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BEI photograph of TYPE IX xenolith (hydrotherrnal nodule)
fron llhakspapa Fornation flow, Ruapehu. lifinerals are
natroalunite (blades), quartz (rounded aggregates) and
mtile (white patches ou quartz, IHS). Natroalunite is
zoned with K-rich cores (tigtrter) and Na-rich rj.ns (darker)
Scale bar = .1nn; field of view ; 1.9nn.
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ABSTRACT

**.*,**,******************.*t****.***.******,*******,********.**1.**********'r'r*******

petrogenesis of Tongariro Volcanic Centre lavas, particularly those fron

l{ount Ruapehu and nearby vents, is investigeted through e detailed

petrochenical and Sr isotope stucly. The importance and nature of crustal

contanination as a process ig aesessed fron netasedinentary renoliths and

their relationship to loca1 sedinentary basement lithologies. These results

are tested by least squares nodelling of proceetses such as crystal

fractionation, crystal aceumulation, conbined aesinilation and fractional

crystallisation (AI'C) and nagna niring.

Sedinentary basenent lithologies near the TVC provide a guide to the

conposition of potential cnrstal contaninants and a genetic link to sone

renoliths. The rocks are of three nain types (i) Torlesse terrane

grelnrackee and argillites, (ii) Taipapa terrane greyrackes and (iii) Late

Tertiary narine sandstones, siltstones and conglonerates.

Torlesse terrane flysch sedineats, which forn the Kainatrawa ranges on

the eastern nargin, have dorrinantly granitic bulk conpositions and conprise

a chenrical continuun betreen Si-, Na-, Sr-ridt greyrYackes and A1-' Fe- and

K-rich argillites. A Rb-Sr whole-rock isochron age for the latter of 141

(l) trt" is inte4rretetl as the tine of low-grade netanorphisn; similar rocks

fron gtaki Forks, north of llelLington yield an age of 182 (17) trrla which is

some 40 lila younger than the tlepositional age ast inferred from fossil

evidence. These data suggest that netamorphisn and uplift of Torlesse

terrnne sequences are Iocal events unrelated to najor phases of the

Rangitata Ozogeny.
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N.S.ll., Aust'a1ia, this age is interpreted to be the tining of lor-grade

(prehnite-punpellyite facies ) netarcrphisn.

Iete Tertiary narine eedinents forn a thin veneer over older bageneut

on the nargins of TVC. .Theee rockq are chenr:ically sinilar to Torlegse

terrane netasedinents and have Sr isotopic conpositions ranging betreen

.707 and .710.

Xenolithg of netaeedinentary, igneoue and netaigneous origin occur in

noet WC lavag and are abundant in son€. They are classified ascording to

petrography and presurned origin, and are of sir nain types: (t) Upper

crustal renoliths (ffpE UCX) include porcellanite, netagreywacke and

calcsilicate and ean be related to knosn eedinentary basenent on the basis

of nineralogy, bulk-rock chenistry and Sr isotopic conposition (Z)

Vitrifietl xenoliths (ffp$ IJX) occur only in Ngaumhoe 1954 and Pukeonake

lavas and are of tro eheuically distinct types. 0f these, ffPE VXa

renoliths are chemically sirdlar to Torlesge terrane netagedinents and

usual\r contain nore than 5Ol glass, repreaenting advancecl partial nelting.

Retention of their original bulk-rock ehenistry inplies derivation fron

shallor depths and rapid transport to the surface. TfPE Vtrb xenoliths are

less vitrified and are chenically different fron any known basenent

lithologr (5) Quartz-rictr renoli-ths (wpg qX) are eorspicuous and abundant

in most lavas and are nainly quartzo-feldspathic gneisses (IYpg QXa) or

quartzites (ffen QXb). The latter probably represent IYPE QXa renoliths

nodified by extraction of partial granitic nelt and subseguent

recrystallisation. Both are interpreteil to be restite aesenblages derived

initiatly from greywacke-gneiss (probably frorn the Torlesse terrane).

Several rare TYPE QX xenoliths (ffpnS QXc to QXf) with unusual nineral

aesemblages and obscure orlgins also occur (4) Quartz-poor xenoliths (rypn

aPX) have biotite-, spinel-rieh or felttspar-ridr assenblages and are

interpretecl to be restites after partial nelting of the feldspathic and

nicaceoug layers of greSnuacke-epeiss (5) Igneous renoliths (ffpp Ix),
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include variably alterecl blocks of surface volcanics, a natroalunite-

beari-ng nodule and a variety of cogpate cunufate nodules and shou little

evidence of pyrometanorphisrn or of an extended history (6) Meta-igneous

renoliths (rypg ItrX) have broadly calc-a1kaline chenistrieg but are

terturally, nineralogically and isotopically different fron host Isvas.

sone (rypu Mrxa) are coarse-grained rith hieh cr and Ni contents and nay be

basic cunrlates. Othere (IYpBS MIXb and IttIXc) are fj.ner-grained and are

chenieally oimilar to 1ow-K orogenic andesites. All nay have originated

fron the base of the continental cmst and represent the original oceanic

crust on shich the Torlesge terrane sas deposited.

Cation exchange equilibria pertaining to certain key assemblages

indicates that equilibration of nost renoliths occuned at tenperatures of

8OO "C to 1O0O oC (reliable pressure estinates are unattainable). The

occurrence of granitic prtial nelt in some xenoliths and the dominance of

quartz-rich ancl quartz-poor renollth types indicate that crustal

contaminatioo (by assinilation of partial nelt ) is a widespread phenonenun.

Ruapehu lavas and thoge of nearby vents are doninantly calc-alkaline'

nediun-K andesites. They are porphyritic with phenocrysts of plagioclase,

augite, olivine (nainly in basalts and basic andesites), orthopyroxene

(nainty in acid andesites and dacites) and titanomagnetite (or chronian

spinel in basic lavas). Hydrous ni.nerals are rare. The lavas can be

catagorised into sir petrographically and chenically distinct groups: TIPE

1 are plagioclase-pyroxene-rich and are the doninant type, being

represented by all Ruapehu Group tr'ornationo, Red Crater basalt and

Ngaumhoe 1954 andesite. Conpositions range from basalt to dacite aud ghow

decreasiug Fe, Mg, Ca, Cr, Ni, eonstant Ti, A1, Na, Sr, increasj-ng LILE and

increasing BTSrP5Sr with increasing silica. TYPE 2 are characterised by

higlr nodal plagioclase and TYPES 1 & 4 by high nafic uineral contents, but

each is otherwise sirailar to TTPE 1. TIPE 5 lavas are olivine andesites

from Pukekaiki-ore, 0hakune and Hauhungatahi. They characteristically
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contain no plagioclase phenocryste and have high lilg, Ca and Sr contente and

to* 8?St/B6sr ratioa. IYPE 5 lavas show disequilibriun features (such as

strongly reversed-zoned phenocryots) which are norDally considered evidence

for nagna nixing. All have high cr and Ni contents, and tow 87srF6sr

ratios.

Potential parental nagpas for TVC lavae include high-alumina baealts

restrictetl to the ertengional zone of rhyolitic volcanism in Taupo Volcanic

Zone, los-alunina basalts occurring at the southern end of the extensional

zone and directly associated rith antlesites and one enryle of nagnesian

quartz tholeiite (Tainarino basalt). The latter, fron east of Lake Taupo,

has prinary chen:ica1 characteristice but is highly porplgrritic and contains

quartzose xeaoliths. Conpoeitional data iadicate that neither lor-aluuina

nor higb-alunina basalt can be generated tlirectly fron tholeiite by any

reasonabl'e process a:cd therefore each represents a distinct nagma type.

Petrochenical and isotopic clata of IVC lavas and renollths provide an

excellent franework for petrogenetic nodelling. Least squares analysis

shows that evolved IYPE 1 lavas can be generated from lor-alunina basalt

(e.e. Ruapehu basaLt) or fron less-evoLved TYPE 1 lavas by AFM, involving

POAM fractionation plus assinilation of granitic partial nelt of greSmacke-

gneiss. Additional selective contanlnation may be required to explain the

high sr isotopic ratios of eone Lavas (..g. Ngaumhoe 1g5D. TrpE 2lavas
can be generated fron TYPE 1 either by POAil fractionati.on (where

plagioclase removal is suppressed) or, better, by plagioclase addition.

TYPE J can be generated fron TIPE 1 by olivine + clinopyrorene addition.

However, thelr higher LILE ancl Lower B7gt786g" ratios nay rather suggest an

alternative genesis fron an unknorn parent. TY"E 5 lavas can be generated

frorn a llainarino basalt-type pareat by POAM fractionation without addition

of a crustal contaninant. The sonewhat higher B7S",F5S, ratio of l{ainarino

basalt indicates that although tholeiitic basalt has occurred in snall
anountg throughout the history of the TVC, its isotopic conposition (and



LILE content) has varied rith tine.

internediate to ffPES J and ! aad,

latas cannot be easily generated

basalt gives the best-fit nodel).

trii -

IYPE 4 are chenicalJ.y and isotopically

althougb iuternally consistent, theee

fron any knorn basa}t type (Red Crater

For IYPE 6 lavae, the high Cr and Ni

contents and lor 87S"F6S" inply that a Tainarino basalt-type parent nust

be one endnenber; best-fit nodels are achieved rhen l,langarhero Fornation

dacite is the other.

Each lntrogenetic nodel ie consj.etent rith petrographic, chenical and

Sr isotopic constrainte. [}rey show that it ls feasible to generate nost

Ruapehu lavag fron low-aluurina basalt by processes of crystal fractionation

rith ol uithout cmstaL aesinilation. Horever, aome spattally and

volunetricatrly restricted lava types are better derived from a nore

tholeiitic pareat by crystal fractionatioa or hybridisatioa rith dacite.
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CIIAPTER I I INTRODUCTION

**t************i'r*************,r*******.1*t'*t*****.***t***********.;*****.r*,****

1.1 IECTONIC SETTINC OI' TAUPO VOICANIC ZONE

[he Taupo Voleanic Zone (fVz), a volcanic arc and narginal basln of the

Taupo-Hikurangi gubduction systen (Cote and Lewis, iggl; Coler lgg4), is a

southward extension of the Tonga-Kernadec arc into the continental crustal
environnent of North Island, Ner Zealand, representing oblique subduction

of the Paeific plate beneath the fndian plate (fie.l.1). fhe Hikurangi

trough to the east is a structural trench narking the plate boundary and is
a topographic erpression of the west-dipping seisrn:ic zoae (r'le. 1.2). uest

of this is a 15Okrn-wide accretiona:y prisn characterisecl by irnbricate

thrust faults iu Upper Cretaeeous to Quaternary turbidites. The

accretionary prisn is bounded by a frontal ridge of Upper Paleozoic to

Mesozoic greJrwacke, wh-ich forns the main axial ranges of the North Island.

The North fsland Shear Belt, a zone of dextral transcurrent faults, cuts

obliquely across the frontal ridge. Thus, oblique convergence is nanifested

by conpressional features to the east and ilextral strike-slip features to

the west (Cote and Lewis, 1981).

The TVZ (f'le.t.l) extends approxi.nately lOOkm NNE across the centre of

It is up to 40kn ride inthe North Island fron Ohakune to llhite fsland.

the central part but narrows northwards and

essentially a graben structure filled with Z-41fi

pyroclastic debris; in the centre of it is the

1950), a series of linear faults nany of which

southwards. fhe zone is

of predoninantly rhyolitic

Taupo Fault BeIt (Crindtey,

have been active within the

past 101000 years (Nairn, 1971). Surrounding the zone are plateaux forned.

of flat-lying sheets of igninbrite covering a total area of approximately

20ro0Okm2. This volcano-tectonic depressi-on (Taupo-Rotorua depression;
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Grindley, 1950) is interpreted as an ensialic narginal basin (Cole ana

Leris, 1981 ), and conprises four volcanic centres: Rotorua, 0kataina, Maroa

and Taupo (f':.g.l.5), The fifth centre, Tongariro, is part of a young

@lOt") andesite-dacite volcanie arc ertending along the eastern side of

the zone and has no associatetl rhyolitie volcanism (Cote and Lewis, 1981;

Cole, 1984). Tongariro Volcanic Centre (fVC) lavas are cal-c-aIkaIine but 
7

tliffer chenically fron those of Tonga, in particular by having higher.

alkali elenent antl light REE contents antl higher Sr isotopic ratios (Coler.

1981); this suggests sone crustal contamination (fwart and Stipp, 1968,,

Cole, 19BZ).

1.2 THESIS ORGANISATION

This thesis uses petrographic aad

isotope data, to provide infornation

This involves a elose exanination of

parental nagmas, crustal contaninauts

of the study is as follows:

chemical evidence, particularly Sr

on petrogenetic nodels for TVC lavas-

three integral components, nanelY

and contarninatecl nagma. Organisation

Chapter 2 gives details of the analytical methods employed, and, in

particular, stresses the inportance of precision and aceuracy required for

chernical or isotopic data used in petrogenetic nodelling. Much tine was

spent during the early part of this study in developing Sr isotopie

analysis techniques at the Institute of Nuclear Sciences. Hence the nai-n

features of that systen and the experinental nethods enployed are discussed

in ful1.

Chapter J describes cherrical antl Sr isotopic compositions of the

doninant sedinentary basenent lithologies. 0f particular interest are

Torlesse terrane greSrwackes rhich occur to the east of the TVC, sinee these

are considered to be the nost likely source of crustal contaninants.

Chapter 4 contains a compilation of published and unpublished data on

lavas of Ruapehu and nearby vents. ll.R.Haekett provitled ruch of this
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naterial including detailetl etratigraphic anil petrographic data, but this
study extends beyoncl his rork by ueing bulk-rock chernistry and Sr ieotope

systenatics to nore closely clefine lava t;rpes. Part 2 of the chapter

reviews and discusses all baealtic lavas reported fron the TVZ, in the hope

of identifying suitable parental nagna conpositions fron which to nodel

andesites and dacites of the TVC.

Crustal xenoliths, which provide inportaat infornetion concerning the

nature of contaminants ancl the assinilatiou process, are described in
Chapter 5. Such iletaiLed studies are rarely attenptecl but, as showa here,

provide nrch tlata which can be used either in eupport of, or to argue

against ' many of the sinplistic nodels for andesite petrogenesis that have

been preeented in the literature.

Chapter 6 discusses possible petrogenetic nodels for TVC lavas ancl the

relatlve inportance to then of crystal fractionation, assimilation and

fractional erystalli-sation, selective contanination and magna nixing.

The final chapter gunmarises and d.i.scusses the findings of Chapters 3

to 5 and nakes suggestions for further study in certain areas.



-4-

1.4 ACKNOruEDGEUENTS

I rish to acknowledge and to thank the nany people fron INS' , Vj,ctoria

Univereity and elserhere who have provided technical infornation and/or

helpful critisisn during the course of this nork. In particulat, each of ny

supervieors, Dr.J.l{.Co1e, Dr.J.A.Ganble (Victoria University) and

Dr.C.J.D.Aclams (fUS) contributed greatly ancl gave unstintingly of tine and

energr. I thanh alt fI{S staff, particularly Dr.B.J.0'Brien (Direetor) rho

allowed full use of facilitiee during ry tine of research, Dr.J.R.Hulston

who ras supervisor (by proxry) for a tine and who ras always available to

assist rhen things went wrong, P.F.i{hitla nho coutributecl to an aniable

rorking relationship in the Rb-Sr lab. and R.Ditehburn sho sharetl his

technical erpertise on natters relating to chenical preparation. All

academic and technical staff at Victoria UniversiQr offered cooperation and

helpful discussion during ury four years as Junior Lecturer, particularly

Dr.R.J.Korsch who found tine to pursue joint research (Coffs Harbour Block

Rb-Sr geochronology), Dr.R.H.Grapes who conbined in the study of renoliths,

J.Carter who createcl nany fine thin-sections, K.Palner whose erpertise in

XRF and microprobe analysis ras of great assistenee, E.Hardy and P.A.Hoverd

rho drer up the more conplicated figures and C.Ifallace who willingly

undertook a nunber of gruelling tasks relating to data presentation. I

acknowledge also the helpful discussions and suggestions nacle by visiting

geologists Prof .A.R.Duncan (Cape Town); Dr.M. T.Mc0ulloch (^q'NU) 
'

Dr.!l.A.Menzies (Open University) and Dr.P.Koons (Otaeo). Finally, a

special nention for ny wife Lesley who eased donestie responsibilities shen

that was rnost needed, antl qr parents for their enotional and financial

support.



-5-
*****ti**,************,*,*t******************,r****lt,**************.r************

CHAPIER 2: AI,IALYTICAL IIETHODS

*******||**.*,*.rti*********.*****.**t***,*******|,**t*I****.******t*:r******'r*****{ft

?.L SAMPTE SELECTION & PREPARATION

Basenent sediment and netasedinent sanples (CUapter 1) were selected fron

drill-core and tunnel cuttings procured through geological investigations

relating to the Tongariro Power Project. 0n1y naterial with nininum

erterior weathering and poet-depositional veining or sulphide

nineralieation was analysed. Lava sanples (Cfrapter 4) from Ruapehu,

Ohakune, Hauhungatahi, Pukeonake and Uainarino tere collected and preparecl

for analysis by I{'R'Hackett; those frou Ngaunrhoe 1954 frovs uere colrected

by Prof.R.H.Clark and those fron other localities by Dr.J.U.Co1e. Xenoliths

(Cnapter 5) fron Ruapehu, Ohakune and Pukeonake l-avas were recovered by

U.R.Hackett and the author and those froro Ngauruhoe 1954 lava by

Dr.A.Steiner (U.Z.C.S. ) and Prof .R.H.C1ark. Some of the snaller exarnples

shoned ninor exterior alteration, while others contaiaed traces of host

lava extrudecl afong fractures. All were carefully cLeaned prior to analysis

by renoving exterrral rintls and by hand-picking.

Rock crushing for both geochenical and isotopic analysis was carried

out using a tungsten carbide 'Tema' swing niIl; 200-500g of cl-ean ehips

rere ground for 50-90s and between crushings, the barrel washed in warm

water and dried with acetone.



Table 2.1: fnstrunent settings for Siemens SRS-1 XRF speetroneter.
(a) tta jor elements (b) trace elenents

==============-=================================================

Elenent Crystal Co1l Aperture Tine (s ) Cps LLD % Bgd %

=============-=========-==================-=====================

Fe
Mn
Ti
Ca
K
P
si
A1
Mg

Na

IiI'200
IiI'200
LiF200

PET
PET
PET
PET
PET
TAP
TAP

1 100
220

5100
2600
1700

200
150
140
40
15

0.4 snal1 20
0.15 large 40
0.15 large 20
0.15 sna1l 20
0.4 enall 20
0.4 large 40
0.4 snall 100
O.4 small 100
0.4 large 100
0.4 large 200

.008 .20

.o22 .43

.o02 .o7

.004 .08

.002 .o2

.010 .08

.020 .14

.a11 .15

.o51 .46

.058 1.62

ffiil;;;===;il=?;:ilil;T=;=i;:;ffiJ=i",'"'v corrinator.
Aperture = aperture over x-ray tube window. Cps = count
r"t" (counts/second per pereent elenent in sample).
LLD = Lower Level of Detection; Bgd = apparent background
(S) obtained fron a dlsc of SPH( Si02 (Spffi CaCO, for Si).

======= == ===== == ====== ======= ==== = === = = = ========= = =========== ====

Etement Line Tube kV/nA Crystal Detector Path Count Tines (")
PEAK BACKGD

====== === ==== ==-=== == == ============ -= ======= == = = == ==== === ====== ==

L0,
L0
Kcr

K0
K0
K0,

Ka
Kcl

Ga
Pb
Rb
Sr
Th
U

T

Cu
Nb
Ni
Zn
Zr

Ba
Ce
Cr
La
Mn
Sc
Ti
I'

Kcl
Iro
Ko
K0
l,O
lo
Kg

Kcr
Ko
Ko
KCT

Kcr

l,[o 55 / 44
Mo 55/44
Mo 55/ 44
Mo 55/44
Mo 55/ 44
Mo 55/44
Mo 55/44

Au 55/44
Au 55/44
Au 55/44
Au 55/44
Au 55/44

Au 50/ B
Au 50/ 48
Au 50/F
Au 50/ 48
Au 50/F
Au 50/48
Au 50/ 48
Au 50/F

tiF200
LiEz20
Lj-T220
Li-T220
L1F220
LLF220
LLF22O

LiF200
LiF220
Li3200
tiF20o
LiT220

riF200
tiF220
tiI'220
Lj-T220
LLF22O
1,iF200
LiF220
tiF220

a40
a40
a40
a40
a 200
a 200
a40
a 1OO

a 100
a 100

"40a40

v 200
v 200
v 100
v 200
v 10
v 100
v 10
v 100

ZOxZ
4Qx7
4Ox2
2Oxz

1 00x2
10w2

ZOx2

4OxZ
4Ox2
4Ox2

40
40 r2O

100
| 00,200

100
200
100
100
100

1 00,200

S
q

S
q

s
q

q

q

S
c

F
F
F
F
T
-[

F
F

========_=====-===================-I-==================_=========

NOTES: S = Scintill-ation, tr' = ffOw cOunterl v = vaecuum' a = a1r.
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2.1 X-RAY FTUORESCENCE SPECTROI,IETRY

2.2.1 Operating Conditions:

Bulk-rock chenical eonpositions of crushed rock sarnples were deterni-ned by

X-ray spectronetry (Xnf), using the nethods of Norrish and Hutton (tg5g)

and Norrish and Chappell (lgll). Analyses rere carried out on an autonated

Si-enens SRS-1 X-ray spectroneter at the Analytical tr'acility, Victoria

University of tJellington. This instrunent has a ten position sanple changer

and on-liue data reduction alloriag analyeis in duplicate. For najor

elements, lithium borate glaes discs were made up with annoniura nitrate to

enable sodium to be analysecl sinultaneously; for trace elenents, 4cm

dianeter, boric-acid backed, pressecl porder pellets with 5.59 powder were

used. fnstrunental settings are given in Table 2.1a (najor elenents) and

Table 2.1b (trace elements).

Backgrounds under peaks rere caleulated by linear extrapolation fron

one or nore measured backgrouncl positions. Non-Iinear backgrounds (caused

by instrument-induced interferences e.g. Cu in Au tube) were deternined

using "Spectrosil" ultrapure silica glass. A11 analyses were corrected for

nass absorption at an appropriate wavelengthr using the power curve

relationship between mass absorption ancl the scatteretl anode radiation

(Cornpton peak). Corrections for the absorption edge effects of Fe' IUn, Cr

antl Ti were usecl in the nass absorption computations. All spectral

interferences including Ti kct on Ba' V kB on Cr, Ti kg on V, Rb kB on Y

and Sr kB on Zr were correctetl iteratively after calculation of peak ninus

background count rates.

Y,

of



Table 2.2: XRF najor element conpositions of sone standard
rocks' conpared to published valueg'

================================================.=======================-

SiO2 TiOz LI|O| Fe2O1I llno I"lgO CaO Na20 KZ} PZOS

=============================================='==========================

Aev-1 WhI 
'9.65p .36

REr'1 59.61

BCR-1 wtj 54.69
p -17

REF1 54.r1

srM-1 WW 59.18
P -17

REF2 59.66

BE-N WU 78.17
p -39

REIS 38.59

AN-c wll 46.51
p .59

REF' 46.35

NIM-G ruI 76.18
p .16

REF1 75.70

NrIit-I W$ 52,11
p .58

REF1 52.4O

Nrlt-s vull 51.76
p .16

REF1 57.65

1 .05 17 .19 6.89
.01 .08 .08

1.06 17.19 6.78

2.25 15.67 15.77
.o1 .08 .12

2.26 15.72 17.41

o.12 18.44 5.26
.01 .09 .06

0.13 18.44 5.2O

2.56 10.07 12.78
.01 .07 .1 1

2.62 10.12 12.90

o.21 50.11 3.34
.01 .1 'l .05

o.22 29.81 1,36

o.09 12.14 2.01
.o1 .08 .04

0 .09 1 2 .08 2.O2

0.48 1' .51 9.90
.01 .oB .10

o.48 17 .64 9.96

o.ot 17.29 1.44
.01 .oB .O1

0.04 17 .14 1 .40

o.12 1.50 4.97
.01 .06 .o2

0. 10 1 .52 4.94

o.18 3.46 7.O3
.01 .08 .o2

o.1B 5.48 6.97

o.22 O.17 1.14
.01 .01 .o2

o.22 0.10 1.09

o.2o 1 t'.25 11 .99
.01 .'11 .o3

o.2o 1 1 .22 1J .94

o.o4 1 .84 1r.96
.01 .08 .ot

0.04 1 .8O 15.92

0.01 0.06 0.78
.01 .01 .01

0.02 0.06 0.78

o.77 0.27 3.14
.01 .01 .o2

o.77 0.28 3.22

o.02 0.4s o.68
.01 .01 .01

0.0'l o.46 0.68

4.17 2.95 o.5o
.16 .O2 .01

4.12 2.92 0.50

3.ro 1.73 0.r8
.15 .O2 .01

,.30 1.?O O.76

8.98 4.26 0.1 6
.17 .o2 .01

8.95 4.29 o. 1 6

t.26 1.40 1.07
.15 .01 .01

5.2O 1.40 1.05

1 .58 o' 1 5 o.o1
.1t .01 -01

1 .53 o.1l o.o1

1.29 
'.o2 

0.01
.15 .o? .01

1.16 4.99 O.01

8.56 5 .19 0.07
.17 .o2 .01

8,37 5.51 0.06

o.19 1' .28 0.1 1

.01 .o2 .01

o.4t 15.75 o.12

;;ffi;;- 
=; 

;il;il;; ;;;;;;il;;=ilil;;= 6;;;;; = 

; e84 ) .

precision-ip)-i" ior the- 95q' contidence interval. REF1 = Abbey

(rgeo); nsii'=-luu"y (tgez1' REtr5 = Govindaraiu (l9eo)
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Table 2.5: XRF trace elenent conpositious of some standard
rocks' conpared to published values.

======================================-==================================

=========================================================================

SrPb

2 (1) 2i (t)
_ 21 (2)
221

z (t) 38 (t)

219
15 Q) 4s (1) tzs (z)
1i Q) I (+) 172 (4)
14 47 510

6e (r) 654G) tQ)
58 (+) G45 (5)
67 662 7

7 (r)

5

Acv-1 rs zo (l) t8 (e)
(ee) RosER zo (z) 36 (e)

RrFl 21 15

BcR-r rs zz (z)
(zl) RosER zz (z)

REFI 22

,(2) t(t) za(z)
z(z) ND n (t)
r(r).+(.r) n (+)

1 1 (e) z (t) 2e (z)
11 (z) 2 (1) 2e (1)
tt0) r(.t) ?

e(z) e(t) 25 (t)
5(1) z(z) 26(z)
5Q) z(-t) ze

tt Q) 5 (1) 25 (t)
16 (t) z(t) 2, (z)
1d(+) e (.t) zt

ro(e) j() zj (t)
ro(r) t(r) z+(t)
to (t ) I (.2) 26

ttQ) :(t) +o(t)
1i (r ) + (z) 41 (z)
tz (t) t (.2) ?

jl (r) e(r) 47Q)
35 (r) to (e) lo (e)
fi (rc) g (.t) st

tt e) t e) tz (z)
tz (z) ND :o (t )
11 2 30

(z)
(r)

(r )
(r )

1z\
(r )

(r )
(r )

3)
(e)

(5)
(ro)

(r )
(z)
(+)

(r )
(z)
(5)

(r )
3)
1re)

(z)
(e)
(e)

(r )
(5)
(g)

(r )
3)
(r+)

(r )
(5)
(re)

(e)
3)

21 3) tQ)
21 (t) + 3)
zz (tz) + (+)

21 (t) zz (t)
21 (z) z+ (q)
21 (r) zt @)

17 Q) ea (o)
re (r; ee (z)
18 (z) zj (z)

tG (r ) z+ (z)
16 (t) 25 Q)
t+ (+) zz (z)

15 3) tz (t)
1i Q) t1 (z)
rz (q) ze (+)

z1 (z) 26 (r)
zi (r) z5 3)
25 (ro) 24

7j (+) 18 (z)
t+ Q) 1e Q)
i7 (z) 17 Q)

15 (r) > Q)
- 5t:)
174

3)
(z)

(z)
/z\

9
9

10

150
149
t52

77
72
77

151
t51
156

109
109
118

124
124
128

1't 5

115
120

49
49
47

790
447
378*

151
1r4
144*

128
728
,29*

100
99

1o7*

156
157
1 To*

175
174
1 85*

685
678
71 5*

r rso
1357
1170

BHVO-1 TS
(e) KENNI

nxF2

UAG-1 TS
(5) Kstrl

RE12

Qr0-1 TS
(l) KENNI

REF2

RGII,I.1 TS
(r t ) Kn'IN1

RE12

sc0-1 Ts
(l) KENNI

REF2

sDc-1 TS
(g) KENNI

REI'2

ST}I- 1 TS
(5) KENN'I

REF2

BE-N TS
( r z) KE{N2

REIS

76 (r) t(e) t(t) e(t)
75{g) r(r) t(e) to(t)
758

AN-c rs 1eQ) z(t) t(t)
(i) KENN2 - 6(t) t()

REF] 18 2 1

====================--====================================================
NOTE: * XRtr' data only includetl in mean.



Table 2.5 contz

======== === ============== ======== = ====== = ==== ========== = === ==== === ==== = =

NbCu Ni Zr

==== == =======================E=t===== ========= == === ================== ===

AGV-1 TS

3+) RosER
REtr'1

BCR-1 TS
(lt ) RosER

REFl

BiM-1 TS
(ro) KENNI

REF2

I'TAG- 1 TS
(G) KENNI

REF2

Qr0-1 TS
(e) Km Nl

REF2

RGIJI.'I TS
(ro KENNI

REF2

sc0-1 Ts
(l) KE{N1

REF2

sDc-1 TS
(e) KENNI

REF2

Ie Q)

1e (e)

t7
14
15

11

17
14

247 Q)
262 (1)
zro (+o)

zz7 (l)
zjj (e)
225 3a)

18? (+)
191 (+)
:'9t (l)

176 (l)
17j (r )
reo (eo)

121 (G)
tz+ (t)
rrc (zo)

rao (+)
185 Q)
r go (+o)

2oB (z)
221 (t)
zto (zo)

ts (r)
zo (q)
17 (e)

(z)
(z)
(5)

(z)
(z)
(5)

57 (z)
55 (z)
eo (r e)

1tD (+) 17 (r)
tze (z) te (t )
117 (rz) tg G)

27 Q) 15 (t)
tt Q) t+ (l)
:o (a) ro (r)

(+)
(r )
(e)

(z)
(r)

27 (r) g (z)
ti 3) g (t)
zg (6) 11 (+)

ro (r) e (e)
t+ (t) e (z)
1r (r) g (+)

104
99

105

105
102
102

25 (e) to (z)
11 (e) to (t )
ro (+) g (e)

26 (z) 17 Q)
tt Q) j7 Q)
to (+) 18 (o)

240
212
21o

122
117
120

1oe 3)
rog (z)
100

15

15

280
261
267

(+)

(e)

(+)
/z\
3a)

3)
(z)
(ro)

87
8?
88

127
1n
129

1G
99

102

131
114
126

62
59
61

14
t1
t2

1n
116
117

45
tr1

54

6
10

2

4

28
25
2A

12
54
41

5
5
I

(e)
(z)
(+)

(z)
(z)
(z)

$)
(z)
(t+)

$)
(r )
$a)

(z)
(r )
(e)

(r )
(r )
(r+)

STI,I-1
(l)

TS
KN{N1
REF2

TS
KENN2

REI']

(z)
(z)
( re)

(r )
(e)
(ro)

(l)
\Z
1oo)

(r)
$)
(+e)

(+)
(0)
(ao )

( te;
(ts)
(r so)

(z)
(2)
(+)

(r)
3)
(eo)

(r)
(z)
(r)

3)
(a)

155
166
150

276
2A
270

tQ)
tz (z)
+ (+)

tt 3)
81 (+)
72

BE.N
(l)

(z)
3)

(e)
(r )

1226
1257
1260

272
241
265

====== ======== ==== == ===== ============== ================4======= ====== ===
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============= ====== ==== =============== ====================== ==== ======

Table 2.j contz

=========================== ========= ================ ==================

Sc

Acv-1 ts 1201(l) RosEr 12rB
REF1 1221

BCR-1 TS 771
3) RosER 776

REF1 678

Bt{v0-1 TS 142
(l) KrNNl 1r'o

fsre 142

Ir{AG- 1 TS 462
(l) KENN1 472

REF2 49O

SCo-1 TS 531
(i) Kn{N1 55i

REF2 580

sDc-l TS 66'
3) KENNI Gz1

REFz 620

BE.N TS 1051
(l) KE{N2 1031

REr5 1025

(5) ?o (5)
(r +)
3z) 6G (12)

( ro) ii 3)
qza)

3z) i4 (z)

(r) 4t (t)
( ro)
$a) 41 (e)

(o) 6e Q)
(e)
(zo) e4 (14)

(z+) 47 Q)
(to)
(roo) az (tz)

(tz) eo (+)
( re)
(rzo) ro+ (re)

(z+) 14j (l)
$t)

152

% (+) t+ (z)

m G) tz (z)

26 (t) tz (2)

2i (.2) tl 3)
zo (t) 35 (+)

17 Q) to (+)

1e (6) 15 (r )

46 (+) n G)

27 (l) tl (z)

3i (ro) 11 (z)

tg G) tt $)
- lt G)

ae (+) zt_ 3)
82 22

14
8

12

15

7
15

5s7
710
,o0

105
117
105

76
B6
57

63
75
69

t72
415
550

125
124
127

419
410
404

,40
,27
714

(+)
(+)
1z+)

(+)
(5)
(so)

(5)
(6)
(z+)

$)
(+)
(5)

(g)
(+)
3z)
(r )
$)
(so)

(5)
(a)

144
151
142

140
145
122

101

97
't'to

z',3
239
2r5

$)
(+)
(5)

(l)
(+)
(e)

3)
(z)
1oo)

\z)
(r )
(za)

(l)
$)
(ro)

(r )
(r )
(r+)

(z)
(z)

N0TES: Number of repeat analyses used for the conpilation is given in
braekets below each standard rock natre. Other bracketted nunbers
give the analytical preeision, erpressed as tro standard
deviations. A11 concentrations in ppn. TS = this study; ROSER =
Roser (tgef); REF1 = Gladney et aI. (tgef); KENI{1 = Kennedy et al
(tget); REtr'2 = Gladney and Goode (tget); KENN2 = Kennedy et aI
(tgeO); REIS = Govindaraju (tgeo); REF4 = Abbey (tgeo).



Table 2.42 Comparison of trace el-enent anal.yses 1977-19e4.

EEE=E'-=E===========-=======aE-.-==-r.=a=l-'-==t==============

coLE (197r)

I{o. l[EA]i VAR$ NATIO Ilo.

com (1978)

IIMAI{ VARS RATIO

-== == === === = ==== =====E= = = == === 3 =g == E=EEE- == = == - ==== ====E = == = ==

Ba
Cr
Cu
0a
Ni
Pb
Rb
Sr
v
Zr

;
,
5
5

5
5

5

i,
41
19

58

9
55t
258

9B

zj.z
15.7
4.2
4.7

5.9
1.8
4.9
7.8

1.152
I .O15
1 .1gg
1 .O'17

.go7
'l .046
1,191

.854

,28
152
60
18
71

9
50

281
197

21

80
10,

50
48
4'
50
19
29
,5
48
50
45

,19
121

51
18
40
't0

58
298
180
114

2.8 .994
4.9 .967
8.2 .889
5.7 1 .O25
6 .1 1 .Otz

27.2 .846
5.7 .959
1.7 1 .006
2.6 1.008
4.4 .968
2.1 1.020
5.2 1 .009

5.2 I .O53
f 0.1 .959
6.7 r .O15
7.2 I .012
9.6 1.OOO

17 .t 1.672
4.7 1.5J5
5.1 1 .554
2.4 1.185
2.2 1.000

E====E===============-=========F===E====-=========E===E======E

= == == =======B= == =E 4 - 3== B: ==E===-=

HACKETT (IgEO)

No. IT1EAN VARfi RATI0

==== = = = ===== == = = == == = == = == == ==== =

Ba
Cr
Cu
Ga
Ni
Pb
Rb
Sr
v
Y
Zn
Zr

95
9t
78
64
58

157
118
151
95

152
82
B1

Norps : r{o . = o"iill=;;= ";il;"=l=iiii=l;;;;"=1" ne,,t"r
concentration (ppn); VAR$ = percentage tlifference
between new analysis and corrected old analysis after
ealibration adjustnent (estinated from RATIO).
RATIO = ratio of ner analysis / old, analysis.
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2.2.2 Preci.sion and Accuracy:

Analytical precision ras deternined fron the results of relrated analysis

of a wide range of international rock stanclards, inclucting those provided

by the u.s.c.s. (acv-t , Bcn-l; BHvo-1, !,tAc-l, Qto-.t , Rcl{-1 , sco-1 , sDc-1 ,

STI'I-1 )r Aseociation Natioaale de la Recherche Technique, Paris / Centre de

Recherches Petrographiques et Geocheniques (ng-N, AN-G) and the south

African National Institute of Metallurgr (ntu-c, NrI{-r, ilru-S). precision

is given (for the 9j% confidence interval ) fron five or nore repeat

analyses (tabtes 2.2 & Z.r).

