a
therefore not age determinatBoth Stephanodiscusnd Cyclotella stelligera

27



species weralso observed byWaterhouse(1980) in the diatomite deposiat
Kellyville.

20.0kV 12.1mm x4.50k SE(M -50)

Figure 3.B: Diatomite speciesobserved in the KVC(a) Stephanodiscus novae

zealandiaeg (b) Cyclotella stelligergpers. comm. Cooper, V. C.).
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Figure 3.14: Combined stratigraphy of the Kellyville tuff ring.

31




3.6 Facies andtgatigraphy

3.6.1 Kellyville tuff ring

The stratigraphy of the Kellyville tuff ringFig. 3.14) is grouped into
facies Four facies types have been recognisesihg field ad petrological
descriptionsin a 60 m thick tuff ring successiorfapproximately 32 m is not
exposed of the 92 m of tuff ring depositShe earliest27 m of tuff deposits
alternates between a pootly well sorted, massive to weakly bedded, lithich
block and bomb facies (facies A), a poorly sorted, massive, fine lapilli to block
and bomb faciegresent in discrete layers-80 cm thick (facies B), and a very
well sorted, planar laminated, ¢ee to fine ash (facies D). From 27 m to 44 m,
the tuff alternates between facies A, BndD and a well sorted, crodaminated,
coarse to fine ash present in lay66s150 cm thick (facies C). From 44 m to 56

m, the tuff iscomprised entirely of facies D.

3.6.2 Tuff ring facies

Facies A- poorlyto well sorted massive to weakly bedded, lithich

blocks and bomks

Facies A(Fig. 3.15) is generally a coarse block and bomb facies. It hosts a
wide range ofgrain sizesfrom fine ash to blocks and bomlbsdis generally
weakly medium beddedwith very few wavy bedspoorly to well sorted and
alternates betweecoarseand finelayers.Blocks and bombs occwrith fine to
very coarse lapillin clast supported layer3hesecoarselayers (up to 20 cm
thick) also occasionallyconsist ofcoarseto fine lapilli with 15% vegular to
densesubrounded torounded basalt clastsméximum classize (Mc): 180 mm)
and white lithics that show cracking and zonimgaximum lithic size (Ml): 74
mm). Scoria clastgange fromcoarse ash to coarse lapilBolitary blocks and
bombs alsaoccur within finer layers of predominantly coarse ash to fine lapilli
with 2-4 cmthick bedding and fine lapilli scoria clasia packagesip to 60 cm
thick, alternating withwell sorted coarse to fine lapilli, both scoria and lithics,
with medium beddig, andone fine ash layeThe blocks and bombsommonly
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have impactednto underlying layers, and some shéatures where the path of
subsequent surge transported material has been blocked by the impacted ballistic
block or bomk(Fig. 3.18).Blocks consst of both vesicular and dense bagiic:

85 mm) Sedimentary lithicsaresandstone and siltstofll: 330 mm), and range

in grain size froncoarse lapilli MI: 21 mm) to very coarse lapillMl: 63 mm)

The sedimentariithic blocks are commonly sutounded to roundedA singular

light grey-brown thinly bedded fine ash layer istercalated withcoarse ash and
containscoarse ash scoria fragmentacies A exhibits &asalt bomb within

lapilli showing ballistic directionwhich can be seen ifkig. 3.16 bdow. The

feature is surrounded biye ash fall layers.

Figure 3.15 Sample of facies A depositgith fine lapilli clasts and lithics and
coarse asfsample W2011508)
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Ballistic direction
/ Bedded coarse ash and lapilli tuff

Surge direction

Basalt bomb

Coarse ash and lapilli

Lithic rich lapilli bed
Lithic rich lapilli bed

Vegetation and colluvium

Figure 3.16: Basalt bomb in facies A showing ballistic direction.

Facies B poorly sorted, massive, fine lapilli to blac&nd bombk

FaciesB (Fig. 3.17, 3.18) is a nassive tadiffusely beddedpoorly sorted
fine to mediumlapilli to block and bomiscoriafacies The facies forms medium
to thick beds (10i 80 cm). Some oarselapilli occur as both siltstone and
sandstone lithicsMI: 46 mm) and basalt clastd¢: 23 mm). Sub-angular to
roundedsiltstone and sandstorighics (Ml: 90 mm) and vesicular and dense
angular basalt clastMc: 43 mm) also occur within the finer lapilliNormal
grading occursn diffuse bedsranging from fine lapilli to fine ashReverse
grading occurs as diffusely bedded coarse ash coagsapwardsto fine and
medium lapilli, with an abrupt upper contadthe exceptios in this facies are

occasionalvell sorted,veryfine ashto coarse ash layers.
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Figure 317: Facies B in outcroghowing fine to coarse lapilli clasts and lithics

and coarse aslocality 2 Geological hammerandleis 3.2 cm across.

Figure 318 Facies B sample showing ash and llapayers with common
juvenileclasts(sample W201382)
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Facies G well sorted, crostaminated, coarse to fine ash

FaciesC is a cross beddedine to coarse ash to fine lapifiacies (Fig.
3.19. It is characterisedy thin to laminated low angle cr®deds and wavy
lensoidalbeds that pinch optin 60 - 150 mm thick packagesThis facies is
generally well sorted and normally gradedro€s bedded, carse ash beds
commonly contain fine scoria and dark grey, dense (slightly vesiculaakalt
lapilli clasts (Mc: 47.2 mm) and occasional coarse lapMsh beds areip to 10
mm thickandcoarsen upwards to coarse ash cross be#s imm thick that pinch
out. Beds of very fine cemented lapilli grade upwardsteinated slightly cross

beddedfine to coarsash.