All analyses were calibrated against standard rccks, one of which ras

included in each run block (consisting of Spectrosil, one rock etaadard and

seven unknowns). A conpilation of standard rock data generated between

1982 anil 19s4 (Ts) (tables 2.2 and,2.7) include recent conpilations nade

by Kennedy et a1. (tgAO), Kennedy et al. (lget) ana Roser (1981) and "best"

publishecl values from Abbev (tgeo), Govindaraju (tgeo) and Gladney and

Goode (198r). These data give a neasure of both the internal eonsistency of
the nethods used (i.e. precision) antl also the accuracy (as may be assessed

fron conparisons with "best" published values). On both counts, the results

are eongidered acceptable.

Re-analysis of lava sanples previously analysed for J.I{.Cole and

I{.R.Hackett nas carried out to assegs the quality of this data. As shown

in Table 2.4, nost of the data compare well and only one serious arralytical

discrepancy has occurred. since 1975, involving Rb-Sr-Pb-Y. This resulted

fron a calibration error (or.,r.u.coIe, pers. eomm., 19g5) and highlights

the need for careful nonitoring of data generated by the XRF nethod ((note

that this error occurred during a previous tenure (K.Palrner, Tech. gfficer,

Analytical tr'acility, Victoria University, pers.courn., l9g5)>>.



[ab].e 2.5: Electron nicroprobe analyses of tro nineral
standards.

Px-1 (zt)

IIIEAN P

oR-1 (te)

II[EA]{ p REF.

===----E===-========EEE-aE---t=A=Er=Ar--==E----==E==-======E=

si0^
Ti0:
Ar)67

i:e';
![n0
ueo
Ca0
Ba0
Na^o
K^6
tStat

53.98
.2t
.61
.27

2.90
.08

15.80
24.70

ad
.22
ntl

99.75

1.22
.05
.10
.08
.5'
.09
.r7
.55

.05

REF.

5r.94
.26
.66
.21

2.97
.07

16.95
24.55

ncl

.24
ntl

99.79

64.6t
nil

18.5t
nil
nd
ncl
nil
ntl
.91

1.O5
14.90

100.02

.55

.05

:

-.78

.l1

.o1

64.79
nd

18.58
nd
nd
nd
nd
nd
.82

1 .14
14.92
99.85

-==== ===== = == =======-=========== =========E=== ============= ===

NOTES: Analysis by K.PaIner (1981). Nunber of repeated
analyses is given in brackets after the nineral nane.
Precision (p) fu givea as one standard ileviation.
REtr = Goldich et al . (tgfl). n.d. = not tletected.
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(wul)

All nineral analyses rere nade using the Jeol ltt Superprobe of the

Analytical Facility, Victoria University of Wellington. Polighed nounts

rere first carbon-coated, then anaLysed sith an accelerating potential of

25kV and specimen current of 1.2 r 10-B anps; for glasses, the current rYas

lowered to 0.8 x 10-B anps and bean dianeter increaeeal from 7 to 10 microus

to reduce Na-loss.

The instrunent ras initially calibrated against pure oride em.d/ot

nineral standards. Analyses are comected enpirically using the nethod of

Bence and Albee (tgeg), rith alpha correction factors after Kushiro and

Nakanura (tgZO). Additional corrections are nade for dead-time, background

ancl prrcbe current drift. In the analysis of unknowns, three 10s counts were

nade on peaks, and single 10s counts on eaeh of two baekground positions.

tr'or glasses, count tine was reduced to a single 10s count and two 5s counts

on background.

Analytical precision and accuracy was estirnated fron replicate analyses

of nineral standards inclucling Amelia albite, 0R-1 (orthoclase) PX-l

(pyrorene), Kakanui augite and Engels hornblende. Statistical parameters

for two of these are given in Table 2.5 (conpiled by K.Palner, 1981). For

unknowns, only those analyses with oxide totals in the range 98.51[ to

1OO.5% uerc accepted (see Appendir 3), unless the anount of any non-

analysed conponent (1.". trace elenents, vofatj-1es) could not be accurately

assessed. For a nineral of known stochiometry, agreenent rith the accepted

cation total was used to test accuracy.
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2.4 Rb-Sr fSOTOPIC ANATYSIS

The rubidium or strontiun isotopic conposition of a rock or nineral is
ueually deternined by solid-source nass spectronetry. For this, a sanple is
first dissolved in strong acids, then the desired elenent is separated by

cation erchange chronatography. For precise deternination of Rb or Sr

concentrationg, the isotope dilution nethod is used in nhich a known anount

of tracer or "spike" (artificially enriched lsotopic standard) is adaled

prior to analysis (tr'aure, 1977).

The following account of analytical procedures in Rb-Sr analysis refers

to nethods currently ernployed at the Ingtitute of Nuclear Sciences (fnS),

T,ower Hutt, New Zealand (Orahan, 1997a, 19grb).

2.4,1 Sanple Preparation:

Rock dissolution - Approrirnately 50ng of finely-ground sanple is dissolved

in 8n1 HT (+o%) + 2nl HNO, (G*) + 1nl Hc1o4 Oo%) (tire addition of
perchloric acid oxidises and deconposes any carbonaceous naterial present).

After gentle heating for 2-7hr, lonI H.rBO' (saturatecr ) is added to ensure

conplete dissolution of insoluble BFU conplexes. FinalIy, lOnl de-ionised

water is addecl to prevent ercess boric acid crystallising during cooling of
the solution. tr'or the isotope dilution proeedure on1y, sarnple and spike

weights are accurately neasured prior to dissolution.

Solutions of the isotopic standards NBSIBZ (SrCO, ) and NBS984 (nrcf )

are nade up grauinetrically in weak acid (O.tttl HCI) and are used to
calibrate the spike solutions, NBS988 (84S" -enriched) and ORNI 190101

(B?nu -enriched).

Cation Exchange Chronatography: Cation exchange resins used for the

separati-on of Rb and Sr have open, perneable nolecular structures, Iow

solubility in both water and organic solvents and contain counter ions that

exchange reversibly. The ionic sel-ectiuity of resins for one ion over

another is deternined by the degree of cross-linking of the polyner chains



Table 2.6: Distribution coefficients of selected cations in HCl
solutions of differing nolaritY.

================== ==== === ==============E===== == =============== = = ==

Ion o.1II o.2M 0.51{ 1 .OlI 2.0Ir[ , .O]l

==================================================================

sr2+
Att*
ca2+
nb+
K+

$:il
Fe2*
Na+

4700
8200
52OO

120
108

1720
90o0
1 820

52

I 070
1 900
790

72
64

570
7400
no

28

60.2
50.8
42.1
15.4
11.9
21 .O

,5.5
19.8
5,6

217
t18
151

11
29
88

225
66
12

r7.8 10.O
12.5 4.7
12.2 7.7
8.1 ?

7.4 ?
6.2 7.5
5.2 5.6
4.1 2,7
3.6 ?

NOTES: k = [ n* (resi")]/[ R+ (solution)] for any cation R+ .

{7c"
cP5

86nl
co3

l5s. roo
cp3

?90

500

85u 
2so

cPl

l?co
cPa

lTct
cp9

Fis.2 .1 :
Calibration of cation
erchangg columns using
100ng of a typical rock
sauple (Mangawhero
tr'ornation basic
aaclesite 14822) .
Note: acid streagth
changes at 60n1.

85s.
cPs 100

85s.
cPq

ro0 I
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and by the pH of the eluent. In general, seleetivity inereases with

increasing valency, ionie radius and concentration of the exchanging i.on.

Colunns used for Rb-Sr separation at INS are nade of Ftr tubing (fOOtt

long anil 11un internal dianeter) filIed to 100rnn with DOUEX 50W-X8' 2OO-40O

nesh, hyclrogen-forn sulphonlc aciil styrene resin. The base of each colunn

is filter-plugged with sufficient TefLon "wool" to nininise resin loss

rhile alloring for a flow-rate of about .75nI 1nr n:inute. Ultinate flor

control is by neans of a Teflon etopcoek at the lorer end of the colunn.

[hea a rock solution is eluted through a resin colunn, cations are

progressi-vely renoved ancl replacetl by hydrogen ions until the proportion of

original cations in the eluent becoroes indetectible. Cations with different

affinities for the resin becone, in this ray, distributed along the colunn

(nornal1y in the uppernost 1G%) and may then be selectively renoved by

eluting acid (e.OU UCf) through the colunn. The nore loosely-he1d cations

are erchanged first ancl each can be collected in turn as the eluent energes

fron the base of the colunn. Calculatetl ilistribution coefficients with HC1

at differing pH are given in Table 2.5 for the nain cationic species found

in a typical rock. As shorn, using 2.OIvI HCI as eluent' Sr will be

aelectively absorbed only slightly nore than Al or Ca (naking these

difficult to separate) but much more than Rb.

In order to achieve optinun separation of Sr fron other cations in

solution, the ionic erchange nethod was tried in geveral different ways

with varying success. Initially, flame photonetry saa used to nonitor the

experinents, but this required samples to be "doped" sith additional

amounts of Rb and Sr to obtain suitable flane intensity. In later trials'

appropriate radioactive tracers with very short half-live" (86nU T=18.6dr

47c^ T=7.5d, 85sr T=55d) allowed better, quantitative analysis. Results can

be sunnarised as follors:

i. Varying acicl strength - as seen in Table 2.5, separation of Rb and Sr

nay be inproved by lowerlng the pH of the HC1 eluent, thouglr this has
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Iitt1e effect ou the eeparation of Sr and Ca. Several schemes using

di.fferent acid strengths were tried ancl one of the best possibilities is

illustrated in Fig.2.1a. Although the results of changiug the acid strength

part-way through were satisfactory, this procedure was later abandoned and

a double pass throug[ the colunn tried i.nsteail. Ihe latter is sinpler and

has a lower nargin of error in guaging the cut-off point for Sr collection.

ii. Changing resin type - resins rith higher degreeg of cross-linking such

as D0UEX X12 (12$ eross-linking eonpared to 4 for DOflEX XB), effeetively

accentuate sna1l differences in distribution coefficients and so inprove

separation (fig.2.1b). Horever, flowrates through such resins are slor and,

since cations are rnore strongly-held, nore eluent is required' further

i.ncreasing the effective run-tine.

iii. Increasing the size of the resin bed - separation of Rb and Sr is

also improved by using a larger resin bed (f:.g.e.1c), but again the flor-

rate is lorerecl and the run-tine increased.

For the procedure finally adopted, samples are loaded as weak acid

solutions and are twice passed through a 10nl colunn of DOI{EX X8 resin

using 2.OIII HCl as eluent. During the first pass, SOml HCl is eluted then

20n1 is collected, evaporated to dryness and the precipitate taken up in

de-ionised rater. For the second pass, 55rn1 HCl is eluted, then 15nl is

collected. This yields a concentrated, contaninant-free Sr solution rhich

is evaporated to dryness for later nass spectronetric analysis.

For Rb separation, dissolution procedures and cation exchange set-up

are sinilar to those described above. Tbe elutlon procedure is different'

requiring five identical passes of 2O nl 2.OM HCI and collection of the

final 1Ont. This sanple, rhen evaporated to dryness, is highly enriched in

KCI- and NaCl but, nevertheless, contains sufficient Rb for subsequent

isotopic analysis.

Filanent preparation: tr'or nass spectronetric

sanples are evapourated on to a netal filanent

analysis, purified Rb ancl Sr

placed in the sourte of the



e1 ectromagnet

Vacuum
Analyser

tube

I'lector

Source
(EHT & filanpnt
current coup'l i n gs )

To DVM

tr'ig.2.2: Schenatic diagran of
EHT is accelerating

a 5Oo sector
voltage; DVIvI

naas spectroneter.
is digital voltneter.

MASS 87 88/10 86 87 88/10

Fie.2.7: Mass spectrun of Sr obtained on a 600 sectorr l5-24cm
radius {ler-type mass spectrometer (note that the height
of the udsr peak is one-tenth true height ). Lineg
denonstrate interpolation of successive peaks which is
necessay to conpensate for tenporal changes in intensity.
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nass spectrometer. Triple filanent beads, constructed of Kodial with Nilo K

pins (Cathodeon, Cambridge) are used as single filanents. Beatls are

nornally re-cycled up to five times, unless they have been used for Rb

analysis. Prior to re-use, the beads are ringed several tines in hot de-

ionised water and dried at 105 oC for 6 hr. Tantalum ribbon (.ZZtt wide,

.Olnn thick, hieh purity) is then spot-welded to the pins ensuring the

filament surface is flat and pa.rallel to the base of the bead. Filanents

are routinely outgassed in vaccuo before sanple loading. This renoves water

and absorbed gases fron the filament and bead surfaces and is achievecl by

paesing 4anp through the Ta ribbon for 15-2onin in a vaccuun of less than

1o-J torr.

Rb and Sr samples are loaded onto outgassed filaments using nicro-

pipettes nade from pyrex tubing of J-4nm internal diameter, 5-5mm external

dianeter. These are first cleaned in nitric acid, then in de-ionised water.

After evaporating one drop (about .1nt) of .11'4 H'PO4 fron the centre of the

filanent to eteh the surface, the sample is dissolved in a tiny drop (about

.0Ol nI ) of de-ionised nater and so transferred to the centre of the eold

filament. This is then heated to a clul1 red colour by passing Janp through

it for J0-15s. 0n1y if the sanple is concentrated in the central part of

the filament will a strong, stable Rb or Sr ion bean be obtained.

2.4.2 Mass Spectrometry:

The solid-source mass spectroneter at INS is a llicromass 108 (lOcn radius )

nade by Vaccuun Generators (UK) ttd. Such an instr:unent is itesigned to

separate charged Rb or Sr atons on the basis of their slightly differing

nasses which is done by varying the motions of charged particles in a

nagnetic field. The essential parts of a Nier-type nass spectroneter

sinilar to MlvDOB are shown in I'ig.2.2. For isotopic analysis, six sanples

loaded onto filament beads are nlaced in a barrel which is secured in the

source, then both source and analyser are evacuated to pressures less than

10-7 1ep" by triode ion punps and titaniun sublination punps. AIl sanples
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are then de-gassed by briefly pre-heating the filaments with a low current.

For each analysis, the filanent current is increased slowly to about 2.5amp

so that Sr is volatilisecl from the filanent and partly ionised at

temperatures close to '140o oC. Ions in the source barrel are ertraeted

through the source slit (.enn1 by an adjustable voltage (gHr) of about 8.J

kV and are collinated into a tight, reetangular bean by various focus

plates (D-focus, D-bias, z-focus, Z-bias). The nagnetic flerd strength
(typj-caI1y 2.6 kGauss) is set by the Field Meuory Unit (pUU) so that ions

of a particular nass (e.g. 85, BTr gg) pass directry through the analyser,

to the coLlector slit (.5mn). The ion bean then enters a tr'araday collector
cup ald the snal1 current generated. there is anplified to give the ion bean

eurrent (fnC). This is interrogated by the systen nicroconputer (rnS-

developed units called "HAL'with 15k total capacity) and is displayed on a

di8'ita1 voltneter (lVm). A typical scan of the ion bean intensity of
several Sr isotopes obtained by continually increasing the nagnetic field
strength is shown on a chart recording (fig.e.7).

Details of the seni-autonation of I'lMlOB using HAI-systen micro-

conputers is contained in Plunmer (tggO). The conputer links two units,
namely the DAITIA 5900 Multimeter (ryU) and the Field Menory Unit (fMU). Atl
Iogic, control, data acquisition and data proeessi-ng is under nachine code

or BASIC language control. Description of the BASIC prograns which handle

data acquisition and analysis is given in Appendix 4.2 and only those

inportant features which pertain to the nethods enployed are now discussed.

For Sr isotopic conposition analysis (Sr U), six nass positions are

measured in each scan in the following sequence: g4.j _ g5 - g6 _ B? _ gg _

84 (channels 1 to 5). At each mass position, the ion beam DANA signal (rnc)

is read rapidly 27 times and the average value is stored in an array. At

the conpletion of the seconcl (and all subsequent) scans, successive IBC

averages are interpolated between scans to a comrnon time plane, arbitrarily
ehosen as channel 5. This is done to conpensate for 1ong-tern drift in the



Table 2.?: VariabLes used in Sr ID recalculations.

-=====E==============---=-=G==-==t=-E==----===--==================

VARIABI,E RATIO tocAtI[T VATUE
INS NBS

souRcE

-===-======-=========-=====-=--3-E-------!-t----=-==3=-===========

ljlM t03
ul,t ,oB
uM ,os

A4
A7
A8

B4
w
38

c4

c8

84/85
87/86
8/6

84/86
87 lffi
88/86

84/6
87/86
88/6

tracer
tracer
tracer

connon
unspiked sanple

conmon

spiketl sample
spiked sanple
spiked sanple

(84

(sa

1779
0.1 19
0.948

0.0568
calculeted

8.r7'

neasured
neasured
neagured

3C4) (88 + C8)

A4) (88 - A8)

1598 calibration
0.155 calibration
O,655 calibration

handbook
MM los

handbook

:==

;;;il;;=;;:T=;;;:;=il;ilTil";;=,i, r,, stan.,ard
as derived from calibration runa (INS values are used);
values for &f and BB are fron the Hanilbook of Chenistry and
Physics, 55th Ed. (tgl+-1975), other ratios are neasured
rluring an fD analysis or are calculated fron it (B?).

o1 =k

D2=

D3=

Fig.2.4: Deterninants used in Sr
Table 2.7 ancl tert for

{4 c8

(84 - c4) (88 - c8)

c4 c8

(c4 - A4) (c8 - A8)

ID solution of Russell
values of constants.

(tgll) - see
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ion bean intensity (fi.e.e.l). The presence of contaninating Rb isotopes in

the Sr bean is nonitored at channel 2 (nass 85 ). Because 85sr is

radioactive with a haU-1ife of only a few nonths, the nass 85 signal nust

be entirely attributable to 85nU which can thus be r:sed to calculate the

anount (:.r any) ttrat BTnU is contributing to the total nass 8i/ signal. Rb

correction is rnade after backgrouna (taten as the interpolated IBC nean of

channel 1 ) has been subtracted fron the interpolated IBC neans of each of

the other channels, and requires that the value for channel 4 (nass 8?) be

recluced by ,3857 of the value for channel 2 (nass B5). The corrected values

for channeLs 7, 4 and 5 form the ratios 86/88 1$s"788s* ) and s7 /6

187s"786s" which are then used to cal-curate 87/e6u 1875r7865t

nornatised): 87/B6N = ((86/88+.1194) /.z7ea)*87 /86. Normali.sation of the

measured B7g.7B55r ratio against the internationally accepted 865.7885"

ratio of .1 194 is necessary to conpensate for mass fractionation within the

source which is caused by the tendency for isotopes of lower rnass to

volatilise to a greater extent during an analysis than those of higher

mass. Since neither SS" ,ro" SS" 
""" radiogenic nor the products of

radioactive decay of another isotope, their ratio i-s assumecl to be constant

ln tine anil space and can thus be used to couect instrunent-induced

The ratios B4/ffi (84s"P6sr ), a7/&r (B7srf6st

of the unspiked sample) and Sr(sanple)/Sr(spike) are calculated after the

method of Russell (1977), whose equations find a specific geometric

solution in closetl forn using r B5s"-"rrriched spike (the nethod applies

equally weII to the 84Sr -enriched spike conposition usetl at INS). Matrix

deterninants and variables used in the solution are given in I'ig.2.4 antl

fractionation in any other Sr isotopic ratio. For the measu""a 87S"f6St

ratio, this will correspond to half the fractionation experienceil by

the atonic nassffis"7e5tr sinee the latter pair of isotopes has twice

difference as the forner.

For Sr isotope dilution

are neasued as for Sr IA.

analysis (sr ID), the same sequence of masses



l0 ?c 30 40 50 50

1.0

Sample concentration (e)

Fig.2.5: Error propogation j.n Sr ID analysis. Curve 1 itrfor a 86S"-

enriched spike (Russell , 1977), curve 2 for a "*Sr+nriched
spike (tfiis study). Inset shows ertrapolglion of both curves
fo1-high sample concentratj.ons (ttreta - oosr in the sample
/ uo in spike).
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Table 2.? respectively. Fron these, the following ratios are clefined:

87 /ffin (y /nz)xc7-O2/Dt)rA?;

sr(sanple )/sr(spite) = (Dr*( 1 +8,4+B?+BE)) / (tz* (1 +A4+A?+A8) ).

The rati o Bl /6n provides an good estinate of the 875t7865t ratio of the

sanple and. conpares favourably with repeat unspiked (Sr U) analyses (see

Table 2.9). E1 is used to calculate the Sr concentration of the sample:

Sr(ppn)=(81*A1*'t1)/\12 where Ul = spike weight; ll2 = sample weight

A1 = Sr concentration of the spike

(Nss gBB)

Russell also pointed out that significant error nagnification can occur if
85sr (""rpt") / 86s" (spike) ratts below 1.0 (rie.2.5). However, for

sanples with Sr coneentrations greater than 1 ppn, these errorst are

negligible providing that suitable proportions of spike to sanple are used

(".e. 1g spike solution @ 2ppn + .O5g sanple)'

For Rb isotope dilution analysis (nt ID), only two isotopes need be

neasured, nanely 85nb roa 87nb 
"rra 

these enable the ratios e5/87 (85nu,F7nu

) and Rb(sanple)/nU(spite) to be calculated. T.he 85/87 ratio gives an

indication of the extent of instrunent-induced mass fractionation during an

analysis (which cannot be corrected for since Rb has only one stable

isotope ). Thus it is inportant that Rb analyses be undertaken in a way

which nininises variation in the 85/87 ratio; this is best achieved by

naintaining low bean intensity and by redueing the nunber of total scans

(across the sequence 84.5 - 85 87 - 84). The ratio Rb(sarnple)/nt(sp:.te)

(fS) is used to calcuLate the Rb concentration in the sanple:

Rb(ppn)=(K6*A1*ll1)hl2 where W1 = spike weight; lI2 = sample weight

A1 = Rb concentration of the spike

(onnl 190101 )
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2.4.1 Data treatnent:

At the conpletion of a scan, a nrnning nean and standard deviation for

each of ratio is calculated. Occasionally durlng an analysis on Ii{I,'ltOB (and

indeed on nost nass speetroneters), spurioue data is generated as the

result of a re-focus operation, a conputer crash, an EHT surge or a nains

poner fl-uctuation causing a current surge in either the source filanent or

in another part of the electronics. Since data so generated are not part of

a normal Gaussian distribution, it roulcl be illogical to include them in

the mean and error calculations. Therefore these are removed autonatically

in the Orand Mean procedure (e.f.Appentlix 4.2), by neans of the following

cycle:

1. the nean, standard deviation and skewness of the distribution is

calculated,

2. alt data outside 2.5 standard deviations of the nean are ercluded

fron the distribution,

J. a new nean, standard deviation and skewness is calcufated.

The final nean and error is given when the skerrness is nininised, e,o

achieving a distribution from the raw clata whleh nore closely corresponcls

to normality. An option is also available in the program to eclit spurious

data before the Grand Mean cycle begins and to calculate Grand Means of

successive blocks of ten ratios in order to assess any drift in the

nornalised data during the period of the analysis.

It is clear from discussions with geochronologists fron other

laboratories that data "treatnent" is an integral part of most established

systens, For exanple, at the "Lunatic Asylum" (C.f.t) (Papanastassiou and

l{asserburg, 1969, 1977), data is grouped in sets of ten and the rnean and

standard deviation are calculated. A11 blocks for rhich the standard

deviation is greater than .a5% of the mean are then rejectecl outright. This

seerrn unreasonably subjective, excludlng large quantities of data which'

but for a few outliers, night be congj.dered acceptable. The proeedure



Table 2.8: Conparison of standard rock isotopic data'

========= =e================ 
e====e============ ===-=======a====== =====

Rb

method XRF XRF ID

Sr

XRF XRF ID IA

origin P&O VIC INS P&0 VIC INS P&0

--B==t=== ====t=-34==-=-=-=!-E-=a===-==-=aEC-t 
t-'===e='at=-=E==t=--=-

G2

AGV-1

BCR-1

t, rrrl

Fig.2.?: Variation in 875"7865" ratio of NBS987 from July 1!81 to

June 1984. Analytical breaks resulted fron (i) developnental
r""f. (p*lininary investigations) ancl (ii) machine down-time'

8?sr786sr 87s"786g"

IA

INS

169 - 169 .g 476 - 475 '4 '7097 4 '?o98O

67 69 66.8 662 564 658'1 ',7j79' '70405

47 48 47.4 312 37O 111 '7 '70497 '7O5O2

-t===-=== -a==a==e====-8-==a==-==E===€3====E==-====3-=====t=-=3-=

NOTES: International rock standards from U'S' Geol' Surv'

xRF = by x-ray fluorescence spectronetry; ID = by isotope clilution
analysis; IA = by isotopic composition analysls'
p & O - protfro"si ana olNions \lgll); VIC = Victoria University
Analytj-calFacility;INS=InstituteofNuelearSciences.
Trace element contlnts in ppn' Isotopic analyses fron INS are

norrna].isedtoNRSgaT=.71o25;thosefronP&0to.71079.

.71050

. ? 1040
Bts.q;

.71020
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the application of ekewness neasurements at

objectivity into a difficult area of data

2.4.4 Data Control:

During chenical preparation, erternal contanj.nation (btant<) of a sanple

nust be kept to a nininun especially if the eanple has a 1or Sr content

(less than lOppt). Blank is derived from dust lnrticles in the atnosphere,

from inpuritles in the chenicals used for dissolution and cation exehange

chronatography and fron handling (Stiile, 19gl). To naintain 1or blank

Ievels, a clean laboratory systen operates at filS, reducing particulate

contanination (i.e. atnospheric blank) (r'. g.2.5). rn addition to this, all
water is distilled and only acicls of analytical- gracle are used. Despite

these precautions, total blank measures 1O-12ng for Sr, sonewhat high by

international standards. Horever, for sarnples rith Sr contents greater than

50ppm, a blank of 10ng will contribute a change in the 87srf6s, ratio of

only .00002 to .00005 (for nost rock compositions consiclered here), welL

within average precision. Steps are presently being taken to further
reduce blank levels in the INS laboratory by inposing stricter clean-roon

regulations and by re-disti_1ling acid solutions.

Sample contamination can often be ctifficult to detect since it j-s not

possible to analyse a known standard concurrently with an unknorn sample.

Systenatic (long-tern) blanlc problens can be detected by regular standard

analysis, whereas duplicate analysis of unknorns provides best control over

randon contaninati,on. Although tine-consuming in a seni-autornated systen,

this procedure was often applied here (c.f. Table 4.4) with excellent

results.

Long

using the

Standards

term drift in normalised isotopic ratios is regularly nonitored

internationalJ.y accepted standard, NBS987 (National Bureau of

SrCO, ). Usually one analysis is nade each week. A11 87gr785gt

calibrated against a value for NBS987 ot .71025. Atthough thisratios are
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(a) anit Sr (t). Errorg are for the 95ft eoafi.denoe intervatr;
eoncentratiolrg ere the Edams of at Least ! :repeat anal.yses.

Fig.2.9 :
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is about .OOO1 O greater than that quoted by rnost laboratories, it

corresponds to the average value at INS fron 1981 to nid-1981 (fie.2.7).

After that, the value has fluctuatecl about a lower nean of .?101, (15) (tfre

reason for the drop in the ratio is unclear). A more serious drop (to

.7O92O), which occurred in rnid-198J, was eventually traced to an electronic

fault in the collector anplifier. An external check of the accuracy of Rb-

Sr isotopic analyses at INS ie xmde using Internatlonal Rock Standards.

Table 2.8 gives the results for three U.S.G.S. old-series standards (G2,

AGV-I, BCR-1 ) ancl these dsta indicate good agreement with the Rb-Sr

laboratory at 0xford (Pankhurst and O'Nions, 1977). Isotope dilution

analyses also agree wetl rith XRF determinations nade at Victoria

University Analytical Facility (tatte 2.9) for a range of renolith,

sedinent and lava sanples.

2.4,5 Geochronology:

The Rb-Sr radioactive decay schene (fie.Z.g) involves the breakdorn of
87nb ao 87Sr with the enission of a beta particle. The decay constant used

here is that reconnended by steiger and JHger (1977),1.42 x 10-11 "-1, and

is equivalent to a half-tife for 87nu or 4.88 x to4 ivta. Equation (i), which

is only valicl when decay has talcen place in a closed systemr Day be solved

all the conponents of a systen have

the same ratio when equilibration

should plot on a straiglrt line on

for "t" if the concentrations of Rb and sr and the 87s"F6st are known. rf

the same initial 87srf5sr ratio (i.".

87Rb/86s" (*) and 8?sr7865" (y).

took place) then after tine t, each

an isochron cliagran, in coordinates of

The line has a slope "lt-]- and y-

intercept equal to the initial 875"7865" value. Calculation of these

variables requires a least squares cubic regression analysis sinilar to

that proposetl by l{clntyre et al. (t966) and York (1956, 1967, 1969). For

this study, a cornputer progran after York ( 1969) ras developed jointly by

R.M.Renner (Statigtics and 0perations Research, Victoria University of

l,Iellington) and the author (Appentlix 4.1)-
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least aquares cubic regression analysis of Rb-Sr data has been the

subject of intensive discussion in recent yeare and fron this several

inportant points have energed:

i) Error Assignnent to = and r variables: Brpoks et ar. (lglz) pointed

out that ".. . . a basic assunption in any application of Leasr squ&res

analysis is that all errors (i.". both experimental and geological)

affecting the fit of the regression l-ine are nornally distributed". This

they clenonstrated for a large nunber of replicate analyses. For Rb/Sr

isochrons where the Sr isotopic ratios aad concentration are measured

together (sr rl), error correlation is possible especially if 8?sr/&s" 
>

1.0 (Butler, 1982). Horever, such correlations can be avoided if Rb/Sr is
neasured by XRF analysis (as ie done here). Errors in Rb and Sr content can

be assessed either fron replicate analyses (at least five) or frorn the

average analytical error derived from replicate analyses of a range of

suitabl-e standard rocks. Sinee the first option is impractical at INS

(which is rithout an on-site XRF spectrometer), the second option is
adopted. Sone Rb and Sr standard data generated by XRF at Vietoria
university Analytical Facility (talte 2.il is plotted on Ti6.z.9 in
coordinates of elenental concentration (ppr) and fi error (95% contidence

interval). tr'or the purposes of isochron calculation, the error in X is
taken to be the conbined S error in Rb and Sr for the 689l confidence

interval. The conversion of Rb/sr to 8?p6786g" uses the B7gr785g1. ratio
rhich has an associated error, but this error is negligible conpared to

those associated with the Rb and Sr conceutrations and ean be ignored.

Further refinement of these error estinates rill occur as nore standard

rock data becones available.

For isotope diLution analysis of Rb or Sr, error caleulations are much

nore conplex. For example, there are fixed errors in estimating the spike

concentration (sir replicate analyses gave a value for the current splke

solution of 2.141 ppn sr (s.d.=.00184) and in neasuring sanple and spike



Table 2.9: Conparison between XRtr' and isotope dilution analyees of
Rb and Sr in selected rocks.

-=--a-- -8EE ===-- t a -= --=-==----tlt==---lt-- --l !=-=-E--=-=--=!-===-=G

xRr'1 xnr'2 rD pfi 87s"/s6st (rl) 87sr/85s" (ra)

a3C3==-B=EG====-=- ===-------Bt-E-G----lt-tttarg=-r::='--l----E=--=Et=

Strontiun

17835 527
17836 442
17877 21O
17e78 

'5917et9 419

G2

Rubidiun

17876 70
17817 106
17879 47
17840 51

526
444
211
567
419

525.6 .50
441.6 .18
212.6 .14
569.4 .41
417.7 .18

475.4 .75

69.4 2.19
112,4 2.18
47.1 2.96
51 .O 2.44

.70545
,70554
,70826
.704a9
.70507

.7097e n)

.7a545 (1r)

.70551 (tl)

.70856 (tl)

.?04?8 (B)

.7aro2 (5)

.70e7e Q)

(r r )
(rr )
\v/
(e)
(to

59
108
47
50

ilffi ;=;;;, 
=;;;;;;T il;:;;;" ""-k;=;;:=;;"';";;:;;,====-==fD = isotope clilution analysis; IA = isotopic cornposition

analysis. p% - precision (5gS confidence interval).
precision of Sr isotopic analyses (given in brackets)
corresponds to two standard errors of the nean.
Sanples are lfaipapa terrane gre5rwackes (Appendix 2.1).
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Fig.2.10: Comparison between XRtr'

Sr in selected rocks.
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weights (precision > .OOOO5). The other variable in the equation (c.f.

seetion 2.4.2), El = Sr (Rb) in sample / sr (nu) in spike, is derived fron

nass spectronetric analysis and represents a nornal Gaussian distribution

with an associated error expressed as the standard deviation. Because

in6ividual errors invofved in isotope dilution analysis are conplicated to

calculate it nay be better to assess then in a uay sinilar to that adopted

for XRF analysis (i..". from replieate analyses of standard rock sanples).

Clearly this rill not be possible until nuch nore standard data becomes

available.

Conparison between XRF and isotope tlilution nethods of analysis of Rb

and Sr (taUte 2.8 and. 2.9) indicates no clear bias for the few data so far

conpiled (fig.2.1O). Sorne ninor disagreenents are probably the result of

sample inhomogeneity (which greatly affeets isotope dilution analysis

because of the small sauple reights used).

The error in a strontiun isotopic ratio is given in two ways: in

compilations, it is nornally the standard error of the mean (tor the 95il

confidence interval); for regression analysis, the standard deviation (68%

confidence interval ) i" used since weights are assigned as the inverse of

the variance (see Appenclix 4.7). lfhen a sanple is analysed in duplicate'

the mean and standard deviation of the conbined analyses may be used since

both distributions are considered to be independent estinates of the

population (provided that blank and instrunental drift are ful1y taken lnto

account ) :

Mc = sulr(I{i*(ni-t )) / sut't(ni-t ) combined nean

individual nean

number of ratios neasured

sanple nunber

conbined variance

individual variance

where Mc

Mi

ni

where Vc =

Vl=

vc = sLru(vi*(ni-1)) / suu(ni.-1)
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ii) Goodness of fit: Ihe scatter of data points about an isochron nust be

contained rithin the llnits of the assigned erperimental emors alone

(Brooks et al-., 1972). For the regression treatment used here, RlISlriD (noot

Mean Square of the l{eightett Deviations - formerly ILSUD after Mclntyre et

41. r 1966) is calculated as an inclex of fit. If the value erceeds that

calculated frorn the errors assigned to both x and y variables then the

excess scatter about an isochron nust be due to geological error and the

isochron is invaLid ancl ie terned nn errorchron. Brooks et a1. (lglz)
point out, houever, that although under iileal conditions the RUSIID nust be

1 or 1ess, the relatively few data points used in nost isochrone and the

nininal replication of iadividual analyses inplies that the cut-off value

for RI'ISYD between isochron and errorchron will, in nost cases,

considerably greater than unity.

be



EbtF6l,r, ffi TERT.^RY ffiil

Flg.1.1: Geologic nap of Tongariro Volcanic Centre showing distribution
of sedinentary basenent and recent volcanics. SorehoIe
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***************,***t*******.r******************,r***************,*,1.************

CHAPTER J: PETROGRAPfiI, GEOCHEI,IISTRY AND Rb-Sr CEOCHRONOLOGY 0F

EXPOSED SEDIII{ENTARY BASEMENT IITHOIOGIBS

,*,*,f ******,*****************************,******.**********'*****************'****

PART 1 describeg the petrographic, chenical and isotopic characteristics of

sedinentary basenent in the vicinity of Toagariro Volcanic Centre.

Lithologies include greSrracke and argillite of the Torlesse terrane (i.".

"Rangipo Torlesse suite"), greyracke of the lJaipapa terrane ("Rangipo

Waipapa suite") and Late Tertiary fossiliferous giltstone, santlstone and

eonglonerate ("Rangipo Tertiary suite"). fhese provide a franework to

discuss the origin of metasedinentary crustal xenoliths (Ctrapter 5) and

hence to better understand contanination processes involved in petrogenesis

of TVC lavas (Ctrapter 4 A 5).

Part 2 is a Rb-Sr rhole-rock geochronological stucly of voleanogenic

greywacke and argilllte fron the Coffs Harbour Block, northern ".S.If.1

Australia. This was undertaken to conpare with a sinilar stucly of Waipapa

terrane rocks (section J.5) and to further exanine the Rb-Sr systenatics of

coarse-grained rocks in relation to their fine-grained counterparts.



Table J.1: Tongariro Poner Developnent cores'
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===== == ==== ==== == ==== == == E===== 
= ===== == ============= == == ==== ===== ========= =

PART 1: SEDII'MNTARY BASEI'IENT OF TONCARIRo voLcAI{Ic oENIBE

==== ======== === ====== ===== = = ==== == = == ======== = ==== === ====== == ==== ====== ====

1,1 INTRODUCTION

The oldest rocks in the TVC are unfossiliferoug gre;rwaekes and

argillites forning the Kainanawa lilountains to the east and the hi11s to the

ilH (Fig.7.1). Gregg (lg1o) consitlered all of these to belong to the Alpine

Facies (Ye11nan, 1952). Eastern lithologies are guartzo-feldspathic rlth a

chlorite-rich natrix and reach subschist rank (Chtorite 2 subzone) at the

aris of a gently plunging anticline (:..e. "Kainanaua schist"). Those to

the NW arq of lower rnetanorphic grade and doninatetl by breccias of angular

lithic fragnents in a sandy natrir. Evidence fron this study indicates that

the latter belong to the Shelf Facies (Welfunan, 1g5z), €rnd the boundary

between the two facies (refened to here as l{aipapa and Torlesge terranes

of the Torlesse Supergroup; Suggate, 19TB) nust 1ie sonewhere beneath the

nain line of volcanic vents. Late Tertiary narine sedinents occur

extensively on the the NIf and south nargins, forming a thin wedge between

Mesozoic greywacke basernent and Recent volcanic cover.

Outcrop geology of the TVC and the location of drill-cores (see Chapter

2.1) are given in Fig.f.l. Brief core-logs (raure l.t) indicate a very

uneven topography above the Mesozoic basenent, resulting in variable

thickness of both Tertiary sedineats ancl volcanics. llesozoic basenent is
reached in boreholes "b" (uaipapa) ana "n" (Torlesse) tut not in any in
between (to maximun clrilled tlepth of 15On). Therefore, najor depression of

the basement, probably caused by faulting, may oceur beneath the TVC. This

nrlght resurt fron, or be the cause of, the sudden change fron l{aipapa to

Torlesse terrane lithologies?



Fig.3 .3 :
DistribuEion of Torlesse
terrane near Tongarlro
Volcanlc Centre- Fossil
localities are shown.

Ftg.3.2:
Dlstributlon of Torlesse
and WalPaPa terranes in
the North Island (Suggate
1978). Referenced
l-ocalitles are Plotted
and assumed WaiPaPa-
Torlesse boundarY shown.
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,.2.1 Introduetion:

Torlesse terrane r"ocks of the North Island nake up nuch of the exposed

Mesozoic basenent central to and east of the nain ranges (f'1e.1.2). The

terrane consists nainly of interbetlded guartzo-feldspathic greywacke and

argillite (flyscfr) sequences with ninor anounts of chert, conglomerate,

linestone and bagic volcanics. The rockg are intensely deforned, sometines

forruing zones of melange (Sporli, 1978).

Speden (lgte) listetl the spar=e fossil fauna of these rocks. He noted

that (with few exceptions), although the faunal zoaes becone younger to the

east, withln each zone, the doninant younging direetion is to the west.

This is in agreenent with an accretionary prisn nodel corresponding to a

west-dipping subduction zone (Taupo-Hikurangi systen - c.f. Chapter 1.1)

and provenance fron the south or east (Korsch and l{e11nan, in press). The

closest knorn fossil- localities to the TVC, which night give an indication

of the age of the rocks in that area (fie.7.3), are: Ruatahuna, Urewera

range (Beternnopsis sp., Late Jurassicl Stevens , 1955) and Oroua, Ruahine

range (Monotis and Halobia sp., Late Triassic; Grant-Taylor and Uaterhouse'

19fi). Horever, these loealities are somewhat distant fron the TVC and

therefore offer a poor indication of the clepositional age there.

t .2.2 Petrography:

The Rangipo Torlesse suite ranges from well-indurated and foliatecl

quartzo-feldspathic greywackes (aefinea as coarse-netliun sand graile rocks

rith a doninance of poorly-sorted angular detritus ) to micaceous argillites

(defined as fine sand to silt grade rocks in which original clay matrix has

been reconstituted to sericite + chlorite), Sone rocks of intermediate

grainsize are handl-specimen-scale rnelanges (tectonic nixes) of greywacke

and argillite Brief petrographic descriptions of all thirty sanpleo

exanined are given in Appenclir 2.1.



Table J.2: llodal analyses of the coarse-detrital and
natrir conponents of Rangipo Torlesse
suite netasedinents.

la!-I r!r-ra---al a-I- ar-I ---! r-- !!l I -:-E-EaE='llr!'r

COARSE-DETRITA], I'IATRIX

a:!---- ---t--t !!:af f!:---- t-!-all-:alaa'-..' 3--' f!::!

Quartz
K-Feldspar
Plagioclase
Rock Fragments
Detrital Accessories
Thite Mica
Chlorite
l{etanorphic Accessories
TOTAT

,5
,

45
12

5

0
0

100

n
10
0

12
15

57
?

100

ffi il'*;;; ;';ilil;';ilil;:"'ililil;:' ;;;'
fragnente include netanorphics anal plutonics (eS) 

'aeid volcanics (2%) ar'a basic volcani.cs (z%).
Detrital accessories include hornblencle' pyroxene,
zitcon, sphene, apatite, Fe-Ti oxides and mica.
lletanorphic aceessories include calcite' prehnite
and epitlote.
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Microscopic exanination shows that the coarse cletrital fraction

consists of quartz, feldspar and lithic fragnents, whereas the finer matrix

(i.e. material less than .O2nn) consists nainly of nuscovite, chlorite and

ninor heauy minerals. Approxinate nodal conpositions of these two fractions

are given in Table J.2 and the data agree well with Reed (lgSl), McKean

(lgle) and nowe (t9aO) for Torlesse terrane rocks near l{ellington and Reicl

(gaZ) anil Roser (tgal) for other North lgland occurrences.

Plagioclase (AnO to Anlg ) occurs as subangular, variably-altered

grains up to 1nn across. Alteration varies fron partial sericitisation'

through replacernent by prehnite and/or calcite to total recrystallisation

of fresh albite. A1ka1i feldspar is ublquitous but ninor, naking up about

10% ot total feldspar content. Quartz, which conprises 20% to 1O7t of the

coarse fraction, is usually strained and pittetl about grain nargins. This

indicates pressure solution during metanorphisn and night explain the

widespread occurrence of quartz-rieh veins. Minor ttetrital components (i.".

detrital accessories i-n Table 3.2) arc pyroxene, hornblende, rnica, zircon,

sphene, apatite, nonazite, nagnetite and ilnenite. Lithics are inportant

components of the detrital notle and include clasts of igneous metanorphic

and sedinentary origin. Sone are very altered and blend into the matrix

naking identification difficult. )4any others are internally recrystallised'

or at their borclers.

Chlorite and 2M muscovite (UcKean, 1976) are the nain secondary

ninerals. Prehnite occurs as tabular crystals in the natrix, as replaeement

fillings in quartz and plagioclase and, with quartz and calcite, as vein

fillings. Calcite and epidote are ninor components which occur in veins and

in the natrix of many samples. Pumpellyite is rarely observed in

greywackes, but is a more important constituent of the matrix (Rowe, 1980;

McKean, 1976). The occurrence of calcj-te replacing prehnite, embayed quartz

and partially altered plagioclase suggests that rnetanorphic equilibrium may

be locaLised to the rnore porous regions of rocks, to donains much snaller



Table 3.3: Calculated end-nenber chemLsrry of Rangipo Torlesse suite
metasediments and chenlstry of metabaslte sampLe L7822.

ARGILLITE P GREYWACKE P PCC REF L7822

naJor eLemente (weight Z)

slo
Tt0
AL,
F"i
ttnO
Mgo
Ca0

-l'zKro
Pio
LOI
Tot

2
2
o3
o3

55.00
.94

2L.O2
7 .06

.10
2.29
1.33
1 .60
5.67

.19
4.54

99.74

.38

.01

.09

.07

.02

.07

.02

.r3

.02

.02

:ot

75.00
.30

L2.26
2.53

.04
,77

1.33
3.92
L.79

.08
t .70

99.72

.36

.01

.07

.04

.02

.06

.02

.15

.01

.02

.05

-.981
+.996
+.962
+.894
+.445
+.903

-.630
+.848
+.522
+,927

.73
3.11
I .7r.
2.79
2.50
2.97
1.00

.4L
3 .17
2.38
2.67

46.99
3.20

L4.57
L4.64

.51
3.10
6.48
L.73
2.27
1 .59
4.67

99.75

5

aL

trace elements (ppt)

Rb
Sr
Ba
Pb
v
Cr
Ni
Nb
Zn
Ga
Sc
La
Ce

Y
Th
Zt

247
L55
99r

25
L62
68
26
16

L23
28
18
32
75
35
23

182

3
4

16
2
3
2
3
2
2
2
2
3
3
2
2
4

69
256
468
25
26
16

7

6
55
L2

4
L7
36
18
10

L82

2
4

L2
2
2
z
3
2
2
2
2

3
3
2
2

4

+.849
-.43r.
+.517

+.980
+.985
+.631
+.929
+.636
+.948
+.91.8
+.523
+.623
+.686
+.878

3.59
.61

2.L2
1.00
6.L7
4.38
3.69
2.88
2.23
2.35
4.63
1.93
2.O9
r .95
2.34
1.00

88
30r
709

L2
140

18
28
58

200
z8
24
54

LL7
75

6
455

ffiil=ffi ;il;;ffi ;il;T;;il;;;=;=;;;ilil=;==========
calculated by least sguares regression analysls of 30 samples
(Appendix 2.1), using Ti as the dependent variable (Ti=5791ppm for
argiJ.lite and 1517ppn for greywacke).
ALl Pearson Correlation Coefficients
wlthin the 95 confldenee interval -
(Ca, Pb, Zr), average concentratLons
end-uember composltion.
Analytlcal preclslon (p) for the 952
estinated fron replicate analyses of

(PCC) listed are signlficant
where PCC was not slgnificant
were asslgned to each

confidence lnterval were
Internatlonal rock standards.

Relative enrichment factors (f$fl are given as concentration in
arglll-lte / concentratl,on in greywacke.
LOI ls loss on ignitlon at 1000 oC.
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than that of a typieal thin-section (Zen

probable that a nobile fluid phase

alteration.

Thonpson, 1974). It is thus

Ern inportant agent during

and

waa

7.2,, Bulk-rock chenistry:

End-nember chemical conpositions of Rangipo Torlesse suite netasediments

(tatfe 5.1) nere calculated by leaet squarea linear regression of each

elenent for all thirty sanples. For this, titaniun was chosen as the

dependent variable because it ie considereil to be a relatively innobile

elenent during ueathering processes (Correns, 19?B) and can be analysed

with high precision (i.". lese than 5f error). The statistical method

sinplifies data presentation and is coneiderecl appropriate since the sanple

suite represents a petrographic ancl chenical continuum between greywacke

and argillite. The well-defined cheuical trends exhibited by the rocks

(fie.:.+) allow relative enrichnent factors (nnf) to be caleulated where,

for any element, REF = the concentration in the argillitic end-nember /

concentration in the greywacke end-menber. These clata give a good estinate

of the partitioning of elenents into each of the end-nember conpositions

(ratre j .1).

Conparison of Tables 1.2 and 5.J shows that chendcal trends are closely

linked to changes j-n nodal conposition. GreSrwackes rith hfCh high

proportions of quartz and albitic plagioclase, are rich in SiO, and NarO

whereas argillites, doninated by a nicaceous mstrir, are rich in A1r0r, MgO

and KrO Efficient nixing of detritus followed by hyilraulie sorting in

turbidity currents, best ertrllains these trends (Roser, 1981). Detrital

modes and bulk-chenistry of Torlesse terrane sediments suggest derivation

fron a dominantly granitic slource region, but lithie clasts also indicate a

ninor basic and acid volcanic input (tatte 3.2).



20

tt

l6

L

12

to

-ia,,
SiO, vs Alz0g

:t*
N
g
ED
!t

'o

70

SlO, weight %

bQ

E
-9o

'oo()

6i 70

SiO, weighl %

E
CLo
L

ut,



-n-

7000

6000

5000

E
ft rooo

t000

2000

.|000

SiO, vs. Tl

a
6\ni"'i

*i-*& *,.*

\;:.
"\"\ .

65 70

SiQ weight %

*\ n'{
60

50

E
&ro
d

t0

20

t0

E
CLll.
llz

SiO- vs. Nb
xo

\x)x Nxx xxxx xxxx xx
-l-r *-t *\a xxo \xJx xxo) o) -}-o :

o o 
.-:

SiO, weight %

Fig.3.4: Harker variation diagrans of Rangipo suite sealinents shoring
Torfesse suite chenical trends, field of t{aipapa suite and
[ertiary suite chenical trends. AIl trend lines are calculated
by least squarea regression analysis.



Table 3.4: Rb.Sr whole.rock ieotoplc data of Ranglpo Torlesse
suite lithologies.

=========================== ======================================

vul{ sr r/sr 87nu/86sr (p) 87sr/86sr (p)

=== = === ==-_a == ==== ========== == = ==== === == =t==== 4=====- ====== =======

Rb

Argi1llte

L7504
17505
17s15
17820
L7823
17 831

17501
L7 502
17 503
17506
L7 507
1.7 508
17 509
17 510
17511
L7 5L2
175r3
17 514
L75L6
L7 5L7
17 sl8
r7519
t7824
L7825
L7826
L7827
17828
L7829
r7830
L7832

lletabasite

L7822

249 L73
2L6 114
298 98
22L 223
r.64 L66
161 88

4.L66 (0.9 )
5.49s (1.1 )
8.812 (1,0)
2.878 (0.9 )
2.858 (1 .2 )
5.317 (r.5)

.7L52s (.o72)

.7L773 ( .069 )

.72455 ( .080 )

.7L265 ( .112 )

.7L258 ( .094 )

.7L7 43 ( .099 )

.0058

.0088

.0102

.0045

.0060

.0114

IntermedLates & GreYwackes

248 307
120 2r7
2L4 236
188 158
r73 175
r79 151
145 235
L54 166
r.36 187
96 239

116 128
L4Z L79
1s0 248
80 28r

L74 190
r54 170
97 23r

106 294
94 247

201 188
L29 209
104 314
7L 293
79 303

2.345 (0 .7 )
1.601 (1.1 )
2.6L9 (0.e)
3.456 (1.1 )
2.8s8 (1.1 )
3.224 (1.1)
1.810 (1.1 )
2.693 (1 .2 )
2.O99 (1 .2 )
1 .r.s7 (1.2 )
2.640 (1.3)
2.290 (1.2)
L.747 (r.1)

.826 (1 .4 )
2.64e (r.0)
2.623 (1.3)
L.2L2 (1 .2 )
1.041 (1.1 )
1 .099 (1 .o )
3.101 (1 .2 )
L.784 (1.2)

.962 (1.5 )

.697 (1 .1 )

.755 (1.3)

.7L23r ( .040 )

.7LO74 (.100)

.7L282 (.077 )

.7141s (.074)

.7L32.5 (.083 )

.7L423 ( .064 )

.71095 (.0s1)

.7L246 ( .094 )

.7LL52 (.083 )

.70962 ( .084 )

.713s0 (.062)

.71220 ( .o4s )

.71100 (.079)

.70924 ( .o7o )

.7L289 ( .074 )

.7Lzs7 (.036)

.7O92L (.053 )

.70930 (,o5o)

.70922 ( .064 )

.7L334 ( .046 )

.7ros8 (.060)

.70908 (.o72)

.70867 (.067 )
,70820 (.069 )

.0033

.0046

.oo42

.0063

.0057

.0062

.0043

.0060

.0053

.0042

.0078

.0056

.0040

.0036

.0053

.0059

.0043

.0034

.0041

.0053

.0048

.0032

.0034

.0033

88 301 .0033 .843 (1.2) .70880 (.059 )

= = ==== = ========= = =--== === = = == = = === = = == = = == == = == ===== =========== ===

NOTES: Errors (P) are given for the
are exPressed as Percentages'
are Plotted on Fig'3'6'

68:Z coafLdence l-nterval and

Samples llsted as argillltes
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Beeause of uncertainty about the precise nature of the source, the

effects of reathering, diagenesis and rnetamorphism on different ninerals'

it is not poeoible to trace reliably the chenical history of these roeks.

However, some observations becone inportant in discussions of Rb-Sr isotope

geochronology (section 1.2.4).

The rnatrir is partly .rerived directly fron the source region aad partly

by eubsequent clecornposition of detritus in-situ (Rowe, 1980). It is

doninated by chlorite and M2 nuscovite resufting fron lor-grade netanorphic

reconstitution of clays euch as illite and smectite. Siace Ti is eontained

mainly in detrital Fe-Ti orides which are also concentrated (rith other

hearry ninerals) io the natrix (Roser, 19e7), there are stroug positive

correlations between Ti and MBO, Ti and F.ZO,, Ti and K20 ancl Ti and

volatile content (rcf ) (tatte 7.J and, Fig.l.4). Sinilar trends occur for

the relatively imnobile elernents Cr, Ni, Nb and V, a1l of rhich are

contained in both heavy ninerals anal the nicaceous conponent of the natrix

and which, as a consequence, have the highest REFs. The rare earth elements

La and Ce, together rrith Y, Th and Zr are probably contained in cletrital

ninerals such as apatite, nonazite and zircon, none of which are well

partitioned by the hydraulic sorting processes (Roser, 1987). These

elements thus show poor correlations with Ti (Zr is uncorrelated), and have

relatively low REFs. AlZ1., shows a strong positive correlation with Ti as

it is controlled nainly by the nicaceous conponent of the natrir. However'

it also occurs ia feldspars coneentrated in the coarse fraetion ancl thus

has only a noderate REF conpared to nost other elenents. The partitioning

of felsic detrital minerals into greywacke endmembers of the suite is welf

illustrated by the negative correLations between Ti and Si02, Ti and Na20

and Ti and Sr.

Correlations between Ti and nobile elenents such as Ba, K, Rb, Na and

Sr are poor compared to others. This nay be due to factor:s such es source

heterogeneityl but nore probably results fron interaction of hydrothernal
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fluids with the sedinentary pile during diagenesis and netanorphisn. The

lack of significant correlation between Ti and CaO nainly reflects similar
concentrations of the latter in both the natrix and the coarse component of

the rocks' althouglr ridespread occurrence of calcite and prehnite in veins

and in the groundmass of nany sanples indicates that this elenent has also

been nobile during netanorphien.

To sunrnarise, erosion of a doninautly granitic source region produced

detritus nade up nainly of quartz, feldspar, nired-1ayer clays and lithics.
During sedimentation, the felsic-detrital antl the clay-fich / heavy nj-neral

fractions were hydraulically separated to produce Ti-, Al-, tr'e-, Mg- and K-

rich argillites, and Si- and Na-rich greywaekes. Subsequent diagenetic and

lowirade netanorphic alteration of the rocks has not altered the chenical

trends except for the nost nobile elernents. Na and Sr are those nost-

affected by interaction with pore-fluids, though ca, Ba, and Rb

concentrations nay also have been slightly nodified.

1.2.4 Rb-Sr geochronologr:

Rb-Sr whole-rock dating of metasedimentary roeks is now comnonplace (".g.

Moorbath, 1969; Gebauer and Griinenfelder, 1974 & 1976; chaudhuri, 1976;

Criscione et al., 1978; Prien et. al., 197g; Clauer and Krdner, 1979;

Clauer, 1982) and is used to determine either (t) the tine of cornpaction

and diagenesis of sediments or (e) tfru tine of subsequent netaraorphism. The

technique is here applied to the Rangipo Torlesse suite to test the use of

coarse-grained greywacke sanples in Rb-Sr geochronology and also to provide

a data base for cnrstal contanination nodels and to conpare rith
netasedinentary renoLiths.

strontlun isotopic data for ar1 sanples exanined (ratre 1.4) are

plotted on an isochron diagram in Fig.].5. This reveals what appears to be

an acceptable whole-rock isochron (m'lsm=.st5), giving an age of 179 (5) ua

and intercept of .70775 Q4) (errors in brackets are for the 957l confidence

interval). A corresponding plot of six argiltites, being those with the
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sn8llest average grainsize and highest matrir content, yield an isochron

(nusua=.l5?) giving an age of 141 (il Ma and intercept of .70681 (2g)

(fig.1.6). Conparison of these tno isochrons suggests that the greywacke

sanples plot on a line which is slightly curved and steeper than that of

the argillite sanples. However, these clifferenees are smal1 and there is
clear overlap between the calculated ages.

The lines shorn as "ieochrons,' in Fig.l.5 and Fig.l,G could be produced

by several geological procegses such as (:.) ni*.ng of a binary source, (ii)

unniring of detritus fron a hornogeneous source or (:.:.i) netanorphic re-

equilibration. Each ie discussed and. evaluated be1ow.

(i) Mifi-ng of a binary aour:ce: Mixing of a coarse-gralned, quartzo-

feldspathic conponent (low Ru/sr) with a finer-grained, nicaceous conponent

(frien nb/Sr) eouLd produce the nineralogical and chenical trends described

previously. However, the isotopic correlation produced has no geological

meaning and is a pseudo-isochron. Such arrays which result fron mixing of

isotopically different eonponents can yield "ages" that are either younger

or older than the actual source age (Fle.f .?", I'j.e.j.7c) - only if both

conponents had the same initial 87gt7865" ratio woutd the age refer to the

tine of nlxing (fie.l.?b). tr'or the data presented here, binary nixing is
inprobable for the following reasons:

1. The wide variety of lithic fragments in the node (ratre ,.e) nakes a

sinple niring hypothesis unlikel.y (see also Roser, 1983; MacKinnon, (lgAt).

2. The nineralogical and chenical trends described above are better

related to hydraulic sorting of detritus in turbidity currents than to

nixing of petrographically and chenically distinct endnembers.

1. Faure (1977) showed that ruixing of two components having d;iffering
B?st7A5t" ratios and Sr contents fol1ow a hyperbolic relationship. The

nixing equation is derived fron plots or B7s"/86sr vs. j/sr. For the

Rangipo Torlesse suite (fig.t.B), there is a broad relationship between the

two parameters but the correlation (eCc=.S?5) l" poorer than that between



ttt"p"" arid nu/sr (pcc=. 9g4),

consequence of the petrological

hydraulic sorting process,

and is considered to be merely a

and chenical trends resulting from the

4. A netabasite sarople (ngZZ) plots close to the isochron in Tie.l.5.
Such roeks are aecj.dental inclusions of oceanic cmst in the predoninantly

sedimentary seguence and hence have no genetic or tenporal relationship to

them (Roser, 1983). Given such an origin, it i.s unlikely that 17822 would

have an initial Sr isotopic ratio as high as the netasedinentary menbers of

the Rangipo Torlesse suite antl its present B7s"f5st ratio reguires an

alternative erplanation.

5. K-Ar rvhole-rock ages for nine argillite sanples fron the Rangipo area

are sinilar to the Rb-Sr ages diseussed here. The ages (B.Hegan (NZCS) and

c.J.D.Adarns (us) pers. conm., 1984) range fron 112.6 (t) to 146.6 (.t) ua,

with a nean of 138.4 (4) Ma (analytical nethods enployed for K-Ar dating at

INS are described in Adans (1975) ana recalculations use the decay

constants recornnended by Steiger and Jiiger (lgll)). Age agreement between

these two independent techniques strongly suggests that niring is not the

best explanation for the Rb-Sr isochron. Erosion and alteration of source

detritus would have a severe effect on K-Ar systenatics since the most

inportant K-bearing phases are elays resulting fron feldspar brealcdown.

These are susceptabl-e to recrystallisation and consequent Ar loss during

diagenesis and anchinetano4lhisn. Although Rb and ratliogenic Sr occur j-n

sinilar lattice sites to K and Ar, displacenent of then does not inply
imnediate loss fron the systen and eonsequeat ieotopic resetting.

ij-. Un-nixing of detritus from a honogeneous sourcei The strong chenical

trends exhibited by the Rangipo Torlesse suite are interpreted to be the

result of lrydraulic sorting of detritus in turbiclity currents. This process

produces a spectrun fron clay-rich argillites (rith high Rb/Sr and high
92 ^."'Srfosr ) to quartzo-feldspathic greywackes (with low Rb/Sr and low
Q.7"'s"786t" ) - " result sinilar to that produced by nixing detritus fron a
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binary source. If post-ttepositional re-equilibration of Sr isotopes alid not

occur in the eystem, the resultant whole-rock isoehron should represent the

average age of the source terrane (see Fig.t.[b). Horever, a source-age

interpretation has sinilar ctifficulties to a binary nixing interpretation:

1. The source terrane was not entirely homogeneous.

2. There is a poor correlation betreeo 875t7B6Sr end 1/sr.

J. lletabasite sanpLe 17822, rhich ig unrelatecl to the sedinentary

source, plots close to the isochron.

4. ft is hiehly unlikely that K-Ar ages of various ninerals in the source

would be maintained during erosion, transport, deposition and netanorphisn

of the rocks, even if the Rb-Sr isotopic systen uere, at the sane tine'

preserved.

A further point is that the Torlesge terrane spans the period Permian -

Lower Cretaeeous (Speden, 1976) and during this tine, bnrlk-rock conposition

of sedinents renained rernnrkably constant (neia, 1982; Roser , 1983). The

age of the source terrane nust therefore be Pernian or older, conflicting

with the younger '141 Ma (Late Jurassi.c) "g".
iii. Metanorphic re-equilibratlon: Ivloorbath (1959) obtained a 761 Ma

whoLe-rock isochron for Torridonian sedinents fron NI{ Scotland rhich he

interpreted as the tine of diagenesis, elosely following deposition and

conpaction. Horever, Dasch (1959) stutli-ed Sr isotopes in deep-sea sedinent

profiles and showed that, althougtr alumino-silicate detritus increase their

Rb/Sr ratios as a resul-t of Rb fi:etion, tbere ras llttIe evidence for

significant equilibration of Sr isotopes even after prolonged contact rith

sea water and interstitial brines. fn a stucly of ltliocene shales off the

coast of Louisiana, Perry ancl Turekian (1974) showed that diagenetie

changes involved the breskdown of detrital feldspars and nicas and the

fornation of illite-rich clays. These processes release Sr which then

partially equilibrates nith interstitial fluids anal with Sr adsorbed on the

clays. They noted a trend touards Sr honogenisation, but even those sanples
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fr:orn depths greater than 5km rere not cornpletely equilibrated. Chaudhuri

UglA) also found inconplete honogenisation of Sr isotopes in Lorer Permian

shales of the Havensville tr'ornation (Kansas and northern Oklahona) and

concluded that the ages obtained rere between the age of the source terrane

aart the time of sedinentation and/or diagenesis. 0n the other hand, Prien

et aI. (tgZe) shored that conplete equilibration of Sr isotopes is

possible in rater-Iaid pyroclastics during re-orderiag and albitisation of

feldspars.

The above studies suggest that it is unlikety that the Rangipo Torlesse

suite, rith its high proportion of coarse-grained Iithologies' could be

conpletely equilibratecl for Sr isotopes cluring diagenesis unless partial or

conplete albitisation of plagioclase occuned during this early stage of

burial. Horever, other studies suggest that equiLibration is much nore

Iikely to happen during anchinetanorphi-srn (aeep burial). Gebauer and

Griinenfelder (lgl+) discussed the Rb-Sr ages of Paleozoic sediments fron

Montagne Noire and shored that data fron least ileforned rocks yielded poor

Rb-Sr whole rock isochrons. This they related to inconplete equilibration

of Sr in detrital nicas. However, the nore schistose, folded parts of the

sequence yielded isochron ages corresponding to the known age of folding

and anchinetanorphisn. Minerals separated frorn psannites between

equilibratecl pelitic layers showed that, while detrital micas were only

partly isotopically equilibrated, albites r{ere completely equilibratecl.

Such evidenee suggests that at least partial equilibration of Rangipo

Torlesse suite gre3rracke could have occurred iluring deep burial. AII the

rocks are highly deforned antl the detrital conponent is doninated by

albitised plagioclase. The size of any equilibratecl donain is difficult to

assess but drill-core logs indieate that the full range of seilinent

lithologr (and therefore bulk-rock chenistry) is repeated over distances of

only a few hundred netres. Thus it is only neeessary to equilibrate

relatively smalt volumes to reset effectively the rhol-e-roek isotopic
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systern over a E;uch larger reg'ion (Road:-ct and Conpston, 1977).

lithologies such as metabasite rould have only a ninor effect on

isotopic conposition of each donain and would be equilibrated to its

va1ue.

It is difficult to distinguish isotopic equilibration during burial

netanorphisn fron that during a subsequent tectonic event. Textural

evidence for more than one event is absent in the Rangipo area, but the

rocks are clearly nore foliated than those fron other regions and there is

structural evidence for polyphase deformation elserhere within the Torlesse

terrane (Spor1i, 19?8). llacKinnon (t9A]) correlated the Kainanasa schist

belt (fie.l.t ) with the nore highly uetanorphosed Haast Schist terrane of

the South fsland, a link which is supported by plate tectonic

reconstruction of New Zealand in the Mesozoic (fie.t.g) (Korsch and

Yellman, in press). nU-Sr geochronological data for Haast Schlst is linited
(Aronson, 1965) to a uineral isochron age of 119 (3) !!a frou near

Crouwe11, Otago. This fa1ls within the error lirits for the age of the

Rangipo Torlesse suite but is not concLusive support for a correlation

between the two terranes. However, recent K-Ar ages (Sheppard et al. , 1975;

Adans, 1980) indicate that the nain netamorphisn of the Haast Schist

terrpne oeeurred at 190-200 ltla. There rere later tectonic events (Rangitata

II, Bradshaw et a1., 1980) at about 120-140 Ma, which affected the western

part of the Torlesse accretionary prism in Late Jurassic tines. Subsequent

movenent along the Alpine Tault has separated the Haast Schist terrane fron

its equivalentg in Marlborough ancl the eentral North island.

In sunmary, the 141 lla Rb-Sr nhole rock age of Torlesse terrane

Sedlments in the viciniff of the fVC probably dates the tining of low-graile

netanorphisn and uplift of the sequence. During diagenesis, strontiun

isotopes were equilibrated rith pore fluids aE a result of alteration of

feldspar and re-crystallisation of clays in the matrix. This process

eontinued during anchimetanorphisrn and ended at about 14O Ma as a result of

Rare

the

mean



Table 3.5: Bulk-rock chemletry of Torleese terrane metasedLments
frou varlous North Island locallties.

==========-======================E====-===-======-=======================

Welllngton

59.3
.8

18.0
6.8

.1
2.6
1.6
1.9
4.4

.2
4.L

99.8

Hutt

3

69.1 59.2
.5 .9

L4.5 r9.5
3.7 7.O
.1 .1

1.4 2.O
1.3 .5
4.0 1.5
2.6 3.6
.L .1

2.5 5.5
99.8 99.9

Ureweras Whakatane Matata

63s

71 .0 65 .8 72,7
.5 .6 .5

L4.4 16.0 13.4
3.2 5.0 3.1
.0 .1 .1
.9 1.5 1.1

1.5 .8 1.1
3.9 3.3 3.2
2.5 3.3 2.6
.1 .1 .1

L.7 3.3 1.9
99.8 99.8 99.8

Otakt

4SAIPLES 4

======E=====Ag======E=================-==========-======gE=E====G-===E=3=

naJor elements (weightZ)

s10?
Tro;
["6"
ffa';
lrgO
CaO
Naro
Kr6

li?'
Total-

trace elements (ppn)

680
84

232
57
4L

552
224
218
L26

70

Ba
Rb
Sr
v
Cr

585
93

284
8l
54

610
180

97
L79

86

659
88

276
63
4L

760
99

34s
86
48

ilffi ;T;il;==;;il;;=il;il;iT;;;T=;;:;;;T;;:====:=
Sources: Welllngton (Eorokiwi Quarry), Butt (RLnutaka Road) -
Roser (1983); Ureweras, I{hakatane, Matata - Reid (1983);
Otaki Forke - McKean (1976).
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critical reduction in poxosiW aridfor uplift. In a rapiclly aecreting

continental margin, like that in Neu Zealand during the Mesozoic, these

processes raight operate over a short tine span' uplift post-dating

sedinentation by only a few nillion years (Korsch and Wellnan, in press).

Isotopic equilibration was not completely effective for greSrwackes or

internediate lithologies althougtr deviation of data points fron the

isochron 1s sna11. Interpretation that the 140 tla age represents uplift

directly related to the Rangitata II orogeny is equivocal. Given the

accretionary prisn nodel for the Torlesse terrane ag a whole, it is

possible that individual crustal blocks were netanorphosed and uplifted in

separate events. The Rb-Sr whole-rock ages derived fron each block niSht

therefore relate only to a loca1 event.

7.2.5 Regional Variations :

Torlesse terrane sediments of the North fsLand are chenically sj-nilar

regionally (fatte 7.5 and I'ie.l.1O) but shos significant differences in

theirSrisotopiccompositions(taUtet,6).fhesereflecteitherdifferent

netamorphic ages, isotopically different sources, variable degrees of post-

depositional alteration or equilibration in donains of differing size. Rb-

Sr whole-rock isotopic data for selected sanples are plotteil on an isochron

diagran (fig.1.11) rhich shors data fron sone areas (e.e. Ureweras)

falling close to the Rangipo isochron, suggesting sinilar netano4rhic

and/or tectoni-c histories. However, samples fron geothermal regions (".g.

Broatllands) are markedly displaced fron the isochron, probably as a result

of hydrothernal alteration and consequent disturbance of the whole-rock Sr

isotopic systens. These data indicate that application of Rb-Sr

geochronology to Torlesse rocks nay be impossible in areas where geothernal

activity is, or has been present.
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Tabte 1.6: Rb-Sr whole-rock isotopic data of Torlesse terrane
netasedirnents fron various North lsland localities.

==================== == ====t========== -== === = ======== ======= == ====

WY Rb Sr 1/sr 87Rb/B6sr (p) 87s"/86sr (p)

==================== == == ========= =c ================= ======= === ===

Otaki Forks

17e45
17844
17e45
17846
17847

Matata

16020
1 6021
16022
16025
16024

Uhakatane

15038

Broadlands

16040#
15042#

190
142
159
178

47

117
115

64
79

121
125
272

zlY
278
298
298
749

.o157

.o127

.008,

.0080

.oo77

.0044

.0042

.oo54

.oo74

.0029

8.578
6.577
4.O44
4.126

.459

.948 (1.5)

.657 (1.9)

.816 (t.t)

.815 (1 .l)

.448 (t.e)

.77724 (.o+e)

.7?766 (.tOo)

.72109 (.054)

.72192 (.ore)

.71177 (.ogo)

.70952 (.096 )

.7a64 (.055)

.70607 ( .Oro )

.70727 (.071)

.7o557 (.o51)

(r.e )
(1.5)
(1.r)
(1.r)
(1.e)

75
54
84
B4
,4

185118 .0054 1.a1t (1 .2) .?1090 (.0+e)

Ureweras

16010 91
16012 g1

700 .oo1t
207 .0048

1.769
1.412

.878 (1.2)
1.271 (1 .9)

.70951 (.om)

.71654 (.062)

.?0818 (.1 14)

.70934 (.o49)

(t.z)
(t.z)

NOTES: Errors (p) are for the 581 confidence interval, expressed
as percentage. Wi{ nunbers beginning with 150- refer to
samples collected by Reid (lg9l).
# hydrottrernally altered sanples.
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The four Otaki Forks argillite sanples (Appendix 2.1 ) uere previousLy

described \r ltcKean (lgli) rho also datetl then by the K-Ar nethod. Three of

the sanples were collected fron the rvell-known fossil locality east of

Pukehinau Stream, and the third from nearby in the Otaki River bed.

Inportant zone fossils (Speden, 1976) fron these localities incfude Monotis

Riehnondiana Zittel (Grant-Taylor and Waterhouse, 196r) rhich indicate a

tlepositional age of Late Triassic. Using the revised tine-scale of Harland

et al. (tgge), thig correspoads to 219-225 Ma. K-Ar rhole-rock ages for the

rocks are younger, clustering around 2OO Ma (lrlcKean, 1976). Rb-Sr tlata

(rie.l.1t ) rau on atr isochron (nuswl=.?l) glving an age of 182 (tr) tita ana

intercept of .7'108 (11). This age is significantly greater than that of the

Rangipo isochron, but uuch younger than the fossil (depositional) age,

indicating that metamorphic resetting of 0taki Forks Torlesse sediments

occurred sone time after sedinentation, and at an earlier tine than the

Rangipo rocks. The significant difference in initial Sr isotopic ratios

between the two isochrons nay be best explained by Lithological differences

i.n the respective domains of equilibration. Mernbers of the tro rock suites

are sinilar chemieally and najor differenees in provenance are un1ikeIy.