Figure 3.19Facies C in outcrop showing creBeds and direction of transpoat

locality 4.

Facies D very well sorted, planar laminated, coarse to fine ash

Facies Dis responsible for théhickestamount of deposiin the exposed
sections ofthe Kellyville tuff ring. Facies D is mostly comprised of very well
sorted, fine and coarse ash layer coupl&éslO cm thick,with occasional findo
medium scoria richlapilli beds (Fig. 3.20, 3.2). These coarser beds can

36



occasionally be planar lamirat, very fine lapilli with very thin to thin bedding
and also occasionally show reverse grading from very fine lapilli to fine ldpilli
general, the facies is thinly to very thinly bedded to laminated, with some wavy
laminated bedsThe fine astbeds & light brown to white very finely laminated

to massivendapproximately 1615 mm thick The coarse adbeds show thin and
sometimes wavy bedding, with occasiomaterse grading, in thick¢40-70 cm)
layers. Slitary coarse lapilli to blocks or bomlaecur within the coarse and fine

ash bedssomewith sag or buildup features into the underlying layers

Figure 3.20 Alternating fine and coarse ash fall and surge beds, some show low
angle cross bedding and others are continuous. The vent is ighthecraper is
28 cm long.
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Figure 3.4: Alternating fine and coarse ash fall and surge beds, some show low
angle cross bedding and others are continuous. Direction of flow is shown by

arrow. Photo isooking southand the vent is to the riglcrapeiis 28 cm long.

3.6.3 Tuff ring facies stratigraphy

Three sections througtne Kellyville tuff ring have enabled a composite
stratigraphy to be constructé#ig. 3.14). These sections are all to the east of

where the vent would have been during the pbreagmatic eruptian

There is one exposed section throulga southermpart of theKellyville
tuff ring (locality 3) that is at a similar elevation to that of the other exposed
sectiors presentand indicatesome of thdateralchanges in facies architeotuof
the tuff ring (Fig. 3.19. The exposed section is to the south of where the vent
would have been during the phreatomagmatic erugfom 3.7). Locality 3 is
entirely faciedD, and appears very similar to thgatigraphic section observed at

locality 4.
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3.6.4 Scoria cone facies

Facies H Scoria cones

Kellyville facies Econsists of lghly vesicular scoria lapilli, agglutinated
at its base School Hill scoria conglocality 5) provided theonly representative
section, about 2.6 high(Fig. 3.22) Samples were takeinom both scoria cones
and these are discussed below. At the baSeldol Hillscoria coneup to 0.9 m
the scoria wasesicular (up to 3 mmjed-brown andclastswerestrongly welded
together so that their outlines were hard to ntiey. The scoria wagnainly
massiveto diffusely beddedMid-way up the sectignfrom 0.9 to 1.95 mthe
scoria was light to medium grey and #i@ewn, with angular clasts of fine and
medium lapilli Mc: 5.4 mm) to coarsest lapillMc: 43 mm) and angulascoria
blocks Mc: 117 mm).At the top of the exposed scoria sectitnom 1.95 to 2.4
m, the scoria was relddrown and clasts were predominantlgdilapilli size, with
few coarsdapilli (Mc: 43 mm) and few blocksMc: 118mm). The upper 20 cm

was coveredh soil.

School Hill scoria cone shows a lower vesicularity and higher density
closer to the top of the exposed section, and a higher vesicularity and lower
density towards the bag€ig. 3.23). Vesicularity and density of samples from
Glass Hill scoriacone andSchool Hill scoria cone are listed in the belovafle
3.1
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Figure 3.2: Stratigraphic log of exposed scoria outcrop from School Hill scoria

cone. Exposed outcrop is 2.6 m high.
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Table 3.1: Mean vesicularity and density of Glass (hitality 6) and School Hill
(locality 5) scoria cones with height.

Scoria cone height ‘ Mean vesicularityo | Mean density g cim
Glass Hill scoria cone
Top 34.18 1.97
Middle 55.57 1.33
Base 39.64 181
School Hillscoria cone
Top 73.30 0.80
Middle 64.68 1.06
Base 63.55 1.09
Flow 34.23 1.97
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Figure 3.3: Changes in vesicularity with height within School Hill (left) and

Glass Hill (right) scoria cones.
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Scanning electron microscopy was used on smalisssamples in order
to examine the vesicle size and structukégpourphase alteredesicle textures

andcrystal formationsvere also observed during this analy§ig. 3.24).

Figure 324: Inner textures of vesicles in scoria, showangrystalformation and

b: vapour phase alteration.

3.6.5 Basalt geochemistry

The geochemistry of basalt frothe Kellyville volcanic complexhas been
summarised in the table below (Table 3.2), and comparedtwétigeochemistry
of the two other study areddnalteral basalt samples were not available for XRF
analysis; therefore data from Cook (2002) has been T$edNaO + KO wt%
have been compared to Si@t% in order to distinguish between group A and
group B basalt types. In Fig. 3.25 representative data filywlkee and Bombay
tuff rings were identified as group B, however Onewhero tuff ring was not
distinguished by this comparison. Fig. 3.26 compares Zr/Nb ratios with Nb (ppm),

and allows data from the Onewhero tuff ring to be distinguished as group A.