Given that the source terrane for all Torlesse sedinents is the sane i.e.

o1d granitic rocks sith a significant pre-erosional isotopie history' then

detrital naterial would be of two types (t ) eoarse-grained feldspar-rich

detritus with relatively high Sr content anrl row 87s"f6s" and (z) fi

grained nica-rich detritus sith lower Sr content and higher 875t7865t

crustal blocks (domains of equilibration)

Rangipo), the average isotopic ratio prior

lower than those doninated by argillite (".e.

ne-

In

dorninated by greywacke (". e.

to equilibration rould be nueh

Otaki Forks).



Table 3.7: Average bu]-k-rock chen'igtry of walpapa terrane
metaeedlments '

==- = ====== =====-=-========= =======================-= ==== ==E======

LOC Ranglpo Taunarunul Kariplro Taotaoro Eendergong Kawerau

SAI,TPLES 7 54

======E========a=EE==
==E==========================

naJor elernents (welght%)

sio,
TLO;

*129g

;;a"3
lIgO
Ca0
Naro
K"6

il9'
Total

60 .8
,9

15.9
6.9

.L
2.5
3.7
3.8
1.9

.2
3.0

99.7

63.3
.4

15.8
5.9

.1
2.2
2.7
4.3
1.9

.2
3.0

99.8

62.3
.8

15.9
6.4

.1
2.5
3.3
4.2
2.0

.2
2.L

99.8

61.3
.7

L5.6
6.0

.1
2.4
3.3
4.1
2.4

.2
2.7

99.8

61 .1
.8

15.4
6.6

.1
2.9
3.7
3.6
1.9

.2
3.5

99.8

62.8
.7

L6.2
5.2

.1
1.6
2.9
3.4
2.r

.2
4.6

99.8

trace elements (PPu)

Ba 49L 460 527

Rb 55 57 60

Sr 472 454 447

v 154 120 136

Cr 32 46 38

================================================================_
NOTES: Sources: RangiPo - this work;

Taumarunui, iarapfro, Ilendersons, Kawerau - Reld (1983)'

Taotaoro - R.J'Korseh (unpublished data)'

6L6
68

664
136

46

529
60

454
1"47

40

474
7L

432
1.14

53
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77 r{ArpApA TERRANE (nancrpo wATPAPA surrn)

t.1.1 Introduction:

The Uaipapa terrane of the North Island ertends froro west of Tongariro to

north of Auckland (I'ie.l.Z) and eonsists uainly of poorly-fossiliferous,

gradetl-bedded greywacke and argillite, probably derivetl fron the Brook

Street volcani.c arc (Coonbs et aI., 1976). Transport ras across the fore-

arc basin, in sutmarine canyons to the trench floor (Korsch and Uellman, in

press). Subsequently, conpler defornatlon has occurred in an accretionary

prisn above a uest-dipping subductiotl zole.

Bulk chenical conposition of llaipapa terrane sedinent (Reia, 1982;

Roser, 1981) is significantly different from [orlesse and is closely

related to provenance, as shown by alkali-siliea discrinination (Roser,

1987). The rocks were probably deposited at a Pacific-type convergent

rnargin whereag Torlesse sediments were deposited at a passive Andean-type

nargin or at an evolved continental nargin against active oceanic

lithosphere.

1.1.2 Petrography:

Lithologies rauge fron nediun gre5rwackes to intra-fornational breccias

consistine of 5O-1OOmn andesitic clasts in a sandy matrix. AIl are poorly-

foliated but very well-indurated. Gre5rwackes are poorly-sorted and contain

a high proportion (ZO->O%) of severely altered volcanic lithics, iclentified

by reliet flow banding and porphyritic texture. Plagioclase ranges from

albite to oligoclase and is the dominant detrital mineral occurring as

subangular, partly sausuritised grains. Orthoclase comprises about 2Ofi ot

total feldspar content. Subangular quartz, showiag strain features and

some recrystallisation, typically nakes up 15-2O% of the detrital mode.

l,ess abundant detrital constituents are hornblende, augite, lSrpersthene'

biotite, sphene, zircon and f'e-Ti oxides. Secondary ninerals are chlorite

and nuscovite and both occur in the natrix as alteration products of



Tabl-e 3.8: Rb-Sr whole-rock lsotoplc data of llalpapa terrane
metasediments '

==== ====== = = =============== --===== == ============== ===== ==== === = = ==

vul{ Sr 1/sr 87nu/86s, (p) 87sr/86sr (p)

========= ==================================== ====================

Rangipo

.374 (1.9)

.374 (1.e)

.363 (1.4)

.454 (1 .4 )

.258 (1 .7 )

.323 (2.0)

.742 (1.2)

.272 (1 .s )
L.473 (1 .2 )
I .314 (1 .2 )

100 303 .0033 .9s5 (1.1 ) .707r3 (.1-16 )

Rb

17833
17834
17835
17836
17838
17839*
17841 *
L7842
r.7837+
17840*+

Coromandel

15968

Karapiro

15969
15970

llendersons

L5964

49
50
66
69
51
47
88
55

107
101

380
387
526
443
567
4L9
343
585
zLO
223

.0026

.0026

.0019

.0023

.00r I

.oo24

.0029

.0017

.0048

.0045

.70515 (.096)

.70523 ( .079 )

.70553 (.061)

.70s48 (.097 )

.70497 ( .050 )

.7os1e (.042)

.70631 (.082)

.7osz9 (.071)

.70845 (.118)

.7082s (.061)

67
66

415
375

.oo24

.o027
.467 (1.s)
.soe (1.5)

.70498 (.03s )

.70503 (.025)

48 363 .0028 .383 (2 .0 ) .70708 (.044)

Kawerau

15980#(r16 ) 72

15981/l (119 ) 7O

Ls982ll (rZZ) 67

L5984ll(146 ) 77
. #(1s0) 72

. /t (153 ) 54

16004/l

327 .0031 -637

388 .0026 '522
57 5 .0017 .337
443 .0023 .503
5r5 .0019 .405
363 .0028 -43L

51 580 .0017

(1 .4 ) .70622 ( .036 )
(1.4) .70608 (.026)
(1 .5 ) .7Os7 4 ( .061 )
(1 .3 ) .70593 (.O72)
(1 .3 ) .70576 (.042 )
(1 .7 ) .70566 ( .039 )

.2s5 (1 .S ) .7Os56 (.036 )

=== ========== ==== == - =============== = == ====== ==== ========== =======

NOTES:Errors(p)areforthe632confidenceinterval'expressed
as percentage. * samples from the same core;
* volcant"-!i""r"; // depth of origln of drill-core sample.
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cletrital niaerals. Prehnite, epidote and

authigenic grains and in veins with quartz.

K-feldspar, hornblende, chlorite, nuscovite,

are given in Appendix 5.

calcite also occur ag tliscrete

trFlilA analyses of plagioclase,

prehnite and epidote in j7877

1.1., Bulk-rock chenistry:

The bulk-rock ehenical conpositions of Rangipo Uaipapa suite sedinents

(taute J.?; Tie,,.D indicate that the gre5rrackes are conpositionally

equivaleat to internediate calc-a1ka1ine volcanic rocke, rhereas breccia

clasts have a nore calcic and less alkalic conposition (Appendix 2.1).
There are no obvious chemical trends probably because of the variable

abundance of volcanlc-derived lithic elasts. Conpared to the Rangipo

Torlesse suite, the rocks are rieher in Mgo, cao and sr. otherwise,

apparent chenical differences can be explained by the lorer proportion of
nodal quartz in the Waipapa sediments.

1.7.4 Rb-Sr Geochronologr:

Uhole-rock Rb-Sr isotopic data of Rangipo i{aipapa suite netasediments

(faUfe t.e) yields an i.sochron (RIrlSt+O=.15) which gives an age of 2O5 (17)

Ma and intercept of .70428 (tZ) (rie.l.12). The possibility that this age

night represent the tine of netanorphism ras investigated through a

eomparative study of a sinilar sequenee in northern N.S.H., Australia
(corrs Harbour Block; see PART 2). That study showed persuasively that re-
honogenisation of Sr isotopes can oecur in sedinents made up nainly of acid

to internediate pyroelastics through the re-ordering of feldspar. In the

Rangipo Torlesse suite, Sr isotopes were honogenised by albitisation of
plagioclase and recrystallisation of natrir c1ays, both of whieh have

oceurred to some extent in the Rangipo llaipapa suite. Ihus isotopic

honogenisation is possible even in eoarse-grained Lithic-doninated rocks.

The data could also be interpreted, ae a mixing line between greSrwacke

matrix and lithie clasts, a possibility supported by the fair correlation
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between 87Sr/85s" rrra 1/sr (PcC =.942). More analyses of Uaipapa rerrane

lithologies are needed to investigate these tno interpretations further,

although the Coffs Harbour data would appear to favour netamorphic

resetting age rather than binary niring.

7.3., Regional variation:

Reid (tggz) ana Roser (1987) reportecl only small regional variations in

the conposition of tlaipapa terrane rocks in the central l{orth fsland. The

new d'ata presented here support that observation although the data base is

sti11 relatively sna1l. Sone average analyses (tabte f.T) illustrate the

the close siuilarity between the Rangipo l{aipapa suite and samples fron

Hendersons Quarry, west of Kawerau. Both these suites occur near the

Waipapa-Torlesse boundary (gig.l.Z) ancl a possible correlation is

suggested. Drill-core sanples from the Kawerau geothernal field show subtle

differences in bulk-rock chenistry that probably result fron hydrothermal-

alteration. Several saraples described by Reid (tggZ) were analysed for Sr

isotopic conposition (laUte 1.8) and most tlata plot close to the Rangipo

205 Ma isochron (including those from geothernal areas). Ihe data indicate

that Waipapa sediments have Sr isotopic ratios nuch lower than Torlesse

sediments and that parameter is therefore useful for distinguishing betreen

them.



1.4 TERTIARY SEDI}MNTS (nlncrpo

-47-
TEnTTARY surrn)

1.4.1 Introduction:

Lower ?liocene fossiliferous narine siltstones, sandstones and

conglonerates oceur to the NW, rest and SII of the I'ltC (fig.l.t ). The oldest

strata are near Hauhungatahi, where 200n of grey siltstone of Late Miocene

(Taranaki Series) ag" underlies Quaternary antlesitic floss and pyrocLastics

(Gregg, 1960). About 180n of yellow-bronn nicaceous sandstone containing

bands of greywacke-conglornerate occur to the aorth ia the llhakapapanui

River and Waione Strean. In the Okupata strean valley, conglomerates of the

Taranaki eeries overlie Landon series unconfornably. Tongariro Power

developenent bore-hole "b2" (lj.lll/gggagl) in the Nlli of the Centre,

penetrated greywacke after passing through 25n of Taranaki Series setlinents

(Gregg, 1950). To the SE of Mount Rr:apehu a thin cover of Pliocene

(Uanganui Series) narine sedinents eonsists of soft grey micaceous,

fossiliferous sandstones and siltstones. These laek fresh voleanic detritus

indicating that there was no contenporaneous volcanisn (ftening and

Steiner, 1951). Sirn:ilar sediments occur to the south at Horopito and

0hakune. In the Maorhango River va11ey, the Tertiary section includes over

75On of siltstone, sandstone and shell limestone with thin l-enses of

greywaeke -conglonera te.

1.4.2 Petrography:

Lithologies of the Rangipo Tertiary suite are doninated by yellow-brown to

green quartz-nuscolJ"ite sanilstones, fining into siltstones and muds. These

show mineralogical and chenical trends dependent on grainsize, simllar to

those of the Rangipo Torlesse sui-te. The rocks are largely made up of well-

rounded quartz grains (.Of-.25nn) and nuscovite flakes in preferred

orientation in a nuddy natrir. tr'eldspar lathes and clots of chlorite occur

in some sanples. In 17855, sandstone clasts (.2*,) are common but otherwise

the rocks are lithic-free. Sandstones with fossils and ealcareous cenent



Table 3.9: Rb-Sr whole-rock Lsotoplc data of Ranglpo Tertlary
suite eedioents.

===============-==========-=======================-==============

1/sr 87nu/86s. (p) 87s./86st (p)Rb

Calcareous

L7849
L78s6
L7857

Mlcaceous

17848
17850
17851
L7852
17853
L7854
178s5

siltstone

4L 434
74 293
49 391

sandstone

.27L (2.1)

.728 (1.4 )

.366 (1.8)

.7e2 (1.5)
L.2s9 (1 .2 )
I .335 (1 .3 )
2.189 (1.3)
1.152 (1.3)

.908 (1.3)
r.139 (1.7)

.7O753 (.053)

.70840 (.O77 )

.70830 (.147)

.70765 (.085 )

.7088t (.066)

.70861 (.06s )

.70983 (.065)

.70910 (.078)

.70830 (.075)

.7O9O2 (.090)

72
105

97
1L5

96
82
67

253
242
211
L52
242
263
L7L

.0023

.0034

.0026

.0038

.0041
,oo47
.0066
.0041
.0038
.0058

===== ===================================================E========

NOTES: Errors (p) are for the 582 confidence interval, expressed
as Percentage.

L
tt1

3t- 0.708t-\a
I

ttRb/ttsr

c^rraltout tlLtflolll
rlclctout tartttorDl
p$c!!g!oc49!-
ur!4rlrgogEL_.

Rb-Sr whole-rock isochron plot
sediments. Reference isochrons
suite (139 Ma) and (ii) Rangipo

of Rangipo TertlarY sulte
are (i) Rangipo Torlesss.
I,Iaipapa suLte (205 I'la).

Ftg.3.13:
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occur both to the NI{ (e.e. 17849) and the sl{ (e. e.17857). Conglonerates

occur in younger parts of the sequence particularly in the S1'I ancl contain

well-rounded crasts of a variety of lithologies: for exanple, l785g

contains 5- 10rnn clasts of greSrwacke (of volcanogenic parentage fron

tertural evidence), quartzite and chert, a 5mn claet of vesicular basalt

and nolluscan shell fragnents. fherefore, there is ptrographic evidenee

to suggest that Rangipo Tertiary suite sedinents sere derived fron a

variety of sources, including both l{aipapa and Torlesse terranes.

7.4.5 Ellk-rock cheuistry:

Bulk-rock cheuical compositions of nicaceous sandstones and siltstones
(Appendir 2.1) exhibit trends whicb, for the nost part, ressemble those of

the Rangipo Torlesse suite (f'ig.1.9). Differences can be largely explained

by the higher volatire losses; for fine-grained rocks, 70% of LOr is
absorbed rater and the high conbined total LOI results fron the clay-

doninated natrir retaining nore water than the mica-doninated matri-x of

Torlesse greywacke. The CaO and Sr contents of the Tertiary sedinents are

sinilar to Rangi-po Torlesse suite rocks but nuch lower than Rangipo Waipapa

suite rocks; this indicates dom:inant input of detritus fron the forner. MgO

and Cr both shou trends which are not easily erplainetl by differences in

l0r and which, therefore, probably result from input fron a separate, cr-

rich province (Dunn Ivlountain Ophiolite?).

7.4.4 Rb-Sr Geochronology:

Sr isotopic data of three

sandstones (faUfe 1.9) are
Q'7 ^."'S"7ootr ratios range from

field between the Rangipo

i,sochron.

calcareous siltstones and seven m.icaceous

plotted on an isochron diagran in (fie.l.l5).

.70757 to .70981 and nost sanples fal1 in the

Torlesse isochron and the Rangipo Waipapa
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7.5 SIJMIT{ARY

Sedimentary basement of the TVC consists of (1 ) Mesozoic Torlesse terrane

greywacke and argillite forning the Kainanawa mountains to the east (Z)

Mesozoic Uaipapa terrane greywacke rnainly underlying Tertiary sediments and

voLcanics to the uest and (r) fate Tertiary sedinents which are thin to the

NU and thicken to the south.

Torlesse terrane netasedinents range fron nicaceous argillite to

quartzo-feldspathic greywacke. Bulk-rock chenistry suggests that detritus'

derived fron a doninantly granitic souree, Ilas hydraulically sorted during

deposition, proclucing grainsize-dependent chenical trends. Rb-Sr isotopic

data yield whole-rock isochrons giving ages of 179 (6) lla (a11 sanples) or

141 (1) lla (argillites). These ages are interpreted as the tine of 1ow-

grade metarnorphisn. However, argillites from Otaki Forks give a whole-roek

age of 182 (11) Ma, which indicates resetting either during an earlier

phase of the Rangitata orogeny orr more probably, cluring a separate

tectonic event. Major differences in initial 87S"f6Sr (.tOOg for Rangipo;

.?108 for Otaki Forks) ere related to differences in the

greywacke:argillite ratio in donains of isotopic equilibration.

Taipapa greywackes have an internediate volcanic bulk-rock chenistry

and contain detrital lithic naterial suggesting an origin at a Pacific -

type continental nargin. Rb-Sr isotopic data indicate that the rocks were

metanorphosed (to prehnite-pumpellyite facies) at 205 (tZ) Ma and the 1ow

inj-tial 875"7865" ratio ot .7047 Q) confirns the original- arc-type source

for detrltus.

Tertiary sedinents

calcareous siltstones

conpositions are nore

terrane sedinents, but

include micaeeous siletones and sandstones

and conglonerates. Mineralogical and

closely sinilar to Torlesse terrane than

Sr ieotopic cornpositions range between the

and minor

chenical

llaipapa

two.



Tig.3.14: Geological nap of southern Coffs Harbour block' eastern
Australia showing sanple locations.
CHn . Moonbil beds; CHb - Brooklana beds; CHc . Coramba beds.
Crossed area t plutons of the Hillgrove and New England suite.
Shadetl area is that affected by thermal biotite.
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================== ================================================ == =======

PART 2: Rb-Sr GEOCHRONOIOGY 0I' COARSE-GRAINED GREYWACKES AND ARGILIITES

I'ROM THE COI'FS HARBOUR BLOCK, EASTERN AUSTRAIIA - A COI4PARATTVE

STUDY 0F RESETTING 0f' Rb-Sr SYSTEMS IN GREYWACKE SEQUENCES

========= ==================================================================

2-9 INTRODUCTION

In the New England Orogen of eastern Australia, the Coffs Harbour Block

(tei-tctr , 1974; Korech and Harri-ngton, 1981) occupies an area of over

45OOkm2 ana consists of a very thick, monotonous suite of greywacke and

argillite, intmded by several granltic plutons (Fie.1.14). The

sedinentary sequence, informally referred to as the Coffs Harbour sequence '

was deposited predominantly by turbidity currents, although there has been

ninor reworking by contour cuments. A major problen in the Coffs Harbour

Block has been to cleternine the age of the sedimentary sequenee because no

identifiable fossifs have yet to be found. This Rb-Sr geochronological

study is undertaken in an attenpt to (at least ) pJ.ace an upper limit on the

age of sedinentation of the Coffs Harbour sequence and, since most previous

Rb-Sr studies on sedlments and low-grade netasedinents have focussed on

fine-grained rocks such as argillites and pelites, to examine the Rb-Sr

systematics of coarse-grained sedimentary rocks in relation to their fine-

grained conterparts. That has important implications for the interpretatlon

of Rb-Sr whole-rock isochrons of Torlesse and I'Iaipapa terrane lithologies

(c. f. Part 1 ).

PETROGRAPHT

The Coffs Harbour

lithostrati graphic units

proportion of argillite

sequence has been suMi vided into three

(leitctr et a1., 1971; Korseh, 1978a) based on the

to greyr'lacke. These are, in order of increasing



Table 3.10: Petrographic nodes of greywackes from the Coffs llarbour
sequence, eaatern Australl'a'

========================================E========================== =======

CAT UNIT LITHOLOGY qz pl ksp hb acc mat 1v

A17116 Coramba D f .ssr L2..9 28.6 0.4 3.9 3.4 19.6 30.2 0.9
A17085 Coramba C v.c.est l-0.4 51.8 5.4 8.8 0.6 LO.2 8.2 4.2
lL324g3 Coramba B v.c.ESt 10.6 35.1 3.9 0.0 O.2 30.0 19.8 0.5
A17130 Coramba A v.f .cgL 4 .5 7 ,O 0.0 0.0 1.8 29 .8 52.7 4.2
AL7I4O Coramba A v.f .cgL 7 .5 9.7 O.O 0.0 L.7 25.7 50.3 5.1
A17143 Coramba A V.c.88r 9.9 16.4 0.2 0.0 4.5 2L.2 45.9 1.9
L32626 Brooklana c.sst 13.0 39.6 6.0 0.0 0.4 24.5 f5.9 0.8
IL326O7 Brooklana m.sst 22.9 12.5 4.5 0.0 0.1 34.4 22.1 3.7
t132668 Moombil m.ssr 22.3 10.l L.7 0.0 0.2 46.0 18.5 1.3

===========-=-:===========================3===============================

NOTES: CAT = catalogue numbers of the Departnent of Geology, Unlversity
of New England, Australla. c = coarse; m = medium; f = fine'
cgl = .ong1omer"t.; sgt = sandstone. i2 = quartz; pI = pl-agioclase
kJp = a1titf feldspar; hb = detrital hornblende; acc = detrital
accesEory minerals; mat = matrlx and secondary mlnerals; lv =

volcanic lithics; I = plutonie, sedinentary, metamorphic llthl,ce.
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abundance of greywacke: Moonbil, Brooklana and Coramba beds. In each unit

there is a wide range of grainsize frou fine granule-conglomerate to

argillite (taUte 7.lO). Detailed petrography and detrital modes have been

published elsewhere (Korsch, 1978b, 1981a) and only a sunnary is given here

(tatte 5.10). The rocks have a connon provenance, being derived

predominantly fron a continental nargin volcanic arc consisting mainly of

dacite with rninor rhyolite and andesite. llhey are all quartz-poor to

quartz-internediate, with a speetrum fron lithic to feldspathic types.

l{ithin the Coranba beds, Korsch (tSZAU) reeognised four sandstone

petrofacies based on QFL proportion-s and the occurrence of detrital-

hornbLende. Stratigraphically upwards, the petrofacies are: A =

volcanolithic, B= feldspathic, C = hornblende-feldspathic, D= hornblende-

volcanol-ithic. The feldspathic sandstones fron units B and C are probably

reworked crystal tuffs. Greynackes from the Moombil beds are sinnil-ar to

petrofacies A, and those fron the Brooklana beds are sinilar to petrofacies

A and B.

3.8 METAMORPHISM OF THE COFFS HARBOUN SEQUENCE

The Coffs Harbour sequence has undergone regional netanorphism (Ut ) of

prehnite-pumpellyite to lower greenschist facies (Korsch, 1978c). A typical

metamorphi-c assenblage at lower grades is quartz - albite - epidote

chlorite - white nica - prehnite - punpellyite. With increasing

rnetanorphisrn, prehnite and punpellyite disappear at approxinately the sane

grade and the netanorphic assenblage is quartz - albite - epidote

chtorite - white mica. In lower-grade rocks (zone 1; Korsch, 1978e) tnere

is little evidence of tleformation or recrystallisation, no distinct

preferred orientation of new nineral phases and only linited albitisation

of plagioclase and alteration of hornblende to chlorite. llith increasing

grade (zone II) a schistosity develops and the natrix is coarser-grainecl,

1n the southern part of the Coffs Harbour Block (f:.e.1.14), M1 has been



Table 3.11: Rb-sr whole-rock lsoEoplc data of metasediuents fron the

Coffs Harbour sequence' eastern Australia'

==--===============================a=====-=-==============-================-==

CAT UNIT LITHOLOGY Rb sr t/sr 87j6786s, 1n; 87sr/86sr (p)

==============_-======================================-=======================
1. ISOCIIRON 1:

A17o85CorambaCv.c.88t119711.oo].4.484(0.9).70708(.067)
A17116 Coranba o f'sst tit 43g '0023 '798 (t'o) '70839 ('079)

A17143 Coramba A v.c.ssr Lrl 313 .0032 1.175 (1'O) '71014 ('053)

A17140 Coramba A v.c.cgl ;r; ioo .ooit i.gtg tr'rl '71111 ('090)

A17t3O Coramba A v.f.cgl iOl 25o 'oo4o 1'886 (1'O) '7L327 ('076)

N29888 Corarnba D arg i;t 222 .0045 2 -zLO (1 '0) '7L494 ( '062 )

ii. rsoclrRoN 2

N29891 Coramba A arg
N29892 Coramba A arg
A32611 Brooklana arg
N29902 S.S.r. arg

159 233 '0043 L.977 (1 '0 ) '71's06 ( '063 )

Lei Ls4 .0052 2.4s1 (1'1) '7L674 ('088)

igo s6 .0i.04 5.702 (r.3) .72779 (.050)

toi r,3e .oo7z 6 .3L4 (o.e ) '72ess ( 'o72)

iii. Greywackes from therrnal- biotiEe zone

A324g3 Coramba B v.c.sst L72 408 '0024 L'223 (O'8) '70998 ('056)

A32626 Brooklana c.sst 89 554 '0OfB '462 (1'1) '70700 ('063)

A32607 Brooklana m.sst gL 316 '0032 '859 (1'2) '70870 ('061)

A32668 Moombir m.sst ir 334 '0030 '598 (1'3) '70809 ('071)

=============================================================================
NOTES: Catalogue numbers beginnlng with N--ar-e VUW' with A- are of

Department of Geology, Uofiersity of New England' Australia'

" = "oat"e; 
m = neaiun; f = fine' cgl = conglonerate; :"t =

sandstone; arg = argllllte' S'S'I' = South Solltary Island'

Errors (;i ;;; tor iht 68% contidence interval' expressed as a

Percentage '
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overprinted by static therural metamorphism (Ue).

growth of randonly-orientated biotite which

orientation of Mi rhite nica.

This is characterised by

overprints the preferred

1.9 Rb-Sr CEOCHRONOIOGY

1.9.1 Analytical results:

Rb-Sr whole-rock isotopic data of metasedinents fron the Coffs Harbour

seguence (taute t.11) are plotted on isochron diagrams in Fig.1.15. sir
samples (ltToel , A171 16, A17147, A1?140, A171]O, N2g888), fron the eastern

eoastal region (see I'ig.1.14 for localities) yield ISOCHRQN 1 rhich gives

an age of 118 (e) Ma and intercept ot .7O4Bj 3Z) (fie.3.15a). These

sanples are all from Coranba beds and three of the four petrofacies (1, C

and D) are represented. There is no evidence for thernal overprinting of

rocks from thi-s region of the coffs Harbour Block (Korsch, 19?gc).

tr'our greywacke samples ($zaza, A1z4g7 , At26o7 , A32668) f rom within the

thernal-biotite zone (r'te.l . t +) plot close to rsocHRoN 1 (r'ie.l.1 5b ). rf
these are combined with the six coastal samples, there is little difference

in the regression: age = J1J (t5) ua; intercept = .'lo4g4; RMSWD = .555.

However, four argillite sarnples (tzgegt, N29992 , A32611 , N2ggo2) fron the

sane region fal1 on a second, younger isoehron (rsocunon z) giving an age

ot 238 (l) Ma and intereept of .70816 (Ss) (pie.7.jjb). petrographic and

stratigraphic infornation suggests that the thermal biotite zone extends

offshore to include south soritary rstand (r'ie.1.14), hence Nzggoz is

included. However, if that is incorrect and N299O2 is left off ISOCHRON 2,

the resultant regression is almost unchanged:

intercept=.70827 QS); RMSI{D = .lOZ.

age = 241 (l) Ma;
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Fig.1.15: Rb-Sr whole-rock isochron plots of metasedinents fron the Coffs
Harbour sequence.
a. ISOCHRON 1 for six metagreywackes
b. ISOCHRON 2 for four argillites fron the thernaf biotite
zone - note different scale fron a. Four greywackes fron the
thernal blotite zone plot elose to IS0CHR0N 1.
N = number of sanples; PCC = Pearson correl-ation coefficient;
s.d. = standard deviation; RI4SWD = root mean square of
weighted deviations. Error on age (brackets) is for ttre 95?l
confidence interval.
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3.9.2 Interpretation of ISOCHRON 1 :

The linear amay of a Rb-Sr whole-rock isochron nay be produced in severdl

ways including (i) binary niring of detritus from isotopically ttifferent

sources (li) isotopic evolution of detritus fron an isotopically uniforn

source and (iii) isotopic evolutlon after netanorphic re-equilibration.

Each of these alternatives are now evaluated as possible explanations for

ISOCHRON 1.

i. Sinary uixing: The greywaeke sanples analysed contain up to 531[ lithic

fragments of various volcanic types (taUte 7.11) rhich, though dominated by

dacitic lithologiesr' testify to the diverse nature of the source region. In

addition, they can be grouped into three petrofacies (Korsch, 1978b), each

characterised by distinctive nodal conpositions (Tab1e t.1O). Despite this,

the six sanples yield a well-defined isoehron. It is difficult to postulate

a suitable nirture of detrital naterials fron the proposed source region

(ca1c-alkal-ine, continental nargin volcanic arc (Korsch, 1978b)) to produce

such a good comelation. To do so would require the nixing of only two Sr-

bearing cornponents, a situation unlikely for rocks fron that tectonic

setting. Thus, a binary nixing erplanation for ISOCHRON 1 is not supported

by the overall lithological characteristics of the rocks.

Faure (lgll) showed that nixing of two conponents with differing Sr

contents and isotopic ratios forn a finear plot of 87s"f6s- vs. ;/Sr. lihen

these variables are plotted for the Coffs Harbour sanples (fig.l.15), a

linear relationship does energe, but the correlation (pCC=.963) is inferior

to that for the isochron (pCC=.9997). In rocks such as these where

plagioclase is the doninant Sr-bearing phase, the range in Rb/Sr ratio will

be largely controlled by the plagioclase content. Thus, the apparently

significant correlation between BTSt/86s" rrra t/Sr (r'ie.3.15) for the six

greyracke samples defining IS0CHRON 1 is a result of the mineralogical

composition of the rocks and ls not necessarily indicative of nixing.
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ii. Derivation of detritus fron. an isotopically uniforn source: ff the

Coffs Harbour volcanogenic sedinents rere derived fron a volcanic sou"ce

producing nagna of uniforn isotopic conposition then the whole-rock age

would correspond to the tining of the voleanism. This possibilif is

supported by the fact that the J18 t1a age (fSOCnnOn t) is consistent with

the assumed tine of arc volcaaisn in the Coffs Harbour region (Evernilen ancl

Riehards, 1962i Roberts and Oversby, 1974). However, arc volcanics

elsewhere tlo not usually have uniforn isotopic conpositions; Iavas of Taupo

Volcanic Zoae, for exanple, range in a7sr/85sr f.or ,?O4 to .706 (Ewart ancl

Stipp, 1958; Chapter 4, this stucly). Even snall variation in the Sr

isotopie conposition of the source volcanism should have a noticeable

effect on the scatter about any resultant isochron since the range in Rb,/Sr

is relatively snaIl (fle.l.15a). Arguments against a binary niring

interpretation apply here a1so. The highly variable nature of the lithic

component of the rocks and the variation in detrital nineral modes do not

indicate a simple, uniform source with a uniforn Sr isotopic composition.

iii. Regional low-grade rnetanorphisn: The sir samples defining ISOCHRON 1

include a wide spectrum of sealinentary lithologies (faUte 7.12) Xet,

clespite the overall coarse grainsize, they show a surprisingly strong

eorrelation between Rb/Sr and B?srf6sr lrcc=.l9lZ). rt has been shown

above that this linear trend was probably not producecl by nixing of

detritus fron isotopically different sources nor was it a result of

evolution of originally isotopically uniform detritus. The nost likely

alternative explanation for ISOCHR0N 1 is that it results from isotopic

equilibration during regional lor-grade metanorphisn.

Equilibration of Sr isotopes in sedinentary rooks probably begins

during the earliest stages of deposition and burial metanorphisn. At this

tine, nodifieation of natrix clays and detrital feldspars allow sone

interaction betreen bulk-rock Sr and that contained in pore-fluids (Dasch,

1969; Perry and Turekian, 1974i Chaudhuri, 1976). Gebauer and Griinenfeltler
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(nlq) described Paleozoie eediments of Montagne Noire and showed that the

nore deforned rocks yieldetl ages corresponding to the loorn age of folding

and anchinetanorphism. Clauer and Kriiner (lglg) reported Sr isotopic

resetting in pelitic sedinents of the Danara Group (Nanibia) under zeol-ite

to prehnite-punpellyite netanorphic conditions. These, and nost other

siniLar studies concentrate on natrir-dominated pelitic sediments in which

the porportion of Sr-bearing detrital minerals is low. However, Coffe

Harbour sedinents include coarse-grained volcanogenic gre;nrackes in rhich

detrital ninerals and lithic fragnents make up more than 5Afr of the node

(tatte 1.11). Much of this detrital nateri.al is only partially altered and

plagioclase is inconpletely albitised and saussurj.tised. Priem et a].

(lgZg) discussed Sr isotopic equilibration of broatlly sinilar sedinents

(Itlegaeryst ruff Formation, Portugal), and suggested that sr isotopic

exchange in the rocks took place during disordering of feldspars under Low

greenschist facies netamorphic conditions. tr'arquarson and Richards (lglS)

suggested a sinilar nechanisn to explain equilibration of Mount Isa tuff

beds' Queensland, Austalia. They noted that the Rb-Sr age of the tuffs was

l0O Ma younger than expected and the ini.tial ratio was high. They

interpreted this to indicate that Sr mobility and acconpanying isotopic

equilibration began during deposition, and continued during deep burial

until the anbient temperature declined to a point where diffusion and

stnretural re-ordering of feldspar ceased. prien et a1. (tgZg) pointed out

that acid pyroclastic volcanics are often mueh Less resistent to Sr re-

equilibration than plutonic and high grade netanorphic rocks, and evj-dence

of resetting in such rocks can be seen even where netanorphic effects are

absent (tr'airbairn et aI. , 1966; Lanphere, 1968).

The above studies indicate that netanorphic equilibration of coarse-

grained rocks sueh as tbose of the Coffs Harbour sequence can occur under

ref atively low-grade conditi.ons. Theref ore, the prefemed interpretation

for ISOCHRON 1 is that it dates the earliest netanorphisn of the Coffs
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of Sr isotopes must

volcanic glass in

of detrital feldspar

have occurred through

lithic fragments and

duriug cooling.

1.9.3 fnterpretation of IS0CHRON 2:

The 218 Ma whole-rock age (ISOCUnOU e; Tie.5.1Ib) for argillites from the

thernal biotite zone of the coffs Harbour Block (rie.l.t+) is best

interpreted as the time of thernal netanorphisn associ.ated with granite

plutonisn. Apparently, this metamorphism has only affected the Sr-isotopic

systens of matrix'doninated argillites within the sequence because four

biotite-bearing greSrwackes plot away from that array, falling close to

rsOcHRoN r (r'ie.7.15b).

In a Rb-Sr geochronolical study of pelitic sediments fron Nanibia,

Clauer and Kriiner (lglil showed that Sr-isotopie equillbration occurred

during two regional low-grade netanorphic events. Houever, the second

equilibration was only evident in layers where the bulk-rock chenistry was

suitable for the metanorphic crystallisation of stilpnomelane. In the Coffs

Harbour Sequence, the growth of biotite is greatest in fine-grained rocks

with high natrix contents. Since detrital clasts are unconmon in these

rocks, it is likely that nost of the Sr is contained in secondary ninerals

rhich exchange readily with Sr in pore fluids during raetanorphisrn. In

coarser-grained lithologies on the other hand, Sr would be contained

largely in feldspar grains or lithic clasts and would be less susceptible

to exchange. The absence of even partial equilibration of Sr isotopes in

the biotite zone gre;nrackes i-s surprising but nay be the result of sampling

bias (a11 four sanples are coarse-sand grade and therefore 1ike1y to shou

the least evidence for isotopic exehanee).

2.10 AGE CONSTRAINTS WITHIN THE COFI'S HARBOUR BI,OCK

Prior to 1970,

Silurian (e.e.

the preferred age for

Voisey, 1954; McElroy,

the Coffs Harbour sequence was

1962). Korseh ( 1971), however,
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suggested a Late Paleozoic age based on teatative correlation with rocks

l89lm to the south. tr'ron a conparative study of detrital rnodes of

greywackes fron the Ner England Orogen, Korsch (tg8+) concludecl that the

Coffs Harbour sequence correlated well with the Merlewood Fornation of the

Tamworth belt rhieh, using conodonts, Mory (tggt ) showed to be

predominantly niddle to late Visean in age (corresponding to an age in

ranee 12O to 352 ltla). Ttre l{erlrood Fornation contains large anounts of

tuffaceous naterial and at least one thick andesite flow (Vfnte , 1964),

Several K-Ar ages on these rocks have been publiehed but most are not in

accord nith known foseil ages and the sanples have probably suffered loss

of argon. Two K-Ar ages which are in agreenent with the stratigraphic ages

are J28 lvla (Evernden and Rlchards , 1962) and 126 (g) Ma (Roberts and

0versby, 1974).