Group A represents a transitional basalt to tholeiite group, and is derived
from the shallow upper mantig€ook 2002) Group B represents a basanite to
hawaiite group, and is derived from the upper ma(@leok 2002) The data
below suggests that magma sources from the Kellyville and Bomuiffayings
were generated at larger depths than the magma source from the Onewhero tuff
ring.
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Table 3.2: XRF geochewnl data of basalt from Kellyville tuff ring, with
comparative data from Onewhero tuff ring and Bombay Quarry tuff KAdQR
Kellyville tuff ring sample fromGlass Hill quarry OTR Onewheo tuff ring
sample from Kaipo Flats dad, boulder from tuff BQTR Bombay Quarry
juvenile clastfrom tuff ring. Sample geochemistry data with labels in italics are
from Cook (2002).

Sample | KTR OTR BQTR
ne-hawaiite | alkali olbasalt| alkali-ol basalt
Major elements
SiO, 43.84 46.24 48.19
TiO, 2.68 2.25 2.29
Al,Os 12.66 13.73 15.32
Fe,O3 15.49 14.96 13.15
MnO 0.21 0.18 0.19
MgO 7.56 10.05 6.36
CaO 9.41 9.47 7.98
Na,O 3.31 3.14 3.91
K,O 1.43 0.73 2.03
P,Os 1.19 0.35 0.79
Total 97.78 101.10 100.21
LOI 1.93 -0.94 0.90
Trace elements
Sc 17 24 16
\ 189 227 177
Cr 128 278 159
Ni 110 181 90
Cu 54 65 58
Zn 148 100 129
Ga 23 23 27
As 2.1 1.3 -
Rb 17 12 33
Sr 1171 387 1300
Y 34 21 32
Zr 315 130 410
Nb 60 18 65
Ba 328 120 548
La 76 15 52
Pb 6.9 2.5 55
Ce 160 46 94
Th 6.5 1.3 6.8
] 1.4 0.1 4.4
Group B A B
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Figure 3.5: NaO + KO wt% against Si@wt%, with typical boundaries of
Group A and B basalt from the SAMEook 2002) Labels in italics are ém
Cook (2002).
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Figure 3.5 Zr/Nb ratio against Nb (ppm), with typical boundaries of Group A
and B basalt from the SAV€ook 2002) Labels in italics are from Cook (2002).
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3.7 Componentry

3.7.1 Tuff ring deposits

The tuff deposits that constitute the Kellyvilteff ring (Fig. 3.27) are

comprised of a mixture of variedasalticjuvenile and lithic materialset in a

matrix oflithic-rich ash and scoria shards

Figure 327: Tuff deposits viewed in thin section under P@).common orange
scoria clasts andesicular basalt clasts, with lithic fragments, quartz crystals and
glauconite pdéts, and calcareous ash matiils) orange and brown scoria clasts
with olivine phenocrysts, vesicular basalt clasts, lghat-rich ash matrixsample
W2011508).

Juvenile lasalt clasts

Dense olivine basaltclasts arepresent throughout the Kellyville tuff
deposits. In thin section, basalt clasts arersuimded withpalagonitegroundmass
(Fig. 3.28). Phenocrysts include olivine and plagioclase with rare augite. The
olivines are commonlyalteredto iddingsiteand are occasionally embay@dc:

0.55 mm). Plagioclase is present assmall phenocrysts andaths in the
groundmass. Augite phenocrysts appear as purple titanaugite. Qilctzare
occasionally present within the béis@Mc: 0.3 mm).Some vesicles occasionally

occur within the dense basali¢: 0.35 mm).
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Figure 3.3: (a) Denseporphyriticolivine basaltwith olivine phenocrystésample
W2011508) (b) Olivine phenocrystdhiave been altered to iddingsite, acah be
seen impalagoniticgroundmasgsample W2011512)

Scoria

Scoria is very common, and present throughout tuff deposits from
Kellyville. Two types of scoria are found in thin section, with distinguishable
colour differences. Oranggellow coloured scoriaclasts arepalagonite, and
brownblack coloured scoria clasts are tachylifeg. 3.29). Some deposits are
entirely composed of ong/pe others are mixed. Both types a@undedand
mainly highly vesiculawith amygdalesalthoughvesicularity does varyOlivine
is the most common phenocryst, and is present within both types of scoria. Fresh
euhedral to subhedral olivine ocsuihroughout the scoria, but most common are
olivine variably altered taddingsite. Some olivines have been embayedery
large tabular olivine phenocryst was found in thin section to be 1.75 mm long.
Small opaques are also presentvathin the groundmassas well as small
plagioclase lathsVesicularity of scoria within the tuff deposits ranges from 30 to
55%.
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Figure 329: Scoria palagonite and tachylite clasts withirf tiéposits (PPL)(a)
hosting many large olivine phenocrygsample W2011505)(b) some olivine
phenocrysts are partially altered to iddingggample W2011529)

Crystals

Olivine is the most common ctal type presenfThe maximum size of
olivine crystals is 0.75 mnhe olivines are very rarely fresh; mase partially
or completely altered to iddingsit8omeolivines have been embayed as well as
altered, giving them a slightly broken up or roundgzpearancePlagioclase
crystals (Fig. 3.29) were also present in tuff deposits from Kellyville, but are
much less common than olivine. The maximsizeof plagioclase crystals is 0.05
mm. Most plagioclase crystals are lathaped. The largest plagioclaeeind is

over 1 mm in length and had once been tabular in gfrage3.30).

Figure 330: Large, zoned, embayed plagioclase crystal within tuff deposit
(sample W2011517)
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Lithics

Two main types of lithics were observed in tuff deposits from Kaléw
Koheroa Siltstone haa matrix of fine calcareousnud and with agular quartz
and small broken calcite crystdlsig. 3.31). Fossilswere uncommon, suggesting
excavation of a fosspoor level UncommonGlobigerina sp, Globigerinoides
sp., andHoegludina elegansvere found The largest lithic fragment of this type
found in thin section was Ihm long.Mercer Sandstone hasfine, calareous
mud matrix. The lithic has abundant submaldto euhedral quartap to 0.1 mm,
plagioclase(some very large zau crystals)and calcite crystalsCompacted
Astrononiansp, Gynindinia sp and unidentified foraminifera were fouas well

asechinoderm fossilsGlauconite pellets were common.

Figure 331:. Koheroa Siltstone lithic lapilli and block samples(a) heat
penetration of the lithics; (h)eataltered outer texturgsample W2011615)

3.7.2 Scoriacone deposits

Scoria is the only clast typen iboth Glass Hill and School Hill scoria
conesandphenocrysts are euhedral to subhedral altered etiviome have been
shattered, and some have bagratheredo the extent that they are wearing away
and rims have turned browRlagioclase laths are also very common phenocrysts
in juvenile scoria clasts both scoria coneslass Hill groundmass is glass it
small plagioclase laths. School Hill glass groundmass is highly altered and

appears red. Scoria vesicles are commonly infilled with secondary material either
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as inner vesicle fringes or entire vesicle inf(l8g. 3.32). The infilling material
can be dher clear and appear needliee, or brown in colour. The basdlow

(Fig. 3.33) from School Hill scoria cone has many plagioclase laths and altered

olivines within a highly altered glass groundmass.

Figure 332 Scoria from School Hill scoria oe with infilled vesicles showing
secondary mineral®PL left, XPL right)(sample W201622).

Figure 333: Basaltflow from School Hill scoria cone, with abundant plagioclase

laths in acrystalline groundmass plagioclase and olivingsample W20115%).
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3.8 Stratigraphic variation

The deposits of Kellyville tuff ring show many variations through their
stratigraphy whih reflect progressive changes in erupti@rainsize varies a
great deal throughout the tuff ring, and these variataoesevidentn Fig. 3.34
below. Despite the variation and gaps within the stratigraphic record, general
trendsare evidentCoarse material such as medium to coarse lapilli and blocks
and bombsoccur almost throughout the record, however these are concentrated
mostly atthe beginning and middle of treratigraphic sectiong=ine material
such as coarse and fine ash is present throughout the entire tuff ring. A general
trend can be seen where grain size appears to gradually decrease vaiterall
stratigraphic heightConponentry of the tuff ring deposits shownin Fig. 3.34.
Juvenile material of scoria, dense basalt, and crystals are mostly dominant (over
60%) throughout the tuff ring. There are some exceptions to this where lithic
material is dominant. Lithic materiahcludes Mercer Sandstone and Koheroa
Siltstone.There are sharp increases in lithic material at 30 m, 35 m and 48 m,
indicating an increase in water content in the erupf{tféoughtonet al. 2000)
Vesicularity of the juvenile clasts within the tuff deposssillustrated inFig.

3.34 Vesicularity shows a general increasing trend in the first 5 m of outcrop
from 30 % to 55%. The vesicularity then generally decreases from 55% to 30%.
Lithic type varies throughout the stratigrapmecord of the tuff rindFig. 3.34).
Mercer Sandstone iiore porous than Koheroa Siltstordercer Sandstone is
therefore the expected lithic to occur within the tuff ring deposits as it should be
the easiest to fragment argda more likely source of external wathkrcreases in

the shallow Mercer Sandstone occur throughout the exposed stratigraphic record,
indicating widening of the ventEarly on in the stratigraphic recofim G 25 m,

both Mercer Sandstone and Koheroa Siltstone are present in the lithic material
within the tuff. Mercer Sandstone is the dominant lithic type at this stage,-at 80
90%. This continues up the tuff ring exposuresn 30-35 m, 3645 m, and 460

m with variations in the amount of Mercer Sandstone lithic from between 60 to
100% (Koheroa Siltstone theceé varies from between 40 to 0%).
Approximately half way through the exposed tuff ring sectr27 ma large
fluctuation in lithic composition occurs within the deposits, where Koheroa

Siltstone is entirely dominant. Mercer Sandstone then returns tw kbe
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dominant lithic type in the depositet 26 m, 2830 m, 36 and 45 mwith
fluctuations between 60 to 100%. Another large fluctuation occurs close to the top
of the exposed tuff ring, where the Koheroa Siltstone is domeiab0 m The
deposits themeturn to being mostly dominated by Mercer Sandstone until the top

of the exposed outcrop.

3.9 Discussion

3.9.1Is Kdlyville a tuff ring or a maar?