Granitoids of the New England Batholith have been divided i.nto several

plutonic suites based oa petrography, geochenistry and regional

tlistribution (Korsch, 1977; Shaw and Flood, 1981; Hensel et a1., 1982).

Three distinct suites occur $ithin the Coffs Harbour Block and eurrently

accepted ages for them (based on plutons from elsewhere in the New England

Orogen) are (t ) Hillgrove plutonic suite - Rb-Sr whole-rock age = 289 Q>)

IvIa (Shaw and Flood, 1977); Rb-Sr rnineral age = 112 (10) Ma (Hensel et a1.,

1982) (e) Uew England plutonic supersuite - Rb-Sr nineral age = 260 (8) ttt"

(Hensel et a1., 1982) (l) Stanthorpe plutonic suite - K-Ar biotite ages =

227 to 23O l{a (cited by Korsch, 1977); Rb-Sr mineral and whoLe-rock ages =

252 to 215 AIa (Hensel et a1., 19e2). 0n1y one pluton from within the Coffs

Harbour Block has been dated. The Dundurrabin Granodiorite (Hillgrove

PLutonic Suite) intrudes the southern part of the Block and has a Rb-Sr

whole-rock age of lO8 (tz) ua (H.D.Hensel, pers. contr., 1982). Hence, the

Coffs Harbour sequence, or at leaet the southern part of it, must be older

than JO8 (t z) Ua.

The Coffs Harbour sequence is unconfornably overlain by sedinents of
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the Moreton basin in which the basal unit is the Nynboida Coal Measures

containing an Anisian-Ladinian megaflora (Retaflack et a1. , 1977). These

give ages within the range 211 to 247 lta (Harland et aI. , 1982),

The concordant relationship between the internal foliatlon of the

Dundurrabin Granodiorite and the regional orientation of slaty cleavage in

Coffs Harbour 3lock suggests that the developrnent of cleavage was closely

synchronous with intrusion of the pluton (Korsch, 1981b). The 1ow-grade

regional netanorphisn (Ut ), dated here at 518 (8) !1a, agrees with the age

of Dundurrabin Granodiorite (:Og (lZ) Ma). In the Nanbucca Slate 3e1t

imroediately to the south of the Bellinger Fau1t, (fie.7.14), Leitch and

McDougall (lglg) inferred an age of orogenesis of 250-255 Ma, based. on K-Ar

ages of siltstones containing early Permian fossils. Defornation and

netanorphism in the Nanbucca slate belt appears to be absent in the

adjaeent Coffs Harbour Block which was therefore metanorphosed by M1 prior

to deposition of those rocks.

Korsch (t9?Ac) showed. that the regional-scale netanorphisrn which

produced the large zone of thernal biotite was post-tectonic and related to

the intrusion of granitic batholiths. The age of the Stanthorpe pluton:ic

suite (ZSZ-ZI> Ma, Hensel et al., 19BZ) agrees with that of argillite

sanples re-equilibrated at 238 (l) Ua. In the Nanbucca Slate BeIt, Leitch

and McDougall (1979) reported K-Ar ages frorn the Stanthorpe plutonic suite

in the range 226-231 Ma. Horever, none of the '17 K'Ar ages on siltstones

reported from the slate belt were younger than 250 (4) Ma and hence the

event which caused regional-scale thermal metamorphisn of rocks in the

Coffs Harbour Block ilid not accompany intrusion of the Stanthorpe plutons

in the Nambucca Slate Belt.
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1.11 SUUU,ARY AND CO}TffiUSIONS

Results of Bb-Sr dating of sedinents fron the Coffs Harbour sequence'

eastern Australia have shown that lor-grade netanorphien (prehnite-

punpelLyite to lowest greenschi.st facies ) caa isotopically equilibrate

sediments epanaing grainsizes fron argillite to fiae-granule conglonerate.

This re-setting oceurred at 718'(8) ila. A subsequent static netanorphic

event at 238 (5) !1a, which produced thernal biotite oa a regional scale'

re-equilibratedl only the finest-grained sedinents ancl coarse-grained

sedinents rernain unaffecteil. Conparison of netauorphic ages presentecl here

fron the Coffs Harbour Block, rith K-Ar ages from the adjacent Nanbucca

Slate Belt (leitch and llcDougali-, 1979) indicate that the Ner England

Orcgen has had a very conpler teetonie history.

The stucty to some extent justifies the appltcetion of Rb-Sr rhole-rock

geochronologr to Torlesse and l{aipapa terrane metasedinents. Hence the

ages obtained for then reflect real geological events, although

interpretatioa of their neaning is stiU eguivocal.
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******************il.***********tifr.*,r**********i***.r.r,l*******.************'*'l***r'

CHAPTER 4: PEIROGRAPHT, CHEIIISTRY AND ISOTOPE C0UPOSITION 0I' LAYA,S IROU

TONeARInO VOLCAI{IC CH{TRE, AND PoTmTIAI PARtrX{TAI IIAGMAS

*****.******************.****,***********.**lF****t*****.*********,*******'**'lt**!***

PART 1 reviews and discusses the petrography, bulk-rock cbenistry and

isotopic conposition of lavas from Ruapehu aud the nearby vents of Ohakune'

Hauhungatahi, Puheonake, l{gaunrhoe, Pukekaikiore and Retl Crater

(Tongariro). This provides a franerork within rh:ich to discuss the origin

of neta-igneous xenoli-ths (Chapter 5.7) and also the data base to assess

the viability of clifferent petrogenetic nodels (Cfrapter 6).

PART 2 describes the petrologr of all known basaltic lavas from

Taupo Voleanic Zone, in order to find suitable parental nagnas for

petrogenetic rcdelling of TVC lavas.
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===== === = ===========E=======-===== ================ = == === === =================

PART 1 : IJAVAS OF RUAPEIU AND NEARBY VE|ITS

4.1 PRETIIOUS I{ORK

Andesites of the TVC were first described petrographicalty by Clark (1960)

rho catagorised then in terns of phenocryst conposition. Subsequeatly, Cole

(tgZg) published a nore definitive study, discussing bulk chernistry and

probable petrogenesis. Cashnan (lglil studied andesites of the Kakaranea-

Tihia and Maungakatote nassifs. She later collaborated with Cole and Rankin

(Cote et al., 19Br) to discuss rare-earth elenent constraints on cmstal

contanination models. Recent petrochenical investigations of lavas fron

Ruapehu and nearby vents have been nade by W.R.Hackett. His detailed

stratigraphy of Mount Ruapehu lavas provides a frarnework to cheurically

classify the lavas and to test petrogenetic nodels using Sr isotoplc

conposition as an inportant constraint.

4.2 TECTONIC SETTINC AND ERUPTTVE HISTORY

Tongariro Volcanic Centre is situated at the southern end of Taupo Volcanic

Zone (Tig.1.l) and conprises four conposite andesitie volcanoes: Ruapehu,

Tongariro (inclucling Ngauruhoe), Pihanga and Kakaramea-Tihia (fie.1.1).

CoIe ( 1978) identified two nain stt:uctural trends (t ) an old NU-trencling

lineanent defined by vents of Pihanga, Kakaramea-Tihia and older Tongariro

(Uathews, 1967) and (Z) a NNE-trending lineanent which parallels the

present-day regional trend of the Taupo Fault Belt (Crinatey, 1950) and

which is defined by the younger multiple vents of Tongariro and Ruapehu.

This system of high-angle nornel faults extends from the TVC to the Bay of

Plenty (fig.t.1) and is the nain strustural control on recent vent

location.
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Mount Ruapehu is a etratovolcano which has produced voluminous lava,

lahar antl tephra over a perlod of at least 250 ka. Hackett (pers. conn.,

1984) has proposed four new fornation naneg for the Rr:apehu Group which are

(fron oldest to youngest) Te Herenga, Tahianoa, Mangawhero and l{hakapapa

(fie.4.t). The Te Herenga tr'ornation, rhich forns the earliest Ruapehu cone,

ig now only poorly erlnsed on the nountain. The base rests on Tertiary

sedinents and a glacial unconformity narks a tine break betreen this aad

younger fornations. Stipp (tgge) obtainetl a K-Ar age of 25O ka for a lava

flow on Te Hereuga Ridge and this probably tlates the upper part of the

tr'ornati.on. lfahianoa Fornation lavas are exposecl nainly in the SE quadrant

of Ruapehu (f'ls.+.t ). These are nowhere seen overlying those of the Te

llerenga Fornation and ctistinction is based orr the greater degree of

dissection and on petrographic criteria. No ages are available but the

Tahianoa Fornation is certainly older than the llangawhero Forration whieh

unconforroably overlies it. Tro K-Ar ages (Z+ ka and 16 ka) have been

determined fron the nidclle of the Mangarhero Forrnation (Stipp, 1968). These

ages, the low degree of dissection and the presence of numerous

intraformational unconfornities, suggest that volcanisn occurred between 15

ka and 50 ka ago. Young (post-glacial) lava flows and pyroclastics of the

Whakapapa Fornation were erupted fron five discrete vents snd are each

given Menber status by Hackett. These are Iwikau, Tana, Crater Lake'

Rangataua and Pinnacle Ridge. l{ost Uhakapapa Fornation lavas are less than

1Oka and all unconformably overlie deposits of older Fornations.

Vents close to the Ruapehu nassif include Red Crater, hrkekaikiore'

Ngauruhoe, Pukeonake, Hauhungatahi anil 0hakune (fie.+.t). Red Crater lies

rithin a small cone about lkn NNE of Ngaunrhoe. Dark red and black basaltic

scoria overlies o1d Tongariro lavas and the cone is intruded by radial

dykes (Topping, 1977, 1974). The vent has renained active with ash

eruptions up to 1925 (Thomson, 1926). Clasts of Taupo punice occur in olcler
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Tongari-ro Iavas, but not.in the younger basaltic flows which are therefore

regarded as younger than 1819 years BP (Topping, 1974). prekekaikiore, 2km

west of Ngaumhoe, is an o1d eroded outlier of the nain Tongariro nassif

and is nade up rnainly of labradorite andesite flows (Cote, 19?B). Several

younger flows of olivine andesite from a vent near the sunmit overlie

Rerewhakaaitu ash (t+.Ztca) and were probably erupted imediately after that

tephra (Topping, 1974). Ngauruhoe is a conposite cone which last empted

lava between June and Septenber 1954 in thirteen separate flows of olivine

andesite (fie.+.e). Ttre total voluroe of erupted naterial ras about 5.g x

1O6 n7 (Gregg, 1956). Pukeonake scoria scoria cone ig tocated 5.d kn l{NW of

Ngauruhoe and is overlain by Oruanui tephra (19.8 ta). The absence of a

conspicuous paleosol suggests only a short time gap betreen fornation the

cone and deposition of the tephra (Nrpp, 1981). The pukeonake Andesj.te

tr'ormation (Topping, 1973, 1974) consi.sts of lava flows and pyroclastics

distributed over a side area and j-ncludes lava flows exposed on Highway 54

and at Mahuia Rapids. Hauhungatahi is a low eroded cone about 12kn NW of

Mount Ruapehu. It rests on Miocene marine siltstones and is overlain by

Oruanui tephra and weathered andesitic ash of the Tongariro Subgroup

(Topping, 1977, 1974). This suggests a nininun age of 19.8 ka for the

fornation, but the eroded norphology suggests that the cone is one of the

oldest volcanic features in the region. , The southernmost vents of the TVC

occur near Ohakune, 19km SW of the sunnit of Mount Ruapehu. Two explosion

craters, 4.5km SW of Ohakune, are occupied by the Rangatau Lakes and at

least five nore craters oecur lkrn to the NW (Cote, 19?B).
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L.2 PETROGRAPTff:

The priuary classification of Clark (tggO) tor TVZ andesites is used here

with noclifications to include a rider spectnrn of lava Wpes (i.e. basatt

and daeite). Categories are defined on nornalised volatile-free SiO^

content:

< 57fr Si04 = basalt,z

51 to 57fl SiO. = basic andesite,z

57 to 63% Si-.O^ = acid andesite,z

> 67% SiO^ - dacite.z

and prefixes denote phenocryst content:

olivine > .rfi = olivine-,

pyroxene ) plagioclase = pyroxene-,

plagioclase ) 2 x pyroxene = plagioclase-,

plagiocLase ( 2 x pyroxene = plagioclase-pyroxene-.

This scheme has general application in the field but is superceded. in

this study by a chemical classification scheme (section 4.5).

4.7 .1 General features :

l,avas of Ruapehu and nearby vents are typically porphyritic with

phenocrysts of plagioclase, orthopyroxene, clinopyroxene and sonetines

olivine. Hornblende is absent except as minute traces in hrahianoa Fornation

acid andesite 15722. Groundnass consists nainly of nisrolites of

plagloclase, pyroxene and Fe-Ti oxides and sma1l anounts of acid-residuun.

Few lavas are aphyric and none contaj,n more than I Ql glass. Glomerocrysts

and mafic nodules, conmon i.n the nore strongly porphyritic Lavas

(".e.14917, 16717), are hypiclionorphic-granular aggregates ranging in size

from a few'nrn to 8cm (ptate 4.1). They have feldspathie, websteritic or

gabbroic conpositions. Xenoliths of netasedirnentary or volcanic naterial

occur in nany lavas (etate 4.2)).



Plate 4.1: BEI (back-scatteretl electron inage) photograph of Mangawhero

Fornation lava (hoet to xenoLith 1 7414) ehowing pyroxene

glonerocryst. Cluster congists of l0-15 Pyrorene crystals

(fieht grey), miuor plagioclase (grey) and spinel (rhite)'

Scale bar r 'lnrn; field of view r 1.9nn.

Plate 4.22 BEI photograph of cnrstal reaoliths iu lfgauruhoe 1954 lava.

Quartz-rich xenolith (totton) is surroundetl by granitic nelt;

feltlspathic reno1ith (upper RHS) has plagioclase grorth around

its rin.

Scale bar r 'lnm; field of vier 1 .9nn.

Plate 4.J: BEI photograph of olivine phenocrysts in Ngaunrhoe 1954 1ava.

Crystals have forsteritic cores (darker) zonect to nore tr'e-rich

outer nargins. Hypersthene (tlartc srey) forns an enclosiag

reaction rin. Fine-grained mesostagis consists of plagioclaoe'

pyroxene, spinel and dacitic g1ass.

Scale bar . .1nm; fiekl of view . 1

Plate 4.4: BEI photograph of

lava. The crystal

(rhite). lhe core

Sca1e bar . .1nn;

plagioclaee phenocryst in Ngaumhoe 1954

is conplexly zoned and has included pyroxene

(very dark grey) is Na-rich.

field of yiew r .!rnn.
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4 .7 .2 Mi-neralogy:

0livine occure in lavas spanning the entire conpositional range fron

basalt (ry*) to dacite (lq&zg) but is present in anounts greater than 1fr

only in sone basalts and basic andesites. rt occurs as (t) prinary

phenocrysts or (2) as forsterltic xenocrysts in pyroxene-rich lavas which

also contain glomerocrysts and/or nafic nodules (".g. j6721). These are

often nantled by orthopyroxene (ptate 4.r), or have resorbed cores

containing chrome spinel inclusions (e.e.148?1). Composltions range fron

togO (resorbed phenocryst cores) to Foro (lhenocryst rin) (Appendir f;
Tie.4.1), but nost grains are normally zoned fron I'ouu to roTg (14g55).

Olivine does not occur in the groundnass of any lava described.

CJ-inopyroxene is a phenocryst mineral in all lavas ancl decreases in

proportion to orthopyroxene with increasing bulk-rock siLica content. Most

phenocrysts are nornally zoned with rims similar in eonposition to
groundnass nicrolj-tes. However, in sone lavas (e. g.1 48?1 ), revet:sre zoning

occurs and rins have overgrowths of orthopyroxene. Conpositions show a

restrieted range from CaOrtrteOrtero (lgOZ) to CarOI{,eO,Ter, (qael)
(fig.+.1). Non-quadrilateral conponents such as Ti, A1, Fel+ and Na

conprise Less than 5% of total cations (see Appendix 3 for full @lr[A

analyses). In nore-siliceous lavas, orthopyroxene gradually replaces

olivine as the najor Mg-rich ferronagnesian phenocryst. Grains are

typically fresh, sub- to euhedral and nornally zoned with conpositions

ranging fron carMB'gr"te (t+Zge) to carlrB4,,t.jz (tZeeZ) (r'ie.+.:).

Plagioclase phenocrysts are abunclant in nost Iavas, are rarely

subordi-nate to pyroxene and are absent only in ol-ivine andesites from

Ohakune' Pukekaikiore and Hauhungatahi. Compositions range fron OrUg

(14855) to lnoo (nell) (Appenaix 7; Fie.4.4), in the l-abradorite-bytownite

range. Most phenocrysts are oscillatorily zoned with an overall trend fron

calcic core to sodic rin (ptate 4.4). The latter are usually

conpositionally sinilar to groundnass nicrolites. Sone crystals contain
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inclusions of glass' pyroxene, titanonagnetite or apatite and others have

resorbed cores and Ca-rich rins. These and other reverse-zoned minerals

exhibit petrographic features connonly associated rith nagma mixing

(Eictretterger, 1975; ciII, 1981 , p.28?).

0xide minerals occur ae inclusions in phenocrysts, as nicrophenocrysts

or as groundmass nicolites. Chrone spinel forns inclusions i-n forsteritic
olivine phenocrysts and rarely in associated nagnesian clinopyroxenes.

Conpositions are poor in Ti ancl Fe and rieh in Cr, Mg an{ A1. Discrete

ground,nass crystals are sonetines strongly zoned, with Fe-rieh and Cr-poor

outer nantles. Titanonagnetite is ubiquitous either as inclusions i.n

pyncxene and plagioclase or as ni.crophenocrysts. TiO2 contents typically
range fton 5% to 2Afr. fl-nenite occurs sporadically and is rarely associated

rith titanomagnetite.

Aptite is an accessory nineral in acid andesites and dacites and

occurs as stubby microphenocrysts (..| to .]nln), i-nclusions in orthopyroxene

and plagioclase, and in the groundmass. Alkali feldspar oceursl only as rare

microli-tes in hyalopilitic groundmasses. Tridynite is absent, though

quartz-rich xenoLiths and xenocrysts frequently occur (see chapter 5.j).

4.1 .t Detailed description:

MineraL modes of seleeted lavas are gi.ven in Table 4.1 .

Te Herenga Fornation lavas are mainly plagioclase- and plagioclase-

pyroxene andesites containing frequent pyroxene glonerocrysts. Olivine is

rare. l{ahianoa Fornation lavas are si-nilar to these but overall there is
greater conpositional diversity denonstrated by variabre

plagioclase:pyroxene and. clinopyroxene:orthopyroxene ratios. Resorbed and

mantled phenocrysts (e.g.16711), plagioclase-rich glonerocrysts (..e.14900,

14911) and pyroxene-rich glonerocrysts (e.e.1 6711) occur in B57l of lavas

examined (W.n.Uactcett, pers. cotnm. , 1gB4). Mangawhero tr'ormation lavas range

from basalt to dacite and most are sinilar to other Ruapehu lavas (taUte

4.1). However, sone (e.e.14885) contain a high proportion of xenoliths and



TabLe 4.1 cont:

=========================================================================

LOC

VU}I

ol
cpx
oPx
pl
oP

phen

g/n

xen

MANG

14855

MANG MANG

148s9 L4844

UANG I,IANG MANG }IANG UANG UANG

t4889 14813 14811 14883 14882 L487L

==================================-=====

.6 .1 .57.0 3.8 .1
7 .3 4.0 6.1
2.L 2.7 7.6

10.3 16.6 24 .3
.2 .9

26.9 27 .4 39.1

73.L 72.6 70.9

- .3 .1

WTTAK WHAK WHAK

L4782 L4828 17886

-.4 g] ulo
1.5 5.9 7.8

12.1 2L.2 l-1.1
.7 .7 .2

L4 .7 30 .9 30 .1

85 .3 69 .1 69 .9

r.1.9 8.9 9.0
7 .8 6.9 r.0.5

L3.7 10.0 t:t

34.0 25.9 25,9

66.O 74.L 74,L

===============-================================================::=======

L0c

vuI{

===========================================

R-C PTTKE PTJK N54 HAU OH

11965 2447L 14848 29250 14816 L4795

========= ========== ================================
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4.9
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.8
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.1
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NOTES: TH = Te Herenga Foruatton; WAII = Wahianoa Formation;
I.IANG = Manganhero Formation; WHAK = WhakaPapa Formatlon;
RC = Red Crater; PIIKE = Pukekaikiore; PIIK = Pukeonakel
N54 = Ngauruhoe 1954; IIAU = Hauhungatahi; 0H = Ohakune.
o1 = olivlne; cpx = clinopyroxene; opx =orthopyroxene;
pl = p1-agloclase; op = oPaques; phen = total phenocrysts;
B/n = groundmass; xen = xenol-iths; tr = trace amounts.
/l nlcrocrystalllne wLth gradation to groundnaas.
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xenocrysts and others, (t 4871 , 14879, t4ggO) contain abundant reversed-

zoned phenocrysts indicative of nagna nixing. Most Whakapapa Fornation

lavas are plagioclase-pyroxene aeid andesites and dacites. Glonerocrysts

and renoliths are connon in these and olivine is rare.

Red Crater basalt (llgA>) is petrographically sinilar to Ruapehu basalt

(I48SS) having a high modal phenocryst content (zl.S%). Olivine i.s present

and plagioclase xenocrysts and pyroxeae glomerocrysts with reaction rine

are common. Groundnass is a black, intersertal terture of plagioclase,

pyroxene and 3e-Ti oxide microlites in dacitic grass. Ngtsuruhoe 1954

andesite (zgzZO) is a typical plagioclase-pyroxene lava containing abundant

quartzose and vitrifiecl renoliths (Steiner, 1958). Olivine phenocrysts

always have a resction rin of hypersthene (ttate 4 J).
Pukeonake andesite has sone features in connon with the Mangawhero

Formetion lavas 14871, 14879, 14880, and nay be coevaL nith then. l,arge

forsteritic olivine crystals and dunite noduLes occur with chrone spinel

inclusions and lSrpersthene coronas. Clinopyroxene phenoerysts and

glomerocrysts comnonly have thin Mg-rich nantles. Ernbayed grains of

hypersthene have spongey bronzite jaekets and normarly zoned

nicrophenocrysts of bronzite occur in the groundnass. Plagioclase

phenocrysts have clouded labradorite cores surrounded by cfear bytownite

jackets. Quartzose xenoliths and partially-melted xenoliths, sinLilar to

those in Ngaumhoe 1954 Lava, are conmon.

The young Fukekaiklore lava described here is an oliuine andesite with

pyroxene and olivine phenocrysts in a felted groundnass. Plagioclase is

only a ninor phenocryst phase (tatte 4.j). Hauhungatahi andesite is sinilar

but nore coarsely crystalline with augite and llypersthene phenocrysts (op

to 5nn) and olivine mJ-crophenocrysts. These sonetines contain chrone spinel

inclusions and are often rinned by pyroxene. Xenoliths are absent. 0hakune

Iavas are also oli.vine andesites in which pyroxene and olivine are the

najor phenoeryst phases and plagioclase occura only as nicrophenoerfsts or-



Table 4.2t Crystallisation teuperatures of lavas as tleterminecl by

cation exchange equilibria.
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in the groundnass. The latter consists of plagioclase, clino- and

orthopyroxene, titanonagnetite and olivine nierolites in brown,

nicrovesicular, silicic glass. Porcellanitic and quartzose xenoliths are

abundant in sone flows.

4,3.4 Crystallisation conditions :

Crystallisation temperatures of TVC lavas, deri.ved fron coexisting ortho-

and clinopyroxenes (c.f. Appendix 1 .1 ) are €aven in Table 4.2. Fron basalt

(lq}jj) to dacite (+Al+), only a noderate decrease in tenperature is

inferred and nost lavas renge betseen 1OOO oC and 1150 oC (Wetts,1977) or

1050 "C and 12OO oC (linastey, 1985). Hauhungatahi lavas give the highest

tenperatures and these are similar to estinates derived from basic rims of

pyroxenes in hybrid lavas (".e.14848). Coexj-sting olivine-spinel pairs

(Roeder et al., 1979; Appendix 1.4) give variable and fow results.

The phenocryst assenblages and compositions described constrain the

temperatures, water contents and pressures which prevailed during

crystallisation - tenperatures of 1000 oC to 1 100 "C, water contents less

than 5 weight S and Pwater ( Ptotal are typica] of other orogenie andesite

suites (cirt, 1 981 p.2ol ). Although quantitative estinates of

crystallisation pressures are not avaifable, low Na, A1 and Ti contents in

pyroxenes and high Ca contents in olivine suggest that these were less than

about 8kb (ci11, 1981).

BULK-ROCK CHEII{ISTRY

4.4.1 General Features:

3ulk-rock chenristry and C.I.P.W norms of selected lavas are given in

Table 4.3. Most are calc-alkaline rather than tholeiitie (fie.+.5) and show

only linited tr'e-enrichment. Based on the Gill (tget) classifioation of

internediate volcanic rocks, nost are medium-K orogenic andesj-tes (fig.+.0)

with TiO, is less than 1.75 rseiehtl. All conpositlons are quartz-

hypersthene normative (taUte 4.7).



Table 4.3: Butk-rock chemlstry and c.I.P.W. norrtrs of se]ected lavas'

========= =======-======================-=======================================

LOC

vtlt.l 14855
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naJor elements (weight%)

I.{ANG MANG

14859

N54

29250

TU

L4737

I{IIAK

r4782

I'IANG

L4844

WAII

L4867

MANG

14813

WIIAK

17886

sto, 52.7
Tio; .7
A1261 Ls.7
Feloi 1.5
FeO - 7.5
ltno .2
MgO 8.8
CaO 9.7
Na?O 2.6
Krd '6Pios .1

53.9 56.2
.7 .8

L7 .3 1.6.6
1.5 1.4
7 .3 7.0
.1 .1

6.8 5.2
8.9 8.3
2.8 3.1
.7 r.2
.1 .2

56.5
.7

L8.2
L.4
6.8

.1
4.7
7.6
3.2

.8

.1

58 .1
.7

L7 .3
L.Z
5.9

.1
4.7
7.6
3.1
L.2

.1

58.8
.7

17.0
1.1
5.6

.1
4.4
7.O
3.6
1.6

.1

6L.2
.7

17.8
t .1
5.2

.1
2.6
6.0
3.6
1.6

.1

64.3 66.9
.8 .6

16.1 L5.7
.g .7

4.3 3.3
.1 .1

2.5 2.2
4.7 4.1
3.4 3.3
2.9 3.0
.1 .1

c.I .P .W. noru

.2
3.5

22.O
29.4
14.7
26.4
2.2
1.3

.2

Qz
0r
Ab
An
Di
Hy
Mt
I1
Ap

3.2
4.r.

23.8
32.5
9.0

23.8
2.t
1.3

.2

6.4
6.8

26.3
27 .9
10 .1
18.7
2.O
1.4

.4

8.1
4.5

27 .O
32.9
3.6

20.4
2.0
1,3

.2

10.0
7.2

26.2
29.8
5.9

L7 .7
L.7
1,3

.2

8.6
9.5

30.2
25.6
6.7

16.1
1.6
1.3

.3

14.5
9.5

30 .5
27 .7

1.0
13.6

1.5
r.4

.3

r8.0 22.4
17.0 L7 .5
28.4 28.1
20.4 L9.2
L.7 .5

11.5 9.9
L.Z 1.0
1.6 L.2
.3 .3

trace elements (PPn)

201
1l

185
50

25L
380
t42

Sr
Rb
Ba
Zt
v
Cr
Ni

224
L7

23L
60

267
128

57

247
38

2L4
95

220
100

29

248
20

260
63

210
38
25

250
37

310
93

195
92
35

285
60

358
LL7
L77

69
35

248
56

389
L19
L73

10
L7

228
1.1 5

530
199
136

69
3Z

207
r.22
502
L76

93
50
22

Mg*
K/Rb
A1/sr

68
450
413

62
338
409

57
2s2
35s

55
318
388

59
274
367

58
222
316

47
236
381

52
207
374

55
202
401

======================-=========================.===================--==========
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Table 4.7 cont z

=== === = ======= == = == = ===== == == =============== =========== === == ===== === ==== == == ===

==== ======== == ======= ==== == = == == ==== = ======= ============ = ===== = ================
najor elements (weiehtl)

L0c

vuli

si0^
Tio:
Ar267
le]o{
FeO '
Mn0
Mgo
CaO

Na^o

\,6
'zo5

TIAH

14917

58.2
.7

20.5
.9

4.1

2.2
8.2
3.6
1.7

I

}IANG

14883

57.8
Fl

15.6
1.2
5.8

1

7.O
7.6
2.7
1.4

,|

WAH

16721

60.9
.8

15.1
1.0
5.0

.1

5.4
6.2
5.2
2.O

.2.

HAU

1481 6

55.4
.6

15.3
1.7

1

17

9.6
2.7

.6

.,|

PUKE

2447 1

57.1
.5

14.8
1.2
6.2

.1
6.9
9.3
2.5

.9

.1

OH

14795

57.4
.5

r5.0
a7
6.6

.2
6.6
9.1
2.5

n

.1

WAH

totlt

61 .6
.6

15.8
.9

4.7
.l

4.7
6.5
1.4
1.7

.1

PIIK

| 4848

57.1
.7

14.4
lcZ
6.0

.2
8.7
.-t 7

2.8
.ttr

.l

I{ANG

14871

59.2
.6

14 .2
't ,l

tr?
.l

8.0
NA

2.8
t.o

I

C.f .P.lI. norn

Qz
0r
Ab
An
Di
Hy
ut
I1
Ap

10 .0
7.4

10.4
16.2
2.8

10.1
1.7
,1 7

?

8.5
8.1

27.2
25.1
8.7

22.0
1.1

1.1

12.1
11 .g
2t .4
21 .7
6.8

17 .3
Itr

1.5
.4

8.8
1.7

19.1
29.7
7.1

21 .t
1.9
1.1

.2

Y.1
5.2

21 .2
26.5
15.5
19.3
1.8
1.1

CZ

10.0
4.1

21 .2
27.7
15.8
20.0

1.9
1.0

1

13.6
9.8

28.6
23.O
6.8

15.5
1.4
{.1l.l

7

5.0 9.5
8.6 9.1

27.4 23.5
22.5 21 .7
10.4 9.7
25.7 23.1
1.7 1.6
1.1 1.2

z7.) .)

trace elements (ppt)

Ba
Rb
Sr
Zt
V
Cr
Ni

116
18

741
94

168
76
26

171
54

250
114
1RO

286
110

455
87

244
151
177
212

68

177
14

463
60

210
214

19

214
7O

640
90

lVl
275

38

144
to

390
o)

226
192
39

357
)Y

751
108
1qR

106
qn
/a

755
49

277
115
181
trn?

237

727
59

2F'1

117
171
426
132

Mg*
K/Rb
A1/Sr

48
275
719

66
192
332

67
?qP

174

66
244
t11

72
248
1t+

71
227
zoo

64 64

556 275
204 257

58
214

"?n

==================== ==================== =======================================
NOTES: Major analysesonormalised to 100% volatile-free- 1nd FerOj f TeO =.2.

I j.s measured d/Sr/ubsr. Abbreviations as for Table 4.1i '
For fuller trace elenent analyses see AppendLx 2.2.
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4.4.2 Conpatible elenent contents:

Normally, nagnatic evolution in calc-alkaline rocks leads towards silica

enrichment and depletion in Ca, Fe and Ug (Ciff, 1981). For this reason'

silica content is used here as a measure of differentiation, against which

concentrations of other elenents can be conpared.

SiO, contents range from j2.7% (q855) to 66.8fr (tZeeZ). There is a

snalI compositional gap between 61 .5fr and 61fr uhich is interpreted as a

result of sanpling bias because of the consistent chenical and isotopic

trends which link the 1avas. AIZO, shows a seatter on the A1201 vs. Si02

variation diagran (fie.+.?) reflecting wide variation in nodal plagloclase.

Total TeO correLates negatively with silica (fie.+.e) which i" typi"al of

many calc-alkaline volcanic suites (Ciff, 1981, p.lo?) antl is due to a

decrease of nafic ninerals with increasing silica content. The sane trend

is followed by lrln and V ryhich are contained mainly in pyroxene, but not by

Ti which shows a weak positlve correlation with Si02, indicating that tr'e-Ti

orlde content is sinilar in all lavas. CaO shors a eontinuous and rapid

decrease with increasing silica content (fig.+.g) reflecting both a

decrease in clinopyroxene content and plagioclase becoming nore sodic. MgO

contents vary from 91[ to Z% (Tj-e,4.10) indicating substantial differences

in nodal olivine and pyroxene. Cr and Ni are strongly enriched in early-

formed olivine, pyroxene and spinel and are nost highly concentrated in the

nore basic lavas (fig.+.1 1 ).

4.4.1 Inconpatible eLenent contents:

Inconpatible elenents, with bulk distribution coefficients (fa) much l-ess

than 1, show substantial increases in concentration with increasing silica

content of lavas. Since K-bearing rninerals such as hornblende, biotlte or

K-feldspar are absent, K and Rb are strongly incorupatible throughout the

corrpositional range and correlate positively with SiOz (Fic.4.6). K/Rb

ratios decrease contj-nuously with increasing KZO (f'lg.4.iZ), nainly because

of the increasing compatibility of K with respect to feldspar during
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differentiation (n"* Murthy and Griffin, 1970)' other inconpatible

elenents such as Th, Nb, L&, Ce and Zr also show progressive enrichment

nith j-ncreasing silica content although there are najor differences in

enrichnent factors between sone efenents (e.g. 4-fold for Zt, 8-fo1d for

Rb aeross the range 51 to 649J Si02 ). Sone inconpatible elenent

correlations have non-zero intercepts (e. g.Flg.4.1 l) which could be

explained by changes 1n bulk Kd during differentiation, but are nore likely

the result of variable enrichnent due to cmstal contamination. These

processes are discussed more ful1y in Chapters 5 & 6.

Geochenical distribution patterns of trace elenents (spidergrans) have

recently been used to cornpare rocks (e.e. Wood, 1979i Sun, 1980; Thonpson

et al. , 1984; Pearce, 1982, 1984). fn the fotm used here, elernents are

nornalised to their concentratlon in N-type MORB and ordered aceordlng to

(i) their nobility in aqueous fluitl i.e. ionic potential (ionic charge f

ionic radius) and (ll) their inconpatibility i.e. bulk Kd between garnet

therzolite and ne1t. They are so arranged that inconpatibility increases

fron the outside to the centre of the pattern and relative nobility

decreases fron left to right (Pearce, 1984). Elenents used in the pattern

behave inconpati-b1y during nost partial nelting and fractionaL

crystallisation processes except rhen the following mineral species are

present: plagioclase (sr a ga), Fe-Ti- oxides (ti), apatite (p & Ce),

pyrorene (Y), alkali-feldspar (K, Rb & Ba).

Spidergraros show effectively the characteristic enrichnent of large ion

lithophile elementg (lfln) K, Rb, Ba and Th in calc-a1ka1ine lavas conpared

to N-type II{ORB (Fig.4,14). lavas fron Ruapehu and nearby vents show the

following features: (1) Sr is only nildly enriched and shows l:ittle change

from basalt to dacite (Z) K, Rb and Th are greatly enriched and show

progressive increase in concentration fron basalt to dacite; Rb and Th show

much greater relative enrichnent than K (l) fa is the most enriched element

in the nore basic favas (showing a ten-fotd enrichment in basalt 1 485r),
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but shors only noderate increase fron basalt to dacite, reflecting growing

conpatibility with sodic plagioclase (+) hiSh field strength elenents

(ursn), with the erception of ce, are not greatly enriched; Ti and p are

strongly depleted and ghow limited increase frorn basalt to dacite1. Zr and

Nb are enriehed only in dacite; Y is depleted throughout.

4.5 IAVA CIASSIFICATION

Although lavas fron Mount Rr.npehu and nearby vents range fron basalt to

d.acj.te' rnost are acid andesites. Siuce all are porplryritic and. many contai.n

glonerocrysts, xenoliths and/or disequilibrj-un phenocryst assenbLages, none

can be considered to tnily represent a nagnatic liquid and all nay be

accumul-ative to some extent. This linits the use of bulk-rock chenlstry to

classify and define petrogenetic trends or liquid lines of descent.

Nevertheless, petrographic and chemicaL data suggest that it is possible to

subdivide broadly the lavas into six distinct Wpes and to constrain

possible nodels of nagna genesis for each type. These catagories are:

- TrPE 1 - Ruapehu Group lavas (from alL four tr'ornations ), Ngaumhoe

1954 andesite and Red Crater basalt. These are plagioclase and

plagioclase-pyroxene lavas rangj-ng fron basalt to dacite.