There are many similarities between tuff rings and maars and their
classification can be difficult to asain. Tuff rings and maars are both formed
by phreatomagmatic volcanic activity in the form of Surtseyan eruptions when
magma interacts with some form of groundwater or surface water reservoir. These
can later be followed by other magmatype eruptionsBoth are more explosive
than tuff cone eruptions, have large, circffnancis & Oppenheimer 2004)ater
diameters of similar size, that ranigetween 750 and 1750 m in diametéisher
& Schmincke 1984; Francis & Oppenheimer 2004ith diameters up to 3 km
(Cas & Wright 1987) In the nearby Auckland volcanic field, maars have
diameters of 0.3 to 0.8 km, and tuff rings have typical diameters of 1 to 2.2 km
(Cassidyet al. 2007) Both have a small ejecta volume in comparison to tuff
cones. Tuff rings and maars are present only where there is enough water to
produce a phreatomagmatic eruption in the right conditions. Erosion of the rim
increases the diameter of tuff rings and maars and sedimentation in lakes
decreases their depth. Botan form deposits from air fall and surges, with
accretionary lapilli and bomb sags. Both can form up to 100 m thick def©ags
1989)
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Tuff rings are generally features with positive relief and higher profiles
than those of maaras 1989)hat have been built up above the surface. They
are characteristically rich (9000%) in magmatic material such as highly
fragmented scoria and accumtibns of Surtseyan teph{€as & Wright 1987,
Francis & Oppenheimer 20Q4Yuff rings have inner floor levels equal to or
higher than the surrounding melevationdCas & Wright 1987; Manvillet al.
2009) Tuff rings typically have steep inner and outer slopes that are
approximately equa{Cas & Wright 1987) Inner dipping beds are a common
occurrence of tuff ringgCas 1989) Tuff rings can also form scoria cone
complexegCas 1989) Tuff rings evolve through an explosive coarse stage to a
stage with dominant thinlpedded surge depos{id/ohletz & Sheridan 1983)

Despite the fact that maars are well known for their formation of lakes,
tuff rings can also form lakes given the right conditjoimzs exampleDiamond

Head tuff ring in Honolulu, Hawa{Francis & Oppenheimer 2004)

Maars are generally features of negative relief and lower prdites
1989)that those of tuff ringgFrancis & Oppenheimer 2004)Maar deposits are
characteristically poor in magmatic materiglancis & Oppenheimer 2004ut
can range from 0 to 100¥&as & Wright 1987)The deposits are commonly rich
in lithic material which can dominate the deposits. Maars have inner floors that
are lower than the surrounding ground elevati(@as 1989; Manvilleet al.
2009) and are literally holes in the ground instead of structures built up above it,
due to theexcavating nature of the explosions that formed tH{Emancis &
Oppenheimer 2004)Maars can be between 10 and 500 m d@epher &
Schmincke 1984; Lorenz 2003; Francis & Oppenheimer 200y have low
rims of ejeted material with inner slopes that are steep enough (sometimes
vertical) to expose the underlying country rd€las & Wright 1987; Cas 1989)
when fresh, but typically quickly erode to much lesser sloffgancis &
Oppenheimer2004) Outer slopes are typically very gentle with little to no
inwards dipping beds in the depogi@Gas & Wright 1987; Lorenz 2008)ue to
their negative relief, maars very commonly form lakes. Maars can also form

scoria cone complexes.
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Kellyville tuff ring has an inner floor that spproximately 0-12 m higher
than that of the surrounding land elevation, however this difference can be
accounted for by the 8 m of deposition of diatomite and carbonaceous lake
sediments. This suggests that the original elevation of the inner floor of the crater
was ether equal to, or less than the surrounding land elevatiGeibville tuff
ring has a tuff thickness of 92 m today, which would have been the minimum of
the original tuff ring thickness. Both maars and tuff rings can have rims up to 100
m thick. Kellyville also formed a lake within it, which is more common in maars

but can also occur in tuff rings.

Deposits from Kellyville tuff ring have many coarse litmich layers and
the fine material is commonly lithidominated, but the majority are still juvenile
(scoria}rich. Due to the dominant nature of the juvenile clasts and the-bpilaf

a thick ring of pyroclastic material, Kellyville is most likely to be a tuff ring.

3.9.2 Emplacement processes

Facies A representmsteadywentclearing stages with psgs of large lithic
rich ballistic blocks that have been ripped from the vent and deposited roughly
around the crateduring explosions within the country rock as the magma
interacted with external watdNémeth & White 2003; Nemetht al. 2008)
Facies A is dominated by coaygmorly sortedithic-rich fall deposits Many of
thesepoorly sorteddeposits have nbedding, representing a sustained part of the
eruption(Houghtonet al.2000) Poor sorting reflected keymix of fine and coarse
clastscan be due tavet eruptions causinipe early flushing of fine material from
phreatomagmatic eruption cloydghich then isdepositedoy rapid fallout at the
same speed and time as the denser, larger matettaighton et al. 2000;
Németh & White 2003)This can also be caused by differing ejection angles.
Some deposits have weak beddicgisedy variation in the fallout rattNémeth
& White 2003) This represents very fast deposition from fallout of eruption
plumes or highly concentrated base surgdémeth & White 2003)and an
intermittent eruption with pulsing intensiffHoughtonet al. 2000) Both Mercer
Sandstone and Koheroa Siltstone are preseggesting unstable vent conditions

(Németh & White 2003)however Mercer Sandstone is the most common lithic
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type within the deposits of this facies. The fragmentation depth is therefore close
to the surfaceThe high lithic content of this refitive stage in the eruption
represents the increased intensity of the eruption and the low stability of the
sedimentary rocks that formed the vent walls, as well asntreasedevel of
interaction between their water source and the rising mgftémeth & White
2003) Lithic blocksappear susounded to rounded, due to abrasion as they were
transported from their source, up through the veatge angular basalt blocks
also occur irthis faciesand originated from solid basalt perhaps originating from
the lining of the presruption vent, or cooled juvenile material from very early on

in the eruptionSome sulrounded basalt bombs are also present in this facies,
rounded due to fluidamovement and rotation with ballistic transpoBasalt
blocks and bombs commonly have impacted into underlying layers, and some
show features where the path of subsequent surge transported coarse ash and
lapilli have been blocked by the impacted baltigtiock or bomb (Fig. 3.18)

Flow direction of the surge can be ascertained as material will have been
deposited on one side of the impacted ballistic and not the other. Orumatte

ash and lapilli haveeendeposited up to the height of the ballidtlock or bomb

the surgdransportednaterial willflow over it, leaving a lower level of deposit on

the other sideThe coarse nature of the juvenile clasts within this facies represents
adrier eruption andbw efficiency of fragmentation, perhaps retiag the energy

of the eruption at this stagef. Houghtonet al. 2000; Houghton & Gonnermann
2008. Occasional fine ash layers with no bedding that occur represent periods in
the eruption where deposition is dominated by the fallout of finer material from
the eruption columr{Houghtonet al. 2000) Occasional normaltgraded beds
represent a fluctuatioim the energy of the eruption, or a change in the eruption

column incling(Houghtonet al. 2000)

Facies B representgarying pulses of explosive activity where lithics are
being ripped from the vent walls and fragmented along with juveniles from the
vent aswell as the erupting magmahich is being fragmented as volatiles reach
the surface and as it interacts witlaterbearing sedimentary rock$he vent is
moderately stable and magmatic material is common as well as lithic material.
Facies B is therefore othinated by coarse fall deposits with little sorting,

comprised of a mixture of varied lithics as well as scoria and dense Gdsede
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poorly sorted deposits have no bedding and represent a sustained stage in the
eruption with a high water conteand dffering ejection anglesausing the fine
material to be depositelly rapid falloutat the same rate as the coarse material
(Houghtonet al. 2000; Neémeth & White 2003)These deposit®ccasionally
alternatewith scoriarich ash, representing periods where deposition is primarily
from fallout of the remaining eruption cloyéioughtonet al. 2000) Reverse
grading within this facies may be caused by variations in magater interaction

as Facies B is fall dominated, however evigent some surges is apparent with
abrupt upper contacts indicating shear zoAesharp increase in the proportion of
Koheroa Siltstone lithics occurs at 31 m, suggesting a change in vent depth caused
by drawdown of the fragmentation lev@df. Houghtonet al. 2000) Ballistic

fallout of lithic blocks and juvenile basalt bombs occur.

Facies C representsteady pulses of highly fragmented material, where
magmawater interaction is stable. Vent stability is reflected in the lack of very
coarseand lithicrich deposits (Nemethet al. 2008) The eruption is variable at
this stage, with pulsing intensif{Houghtonet al. 2000)and is mostly dominated
by juvenie material, indicating dry stages in the eruptiaith limited
fragmentation energfHoughtonet al. 2000; Németh & White 2003with the
exception of 35 m, where the water content of the eruption (and the lithic
proportion)increasedFacies C is dominated by cresedded, swe-dominated
fine to coarse ashrhese are mostly well sorted and very thinly bedded due to
many thin surge layersSome fine lapilli are preser#tnd the cross beds are
normally graded due to gravity fetg in surge layers. The cross beds pinch out
and can form lenses and wavy bedke lithic material in the deposits of this
facies is dominated by the shallow Mercer Sandstone, indicating fragmentation
depth is shallow. The smaller juvenile size witthis facies represents a higher

efficiency of fragmentatiofHoughtonet al.2000)

Facies D represents steady pulses of highly fragmented juvenile and lithic
materia] where a steady ratef magma is interacting with aestdy source of
water. Facies D is thefore dominated by alternating, thinly bedded, very well
sorted, coarse ash and fine ash couples, with occasional thin,-scloriane
lapilli layers. This represents alternating fall layers (finer material) and surge
layers (coarser material) that pmout and occasionally show reverse grading.
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These may in part be related as surges and their overlying fall (settling) layers;
however some layers are continuous enough to be individual fall l&ense
bedding may be due to changes in the fallout fldtameth & White 2003)The

vent is very stablandtherefore coarser material is isolated and uncomrhbe.
abundance of fingrained material in this facies represents the high wateegb

of this eruption, increasing the efficiency of phreatomagmatic fragmentation
(Houghtonet al. 2000) Two marked increases in Koheroa Siltstone occur at 26 m
and 50 m, where Koheroa Siltstone is the only lithic present in the deposits,
representing a dowvard shift in fragmentation deptfHoughtonet al. 2000)
where the vent is not being widened. A decrease in juveniles and increase in
lithics also occurs within this facies towards the end of the eruption, indicating an

increase in water conte(tioughtonet al. 2000).