- rYPE 2 - Wahianoa tr'ormation andesites (t+goo,14go1r 14911r 14913 &

14928). These have high nodal plagioclase contents.

- TYPE I - llahianoa Fornation lavas (t4ga0 , 16721 ), Maagawhero tr'ornation

lavas (qeAZ, 1488j, 14884 , j4}tg) and Whakapapa Fornation

lava UqA]p). These have noderately high noclal pyroxene

contents, except for tro dacites (+e2g,14819) included

because of bulk chenristry.

- TIPE { - l{ahianoa Fornation andesite

andesites (t+at1 & 14812).

contents but are ehemically

- TYPE 5 - Hauhungatahi (t+eOg , t41j5,

(lAIZZ) and lvlangawhero Fornation

These have noderately high pyroxene

distinct from TYPE J.

14816, 14817), Ohakune (t479j,
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14798) and Pukekaikiore (Z+ql ) olivine andesites. These have

higb nodal pyroxene (and olirine) contentg and ve:y low

plagioclase lLrenocryst contents.

- IYPE 5 - Pukeonake (+AZ>,14826, 14a48) and Mangawhero Fornation

(t+eZt , 14879, 14880) olivine andesites. These exhibit

dis-equilibriun textures indicative of nagna nixing.

Chenical conpositions plotted rith respect to lava type (fie.4.j5 to 4.19)

illustrate the nain characteristics of each: TIPE 1 lavas are relatively

Fe-rich and follow closely a typical calc-alkaline trend (pte.+ .15); the

oldest lavas (i.". Te Herenga Fornation) show the greatest Fe-enrichnent

(c.f.I'ig.4.5). Between 52.5fi and 57% SiO2, there is an overall increase in
AIZOS (fie.+.tg) and rapid decrease in MgO (fie.+.tZ) rhich mieht refleet
early removal of olivine and pyroxene. Through the rest of the

conpositional range, AIZO7, tr'eO, CaO and Mgo decrease smoothly with

increasing silica. Cr and Ni follow trends sinilar to that of MeO

(fie.4.18) and concentrations are closely llnked to Me* (c. f.Fie.4.1 1 ).

TYPE 2 lavas have high nodal plagioclase and, as a consequence, have

relatively hiCh AIZO, and NarO and low MgO and FeO contents. ffpE 7 tavas

are pyroxene-rj.ch and thus have high MgO, Cr and Ni and low A1ro, contents.

Inconpatible elenents have slightly higher concentrations than in other

lavas of conparable silica content (tatte 4J). TrpE 4 l-avas are also

relatively MeO and cr-rich but, although l-ower in A1ror, they have higher

Sr contents (fie.+.19). ffPE 5 lavas are characteristically CaO-rich (c.f.

Fie.4.9) and are depleted in aLkalis (rie.4.15; Iie.4.6) and IILE. They,

rike TYPE 4, have high sr contents which, since Arz0, is row, cannot be

readily erplained by higher modal plagioclase. TIPE 5 lavas are MgO- and

Cr-rich but, despite having high Mg*, are low in Ni (f'te.+.11). TfpE 6

l-avas have the highest Mg0, Cr and Ni concentrations and the lowest AIZOI,

Otherwise they are conpositionally sinilar to TypE 1 lavas.



TabLe 4.4a: Sr lsotoplc compositions of TVC lavae '

================== =====================================g=================

vutl Loc Rb sr l/sr 87i57865t 87 s,786 g. 87gr786gtt e

=========================================================================
TYPE I

14765 T'H

L4747 TH

L4737 TH

t47 62 TII

L474I TH

t4922 WAH

L4923 WAII

14859

r4860
148s8
L4822
14850
L4844

t4846

22 2L6 .0046

22 2L6 .0046

20 248 .0040

23 265 .0038

L7 225 .0044

.289

.290

.232

.250

.2L8

.70509

.70503

.7051 I

.70507

.70505

.705r.8

.705L7

.70518

.70505

.70503

.70483

.70484

.70483

.70522

.705L7

.70518

.705L7

.70520

.70526

.70523

.70491

.70496

.705L2

.70500

.70566

.70567

.70561

.70548

.70s54

64
42
49
35
44
38
31-

20
69
50
43
64
76

.70507 29 4

.70506 28 4

.70518 19 2

.70504 44 6

.70483 38 3

.70518 25 2

.70518 37 4

L4924 WAII

L4925 WAlt

14909 WAII

14908 r{AE
L492T WAH

L49L4 WAII

14906 WAH

t4904 WAH

14873 WAlt

L67L9 I{AII
L4867 WAtr

14855 UANG

.70526 L9

.70523 52

.70491 60

.70496 34

.705L2 39

.70500 49

.70565 80

.70567 42

.7056L 76

.70548 50

.70554 70

.70490 32

25 220 .0046

27 230 .0043

34 237 .0042
31 226 .0044
20 282 .0035
27 276 .0036
35 308 .0032
34 304 .0033
48 27L .0037
49 270 .0037
68 268 .0037
4L 237 .0042
56 248 .0040

11 20L .0050

224

2L6
2L9
227
25L
250

237

.324

.341

.4L4

.403

.206

.284

.324

.320

.5r8

.529

.734

.504

.6s9

.155

.2L9

.228

.235

.203

.392

.426

.46t

56
67
38
57
49
19
52
60
34
39
49
80
42
76
50
70

4
8
9

6
8
I

14
6

L2
9

8

},IANG

MANG

}.IANG

MANG

MANG

MANG

L7

L7
18
r6
34
37

38

.0045

.0046

.0046

.0044

.0040

.0040

.o042

.70476 32

.7049L 79

.70498 33

.70492 52

.70501 51

.70504 33

.70505 36

.70508 45

.70503 37

.70529 42

.7055s 53

.70546 53

.70558 41

.70s74 66

.70583 41

.70524 63

.70502 31 4

.70505 45 8

.70508 4s 6

.70503 37 7

.70529 42 7

.70554 27 3

.70578 40 5

===========================-====--===-=====-====================:========
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Table 4.4 cont:

== === === = == = ============ ==== ======= ====== = ============ ======= === = === =====

vUW Sr 1/sr B7i6786gr 87gt7865" 87sr/B5s"r eRb

1 4886

14885
1 4889

1 4817

14785
14784
14a01
14782
1 4781
1 4804

17871

11965

2925O

TTPE 2

726
184

65
54
32
65
77
49

ljtANG 81 253

MANG 84 256
MANC 120 260

10
?R

17
59
7t\

26

299
299
2F
285
280
293

115

51

50
69
50
59
71

122

.ootg .930

.oo79 .95'

.oo7g 1,542

.0044

.oo31 .491
,oot7 .4e6
.0040 .811
.oo35 .611
.oot6 .610
.oo14 .719

.0048 1.?00

.oo15 .2O7

.0040 .442

.70524 26

.70527 1e

.70585 t7

.70516 39

.70570 70

.7A586 12

.70581 42

.70615 57

.70627 87

.70462 25

,70557 72

.70552

.70552

.70574

.70524

.70523

.70585

.70516

.70r70

.70584

.70620

.70452 25

.70557 72

.70r5a

.70557

.70552

.70574
,7057 4
.7057t

UANG

WHAI(

YHAK
I{HAK
l{HAK
WHAI(

}IHAK

WHAK

R-C

N54

,
.7
I

6
6
6

5

5

11

14911 WAH

14911 WAH

14900 WAH

14901 ITIAH

14928 WAH

TYPE 
'

16721
1 4866

14883

1 4884

1 4882

1 4829

14819

54
44

A'7

trZ

244
226

250

87
93

54

66

tIAH
WAH

45 11

68 17
649
499
479

45
6B
64
49
47

19
18
t5
15
17

9
7

11

17 249

344
141
713
117
116

232

zzt

.oo29

.0029

.oo72

.0432

.oo52

,0041
.0044

.0040

.oo4t

.0045

??n
.110
.127
.120
.139

l.OtO
1 .1Bg

.ozY

'8lo

.950

.70529

.70524

.70529

.70529

.70519

.70549 54

.70547 44

.70572 75

.70r19 107

.70525 88

.70524 6t

.70532 52

.70577 70

.70544 47

.70546 18

.70540 22

.7054+ 22

.70529

.70524
,70529
.70529
.70519

.70549

.70541

.70r25

.70524

.70574

.70545

.70542 16

MANG 71

MAtic 132

WHAK 137

t6

27215 .0046 1 .779

215 .0046 1.819



Table 4-4 cont:

==============--=========================================================

Sr 1/Sr 87j6786g, 87sr786s, 87gr7869r e

============================== ===========================================
rYPE 4

L6722 WAII

14812 MANG

14811 MANG

TYPE 5

2447L PTIKB

14815 HAU
14816 IIAU

14817 IIAU
14809 nAU

L4798 0H

39
39

s9 351 .0028

336 .0030
336 .0030

.0016

.0018

.oo22

.0021

.0020

.0029

16 390 .0026

284 .0035
217 .0036

283 .0035

29A .0035

283 .0035
282 .0035

.482

.339

.346

.1_36

.039

.090

.098

.113

.L36

.120

.572

.509

.555

.490

.597

.616

.70491 40

.70493 42

.705A2 26

.70495 33

.70440

.704L9

.70423

.70426

.7042L

.70420

.70443

.70437

.7044L

.70436

.70479 33

.7048L 74

.70480 32

.70483 32

.70480 33

.70485 39

.70489 5s

.70484 72

.70493 29 4

,70502 26 5
.70495 33 5

.70440 46 I

.70419 50 L2

.70424 21 2

.7042L 64 L2

.70420 52 10

.7044L 22 2

.70436 4L

.70479 33 7

.7048L 4L 4

.70483 32 6

.70482 25 3

.70489 5s I

.70484 72 11

30 640

8 569
L4 463

16 467
zo 501

L6 346

46

50
22
31
64
52

3r.
52
49
4TL479s

TYPE 6

L4825
14848

L4826

14880

14871
L4879

PI'K
PlTK

PIJK

MANG

MANG

MANG

56
49

54

49

59
60

ffi ;;;;;;;il;;;;;:;;=;;il=il:==========
Indivldual--Y/Sr/60Sr ratios are glven in colunn 7;
u.ao 87st/86st ratios are glven in colurnn 8.
Errors (after each isotopie ratio) are one standard deviation.
e is the standard error of the rnean (952 confidence interval).
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4.6 Sr ISOIOPE CHEIT,IISTRY

Sr isotope chenistry was first recognised to be a powerful tool in

deternining petrogenesis of volcanic rocks in the early 1950's (".g. Faure

and Hurley, 196) and is now widely -used, often in conjunction with other

isotopes, to constrain potential source conpositions or crustal

contaminants in arc magnas (e.g. Hawkesworth et al., 1979; Francis et a1.,

1980; Thirlrallr 1982; Briqueu and Lancelotr 1979; Morris and Hart,198ti

also review by 0'Nions, 1984).

Erart and Stipp (gAa) presented Sr isotopic data for a wide range of

volcanic rocks from the I1'lZ and used. then to develop various petrogenetic

nodel-s. Since then, no other Sr isotopic analyses of IYZ lavas have been

published. Recent inprovenent in analytical nethods has yielded nore

precise data which, when applied to a stratigraphically controlled lava

suite such as Ruapehu, can give a better understanding of the processes

involved in their genesis. Sr isotopic data generated for this study are

grouped according to lava type in Table 4.4, and show each type to have

characteristic compositions (fie.4.2O). ffPE 'l lavas range from .70487

(lql+l) to .70620 (qell) and are weakly positively correlated with bulk-

rock silica content (sone scatter occurs between 56 antl 61il). TfPE 2 lavas

fall within the TIPE 1 field, suggesting a genetic link between the two

(i.". ffpE 2 night be fIpE 1 that have accumulated plagioclase?). TIPE ,

lavas show only lirnited increase ir, 87s"/86sr wittr increasing silica and,

particularly at high silica content, have lower ratios than TIPE 1. TfPE 4

lavas have 87917865r ratios nuch lower than TYPES 1 to 3 Gor the sane

silica content). TrPE ! lavas have the lowest 875"7865" ratios, ranging

fron .?0420 (14s09) to .70442 (zqqq). Al-1 TIPE 6 lavas have ratios close

to .70480.
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There is a broad tenporal increase in the average Sio, contents and

ttt.Tu6tt ratios of TIPE 1 lavas. The oldest lavas (Te Herenga Fornation)

are nostly basic andesites and have 87s"F6s" ratios of Less than .7oj2o,

rvhereas the youngest lavas (Utratcapapa Fornatlon) are acid andesites and

dacites and have BTSr F6S" ratios betreen .T0520 and .70620. The nost

recent lava, Ngauruhoe 19j4, is a basic andesite, but has the highest
t7t.7"tt" ratio of any larra of simiLar silica content (r,ie.+ .zo). plots of
B7st7e5t" vB. B7p6786gt (rie.+.et ) anrl 8?st/85s" u". zr (Fie. 4.22)
illustrate the broad positive correlations betueen Sr isotopic conposition

and inconpatible elenent contents of TIPE 1 lavas. These could be the

result of d:i.fferences in nantle chpnistry (e.g. carter and Norry, 1976;

Barberi et d., 1980), gradients in differentiated nagna chanbers

(Hildrethr 1981) or, as seeml. uore likeJ-y, crustal assinilation (e.e.

tr'rancis et a1. , 1 980; I{yers et al. , 1994) . Fu]ler discussion of these

poesibilities is given in Chapter 5.
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4.7 SI'MIITARY

Lavas of Mount Ruapehu and nearby vents can be eatagorised into six groups'

each with distinctive chenical and i.sotopic characteristics. ffPE 1

represent the doninant lava type of Mount Ruapehu (Ngaumhoe 1954, the last

major effusive, falls within this groupine). The l-avas show strong negative

correlations between silica and, particularly, tr'eQ, il80' CaOr Cr and Ni'

and positive correlations between silica antl LILE. AIZOS and Sr are naxinun

between 561l and 589./ Si02 and lower in lavas of other compositions.

87S"7e6tt ratios are positively correlatecl rith silica and LILE (nt/Sr).

ffPE 2 lavas are strongly enrichecl in plagioclase and thus have high

A1, Sr and Na contents, and low Mg ancl Fe contents. 875"7865t ratios are

similar to those of TYPE 1 lavas.

TYPE I l-avas are pyroxene-rich and have relatively high MgO ' Cr, Ni and

LILE and Iow A1r0, . 87517865r ratios are slightly lower than TTPE 1 lavas

of the sane silica content.

TIPE 4 lavas are pyroxene-rich and have high Sr, Mg antl Cr and low

AIzOl and T,ILE. 87s"P6Sr ratios are relatively 1ow.

TYPE 5 lavas are olivine-pyroxene-rich and have high MgQ, Ca0, Sr and

Cr and low A1rOr, Ni and LrtE. 87917865r ratios are nuch lower than those

of other lava types.

IYPE 5 Lavas show features norroally associated with nagna niring

are thus considered to be hybrids. They have very high Mg*, Cr and Ni
an ^f"'511605r ratios close to .?0480.

and

and
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= ===== ============ == === = = == == ===== ======= = == === == = ==== === = == ==== ==== == == == =

PART 2s BASAITTS 0f TAUPO VOLCANIC ZONE

=========================E======================= ====3==== =================

4.9. INTRODUCTION

0n1y two basalts are known from Tongariro Volcanic Centre, Iet bulk-rock

chenistry and petrography indicate that not all Ruapehu lavas nor those of

nearby vents could be derived fron nagmas of that type. Hence, the

following study of all known basaLts frorn Taupo Volcanic Zone was

undertaken in order to investigate the possibility that others exist which

night also nake suitable parental nagna types. Cole (lgll) described seven

high-alunina basalts and one low-alumina-basalt, and references to these

have since been nade by Blattner and Reid (tggz) (in an oxygen isotope

study) and by CoLe et a1. (gAl) (i" a REE discussion). Hackett (in press)

described an occurrence of magnesian quartz tholeiite at Wainarino, east of

Lake Taupo.

4.9 TECTONIC SETTING AND ERUPTIVE HISTORY

Basaltic l-avas are spatially and volunetrically restricted within the TVZ

and probably amount to only about 4 wrl (core , 1981), representing less

than 0.1% of the total eruptives. They occur within each of the main

volcanic centres (rie. 4,T); high-alunlna basalts are particularly

assoeiated with the fault-bounded rhyolitic calderas of Okataina, Maroa and

Taupo; lon-alumina basalts are only found in or near Tongariro Volcanic

Centre (Cote et al., 1985).

Rotokawau (zzgg1), Johnson's Road (zzggl) and 0ngaroto (zzgge) tie on a

NNE-trending line near the western edge of the Taupo Graben and Tarawera

(ztlll), 0rakei ,korako (zzggl), Ben Lornond (22994) and K-Trig (zzgga) on a

najor fault of sinilar trend near the eastern side (f,ig.+.Zt). As these two



Table 4.5: Chronology of baealtLc eruptlons wlthln the TVZ.

====-============================-==================g====================

VENT TIME OF ERUPTION BASIS OF ESTIMATION souRcE

Tarawera

Red Crater

Rotokawau

Waimarino

Ruapehu

K-Trtg

Ben Lomond

Orakelkorako

Ongaroto

Johnsonrs Road

10 June, 1886

(1.819ka

3ka

f3.8 - 19.8ka

Recorded lllstory

Taupo Pumlce

?

Tongarlro Subgroup/
Oruanul. Breccla

Mangawhero FormatLon

K-Ar date

?

K-Ar datea

Cole (1973)

Topplng (1970)

Cole (1973)

Itackett (1984 )

Eackett (p.c. )

Stlpp (1968)

Cole (1973)

Stipp (1968)

Cole (1973)

Cole (1973)

L5

L37

50ka

.004ka+-

100 - 300ka

)100ka

>L00ka

7

7

NOTES: Ruapehu basalt data from l{.R.ltackett (pers conm., 1984).
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lines are the j-nner graben boundaries it is probabte that sites of eruption

have been controlled by najor regional faults, particularty where they

intersect caldera stmctures (Cote, 1979). Uaimarino basalt (17419), occurs

on the eastern side of Inke Taupo i.n scattered exposure (Hackett, in

press). Red Crater basalt (ttgOf) was erupted frorn a reeent crater of

Tongariro, and Rr.npehu basalt (qaSS) fron a Mangawhero tr'ormatj-on vent.

Neither emption appear to be fault-coutrolled.

Table 4.5 sunnarises the eruptive history of basaltic volcanism in the

WZ. As shown, Johnson's Road and Ongaroto basalts are the oldest, being

probably of late Pleistocene age, md Tarawera basalt, erupted on 10 June

1885' is the youngest. This indicates that lavas of basaltic conposition

have been erupted in ninor anounts internittently throughout the history of

Taupo Volcanic Zone.

4.10 PETROGMP}IT AND IYIINERATOGY

Mineral nodes of basalts are given in Tab]e 4.6. Textures range fron

strongly porplryrit:.c (Ptates 4.5 A 4.5) to nicrocrystalline (pfate 4.2) or

nearly aphyric (ptate 4.8). Olivine, augite, rare orthopyroxene and

plagioclase occur as phenocrysts and no hydrous phases are presenr.

Glonerocrysts of plagioclase and pyroxene oecur particularly in 14855 and

1 1965 aad are nostly renocrystic in origin. Groundmass and interstitial
glass often contain rapidly-grown silieates and oxides (plate 4.11).

Conpositlonal variations of phenocrysts in basalts are given in Table

4.7. Olivine is present in aIl basalts except 22994 and 22996 where it is

replaced by spinel pseutlonorphs (flate 4.9), and 21 ?17 where plagioclase is
the only phenocryst phase. Olivine is usually the largest ferronagnesian

phenocryst in high-alunina basalts, is subhedral to anhedraL and frequently

shows evidence of resorpti.on. Crystals snaller than lnnna are conmonly

euhedral or skeletal (Cote , 1975).



Plete 4.5: ngf lhotograph of Uainarino basalt (nagnesian quartz

thot-eiite) ll+lg. oliviae phenocrysts (centre LHS) have highly

forsteritj-c cores (d.art<) and i.nclusions of ehronian spinel.

Ring are uuch nore Fe-rich. llhe other phenocrysts are

clinopyroxene (fiebt grey). Gr"oundnase is uainly plagioclase

(grey) and pyroxene (shite).

Scale bar - .1nn; field of view - .J!@.

plate 4.6: BEI photograph of Red crater lor-alunina basalt 11965,

Phenocrysts are olivine (upper centre, dark grey eore),

pyrorene (St"y) anct plagioclase (.tery ttark grey).

Scale bar - .1nn; fieltl of vier = .'lJmn.

plate 4.?: BEI photograph of Ongaroto low-aLunina basalt 22998. Olivine

phenocrysts (upper IHS) are less forsteritic than those of

ffainarino basalt (ptate 4.5). Groundnass is nicrocrystalline

rith plagioclase (etey), interstitial pyrorene (white) and

late-stage nesostasis containing spinet (brieht white)'

Scale bar o .1rnn; field of view - .75m.

plate 4.8: BEI photograph of Tarawera high-alunina basalt 21717. Acicular

plagioclase $henocryets occur in a groundnase of pyroxene

(rhite) aad plagioclase (gt"Y).

Scale bar - .1nn; fieltl of rrier - .75nn.



Plate 4 -E Plate 4-B

Plate 4-7 Plate 4-g



plate 4.9: BEf photograph of K-Trie high-alunina basalt 22996. Euhetlral

plagioclase phenocryete (g"ry) have interstitial pyrcrene and

neeostasis. Qlivine pheuocrysts (Lorer ancl centre IHS) are

oridisecl. Holes (tfack) indicate a hieh degree of

veslcularity.

Scale bar - .1'nm; field of view - .?5[u.

plate 4.10: BEI photograph of Orakeikorako hieb-aluuina basalt 2299r-

Phenoeryote are olivine (uhite), augite (fieht grey) and

plagioclase (et.Y).

Scale bar - .1nn; field of view - .75nn.

P1ate 4.11: BEI photograph of interstitial assenblage in 0rakeikorako

high-alunina basalt 22997. Euheclral pl.agioclase lhenocrysts

(e"ey) have Na-rich rins in contact sith acid residuun

(:.ieht grey). Interstitial minerals are pyroxene, fayalitic

olivine anil spinel (rhfte).

Scale bar - .01nn; field of view =

Plate 4.12t BEI photograph of conplexly zoned clinopyrorene phenocryst in

Orakeikorako high-alunina basalt 22991. Dark zones indicate

feduction in Ti, A1, Fe, Na and conconitant increase in Si'

tlg, Ca - $PUA analyses of eight zones fron core to rin are

given in Appendix 5.

Seale bar = .01nn; fielcl of view =



Plate 4-g Plate 4-tt0

Plate 4-11 Plate



Table 4.6: Modal conposition of basalts.

========t ========-====--=t===-=a===E--=-=-===-E===E====-=====-===========

tOC K-T J.R O-K B-L TAR ROTO ONG RUAP R-C WAIM

vuf 22996 22997 22991 22994 21717 22769 22998 14855 11965 17479

E========================== ==============================================

p1 1.2
cpx 2.O
opx
o1

4.5 10.2 1.5 5.7
.8 1.4 I .2

.6 1,8 t-.r 6

.1 .5 10 .t 10.6
1.9 .2 7.5 7.2 7.4

2.1 .8
.7 7.9 ?.0 4.9 16.1

phen 7 .2 5 .9 17 .4 1 .7 5 ., 2.9 8.6# 26 .7 2t '5 25 '7
e/n 96 .8 % .5 ?8.8 94 .5 91 .5 89 .4 91 .4 75.1 76 .5 75 '8

xen .5 1.8 7.8 1.0 7.7 - .5

il; ";=:;== 
=;;;;*, = 

;:;= :=;ffi ;il =r 

"'u, 

= 

**====;;;;;;; ;;===== 
==== ==

3-L = 3en Lonond; TAR = Tarawera; ROT = Rotokawau; ONG = Ongaroto;
RUAP = Ruapehu; R-C = Red Crater; UAIM = l{ainarino.
Abbreviations as for Table 4.1.
# nicrocrystalline with gradation to groundqFss.

a 17439
E 11965
o 14855
o 22998
o 22993
v 22996

Mg

/\
/ o@tr(e' oos, \Mg-F'

I"1.g.4.24z Conpositions of maflc phenocrysts in selected basalts, plotted
in terns of Ca, Mg and Fe; pyroxenes in upper quadrilateral,
oliuine in lower. Fu1I analyses are given in Appendix 1.
Rin conpositions dotted, groundnass conpositions verticaL line.
Fields as in Deer, Howie and Zussnan (1978. p.t).
Rims = dot, groundmass = vertical line.

Fe
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Table 4.?: Conpositional ranges of minerals in basalts'

============-======================= ================== ===================

VUlf o1 (fo; cpx opx p1 (An) sp

Mg Fe+lvln Ca l4g Fe+MnCa

22996

))oo7

22998

14855

11965

17439

87-70

88-79

85-70

91-78

- 44-45 43-44 13-11

eo-fr# 45-41 46-41 11-16

80-68 tnt

68 tmt

70-28 *40-76 48-51 12-23

42-41 47-45 1r-14

4J-33 46-51 11-14

47-34 49-49 09-17

1-4 70-74 27-22

16572
472 z+

II

70-76

78 CrsP

- - -======== =========== ======

NOTES: o1 (fo) refers to mole S forsterite; cpx refers to nolefr Ca,
Mg, and Fe respectively in clinpyroxene; opx refers to mole$
Ca, Mg, and Fe respecti-vely in orthopyroxene; pl (An) refers
to nole% anorthite; tmt = titanomagnetite; Crsp = chromian
spinel; * = tmt & Crsp; # = Ln groundnassl sp = epinel.

.1

.3

a 171139

tr 11965

o 14855
o 22998

0 22993
Kd=.33
.////

tA<)/(,2-z
J/./- -z Kd-.27

EE

'd{""-.t -@to-// --'
-t&'

-/-t'

o
c

.d

o
o.2
tt)
=
cf
olr

.t

''gtfr
FeO / MgO liguid

Fig.4 .Z5z TeQ/lrlgo (mole %) tor coexisting olivine and liquid (butt<-roci<)
in selected basalts. tr'or each pair of points, that to the
right corresponds to a bulk-rock oxidation ratlo of -1 , to the
left .2. For olivine, all" iron is tr'eO. Distribution
coefficients (xa) rrom Roedder and Emslie (tgZo).

.8.6.1.2
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Wainarino basalt 17419 contains 16.1fr nodal olivine with highly DsSnesian

cores (tor., ) (rie.+.e+) zoned to nore Fe-rich rins (rorg )' In 22993,

fayalitic olivine (tor' ) occurs as .1nn microlites in late-stage acid

residuurn. using the Roetlder and Enslie (tgZo) distribution coefficient

(Xa=.27-.77), conpositions of early-forrned phenocryst cores correspond to

the appropriate l{g* of the bulk rock, indicating an approach to equilibriun

(r're.+ .25).

Clinopyroxene occurs as sna1l phenocrysts (<.5nt)' as crystal

aggregates or in the groundmass. In 22995 ar.d, 22998, phenocrysts are

nornally zoned (with respect to Mg-tr'e substitution), but in other basalts,

both nornal and reverse zoning occurs. Most compositions fall in the augite

fielcl of the pyncxene quadrilateral (fie.4.24). Conplex zoning patterns are

observed in sone large (Zolm) phenocrysts in high-alunina basalt (ptate

4.12). Chenical changes from core to rin (see Appendix 7) invoLve

coneornmittant change in Si, A1, Ca and to a lesser extent Ti, tr'e, IvIg ancl Na

suggesting that plagioclase renoval fron the rnelt $as inportant in

control ling chemical gradients.

Orthopyroxene is significantly absent as a phenocryst phase in alL but

the two l-ow-alumina basalts (tt965, 14855). However, it does occur in the

groundnass of l'Iainarino basal-t 17419 (with pigeonite) and in pyroxene-rich

rins about large olirrine grains in other lavas. Conpositions range from

bronzite to hypersthene (Iie.4.24). Glomerocrysts of two-pyroxenes are

cornmon to low-alunina basalts and, fron the presence of resorbed corest

reverse zoning and reaction rins, these represent xenolithic naterial. One

such eluster in 11965 contains grains of augite and hypersthene surrounded

by a reaction rin of augite, the conposition of which are sinilar to

groundnass nicrolites (see Appendix l).

Plagioelase phenocrysts occur in all basalts except 17419. Most contain

a wide core of labradorite and a narrow rirn uhich rapidly becomes nore

sodic towards the nargin. Aggregates of xenocrystic origin sometines occur



Table 4.8: EPIfA analyses of mesoetasis and acld
reeiduun glass Ln selected basalte
(and tn Ngauruhoe 1954 lava).

t

lYPE

vut{

glass

22993

glaee

22996

glaas

22998

mee# me6

22998 29250

slo,
T10;

ila6'
UnO

Mgo
CaO
Nazo
Kod
c1

TOTAL

69.82
.40

11.37
2.83

.1.8

.07

.74
3,86
4.84

.54

94.64

79.s8
.60

10.31
.gg
.00
.08
.38
.86

4.59
.00

97 .38

75.37
1.20

13.19
L.44

.00

.00

.45
1.05
3.68

.38

55.09 65 .94
1..00 2.03

L3.28 l,2.25
1.86 2.40
.00 .00
.09 .25
,54 3,25

3.05 2.82
7 .20 3.35
.57 .25

97 .76 92.68 96.58

====-=========-======--==-B-====E-===-==========g

NOTES: # contalns microlites of feldspar.
Low totals lndicate contaLned water.
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and contain grains rhich are conmonly oscillatory zoned with e nidzone

packed with clinopyrpxene ancl glass inclusions. One example (fron 11965)

has an On5, 
"o.r, a lOnm ride zone containing bleb.s of clinopyroxene (Calg

tuO, fe2g ) and an outer An72 rim, sinilar in conposltion to groundnass

nicro Iites.

The doninant oride, titaniferous nagnetite' occurs both

nierophenocrysts antl in the groundnass. Ti02 contents in grains fron gone

high-alunina basalts erceed Zafi (e.e. 22993, Appentlir ,). Alunina-rich

chronlan spinels occur as inclusions in olivine Ln 17419 (ffate +.5) and

zzggl (ptate 4.il; crl(Cr+At) is tr:.gher iu 174J9 (.1>) than in 22998 (.51)

(Append.ix l) reffecting the different liquid conpositions fron which these

earliest phases crystallised'

Groundnass glass conpositions are typically SiO, antt K20 -rich (taUte

4.8). Z2ggl has rhyolitie interstitial glass with about 70% Si02, 4.8% KzO

and 1.9% *"r0, througlrout which are sna1l, anhedral grains of

clinopyroxene, olivine and nagnetite (Plate 4.1 1 ), Plagioclase phenocrysts

in contaet with the glass have an outerr .01nn wide, Na-rich zone.

Orthoclase is a crystallising phase in late-stage residuum of 22994.

A variety of xenoliths antl xenocrysts occur in nost basalts. Only 2299t

and, 22998 are free of such inclusions, although 22995 and 22997 contain few

per thin section. High-alunina basalts, in particular, contain xenocrysts

of quartz, biotite and plagioclase (up to Jnn long) with the latter having

a core of oligoclase and a rin of labradorite or bytownite and a cloudy

zone in between (Cote, 19?0)). These comnonly occur in aggregetes and are

considered to represent fragnents of devitrified rhyolite incorporated fron

an upper cmstal source. Wainarino basalt 17419 contains quartz-rich

xenoliths up to 5cn long which sonetines show a nelt-reaction reLationship

with host lava (oee Chapt'er j.J).



Table 4.9: Bulk-rock chemlstry and C.I.P.W. norma of basalts.

====================================E=======================================

LOC K-T J-R O-K B-L TAR ROT ONG RUAP R.C WAIM

22996 22997 2.2993 22994 2L7L7 2299L 22998 14855 11965 L7439vud

============================================================================
rnaJor elements (wetght Z).

si0?
Tro;
A1r6"

;:e';
l.[no
DlgO

CaO
Naro
Krd
Pios

49.7
1.0

L7 .5
1.6
8.1

.2
7.1

12.3
2.2

.3

.t

50.7
L.2

L7 .7
1.6
7.9

.2
6.0

11.1
3.0

.6

.2

50.9
1.3

17 .1
L.7
8.2

.2
6.3

10.7
3.1

.4

.2

51.3
1,1

L7 .5
L.7
8.2

.2
6.0

10.8
2.7

.5

.1

5l-.3
.8

t7 .4
1.6
8.1

.2
6.3

11.5
2.2

.6

.1

52.6
.8

L7 .5
1.4
7.2

.2
5.9

1r.3
2.3

.7

.1

50.6
1.1

L5.7
L.6
7.7

.2
9.4

10.4
2.5

.6

.2

52.7
.7

L5.7
1.5
7.5

.2
8.8
9.7
2.6

.6

.t

53.1 52.8
.7 .5

15.5 L2.8
1.5 L.4
7.7 7.2
.2 .2

7.8 13.3
10.4 9,7
2.4 L.7
,7 .4
.1 .1

C.I.P.W. norm.

Qz
Or
Ab
An
Di
tly
o1
Mt
I1
Ap

z.o
18.9
36.6
L9.2
t4.6
4.3
2.3
1.9

.3

l.a
25.3
32.4
17 .3
8.3
7,9
2.5
2.2

.4

3.0
4.3

L9.4
35.4
L6.4
1 7.8

2.7
1.5

.2

3.2
2L.3
30.0
16 .3
L7 .5
6.8
2.3
2.L

.6

.2
3.5

22.L
29.4
L4.8
26.5

,4
4.L

22.O
28.7
18,0
2r.6

1.8
2.6

1.4.0
26,3
17.3
36.3

- .1 L.7
2.4 3.1 3.3

26.4 23.2 L8.2
31.s 34.0 36.2
L6 .6 L5.2 15.6
13.0 19.6 19.8
4.8
2,4 2.4 2.3
2.5 Z.L 1.6
.5 .3 .2

2.2 2.3 2.r
1.3 1.4 .9
.2 .3 .1

trace elements

Sr 344
Rb8
Ba 95
Zr 56
La 9lt
Ce LT lt
v 244
Cr 120
Nl 37

(ppn)

370
14

L7L
102

4
19

315
66
23

347
8

L45
L47
L3lt
2t ll

286
37
32

348 318
L4 15

131
84 70
6 7ll

18 LT ll
252 305
44 63
29 15

359
19

7L

330
9

107
L6lt
34lt

282
634
L72

199
T2

190
50

6
L2

260
37r
L42

26;
81
32

278 342
2A 15

137 L22
68 48
6lt 5

rzlt 11
27L 226
28L 1037
63 34L

!19*
K/Rb
K/Ba
A1lSr
Ce/Y

61 .0
373

29
255
.85

54.9
375

31
246
.68

57 ,7
442
23

257
.90

59.4
3L2

256

68.3
469

250

67 .7
445

38
409
.67

56.3 5E.0
304 311

32
260 286
.72 .89

62.8 76,8
287 242
4L 29

295 198
.57 .85

============== =-============================================================
NOTES: Major analyses-normalised to 100U volatlle-free and-F"203 / feO

I is measured 87Sr/86sr. Abbrevl.ations as for Table 4.6: '
For fuller trace element analyses see AppendLx 2'2'
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4.11 BUTK-ROCK CHEM]STRY

4.11.1 Major elenent conpoeition:

Major elenent conpositions and C.I.P.W. norns of basalts are given in

Table 4.g. Using the alunina vs. total alkalis plot of Kuno (1900)'

conpositions fall into three distinct fields, nanely high-alunina basalt'

tholeiite and internediate between high-alunina basalt and tholeiite'

terned here low-alumina basalt (after Cole et a1., 19W). llhen plotted on

an AtrIt{ diagran (fie.+.27), the basalts show a trend torards tr'e-enriehnent.

Tholeiite has high MgO, low FeO and low alkalis whereas high-alunina basalt

has much lower MgO and higher tr'eO. Low-alumina basalt falls in the niddle

of a trend between the other compositions. Total alkalis increase only

slightly fron tholeiite to high-alumina basalt, suggesting that this trend

nay be caused by olivine removal rather than plagioclase accumulation.

TiO, contents vary from greater than 1$ in basalts of Maroa and Taupo

Volcanic Centres (22gg1,22994,22995,22997) to less than'lS in basalts of

Okataina and Tongariro Volcanic Centres (Zllll, 22991, 11965, 14815, 17439)

P,,0, shows a sinilar varj-ation pattern which j-s probably due to sourcez)
heterogeneiity beneath Taupo Volcanlc Zone.

Four of the basalts are olivine nornative

and all others are quartz nornative, although

nornative quartz (tatte 4.9).

4.11.2 Trace elenent composition:

(zzgga, zzggT , 22993, 22998)

onLy 22991 has nore than JF

All cornpositions are enrj-ched i,n LILE conpared, to N-type MORB (Fi8.4.28).