3.9.3 Eruption history

Kellyville tuff ring is a phreatomagmatic deposit resulting from interaction
of basaltic magma with a large volume of external walére eruption that
formed the Kellyville tuff ringoccurred1.48 million years agdBriggs et al.
1994)and likely lasted from hours to dagidanville et al. 2009) The creation of
the volcanic complex, including the tuffhg and both intrauff ring scoria cones

likely lasted for weeks to years

The eruption began as basalt magma intruded satbmentary rocksf
the Waitemata Group and towards the surféiéig. 335). The rising magma
reacted with both the Koheroa Siltstone and the Mercer Sandstone as the vent was
first being established. At this stage the vent was unsteady and lithic blocks would
have been toraway to form he vent walls as the magma reacted ftomaquifer
within them (Németh & White 2003; Nemetht al. 2008) (Fig. 3.3%). The
presence of more than ongpe of lithic implies that the venwas unstable
(Németh & White 2003)An unsteady supply rate of magma, coupled with an
unsteady vent causingepetitive collapses of lithic materiahto the vent and
therefore variations in water flow caused the pbasive activity to pulsate
(Houghtonet al. 2000) This stage in the eruption is represented by facies A, B

and D. Comparing juvenile and lithic proportions can provide an estimated
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water/magmaatio, which can be used to estimate the efficiency of the eruption.
The estimated water/magma ratio of this stage in the eruption is 0.2, suggesting
that the eruption is close to being highly effici@Mohletz & Sheridan 1983)

As the eruption progressed, the vent continuetbtm and excavate the
surrounding country rock, causing explosive pulses to deposit-titthic coarse,
air-fall material around the vent. The vent passdough stages of moderate
stability where juveniles from both the vent walls and magma are fragthegt
water interaction and are deposited as coarskalamaterial along with the lithic
material being excavated from the vestages of stronger fragmentation calise
finer grained material to be deposited in alternating layers of coarse ash surge and
fine ash fall layergHoughtonet al. 2000) This mayhave been caused by an
increase in the magmaater ratio or an increase in volatiles and explosivityis
stage in the eruption is represented by facies A, B andl't&. estimated
water/magma ratio of thistage is 0.3 at which the interactions between magma
and water are at the highest possible efficigigghletz & Sheridan 1983)

The eruption then fluctuatebetween unsteady venkearing explosions;
moderately steady pulses where both lithic and juvenile mateasiragmente;
stages where magnvaater interaction efficiencwashigh; and also stages where
the ventwas stable and formeaulilses of highly fragmented material, whislere
deposited by surgesThis stage hé& many large lithic ballistics, suggesting
instability in the vent(Németh & White 2003)This stage in the eruption is
represented by all facies (A, B, C, and Dhe estimated water/magma ratio at
this stage is 1, and has a lower eruptioncigficy than the earlier stages in the
eruption(Wohletz & Sheridan 1983)

Towards the end of the eruption, the ventameevery stable, and magma
water interaction beenehighly efficient. Slight pulsesvere representedby the
alternation of surge and fall deposits within the hyginhgmented materigFig.
3.3). This last steady stagedk place over perhaps a third of the time of the
eruption. The majority of finegrained material (fine and coarse asgs lithic-
rich throughout almost the entire tuff rindue to the soft natarof the lithics as
well as the water content causing fragmentatibims stage in the eruption is

represented by facies D.
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The cause of the end of the eruption was most likely due to a decrease in
magma supply rate and a subsidence of the intruding magawa This would
have allowed the vent to fill up with surrounding sediments and erupted material,
forming a diatremeThe basaltic volcanic products sampled from Kellyville tuff

ring (nepheline hawaiite) can be categorised as Group B i(@salk 2002)

The later magmati phase of the eruption may have occure a
continuation of the eruptiowhere subsurface water interaction was low enough
to produce the scoria cones, either from the same vent or perhaps from a dyke that
had branched off from the original vent. Thegmeatic phase of the eruption also
may have occurreaveeks to yeargHoughtonet al. 1999) after the tuff ring
eruption wherea magmatic source, perhaps in the form of a dyke, intruded into
the overlying sedimeaty rocksand producedthe twomassive, highly vesicular
scoria conedy Hawaiian fire fountainingln both cases, thdyke could have
originated from either a fresh magma source or the original source responsible for
the phreatomagmatieruption. As the magma type is very similar to that seen
within the tuff ring basalts, the latter option is more likely. This also suggests that
the time between the formation of the tuff ring and the scoria cones wasasmall
there would have been lgttime for magma differentiatiohe two scoria cones
may have been fed from one dyke which then formed a sill and then a further

dyke to forma second scoria cone 470 m away.

Vesicularity changes with height in both scoria cones are evident, and
overall scoria deposits of Glass Hill have lower vesicularity than those of School
Hill. This decrease in vesicularity and associated increase in density with height
suggests changes in the eruption as the cones were formed. Magma volatiles may
have decreased ewthe phase of the eruption, decreasing the vesicularity of the
scoria deposit with height. The basalt flow at the base of School Hill scoria cone
has higher density and lower vesicularity than that of lowest unit in the adjacent
scoria section, and mayave originated from its base, as a type of clastogenic
flow, or perhaps a later, less fragmented phase or lower volatiles phase towards

the end of the creation of the scoria cone.