However, absolute concentrations of these eLements and incornpatible elenent

ratios r/nu (r':.e.4.29), x/la and ce/Y show a wide range (Taule 4.9). Ti and

Y are correlated (Fig.4.1O) and, although possibly fortuitous, this could

inply a fundanentally sinilar source for all basal-tic nagma types.
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a 17439
o 1t965
o 14855
o 22998
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v 22996
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of trace elenent concentrations
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see tr'i9.4.14.
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Rare-earth elenent conpositions of three high-alurnina basal-ts (Zt7t7,

2Tggj and, 22996) and two low-alumina basalts (11965 and 22998) were

reported by Cole et al. (tgAf). fhe data show these to be enriched in REE

conpared to chondritic values, and to show greater enrichnent of light REE

than heavy REE. [arawera basalt (Zllll) is the least-enric]red shilst

ongaroto basalt (ZZggA) is the rnost-enriched. The patterns are typical of

low-K orogenic basalts (K"y, 1980) which show negative or flat slopes and

low total enrichrnents, and suggest they could originate fron a garnet-free

periilotite by fractionation of olivine and clinopyroxene (CoIe et 41.,

i9W). The flat heauy REE pattern argues against garnet invofvenent

(Nicholls and Harris, 1980) and there is no evidence to indicate the

involvenent of anphibole i.e. no Ce anonaly (.fffres and Gi1I, 19?0).

Sr concentrations range fron 2OOpprn (tqeli) to 775ppn (zzggl). tr'or

high-alunina basalts, there is a rough correlation between Sr and normative

pJ-agioclase contents (tatte 4.9), but this is not apparent for other

basalts. Cr and Ni contents are tow (37-12Oppm and '14-65ppn repectively) in

high-alumina basalts and very higtr (tOr7ppm ana l41ppn respectively in

tholeiitic basalt 17479. There is a strong comelation between Ni (and Cr)

contentandbulk-rockMg*(rig.+.lt)whichisalsoconsistentwiththe

cornposition of olivine phenocryst cores (fig.4.25). This indicates that

all basaLt Wpes night be linked and major differences the result of

olivine renoval or addition. However, it should be stated that the high Cr

and Ni contents of sone l-avas nay be due to the occurrence of chronite

nicrophenocrysts contained i-n olivine phenocrysts. V and Sc abundances are

relatively unifonn betreen the basalt types and show no correlatj.on with

Cr, Ni or Ti content.



ltable 4.10: Isotopic conpoeitlon-s of basalts.

=i ==:-==:===== ====-==E ==E:==-s- E=-=t= =i====; =E ====== =========- ======-

!09

lruU

K-t J-n 0-K of,G NUAP R.O YAIIIT

E==Eri===.==-=;==-==i======F===E====-=-==:========:3========E====t==-==:===

22996 ?29,9:7 229:95 2299u 14855 11965 17479

.a6E .110 .O51

.7CI+42 .7OL46 .70392

.054 .20'' ,126

.7A492 .7A462 .7A4r5

,151,

,str2A2

.165

.5,12a5

18.:595

15 "594

fr,52A

.157'*

.51'215*

18,,.7%

15.625

58,.680

6.4

8?nn/trs"

to*r7ut*,o

i 47ur7144116

n45*671i44s6

2o6*rtrz_a4s6

2cnrrfa4yu

2o8rtTao4to

o/o" n18o"to* 6.9* '5.8 6.7

ffiff;fi ffi il-;;;;il;;il;;;:ffi ;;:-ffi ;;::;ffi :-:+-==F===r===-=
Nil ieotopie ratios ueedl iby peloissloa D.I'roude; M.T.Me0u11ooh.
Pb i,sotopi.e data f,ron Ar"nstrong :end Cooper (19?1 ). .
Orrygen iliot,opi,e ratioc fro'm Bls-ttner antl Beit! (1982).
Values aenst-ed b5r * ar:e d,ifferent sanples fron the. sane loea.Iit5r'
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4.12 ISOTOPE CHEMISTRY

Sr' Nd, Pb and 0 isotopic conpositions of selected basalts are conpiled in

Tabre 4.1o. 875"7865" ratios published by Ewart and Stipp (rgge) range

between .7042 and ,7046 and are identical within the error linits given.

However, re-analysis of sone of their sanples has revealed subtle but

inportant differences in isotopic conposition. Ratios are lowest in high-

alunina basalts and range fron .70192 (22997) to .70446 (ZZggl). Uainarino

basalt 174t9 has a slightly higher ratio (.lOqfi) while Red Crater basaLt

11965 (.lo+Az) and Ruapehu basalt 14855 (.ZO+SO) have the highest ratios.

No clear correlation exists between 8791786g" and 1/Sr, but a crude

correlation ean be demonstrated between 87517865" rna 87nt/86st (Fie.4 .72).

Linear regression of all points gives an "rge" of 281 (fO) Ma which niSht

correspond to the tine of a fractionation event in the source region

(Carter and Norry, 1976). More 1ikely, the correlation is an artifact of an

isotopically heterogeneous nantle below the TVC orr alternatively, of

crustal contamination during ascent.
'l AZ . t r'"Nd/'++Nd ratios for three of the basalts (pers. conm.

Dr.ll.T.McCulloch and D.tr'roude, 1984) define a narrow range and correlate

negatively with 87sr/B6sr (rie.4 .rr. The data plots away from the nantfe

array in the direction of 87S"F5Sr enrichnent rhich is nornally

interpreted to result fron seawater contam'ination of subducted oceanic

crust or crustal assinilation (Hawkesworth et al., 1979i Perfit et a1.,

1981 ). Nohda (tgg+) classifiect the lavas as B2 type, sinilar to those

found elsewhere in well-developed continental arcs where conpressional

stress conditions are observed in back-arc basins.

L,ead isotopic ratios for two basalts are eoncordant within experinental

substantially highererror (Armstrong and Cooper, 1971). The ratios are

than for basaLts of nearby Tonga-Kernadec arc (gwart

type MORB (Churcn and Tatsunoto, 1975) ancl therefore

et a1., 1917) or N-

indicate some cr:ustaI

contanination. Blattner and Reid (lggZ) presented oxygen isotopie data for
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sone high-alunina basalts. Values given were

other lavas of the IVC (see Blattner and Reid,

significantly lower than for

1982, Tie 4).

4.11 PETROGENESIS O} BASAI,TS

4,11.1 General considerations:

Magna generation ia a eontinental arc setting is a nulti-stage process

(Uilson and Davidson, 1984) whieh involves conbinatlon of a variety of

components at several stages including ( t ) nantle wedge above subducted

oceanic lithosphere (Z) oceanic crust (consisting of a lOkn thick slab of

variably netanorphosed ocean fl-oor basalt nantled by oceanic sedirnents'

pelagic clays, carbonate oozes and terrigenous clastic sedinents, rhich can

be involved in both the upper parts of the suMucted oceanie lithosphere

and also in the base of the arc volcanic sequence) (l) seawater (which

becones indirectly involved as a result of hydrothernal alteration of

subducted oceani.c crust and circulation within the arc) (+) continental

crust (which can contaninate magnas through fluid interaction or by

assinilation of partial melts).

Evidence for non-mantle involvement in arc magma generation is found in

trace elenent concentrations. Selectlve enrichnent of LILE such as Sr' K'

Rb, 3a, Th, LREE is observed when arc basalts are compared to N-type M0RB.

These elenents are readily mobilised by a fluid phase and their enrichment

has been attributed to netasomatism of the nantle wedge source region by

hydrous fLuids (fnS) derived from subducted oceanic cnrst (Nicholls and

Ringrood, l97l). fry (tge0,1984) showed that the trace elenent conposition

of Aleutian island arc basalts are consistent with a nodel involving

nantle-derived nagna contauLlnated by several percent of eontinent-derived

sediment and partial melt of harzburgite fron the subducted slab. Iater

thls nodel was supported by McCulloch and Perfit (tget) who quantified the

amounts of each component involved. However, Arculus and Johnson (l9gt)

argued against this, claining LIIE enrichment i-n mangl non-arc basalts and
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poj.nting out that Sr enrichment is often uncorrelated or negatively

correlated with 875"7865t; such features were consistent with nagna being

contaminated by BTnU -poor lower crust. Most arc basalts have 1ow

abundances of HFS elements such as Nb, P, Zr, Ti, T, Sc, Cr and HREE. This

is usually attributed to high degrees of melting of the nantLe source,

stability of ninor residuaL phases such as nrtile, zircon or sphene in the

source region or remelting of depleted nantle (Green, 1980, 1982; Pearce,

1982). Sr and Nd evidence (e.g. De Paolo and Johnson, 197il inclicates that

most arc basalts are derived from sources rith long-term depletion of LREE.

Thus, high isotopic ratios are a powerful indication of involvenent of

crustal naterial in magna genesis.

4.11.2 Prinary nagmas in the Taupo Volcanic Zone?

At least three distinctive basaltic nagma types occur in the M,. tr'rom

their petrography, ehemistry and isotopic conpositions, each appears to

have followed a separate genetic path antl none truly represents unnodified

prinary liquid.

Ifyllie (1984) reviewed constraints imposed by experirnental petrology on

possible and inpossible magma sources and products, by using both the

"forrard" approach which defines the conpositions of liquitls generated by

partial nelting of source rocks at various depths, and the "reverse"

approach which deternrines the conditions of multiple-mineral saturation at

the liquidus of primitive nagmas and conelates then with residual minerals

of posslble source roeks. Jaques and Green (tggO) showed that nagnesian

quartz-tholeiite can be generatecl from 2O-30S partial nelting of pyrolite

under water-saturatetl conditions, 10-15kb and 1200-1400 "C. The neLts have

Mg nunbers cl-ose to 75 and contain Fo' olivine. Thi.s olivine eomposition

is sj-nilar to that predicted for upper rnantle residual compositions after

production of a basaltic melt (Sato, 1 977), as required if equilibriun

nelting has taken place (Ctarke and 0'Harar 1979). Prirnary magmas generated

by hydrous nelting of peridotite have, in addition to high Mg numbers and
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forsteritic olivine as a liquidus phase, high Ni (250-l50ppm) and high Cr

contents (5OO-5OOppn) (Perfit et al., 1980). However, these characteristics

are unconmon in arc basalts, rnost of which have Mg numbers less than 60

(mean=57.4; Ewartr 1976), Ni less than 50 and Cr less than 150.

0f those basalts describeil here, only I'laimarino basalt 17419 could be

prinary. The bulk chemical composition and Mg number of 77 shows it capable

of crystallising to* olivine (it the range of residual mantle

eornpositions) antl Ni and Cr contents are suitably hieh. If shallow hydrous

nelting of the nantle wedge beneath the TVZ produced tholeiitic basalt'

then it is probable that subducted oceanic crust provided voLati-le phases

responsible both for initiating rnelting and enrichnent in LIIE ancl

87S"7e5u" . However, sone interaction nith continental crustal rocks during

ascent i-s possible. Although hlaimarino basalt exhibits the petrochenical

criteria for primary status, other characteristics argue agai-nst this (t )

such a highly porphyritic lava could have been nodifled compositionally by

crystal accumulation or redistribution (Basaltic Volcanism Study Project,

p.411) (2) olivine-liquid equilibria is dependent on the choice of suj.table

Kd values and the estimation of Mg nurnber and might therefore be nisleading

3) ninor olivine + pyroxene accunufation could be an aLternative

explanation of the the high Cr and Ni concentrations (4) the lava contains

sna11 quartzose xenoliths sinllar to those found in other Ruapehu lavas

which represent crustal .material which is capable of nelting and reacting

with host fava (c.f. Chapter 5.7) - the occurrence of xenoliths nay partly

explain the relatively high 87gt7865. ratio of this basalt type when

eonparecl to some others in the TVZ.

Ruapehu basalt 14815 has bulk conposition which is only slightly out

equilibrium with first-forned olivine (fig.+.e:) and has lorer Cr and

contents than Waimarino basalt. Plagioclase is an irnportant liquidus phase

and some mantled pyroxene and feldspar crystals suggest acciclental

accunulation fron nore evolved magmas. Relative to 'Waimarino basaltt

of

N1



Table 4.11: Least sguares model to generate Ruapehu basalt
14855 from Waimarino basalL L74Zg (A5.1.1).

D MODE, RESID.P

si02 53.0
Ti02 " 5
Al2o3 72.9
FeO 8.5
l'lc0 13.3
CaO 9.7
I'lazo 1.7
KzO .4

52.9
.7

15.8
8.9
8.8
9.8
2.6

.6

53.0 +.08
.7 -.02 FFTASE hCT% 70

15. I +.16
9.0 +.09 Fo90 -6.37 67.01
8.9 +.08 CPX1 -3.14 32.99
9.8 +.07 An50 +15.BB 0.00
2.3 - .27 t'1T10. 0 +2. 33 0 . 00
.4 -.19

CRYSTAI,S ADDD = 18.21%
SUt4 SQI.IARES RESID. = .1.631 CRYSTAIS RD40!m = 9.SI%

Rb
Ba
Zr
Sr
V
Cr
Ni

PD

15 11
r22

48

53.0 50.9
.5 1,.1

L2.9 15.8
8 .5 9.2

t-3.3 9.4
I .7 10.5
L.7 2.5
.4 "6

I\4]DEL BIILK DC % MROR

13 .01 + L8.2
185 tL2 .01 - 39.5
50 43 .09 - 10.4

342 20I 415 .03 +106.5
226 251 338 .42 + 34.7

1037 380 1356 3.97 +256.8
341 L42 195 7.6L + 37.3

= == == ====== ================ == == == ====== == == == == == = = == = = = === =
l0TE: For methods, see Apperdix 5.

Table 4.72: Least squares model to generate Ongaroto basalt
22998 from ltJairnarino basalt 17439 (A5. 1.3 ) .

D [4ODE- RESID.

Si0z
Ti02
Al203
FeO
MBo

CaO

l.lazO

K:O

5L.2 +.29
1.0 -.141 PllAsE unT% %

16 .1 + .26
9.5 +.30 Fo90 -3.70 100.00
9.5 +.14 CFX1 +.37 0.00

10.6 +.08 An70 +20.89 0.00
1 .8 - .71 lvlT17.5 +4. 05 0.00
.3 -.23

CRYSTAIS ADDD = 25.37%
Sl.tvf SQUARES RESID. = .8438 CRYSTALS REvO\m = 3.7A%

Rb
Ba
Zr
Sr
V
Cr

P

15
t22
N

342
226

1037

D

10
197
L25
330

i'ODEL BIIJ(rc %ERR0R

LZ .01 + 20.0
96 .01 - s1.3
38 "01 - 69.6

407 ,01 + 23.3
220 386 .08 + 75.5
550 1869 1.00 +239.8

Ni 341 150 32L 8.40 +100.6
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Ruapehu basalt has higher concentrations of Ti, A1, Fe, P ancl alkalis' and

lower concentrations of l{g, Cr, l{i and Sr. The two conpositions cannot have

been generated fron the same source because they have significantly

different sr/lr (t9e vs. 409) and x/nu (ez4 vs. 445) (raure +.9) - both

these ratios should be unaltered by sna1l clegrees of crystal fractionation.

These and other chemisal differences are quantified by least squares mixing

rnodels (e.g. TabLe 4.1 1 ) which attenpt to derive Ruapehu basalt fron

Wainarino basalt by fractionating olivine, clinopyroxene, plagioclage and

nagnetite (nethotls are outlined in Appendix 5). fle moclels fail because, to

obtain the best fit, both plagioelase and nagnetite nust be added' nhich is

petrologically unreasonable and denied by the Sr ancl V contents.

Alternatively, if olivine and clinopyroxene only are removed, predicted

values for Rb, Sr and Cr are too high. Ruapehu basalt has the highest

B?S"7eetr ratio of any basalt analysed but has a retatively Iow Rb content.

This tends to reduce the importance of crustal contami-nation in its

petrogenesis unless the contaminant is very old. It is probable, therefore,

that Ruapehu basalt represents a seeond prinitive nagma type which could

not have evolved from a primary composition sinilar to Wainarino basalt. Sr

concentrations and incompatible elenent ratios indicate that the source

regions for the two nagnas were not identical and this nay be the nain

explanation for the difference in Sr isotopic conposition between then.

Red Crater basalt 11965 is simitar in rnany respects to Ruapehu basalt

having plagioclase ancl orthopyroxene phenocrysts and noderate Cr and Nj-

contents. OLivine is only slightly out of equilibrim with bulk-rock

conposition but is nevertheless often nantled by orthopyroxene. Pyroxene

xenocrysts occur frequently and are ri-mned by more Fe-rich conpositions

whieh are equilibrated with late-stage liquid. Red Crater basalt has higher

incompatible elernent concentrations than either llaimarino or Ruapehu

basalt. Although it has a relatively high Rb content (ZOppn), lts 875t7865t

rati.o (.lo+az1 less than Ruapehu basalt (.zo+go). Derivation of Red
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Crater basalt from a I'lainarino basalt-type parent by crystal fractionation

(uoaet A5.1.2 in Appendir 5) yields a sinilar nodel, with sinilar

difficulties, to that for Ruapehu basalt. Derivation of Recl Crater basal't

fron Ruapehu basalt nust inply accunulation of plagioclase to account for

the higher Sr content. However, this is not predicted by the best-fit nodel

(l:.t.f) which indicates clinopyrorene aildition. It is conclutled, therefore

that Retl Crater basalt represents a magna type which is sinilar in most

respects to Ruapehu basalt but with higher Sr and l,fLE content and lower Sr

isotopic ratio. These differences were inherited from an inhomogeneous

rnantle source and were not assuned from subsequent processes such as

fractionation or contanination.

Qngaroto basalt 22998 is the third low-afumina basalt type clescribed.

Its origin tras discussed by Cole (1971) who considered that the higher MgO'

Ni and Cr contents rel-ative to high-alunina basalt indicated that the rock

Tas aecunulative in olivine. However, this possibility is not supported by

petrographic or chemical data presented here; olivine is in equilibrium

with bulk-rock (fie.+.el) and the Ni content is coruaensurate with Mg*

(fie.+.21). Cole et al. (1981) re-assessed the petrogenesis of Ongaroto

basalt j-n the light of REE data and concl-uded that the lava was derived

frorn a different mantle source or, alternatlvely, was contaminated.

However, the high REE content cannot be easily explained by different

restite phases in the souree (".g. apatite, garnet) since the overall

pattern is similar to that of other basalts. Also they cannot be explained

by crustal eontaminati-on because there is no evidence for this, either fron

the occurrence of xenoliths or high incompatible element contents. By

comparison with the other low-alumina basalts (14855 and 1 1965), Ongaroto

basalt has lower silica, K and Rb and higher Mg, Ni, Cr, Ti, Zr, Sr and REE

and cannot, therefore, be derived from then by crystal fractionatlon. Sorne

of these features afso preclude derivation from a Waimarino basalt-type

parent (taUte 4.12), unless accumulation of plagioclase ancl nagnetite
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occurs.

High-alunina lrasalts (iilg) eonstitute a chenieally distinctive group of

lavas which show petrographic, and some isotopic, diversity. Where present'

olivine is in equilibriun with bulk-rock composition (fig.4 .25).

Clinopyroxene, which sonetimes occurs as Iarge, conplexly zoneil phenocrysts

is more connonly restricted to groundnass and is interstitial to

plagioclase phenocrysts. Lavas are often highly vesicular but contain no

hydrous minerals. LILE and Htr'S incompatible elenent contents are sinilar to

other basalts but Cr and Ni concentrations are consistently low.

Col-e (1973) proposed a model in which high-alumina basalt was

generated by partial nelting of nantle periclotite (Kuno, 1960) at depths of

}O-t5k;n (Green and Ringvood, 1967). He noted that "....the sinilarity in

chemistry between the basalts shows that litt1e fractionation occurred

within the crust and suggests that the basalts whlch reached the surface

came from a common source, probably at the base of the crust. The speed at

which the magma rose is indicated by the terture, the aphyric Tarawera

basaLt rising rnore rapidly than the porphyritic basalts of the Maroa

Ca1dera". Recent studies have shown that nany high-alunina basalts which

were formerly interpreted to be primary nagtnas (Str:-do et a1., 1971) are

plagioclase phyric with phenocrysts that are too calcic to have crystalised

from the host magma. These do not reflect liquicl conpositions and derive

their conposltion through phenocryst accumulation (nnoaes and Dungan,

1979). However, a few are aphyric with plagioclase on the liquidus and are

unlikely to have aquired their composition through phenocryst accumulation.

Kushiro (tgZg) suggested that such nagmas may have crystallised along the

olivine-plagioclase cotectic at high water pressures prior to eruption. The

equilibrium constant for plagioclase-nelt exchange reactions i-s strongly

dependent on both temperature and water pressure (Drake ' 1976), making

calculations difficult. However, given f = 11OO oC and Prater = 1kb,

equilibri-um plagioclase compositions should near O.rO, and these are



Table 4.13: Least squares model to generate Ben Lornond Road
basalt 22994 frorn Wainrarino basalt 17439 (A5.1.5).

D l'llDE- RESID.

51 .4 51 .5 + .I2
1 .1 1 .3 +.14 PI-IASE UrGT7" %

17.6 17.7 +.13
9.8 9.9 +.08 Fo90 -11.67 100.00
6.0 6.1 +.07 CPX1 +.20 0. 00

10.8 10.9 +.05 An60 +31.55 0.00
Z.B 2.4 -.37 lvlT17.5 +6.16 0.00
.5 .3 -.22

CRYSTATS ADDED = 37.9I%
Sl.Iq SQUARES RESID. = .2508 CRYSTATS RD|OVD = LL.67%

sio2
Ti02
A1203
Fe0
M8o

CaO

l',lazO

Kz0

P

53.0
.5

12.9
8.5

13.3
9.7
7.7

.4

PD

Rb 15 14
Ba L22 L29

l'llDH- Bt[-K DC % BROR

I "01 -35.7
76 .01 - 41.1

Zr M 84 30 .01 - 64.3
Sr 342 348 462 "01 + 32.8
V 226 ZS2 424 .08 + 72.2
Cr 1.037 M 2001 1.00 +4447 .7
Ni 34t1 29 2Zg 8.40 +689.2

Table 4.I4: Least squares model to generate Orakeikorako
basalt 22993 from Orgaroto basalt 22998 by
oI ivine-c I i nopyroxene f ract i onati on ( A5 . 1' 9 )'

============================================================

si0:
Ti02
A1203
FeO

l,,lg0

CaO

l,laz0
Kzo

P D IvlODE- RESID"

50.9 51.0 51.5 +.45
1.1 1.3 r.2 -.11

15.8 L7 .2 L7 .4 +.20
9.2 9.8 9.3 -.46
9.4 6.4 6.5 +.I4

10.5 10.8 10.7 -.10
2.5 3.1 2.8 -.30
.6 .4 .6 +. 18

Pt{ASE t{CT% %

Fo90 -5.89 61.12
cPXl -3.75 38.88

St'f SQIIARES RESID" = .6191 CRYSTALS REtdClm = 9'64%

Rb
Ba
Zr
Sr
V
Cr
Ni

P D [43DEL BTILK DC % MROR

1.0 I Ll "01 +37.5
19? 145 ZIg .01 + 50.3
L25 r47 137 .10 - 6.8
330 247 364 .04 + 4.9
220 286 232 .48 - 18.9
550 37 386 4.50 +623.0

160 33 65 9.91 + 92.0

= ==== ========== ============ ==== ====== ================-- ---- 
!
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observed (taUte 4.7), The lack of plagioclase phenocrysts with highly

calcic cores and the aphyric nature of sone lavas (e.g.21?12) ina:.cete that

the rocks crystallised under relatively anhydrous conditions at low

pressures ancl have not accunulated significant amounts of plagioclase.

Primary nagmas generated from peridotiti-c mantle invariably have high

Mg nunbers, Ni and Cr contents and forsteritic olivine on the liquidus (see

above). High-aluuina basalts of the TVZ exhibit none of these features and

have plagioclase as a liquidus phase. This night suggest that the nagrnas

were generated by fractionation (nainly of olivine) from a primary liquid.

Attenpts to model this using l{aimarino basalt as the parent are

unsuccessful (A5.1.5 & A5.1.6). lifficultles arise (tatte 4.11) because, to

achieve the hieh AIZ01 contents of MB, large anounts of plagioclase nust

be added. This, for reascns given above is petrographically unreasonable

and the different Al/sr ratios (z+5-za5 in HAB, 1 98 in 17479 ) produce

unaeceptably large Sr misfits. K/Rb ratios are also clifferent (7O4-442 fn

HAB, 242 in 17419) Uut other incompatible element ratios are comparable

(tatt-e 4 .9 ) . tr'rom a l-ow-aluroj-na basalt parent , most HAB can only be

generated by addition of plagioclase, magnetite and/or clinopyroxene

(l:.t.7 & A5.1.8) and the noilels fit badly for Cr and Ni. If only olivine

and clinopyroxene are fractionated (Al.t.9), there is a poor major eLenent

fit and stitl a Cr-Ni nisfit (tatte 4.14). Thus, it is considered that

high-alunina basaLt nust represent a distinct rnagma type whose bulk-rock

chenistry is not easily explained as resulting fron nodifieation of either

prinary tholeiite or low-alumina basaLt.
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4.14 SIJM},IANY A}ID CO}ICLUSIONS

It is likely that Taupo Volcanic Zone basalts represent several different

prinitive nagrna typee, none of rhich is tnrly prinary. All shor chenical

and isotopic evidence of contanrination of gource nantle by IRS fluids but

only ninor interactioa rith upper crustal naterial. Sinilarities of

petrography and bulk-rock chenistry define three nain nagna types i.e.

high-alunina basalt - low-alunina basalt - tholeiite. lfithin this spectnrn

there are subtle differenees in inconpatible elenent contents and isotopic

conposition which indicate heterogeneiity in the sub-continental source.

Each basalt-type is spatially separated which suggests that they nay not be

tlirectly related to each other by processes such as erystal fractionation

or accunulation. Models ryhich attenpt to show such a reLationship fail

besause of differences in inconpatible elenent ratios, A1/Sr and Sr

isotopic conposition.
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CHAPTER 5: PETROGRAPIff Al[D OHEUISTRY 0I'XENOIITHS

***l'**{'*'r'***'}***,},**********'*t****.r*****,r.r,}{.t*,}*****.r{.******t********f.****,r*

R,I INTRODUCTION

5..l.1 Ains:

Few nodels of andesite petrogenesis which involve assiEilation of

continentaL crust properly define the nature of the crtstal component.

Xenoliths should be a partieularly useful gulde to the conposition of

potential assinilants and also, in sone instances, the nature of the

contanination prtcess. These are abundant in lavas of Rr.rapehu encl nearby

vents' thus offering a rare opportuaity to qualitatively assess the

viabillty of using sedinentary basenent lithologiesr or partJ-a1 nelts of

then' as endnembers in erustaL assinilation nixing noclels.

In this chapter, a wide variety of xenolith types are described. These

range fron upper-crustal inclusions of largely unaltered volcanic and

metasediuentary rocks to highly netanorphosed and/or partially melted

equivalents of these rock t5rpes. Since the nain purpose of the study is to

investigate conetraints on crustal coutarnination nodels for andesite

petrogenesis, most enphasis is placed on description and interpretation of

those xenolith Wpes which are volunetrically ancl tenporally significant
and rhich shou evidence of interaction with host lava. For cornpleteness,

however, xenoliths lthich are considered rare, are of unknown origin or seesr

to be of little inportaace as crustal contaminants are also described.

Most of the renoliths are included in recent lavas of Ruapehu and

Ngauruhoe. rn sone lavas (e.g. Ngaumhoe 19j4) they nake up more than 1fi of

the noder but usually only a few nn to cn-sized fragments occur per cubic

metre of lava (U.R.Hackett, pers.contr., l9B4).
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5.1 .2 Previous studies:

Steiner (tglg) described the petrography of vltrified, quartzose and.

feldspathic xenoliths fron Ngauruhoe 1954 lava, providing a franework for

the wider checical study included here. The significance of those xenoliths

to andesite petrogenesis ras discussed by Euart and Stipp (tg0g) in an

isotopic and trace elenent study of I'tlZ volcanisn, by Cole (tgZg) in a

description of TVC andesites and by Blattner and Rei.d (tggZ) in an

assessnent of oxygen isotope data of TVZ 1avas.

5,1 .1 Xenotith lithologies:

Classification of xenoLiths is, to sone extent, arbitrary and has been

attenpted nainly to sinplify description and ehapter organisation:

TYPE UCX (upper crustal xenoliths) - these include several rare

lithologi€s, many of which can be directly related to linown

sedinentary basenent in the vicinity of the TVC on the basis of

mineralogy, bulk-rock chenistry and isotopic composition.

TYPE VX (vitrified xenoliths) - these xenoliths occur only in Ngauruhoe

and Pukeonake lavas and contain nore than lQl glass representing

partial nelting of an original metagreywacke composition.

IYPE QX (quartzose xenoliths) - these incLude schists and gneisses which

occur only in fwil<au Member pyroclastics on the northern slopes of

Ruapehu, sacchoroidal quartz-rich xenoliths rhich are widespread and

abundant and several other rare Iithologies.

ffPE QPX (quartz-poor xenoliths) - these include rare biotite- and/or

spinel-rich schists and more-abundant feldspar-rich xenoliths with

granulitic tertures and refractory chemistries.

TYPE IX (:.gneous xenoliths) - these include variably-altened bLocks of

surface volcanics, a natralunite-bearing nodule and curmlate nodules.

TYPE UIX (netaigneous xenoliths) - these xenoli-ths have basic to

internediate calc-alkaline chenistries and have strong metamorphic

textures distinguishing then fron TYPE IX xenoliths.



Table 5.1: Bulk-rock chenistry of TYPE UCX xenoliths 17452 (porcellanite)
17428,- ii+zg, 17897 (netagrevwacke) i 17895' 1 7896

(carcsiricate).TertiarysiltstonelTs56isgivenfor
conParison.

l====== === ============ == ==== ===== ====== ======= ==========-=

wir 17412 17856 17428 17429 17897 17895 17896

================================================='=========q==============

najor elenents (neightl)

47.5 55,O
.4 .4

10.1 11 .5
5.2 3.5.3 .2
1.2 .9

14.6 29.4
.1 .5
.1 .1

.2 .7

.2 .5
99.9 99.9

si02
Ti0:
At)61
teloi
l.In0 '
ueo
Ca0
Na^o
K16

"b?u

Total

58.0
.7

15.5
5.0

.2
2.1

10.1
2.4
2.4

.2
2.2

99.8

55.7
tr

11 .5
t.8

.2
,ttr

11 .9
2.4
1.9

ol

1 0.6
99.8

67.9
.8

16.7
5.9

.1
1.7
2.2
5.1
2.7

.2
3.1

99.4

67.8
.5

17.0
4.5

.1
1,t
1.0
4.4
1.1

.1

.4
99.7

70.4
.4

1r .9
4.2

,|

1.7
5.2
3.O
1.4

1

1.8
99.8

;
222

4
23_

Ba
Ce
Cr
Rb
Sr
Th
Y

Zr

elenents (ppt)

557
59
71
btt

116
11

26
159

t65
40
51
74

297
9

4V
150

5+9
59
58

110
201

11
27

186

548
49
41

129
171

13
z)

242

2Bg
45
,8
61

225
10
1g

119

z
1158

10
2_7

Rb/Sr
I

.20 .25
.7O9t1 .7O84O

.51 .75 -28
.71A56 .71246 .70949

.01 .00
.70507

==============--========--=================================================- R?s"/B5st.
NOTES: AtI iron is Ie^O= , I = "

1)
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UPPER CRUSTAI XENOTITHS

ffPE UCX are inclusi-ons of known sedinentary basenent lithologiee (i.".

Torlesse or Waipapa greJrwacke or Tertiary siltstone) which have undergone

on)-y ninor nineralogical and chemical nodification.

5.2.1 Porcellanite:

Yellow-brown 5ox50x5Onn porcellanitic blocks (".e.17452) occur only in

ejecta at Ohakune. In these blocks, sintering of original clays has

produced a transluscent natrix surrounding scattered sub-rounded quartz and

plagloclase grains. The Latter have conpositions ranging from An*lb52Orl9

to A5rmOOOrt . Minor amounts of aluninous ferrosalite (Ca4rltg1 5IurA ) antl

rare zircon are also present. Bulk-rock chenistry and Sr isotopic

composition of 17452 are similar to that of calcareous siltstone of

Tertiary age frorn near Ohakune (taUte 5.1). ff such is the true source of

porcellanitic xenoliths, then it indicates a near-surface origin.

fncorporation has eaused thernal reconstitution nainly by del5rdration and

alteration of calcite + nica to forn pyroxene. However, the lack of

reaction at the xenolith-host contact and the short tine the renolith was

in the lava prior to eruption suggest that any chen:ical or isotopic

exehange with host would have been snaIl and effective rithin a snall

radius of the inclusion. Tertiary sedinents forn only a thin veneer above

gre5rwacke basenent in the vicinity of the TVC and xenoliths which show

clear petrographic and/or chemical sinilarities with Tertiary sedinents

are' significantly, found only in Ohakune lavas, which rise through the

thickest part of that sequence.

5 .2 . 2 Itletagreywacke :

Rare inclusions of metagre;rwacke occur in

17429) and Tongariro (17897, 1 ?898 - these

sunnit and are assuned to be xenoliths; pers.

Exanples are well-indurated and foliated

some lavas of Ruapehu (l74Zg,

are float blocks from near the

comm. Prrcf .R.H.Clark, 1984).

and show litt1e effect of
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Fie.5.1: Triangular plot of metagreywacke and TYPE VX renolith bulk-rock
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pyronetanorphisn except for variable degrees of dehytlration. Textures and

nineral aosenblages are similar to Torlesse terrane rnetasedinents; the

assenblage (quartz) - albite - chlorite - nuscovite - epidote (see Appendix

J for EPIIIA analyses ) is also found in Rangipo Torlesse suite lithologies

(Chapter 1.2). 3u1k-rock chenistry (tatLe 5.t; Fie.5.t) is consistent with

such a 1ink, as is sr isotopie data (rle.l.z) - three netagre5rwacke

xenoliths plot close to the Rangipo Torlesse isochron. Blattner and Reid

(1982) showed that 17897 (tistea by then as sanple 24013 and eruoneously

attributed to Ngauruhoe 1954 lava) tras an oxygen ieotopic ratio of 12.5

permil' close to that of average Torlesse terrane rocks (te.O pernil).

These data intlicate that netagreyracke renoliths could be derived tlirectly

fron Torlesse terrane netasedinents having undergone little or no cheuical

change subsequent to inclusion. They are, noreover, rare occurrences sith

no significant influence on anclesite petrogenesis.

5.2,1 Calcsilicate:

Two renoliths from Ngauruhoe '1954 and Tongariro lavas, have nineral

assenblages doninated by wollastonite. The first of these , 17895, is snall

(Z5x5nn), elongated and black-white flecked. It has coarge (.2-.5nrt)

interlobate rollastonite and anorthite with interstitial green-brown

pleochroic ferrosilite (.t-.Znn) sonetines aggregating to forn cm-wide

layers. Apatite is a rare accessory. The second, 17e96, is a brownish-white

xenolith described by Steiner (t959, p.342) as "....a fragment of thernally

netanorphosed sehist". The rock has a xenoblastie to nenatoblastic texture

and fine grainsize (.of-.1m), rith frequent coarser patches (.a-.5nn)

aligned parallel to a strong foliation. fhe nineral assenblage is

wollastonite, anorthite, quartz and ninor sphene (Rppendix 3). Burk-rock

chenistries (fatfe 5.t) indicate very higfr Ca contents, consistent with

higb proportions of modal wollastonite.

Nicholls (tgZt ) described sinilar xenoliths in lavas of Santorini

Volcano, Greece. He coneidereit these to represent fragnents of baseneat
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marble, altered by thermal netamorphisn antl netasonatisn at los fluicl

pressures and tenperatures cloee tO, or greater than 8OO oC. A sinilar

origin is suggestecl for 17895 and 1 7896 both of rhieh could be clerived fron

the Torlesse teruane, since linestones rithin it provide suitable source

rocks. Horever, tbe low Sr isotopic ratio of 17895 (tatte 5.1 ) is puzzlLng

if the Torlesse terrane, rith Sr isotopic ratios usually greater greater

than .70?O0 (Chaptet 5.2), is the sourc€.

tr? TYPE VX - VITRII'IED XMIOTITHS

The occurrence of hiehly vitrifiecl xenoliths in recent lava flows of

Ngaunhoe was reported by Speight (19O8), Grange and tlillianson (t9rO),

Sattey (1949) anil Cloud (tglt). [he 1954 flows, in partieular, contain an

abundance of renoliths and some of these were describetl petrographi.eally by

Steiner (tg:g). Numerous vitrified renoliths up to 1n in dianeter occur in

Ngauruhoe lava flows erupted on 18-8-54 and 15-9-54 (fie.4.e), but are less

common in earlier flows (Steiner, 1958). Sinilar renoliths occur at

Pukeonake as rare clasts. There are two chenically distinet types: IYPE VXa

are conpositionally sinilar to Torlesse terrane netaeedinents; TIPE VXb are

dissinilar to either Torlesse or Waipapa terrane lithologies.