The magmatic intrusion may be controlled by a southward extension of the

Drury Fault, which has been mapped out as far south as Pokeno cone, but no
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further. Kellyville appears 6 km south of the mapped extent of the fault, and
would intersect the fault if it does continue southward.

The location of the vent from which Kellyvilleuff ring formed can be
deduced from the radius of the tuff ring. School Hill scoria cone is approximately
in the centre of the tuff ring, suggesting that it may represent the original vent
from which the phreatomagmatic eruption occurred. This suggestSchaol
Hill was the first scoria cone formed, followed by Glass Hill as a braiffobf the
original dyke.The duration of the eruptiowould have been short lived (days to
years)(Németh & White 2003; Nemett al.2008)

After the tuff ring and scoria cones had been crated, a lake formed within
the tuff ring and deposited 8 m of diatomite and carbonaceousdak®ments. The
lake would have formed within days to mon{h&meth & White 2003; Nemeth
et al. 2008) howeve the diatomite deposit would have formed over a much
longer time.At a much later stage the tuff ring wiageached on its western side

by erosion caused by the Waikato River.

The highest elevation of the tuff ring rim preserved today is likely to be at
least the minimum height of the original tuff ring deposit (minus the topographic
height of the floor), which would have decreased over time with erosional
processes. The present day tuff ring slope angles are lower than what would have
been the original amgs, due to erosion of the rim, as well as partial rim collapse
that has occurred over time (Fig3@). This is evident in the exposed section
through the tuff ring rim on the eastern end of Koheroa Road, where small slump
faults are visible. This suggssfailure of the tuff ring rim during the eruption, or
long-term failure of the rim, in towards the centre of the tuff ring. This would
cause the inner slope to decrease over time. The elevation of the floor of the tuff
ring will have been altered sinceetleruption. The original height of the floor will
be at least 8 m below the height of the diatomite deposit. Sedimentation from the
eroding tuff ring itself may also have contributed to the floor. As the elevation of
the floor is currently approximately 10 12 m, this suggests that the tuff ring

floor would have originally been about even with the surrounding ground level.
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Figure 3.3: Kellyville tuff ring eruption progressioifbased on diagrams from
Wohletz & McQueen 1984]a) Stratigraphic layers represent from top to bottom:
Mercer Sandstone, Koherodlt§tone and Waikawau Sandston@) intruding
magma source was initially mostly unreactive with Koheroa Siltstgoe
fragmentation occurred dfoth Mercer Sandstone and Koheroa Siltstorfd)
eruption deposited juvenile rich deposits and liiet ballistics (e) occasional
stages of fragmentation dominantly in Mercer Sandstone; (f) occasional stages of
fragmentation dominantly in Koheroa Stibne (drawdown of fragmentation).
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Figure 336: Failure of the tuff ring rim, at locality 4.
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Chapter Four: Onewhero Tuff Ring

4.1 Introduction

The Onewhero tuff ringvas formed 0.88 Ma (Briggs et al. 1994) A
basalt lava flonderived from eithethe separat®©newhero cone ormaunknown
nearby effusive verttas caused a waterfall on thater rim of the tuff ringThis
chapter will cover the underlying geology of the Onewhero tuff ridgveral
lithologic facies and their stratigraphy have been identified within the tuff ring
The componentry of the tuff deposit and basalt flow will EEwssed as well as
its stratigraphic variation. The chapter will be summarised with a discussion of

emplacement processes and eruption history.

4.2 Country rock gology

The country rock units surrounding the Onewhero tuff ring belong to the Te Kuiti
Group (Kear 1961) The Carter Siltstone of theeTAkatea Formation is the
youngest unit of the Te Kuiti Group. Carter Siltstone outcrops on the northeast
outer edge of the tuff ring underlying a basalt lava at locality 4 (Fig. 4.1) and is
exposed here 4 m thick. Carter Siltstone is a friable, light-gteie highly
calcareous massive oweakly bedded siltstonewith very fine small scale
laminations (Fig4.2) (Edbrooke 2001)The siltstone has darker iroith zones

up to 20 cmthick (Fig. 4.3a)), fining up to finer siltstone with no visible iron
zones. The exposed face is highly weathered. Accordingaterhouse & White
(1994) Carter Siltstone is typically between-20 mthick, and usually contains

age dependent foraminifera (Fig. 4.3c) that indicate the deposit is Waitakian in
age. The Aotea Formation underlies the Te Akatea Formation, and hosts the
Waimai Limestone. The Waimai Limestone formed in the Late Oligocen& and
crossbedded, indurated flaggy limestone that grades upward to grey, calcareous
sandstone, and further into grey siltstgidbrooke 2001)
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Figure 4.1: Geological ap ofthe Onewhero tuff ringshowing fieldlocalities.
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The Whaingaroa Formation underlies the Aotea Formation, and is a massive,
glauconitic calcareous siltstone. Underneath this is the Glen Massey Formation:
calcareous sandstone, siltstone and basal glaucsaitidy limestoneBoth the
Whaingaroa and Glen Massey Formations outcrop to the northeast of the
Onewhero tuff ringdEdbrooke 2001)

Figure 42: Carter Siltstone in outcrop Bta o amaterfall, exposed here 4 tiick

with small scale laminations and 20 cm thick wrach layer shown.
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