5.7.1 Petrography:

In hand-speeinen, IYPE \rXa display relict bancling ancl lensoid structure

(Steiner, 195e) of alternating light-coloured, quartz-rich layers and

darker, quartz-poor layers (ttate 5.1B). The lanellae are often parallel,

contorted and discontinuous over a few crn. Sone e:ranples (e.g.l7470) have

crosg-cutting veins conposed of quartz, wollastonite and plagioclase.



Plate 5.,| : PetrograPhic

renolithe; A

B - laYering

17459.

features in hand-specinen of seLected IIIPE VX

- eontact betreen 17474 and host tava (Z9Z5O)|

of quartz-rich and quartz-poor segregations in

Plate 5.2t BEI photograph of TYPE VXa renolith 17475. Sieved cordierite

(dark srey) is surroundecl by granitic gJ-ase (ttgtrter grey).

The grain has euhedral nargius and is unzoned.

Scale bar - .01ron; fielct of vier ' .06nn

P]ate 5.3: BEI photograph of quartz-rich aseociation of TYPE VXa reaolith

17455. llinerals are quartz (aark Breyr rounded), hypersthene

(sne1l, rhite quench crystals) antt granitic glass (f:.eht EreXr

interstitial). Black areas are vesicleg.

Scale bar - .1nn; fiel-cl of view - .27mm.

Plate 5.4: BEI photograph of assenblage in ffPE VXb xenolith 17460.

Cordierite (dark Breyr nidctle & upper LIIS) contains euhedral

pLeonaste (white). plagiocrase (right grey to dark grey) is

narginal to the cordierite. Glass (very light EreXr lower LHS)

gurrouudg the both minerals.

Sca1e bar = .01mn; field of view - .15m.
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Table 5.2: Bu1k-rock chemistry of gelected IYPE VX xenoliths'

================== ==============================================================

ww 17455 17471 17459 17474 17461 17453 17475 17475 17464 17450

VXa VXb VXb VXbTTPE

roc.

VXa VXa VXa VXa VXa

N54 N54 N54N54

72.5

15.4
.6

2.8
.o

1.4
A

3.2
2.8
.l
.2

N54

74.'
.5

11.9
.5

7.1
.0

1,3
.8

2.6
2.7

.1

.2

VXa

PIK

75.O
.4

a7 n

.5
2.5

.0
1.1
1.2
3.2
2.3

,|

7.1

77.5
.4

12.2
.5

2.2
.0
.9
.8

1.O
2.7

rl

2.9

N54N54N54PIIK

sio^
Tio:
t:-26a

il:ilt
Mn0
Ms0
Ca0
Naro

Izo
'rvE
ThT/

74.6
.z

15.2
?

1.5
,|

.6

,l .7

1.5
1

7

74.9
.4

1r.1
.4

2.1
.1

1.2
2.1
1.3
2.1

1

.z

62.9 71 .5
.8 .6

19.3 15.4
.9 .5

4.6 2.7
.t .l

.l . I

2.O 1.2
1.4 1.6
2.6 7.4
5.7 7.O
.2 .1
.9 .7

'12.o 72.6
AA.Z oZ

17.1 16.2
.7 .4

1.7 1 .8
.0 .1
.7 .8

4.1 7.7
2.O 2.2
1.7 1.8
.1 .1
.1 .4

c .r .P.}I. norn

19.1
7-2

11 .5
21 .7

5.5
11 .5

1.1
1.5

,4

Qz
Co
0r
Ab
An
Hy
I{t
I1
Ap

31.8
4.0

17.8
28.5

7.2
5.8

.B
1.1

7

18.2
6.1

16.6
27.2
2.2
.7 tr,

1.0

41.2
4.8
9.9

17.0
19 .8
4.2

6

.4

.2

42.7
4.O

10.9
18.4
18.1
4.9

.+

.2

50.1
6.7
9.6

14.4
14.5
4.0

.4

.2

41.1 40.0
5.5 1 ,4

16 .1 12.5
22.3 27 .9
1.2 5.8
7.6 5.8

^a.Y .o
.9 .8
.2 .2

42.1 47.2
4.0 t.6
17.4 17.5
27 .2 25.2
5.4 1.5
6.2 5.4

n.l.l .l

.8 .8

.z .z

trace efenents (ppt)

678
55

181

154
111
212

Ba
Cr
ph

Sr
rt
Y

Zr

470
45

110
211

'77It

241

576
40

124
159

IZ
222

414
?q

115
146

72
171

449
17
77

347
56

187

405 
'o73Z 27

85 71
2O7 'r80

56 46
197 200

258
I

55
554

18
114

258 
'6896

74 60

169 479
19 14

102 105

Rb /Sr
T

1 .152 .615 .778 .793 .223 .411 .192 .100 -2O1 .126
.71190 .71097 .712OO .71058 .?0858 .70945 .70929 .7O72O .70631 .70698

;;ffi : ;; = 

= 
;;; ; ;;:= ;;;;=,=;* 

= 

= 

= ;; "* il =; 
,"" 

= ;; ; ; ; i;; ;: 
= = = = = = = = = = ==

normalised to lOOS volatile-free (volatile loss (LOf) is given for
for comparison). Qz = quartz, Co = corunclum, 0r = orthoclase,
Ab = albite, An = anorthite, Hy = hypersthene, Mt = nagnetite,
11 = ilmenite, Ap = apatite.
1 = B?gl/86sr, T.zo1, / reo = 0.2.
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A snall (l"lrr) vein eeparated fron 1?4?0 (=17472 in Appendir 2.7) is

compositionally sinilar to ealcsilicate renoliths 17495 and '17496. Its Sr

ieotopic conposition is reLatively hieh (despite a 1or Rt/Sr ratio) and not

in equilibriun with the rest of the xenollth (fie.5.2). These data indicate

that inclusion of sinilar vein naterial will have a strong effect on both

chenr:ical and isotopic characteristics of sarnples and, consequently, care

was taken to erclude it.

TIPE VXa xenoliths are highly vesj-eular (Z>->Ofr vesicles); those fron

Pukeonake are sinilar to those from Ngaumhoe, clespite having a nuch higher

volatile content (tatte 5.2). Contacts sith host lava are usually sharp and

negascopi-c evidence of inter-reaction is lacking. In sone cases (".g.17474)

the contact is irregular and pieces of the xenolith are broken off and

lodged in the lava 5-1Ocn away (t:.ate 5.1A). In others, lava has intruded

along fractures or along the margins of veins.

Assenblages are doninated by light-brown, translueent silica-rich

glass, making up 66 (7474) to eOE (7465) of the rock. Sieved cordierite

frequently occurs within the glass (Ptate 5.2), although in sorne quartz-

rieh segregations, it is replaced by hypersthene (ltate 5.3). Plagioclase

is absent. flnenite (soroetimes with exsolved rutile), pleonaste and

(rarely) pyrite nake up a few percent of the node.

TYPE [Xb renoliths are we]-1-indurated and variably vesicular. A11

exarnples are megascopically ancl microscopieally sinilar, though 17456 has a

reddlsh tinge due to oxidation near the contact. In thin-section,

assemblages consist nainty of crystal aggregates of subhedral to anhedral

cordierite (.05-.1nn) and plagioclase uith snall amounts of glass (ltate

5.4), and occasional larger (.2-.5nn) quartz and plagioelase grains.

5.1.2 Bulk-rock chenistry:

3ulk-rock chenicel conpositions of selected TYPE VX xenoliths (faUfe 5.2)

show a range in silica content frcn 62fi to 75fi. Examples fron Rrkonake have

higher volatile contents than those of Ngaumhoe but, when eonpared on an
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anhydrous basis, are chenicalLy identical. All are conpositionally siuilar

to Torlesse terrane netasedinents (fig.5. I A. Fie.5 .7). This correl-ation

indi.cates that nost exanples are greJrracke analogues antl only 17465 is an

argillite equivaleat (e.f. Chapter 1.2). Considering the advanced state of

fusion and the prrcbability of conpositional variation within the Torlesse

terrane, this eloge chemical correspondenc.e is surprising; it has inportant

inplications for lntrogenesis of host lavas aucl is further cliscussed in

later sections. ffPE VXb renoliths have si6nificantly different bulk-rock

chenistries from TYPE VXa (fatte 5.2 & Iie.5.7), These differences, which

include high CaO, Sr and Pb contents, rlle out both Torlesse and Waipapa

terranes as potential sources (f'lg. 5.1) .

Sr isotopic compositions (taUte 5.2 & Fie.5.2) support a genetic link

between TYPE l|Xa xenoliths and Torlesse terrane netasediments: four

eramples, including all those fron Pukeonake, falI on the Rangipo Torlesse

suite isochron; three others faIl close to it. Only the "argillite"

xenolith 17465 shors significant departure. The reason for this is not

clear but may be due to partial equllibration wlth host lava Sr, or nay

simply refLect regional variation in isotopic conposition of the source

terrane (such variations occur elsewhere - c.f. Chapter 1.7).

5.3.1 Glass ehenistry:

EPIIIA analyses of glasses in selected TYPE VX xenoliths are given in Table

5.1. In TIPE VXa, all conpositions are silica-rich and comndun nornative

but shor uuch internal and external variation. In 17461 r for exanple,

conpositions range frcn 72fi Si0, in quartz-poor segregations

quartz-rieh segregations near quartz grains. Glasses

renolith 17465 show the widest range in silica content (66%

rnarkedly higher in Kro but are otherwise sinilar to glasses

renotiths. TYPE VXb glasses range fron 75% to 85f Si02 and

rich than nost TYPE VXa glasses.

to

of

81tr sio2 in

"argilIi te "

to 77%), are

of "greywacke"

are nore Ca0-



Table 5.J: trl4A analyses of glasses in selected IYPE VX xenoliths.

================== ==========4===========EE=====g==E=====================

WW

TYPE

si0.
rLo;

flaB,
I,I80
Ca0
Naro
Krb
Tbtal

65.91
.72

16.16
7.r2

.92
1.13
1.06
6.61

98.05

77.17
.21

1 0.64
1.55

.30

.15
1 .87
5.78

98.OO

72.r1
.43

1t.9'
,.o0

.86

.85
4.44
2.97

99.15

75.64
.19

12.88
2 .11

.51

.54
7.84
7.22

99.21

80.96
.27

9.28
1.70
.5'
.t4

7.15
2.55

98.18

74.56
.t9

12.1 2
2.74

.55

.74
1.o9
t.o7

97.06

17465 1745'

VXa VXa

17451 17461 17461

VXa VXa VXa

17475 17471 17460

VXa VXb VXb

=========================== ========= =========-==ag=====tt==========E====

na jor elenents (reiebt S)

?8.05 76.77
.70 .41

12.49 12.75
1.77 2.17
.27 .25
.95 1.17

2.57 2.70
7.40 2.75

99.76 99.14

C .I .P.$. norn

Qz
Co
0r
Ab
An
Hy
I1n

1 7.0 42 .7
2.1 .7

40.0 t4 .9
25.4 16.2
5.7 1.8
7.1 5.5
1.4 .4

10.3
1.9

I I.I
,8.0
4.7
7.0

R

37 .7
2.1

19.2
t2.B
2.7
4.8

.8

51.7
.I

15.4
27.2

1.7
2.4

.5

41 .5
2.4

18.7
26.9
7.8
5.9

.8

46.6
2.9

20.1
21 .8
4.7
,.3

.6

46.4
3.2

15.4
21.1

5.9
5.9

.8

Mg*
te Ne

.r5 .26
2.O7 2.92

.74
1.96

.14
1.95

?,t

2.21
.26

2.80
.19 .17

4.12 4.98

; ;il ;; ;; ; 
= ;ffi * =; ; = ;;;;; ; ; T ; T ; ;;;; ; ; 

= 

; ; ;; ; : ; 
= = = =

current; air iron as FeO; Mg* = [ue/(ue*Mn*r'e)].
Qz = quartz, Co = contndum, 0r = orthoclase, Ab = albiter
An = anorthite, Hy = hypersthene, 11 = il-nenite.
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Sr-02

o TYPE VXo -
a TYPE VXo -
O TYPE VXo -
O ALBITE
E ORTHOCLASE

1746t
I 7465
t7474

Nop + (29 Alz%

FcO+HnO+MgO Al2o3

9.5.4: Triangular plot of TYPE VXa bulk-rock and glass conpositions.
(a) sioo - Feo + I4no + IIco - Alroq
(u) siol - Na.,O + Koo - Aloo= 

L r
Fieltl i6 (b) fs for'quartz'+/albite + orthoclase.
- Glasses are all nore si-liceous and less aluminous than bulk
rocks, inplying that restites forned by extraction of such glass
riIl be the reverse i.e. less siliceous and nore aluminous.



tr TYPE VXo

^ TYPE VXo

0 TYPE VXo

- 17461

- 17465

- 17474

Fig.5.5: Nornative glass conpositions in selected TYPE VXa xenoliths
plotted in the systen quartz-albite-orthoclase (tuttle anA

Bowen, 1958). Fillert symbols are bulk rocks and tj.e-lines link
silica-rich and silica-poor glasses in the same host. Asterisk =

S-type granite nininurn nelt conposition (fnrite and Chappell,
1977); cotectic lines are for obsidian-anorthite nixtures with
Ab/An ratios of 1.8, 5.2, 7.8 and infinity at.t. (tro) = 2kb
von Platen, 1965 - circled cross is ternary nininun.
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Selected glasses (open eymbols ) and corresponding bulk xenoliths

(f:.rrea synbols) are plotteit on ternary diagrans of SiO, - (f'eO + Iyln0 +

Ueo) - AIzOI in tr'ig.5.4a antl SiO2 - Na20 + KeO ) - A:.ZOT in Fig.5.4b. These

show that glasses are all more Na-, K, Si-rich and A1-, Ie-, Mg-poor than

bulk xenoliths and plot in the region corresponding to Qz + Ab + 0r.

Nornative conpositions (tatte 5.7) arc plotted in the systen quartz-albite-

orthoclase in I'ig.5.5. Glasses of 17461 and 1746, straddle the nininun

granite nelt curves at P(H2O )=2kb (von Platen, 1955), whereas those from

17474, whlch has a nore siliceous host xenolith conposition, fa1l entirely

in the quartz fie1d. This diagram, however, poorly illustrates nelting

relationships in IYPE VXa renoliths for two reasons: firstly, the range of

glass conpositions exhibited by each exanple reflects internal fine-scaIe

inhonogeneity ancl therefore relates to local bulk conpositions which rould

1ie towards the quartz apex (quartz-rich segregations ) and the albite-

orthoclase join (quartz-poor aegregations) respectively; secondly, the

degree of melting is greater than 50% and has thus proceeded beyond the

nininun for the conpositions under consideration - average cornpositions' if

they could be assessed, night be expected to fall close to the ninimum nelt

curve (for quartzo-feldspathic assemblages) only in the initial stages of

nelting and, as higher percentages of nelt form, will come progressively

cloger to bulk-rock compositions (Grapes, in press).

5.1.4 Mineral- chenistry:

EPMA analyses of nafic ninerals in TYPE VX renoli.ths are given in Table

5.4. In eordierites, [t'le/(Ug+fe+Mn)] ranges fron .77 to .45 and is not

tlirectly related to changes in the composition of associated glass (i.e.

cordierites of contrasting conposition are often surroundecl by homogeneous

glass of the sane conposition). Overa1l, however, using 17455 as an

exanple, the change in [Ue/(Mg+ls+Ith)] tetween bulk-rock (.+l), cordierite

(.72 to .50) aatl "quartz-poor glass" (.53) implies a Kd (r'e/t{e (cord) /

MgA'e (nelt)) of .20 to .11. Schreyer and Shairer (t96t ) investigated the



Table 5.4: EPMA analyses of nafic ninerals in selected TYPE VX xenoliths.

==== === ==== ========= === ========= ======= ======= ===== == == ======= = === === ===

MINERAL corcl

ww 17461

TIPE VXA

corcl cortl

17474 17474

VXa VXa

49.95 50.00
.00 .oo

t3.50 12.84
.00 .00

5.34 7.27
.00 .00

10.17 9.20
.10 .09
.00 .00
.00 .00

99.88 99.40

48.9t 47.61
,00 .00

15.19 3t.13
.00 .oog.2o 1r.70
.oo .95

7 .50 5.72
.00 .00
.05 .12
.00 .27

99.28 99.72

opx

17455

VXa

opx pleon

17460 1745O

vxb vxb

51 .62 52.00 .oo
.45 .r7 .t5

2.17 1.42 60.10
.00 2.51 1.24

26.55 16.76 25.74
.41 .44 .57

17 .97 24.16 'l I .08
.48 2.O2 .12
.00 .00 .00
.00 .00 .00

99.65 99.54 96.91

cord

17460

vxb

opx

17461

VXa

52.42
.09

2.O1
.00

25.O2
.15

19.80
.05
.00
.00

99.75

g= 
===E==== ======== ======= =========== ========== ====== =========== =========

si0^
Tio:
Ar261
Fef0{
FeO '
Mn0
Mgo
Ca0
Naro
Kr0
T-otal

orygens 18181818

Si
Ti
A1
Fe
tr'e

Mn

Mg

Ca

Na
lt
Total

5.O2
.00

7.97
.oo

4tr,

.00
1 .r2

.oo

.00
10.96

5.06
.00

3.91

.61

.00
1.39

n.t

.00

.00
1 0.98

1 ,97
.00
no

.00

.79

.01
1.11

.00

.00

1.97

1.97

.'t0

.00

.85

1.O2
.02
.00
.00

3.98

1 .91
.01
.06
.o7
.51
.01

1.35
.08
.00
.00

4.O0

.00

.01
1 .94
.ot
.54
.01
.46
.00
.00
.00

1.OO

5 .00 4.94
.00 .00

4.O2 4.O7
.00 .oo
.80 1.01
.00 .08

1.14 .88
.00 .00
.01 .o2
.00 .o4

10.97 1 1 .04

Mgt
Fe/l(e

.77

.50
N 

.44
.59
.70

.45
1.15

.58

.71
.69 .44
.44 1.24

==================================== ==========--======= ==================
NOTES: cord = cordierite; opx : orthopyroxenq; pleon = pleonaste.

All iron as Feo; Mg* = Lue/(Mg+l'{n+tr'e)J'
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structural state of Mg-cordierite and showed that, using the distortion

index (D) of Miyashiro ( 1957), cordierites ean be described as bej.ng J-n a

hi4, low or internediate stnrctural state. tr'or 17465, b.28 is consistent

with a "high" structural state. this indicates little or no annealing

subsequent to formation. However, distortion of the cordierite crystal

lattice regults fron a eoroplex set of eonditions including tenperature of

crystallisation, bulk-rock chenistry, confini-ng pressure, the presence of

volatile components and the length of tine that the mineral renains at high

tenperatures. ]t cannot therefore be used reliably as a geothernometer-

However, the data for 1 7465 indicates that little tine nust have elapsed

after crystallisation suggesting rapid incorporation and ascent to surface

conditions.

In TYPE VXa xenoliths, orthopyroxene occurst only as rare subhedraL

grains in segregations associatetl rith the rnost siliceous glasses. fhese

typically eontain 24i( AIZO' and less than 176 CaO ( taUte 5 .4) .

[Mg/(Mg+I'e*Mn)] ranges fron.58 to .54 and these values are lower than for

cordierite in adjacent segregations, but are consistent rith the

eorrespondingly lorer values for coexisting silica-rich glass (.ZS-.11).

The data inply a Kd (fefite (opr) / Me/Te (melt)) of .24 to .18, a range

sinifar to that for cordierite-ne1t equilibria. TIPE VXb orthopyroxenes are

less aluminous and more Ca-rich than ffPE VXa (taUte 5.4) and

[Ue/(I,ls+re+Mn)]=.69, implying a Kd of .25 (7460).

Pleonaste euhedra occur sporadically, often associated with cordierite

and silica-poor g1ass. Compositions are typically Fe-rich, having

[Mg/(Ue+fe*Un)] less than .5. The nain Fe-Ti oxide, llmenite, is a

ub1.quitous but minor conponent of all associations. EPITIA analyses indicate

an excess of TiO, for stochionetric ilnenite and the occurrence of exsolved

nrtj.Ie in 1746? suggests that nost grains have been oxidised'

plagioclase occurs only in TYPE VXb xenoliths as subhedral inclusions

in cordierite or as crystal aggregates between cordierite and glass (Ptate
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5.4). Conpositi-ons range fron An* to An45 - rins in contact with glass are

nore godic than cores.

5.5.5 Melting relationshiPs :

The close chenical correspondence between IYPE VXa xenoliths and Torl-esse

terrane netasedinents indicates that the original nineral assenblage was

quartz + albite + chlorite + nuscovite + rninor Ca-rich secondary ninerals

such as epidote, prehnite, punpellyite and calcite (see Chapter 3.2).

Duri.ng prograde netanorphisn, this assernblage rould have changed through

gradual dehydroryLation of nicas and fornation of new ninerals with high P-

T stability fields. However, rapid heating of nica ean cause nelting

wj.thout an initial dehydroxylation-oxidation stage, according to the

reactions (Grapes, in press),

muscOvite + quartz

biotite + albite +- quartz

or (Wones and Eugster,

biotite + quartz + A, =

aluninosilicate + peraluninous nelt

Na-sanidine + pleonaste + Al--nagpetite

peraluninous rneft

von Platen, 1965),

a.

lt-.

sanidine + tr'e-Mg silicate + HZO + melt 111.

The absence of any relict alumino-silicate phases in TYPE VX xenoliths

suggest that nelt may have formed directly without prior fornation of

sanidine, or that nineral was consuned at higlrer degrees of melting.

Release of rater during breakdown of nica pronoted nelting of quartz +

feldspar, and this, in IIPE VXa xenoliths, continued until all feldspar was

consuned. Arzi (tgZg) showed by experinent that nelting of quartz and

feldspar grains increaseg near biotite grains as a result of high local

water pressure and that later glasses resulting frorn further melting' have

lower KZO contents, consistent with early ellmination of sanidine.

Textural relationships of cordierite (c.f. ?late 5.2) suegest that it grew

tlirectly fron peraluninous melt, rather than fron breakdown of biotite.
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5 .5.5 Origins:

Bulk-rock chenistry and Sr isotopic conposition of vitrifietl xenoliths

fron Ngaumhoe and hrkeonake lavas indicate that they originated fron

shallow Ieve1s in the Torlesse basenent. Prior to intense thernal

netarnorphisn, they had unclergone only lor-grade netamorphic chauge. This

conclusion differs frprn that of Steiner (tglg) who coneidered the ninor

reaction observed at aome xenolith-host contacts as eviilence for a deep-

seated origin (i.e. beneath the TorLesse basenent). He considered the

occurrence of quartz rather than tridynite to support this since, as shown

by lrlosenan and Pitzer (t9+t), quartz is the stable forn at noderately high

pressures and elevatecl temperatures and can nelt directly at pressures

greater than 1kb. Horever, the elose chenical correspondence between TYPE

VXa xenoliths and Torlesse terrane netasedinent argues against a deep-

seated origin since processes of burial netanorphisn nould be expected to

cause nineralogical and tertural reconstitution and consequent disruption

of bulk-rock chen:istry aad Sr isotopie systenatics (on a hand-specinen

scale at least). The absence of arqr relict high pressure minerals sueh as

garnet supports this argument.

It is suggested therefore, that TYPE VXa xenoliths were incorporated

into nagna in high-Ieve1 chanbers and rere thence rapidly transported to

the surface. High nagmatic temperatures of 1O0O "C to 11OO oC (tatte 4.4)

causecl alnost total nelting of the nall-rock; rapid ascent cauged the

xenolithic nelt to quench and vesiculate as a result of a decrease in

confining pressure, but allowecl insufficient tine to interact chenically

ancl cliffuse isotopically with the magna.



PLate 5.5r BEI photograph of assenbLage (i) in IYPE QXa xenolith'17492,

Dtinerals are quartz (tlark grey), plagioclase (fient grey) ancl

pyroxene (rhite).

Scale bar = .1nn; fieltl of view = .J4mn.

Plate 5.5: BEI photograph of aesenblage (ii) in fIPE QIa renolith 17492.

Minerals are quartz (tlark grey), plagioclase (grey) and glass

(rieht srey).

Scale bar = .lnn; fi.eld of view = .74nn.

Plate 5.?: BEI photograph of a garnet iaclusion in ITPE QXa renolith

17492. The assenblage of pleonaste (fieht-erey blebs), geclrite

(atarker crey) antl ihnenite (white grain nitldle BHS) probably

resulted frorn progracle alteration of eordierite.

Scale bar = .01nn; field of view = .1 ?nm.

Plate 5.8: BEI photograph of reaction at the interface between TYPE QXb

renolith 1?885 and host lava 14721. Zoneg are (fron bottorn to

top): quartz (aark grey)- glass (rieht grey)-pyrorene (rhite)-

host lava (plagioclase phenocrysts in dacitic neeogtasis).

Scale bar : ''lnn; fiettl of view = .Smm.
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5.4 frPE Qx

- ttz -

- QUARTZ-RICH XENOLITHS

Quartz-rich xenoliths, nany of which have high-gracle netanorphic textures,

are ubiquitous in lavas of Ruapehu and aome nearby vents, and are localIy

abundant in lwikau Menber pyroclastice (T.R.Hackett, pers. conm., 1984).

Quartzites, containing nore than 901 nodal quartz, occur in favas of all

ages ancl are the nost abundant reaolith type. Other TYPE QX renoliths are

nineralogically and chenically cliverse. These are classified using

subscripts c-9.

Sone TYPE QX renoliths contain sna1l anounts of partial nelt, but are

distinguished fron TIPE VX renoliths because their bulk-rock compositions

(faUte 5.5) are not directly eonparable with knorn basenent lithologies and

because textures and mineral assenblages suggest a uuch nore conplex

metanorphic hi-story.

5.4.1 TIPE QXa:

These xenoliths have schistose or gneissic tertures and exhibit cm-wide

banding with contrasting mineral assenblages:

(i) quartz + calcic-plagioclase + clinopyroxene +- sphene +- j.lnenite

(ii) quartz + sodic-plagioelase + garnet +- orthopyroxene +- biotlte

EPIiIA analyses of phases in each assenblage are given in Appendix 3. In

assenblage (i), plagi.oclase ranges in conposition fron bytownite to

anorthite (rle.l .0 ) and pyrorene fron salite to ferroaugite (r'ie. 5 .7) .

Sphene and ilmenite (comnonly rimned by henatite) are ninor and textures

are typically granoblastie (ptate 5.5). In assemblage (ii), plagioclase

conpositlona are nore sodie, ranging rrom Alo to An46 (rie.5.6). In 17492,

anhedral, unzoned plagioclase and quartz grai.ns are surroundetl by clear

granitic glass (Plate 5.6). Occasional orthopyroxene (aluninous

hypersthene) and almancline-rich garnet also occur. A 1nn hexagonal

inclusion in one garnet grain (ptate 5.7) consi-sts of a vermicular

intergrorth of hercynite and getlrite (Hietanen, 1959). The hexagonal



tr'ig. ! .B :

17491
17463
17885

Nornative glass conpositions in selected TIPE QX xenoliths
plottecl in the systin quartz - albite - orthoclase (Tuttle and
bouen, 1958). Iilled synbols are bulk roeks. Asterisk = S-type
granite mininum nelt conposition (Wfr:.te and Chappell, 1977).;
cotectic lines are for obsidian-anorthite nixtures with Ab/An
ratios of 1.8, 5.2, 7.8 and infinity (,ln=O) at P (H.,6) = 2kb
(von platen, 1g6il - circled crosa indicates ternarf minimun.
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crystal shape antl bulk cotrposition of the congtituent minerals (lppenclir 1)

suggest the inclusion ras probably originally cordierite. Shreyer (1g65)

reported that at high tenperatures and pressures of 10kb Fe-rich cordierite

breaks down to assenblages containing an orthoanphibole (ferrogetlrite).

However, he was not certain whether these asseublages represent stable

eguilibriun, or whether they are roetastable substitutes for other

parageneseg sueh as alnandine + sillinanite + quartz. Grieve and I'awcett

(1974) investigated the stability of chloritoid below 10 kb P (H2O ). They

shored that the assenblage aluninous ferro-anthophyllite + staurolite +

hercynite was stable rith respect to chloritoi-d only at pressures greater

than 5.5 kb aad tenperatures greater than 600 "C. They further showed that

Fe-cordierite breaks down to feno-anthophyllite + etaurolite + quartz

under sinilar P-T conditions. These studies suggest the breakdown of

cordierite to gedrite + pleonaste was prograde and occurred in response to

the increase in tenperature following incorporation of the xenolith in host

ma8ma,

This sudden ehange in P-T conditions nay also have triggered partial

nelting Ln 17492 vhich, frorn the K-rich, Ca-poor conposition of the glass

(lppendix )), appears to have involved mainly the destruction of alkali-

feldspar and biotite. In the nornative Qz-Ab-Or systen (fie.l.A) tfre glass

plots in the feldspar field and is not a ninimun melt (note that the bulk-

rock conposition plots towards the quartz apex, belng doninated by the

nelt-free quartz-anorthite assenblage).

No melt is present in 17485 where assenblage (li) is quartz + biotite +

plagioclase + garnet. Biotite-garnet exchange equilibria (ferry and Spear,

1978; Appendix 1.5) eives a tenperature for the garnet riu of 946 "C. This

is h'igber than the temperature (BOe'C at 10kb) for garnet-orthopyroxene

equilibria in 17492 (Harley, 1984a; Appendix 1.?). Pressure estinates bageil

on assenblage (l) (plagioclase + clinopyroxene + quartz) (gfris, 1980;

Appendix 1.1) give low or negative valueg, suggesting the equilibria is not

/
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Table 5.5: Bulk-rock chenistry of selected rYPE QX xenoliths.

========= =====--===========================================================

vuhl 17482 17492 17485 17451 17436 17415 17468 17491 1 7488 17498

TYPE QXa QXa QXa QXb QXb QXc QXd QXe QXe QXf

============================ =========================================--====
rnajor elernents (weieht$)

si0^
Ti-o:
Al-.>62

#e,t
Mn0
Meo
Ca0
Na20
Kr-o

ll9'

55.6
n

16.5
.9

4.1
I

1.8
5.0
7.2

.6

.,

.4

70.9
.5

13.8
.6

2.9
.2

1.1
9.5

.5

.1

.z

.9

72.5 8r.1
.6 .0

11.9 8.9
.7 .'l

7Z tr
).J 'J.1 .O
1.3 .1

4.5 7.8
2.2 1 .1
.9 .2
.2 .0

1.5 .2

98.0 61 .7
.0 'l .1
.8 1 9.1
.1 1.1
,7 5.1
.0 .1
.2 2.2
.t 8.5
.2 .5
.'l .1
.0 .3
.0 4.4

99.1
.0
.3
.0
.'l
.0
.0
.2

I
ol

.1

.o

.2

88.4
.1

7.O
7

1.7
1.t

.t
4.5

.0

.1
1.2

95 .4 79.7
.1 .1

1.8 12.4
.1 .1

1.1 .6
.1 .0
.4 .2
.4 .5
.1 6.1
.1 .2
.0 .o.9 .4

C.I.P.W. norm

Qz 27 .4
Co .4
0r 7.2
Ab 27 .1
An 28.0
Di
Hy 10 .6
0ther 1.7

45.1 69.5 95.6
1.5
5.2 1.0 .4

18.9 9.4 1.6
21 .1 18.7 1.1

1.2
7.8 1.0 .9
2.1 .1 .2

46.4

.4
5.0

74.8
8.7
2.6
z.l

14.4
1.4

.5
4.2
40.5

12.8
4.7

e8:4

.4

.4

.4
?

.l

78.4

.2

.'l
8.1

't1 .B
A

.B

91 .9
.B

.7

FI

1.8

1.'
.5

40.6
1.0
1.1

57.5
2.1

7.8
?

trace elenents (ppt)

Ba 133 11

Cr 39 11

Rb41
Sr 508 605
v 105 69
Zr 199 221

174 17

11 6
424

260 204
825

115 8

60
I
q

19
11

25

?

4
3

25
15
<2

726
32

4
176
171
290

z
z
5
6
1
7

19t
7

t
221

71

31

24
8
z

168
t?

29

Rb/sr .006 .0o2 .161 .018 .10O
r .70619 .70700 .70890 .70801 .7061 1

.o13
.70609

_ .014
- .70774

.117 .012

==========================================================================
NOTES: r = 8?9.7855", Fe.o= / peo = o.z.

Major element anaffi3s'normafiJea to tOOf; volatile-free (volatile
loss (rcf ) is given for comparison). Q" = quartz, Co corundun,
0r = orthoclase, Ab = albite, An = anorthite, Hy = hypersthene'
Other = magnetite, ilmenite' apatite.

\
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appropriate to the conpositions observeal in these assenblages (tfre 1ow

alunina contents of clinopyroxene produce large errors in the estination of

the Ca-Tchernak's conponent). Garnet-orthopyroxene geobaronetry (Harley,

1984b; Appendix 1.?) requires an alunino-silicate to be present in the

assenblage and, since none rrere found, the calculated pressure of 7.75kb

(at B0O oC) is suspect.

3uIk-rock chenical compositions of TYPE QXa xenoliths (fatfe 5.5) are

strongly quartz-feldspar normative and slightly corundun nornative. CaO

contents are relatively high G.S-g.Jfl) and alkalis are low (.1-1.8%). Sr

contents are varj.able: 17482 (5Oeppn) and. 17492 (505ppn) are uuch higher

than 1?485 (250). These data indicate that assenblage (i) doninates the

bul-k-rocks; partial melts, and ninerals able to produce such nelts'

therefore constitute only a snall percentage by volune.

5.4.2 TYPE QXb:

Nearly nonomineralic quartzite xenoliths are abundant and wJ.despread'

particularly in Ohakune and Ngaunrhoe 1954 1avas. tlineralogically' these

consist either entirely of quartz (".e.17436, 17468)r or contain sna11

pockets (less than 5% by volume) of plagioclase, pyroxene and/or spinel

(".e.17885, 17+76, 17463). Textures are coarsely granoblastic (e.e.1?885)

althouglr sone exanples have a directional fabric (17416). Quartz varies in

grainsize fron .05 to lnrn and usually shows undulose ertinction. Rare

plagioclase is anorthite (fie.l.0) and pyroxene is typically salite or

ferrosalite (fie.5.7). A 5x5nn area in 17+76 eontains an i.ntergrowth of

anorthite and rollastonite with minute inclusions of a more Fe-rich

wollastonite (,lppendix 5); Ivln-rich hypersthene occurs in 17463 (Appendix

7). Sone eramples contain snall, irregular areas of plagloclase and

pytoxene surrounded by silica-rich g1ass, but this association is by no

neans comnon (as was suggested by Steiner, 1958). Glass conpositions are

variable, but are nore cal-cic and less potassic than 17492 (Appendix J).

Plotted in the Qz-Ab-0r system (fie.5.A), glass fron IYPE QXb xenolith

/
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17465 fa1ls within the quartz volume; those fron 17885 are close to ruininun

nelt conpositions even though bulk-rock would plot close to the quartz

apex.

Bulk-rock chenistry and C.I.P.W. norms of TYPE QXb xenoliths are

included in Table 5.5. These shor very high silica contents and relatively

I'ow KeO contents which indicate that glass represents only a snal1

proportion of total rock volune. Sr coutents are high in proportion to

feldspar content (e.e. 17461). Sr isotopic conpositions (where these eould

be neasured) are sinilar to TfPE QXa.

5 .4 .1 Ori gins :

The occurrence of quartz-rich segregations sinilar to TYPE QXb in sone

fiPE QXa xenoliths (e.g.17485) and the occurrence of Ca-rich assenblages

(i.". assenblage (i)) in Uottr xenolith types suggests that these are linked

by a connon genesis. However, the widespread distribution of IYPE QXb and

the relative rarlty of TYPE QXa renains to be explained.

Battey (lg+g) suggested that quartzose xenoliths in Ngaunrhoe 1949 lava

were thernally altered Tertiary sandy limestones (interestingly, some large

xenoliths of Tertiary grit have recently been described from Mount Egmont

(pr..l.Collen, pers.comm., 1984)). The abundance of quartzose xenoliths (to

the exclusion of nost other Wpes) in Ohakune lava make a similar origin

attractive sinee the Ohakune vents pass up through the thickest part of the

Tertiary sequence in the vicinity of the IVC. However, there is evidence to

suggest that TYP$ QXa and QXb xenoliths were probably not derived fron

this near-surface source:

i) Luninescence petrography shows no differentiation of the quartz, as

would be expected fron dlagenetic overgrowths on a detrital core derived

from a netanorphic or igneous source; luninescence effects are those

typical of high-tenperature quartz (nr.,f .CoIlen, pers.eonn., 1984).

ii) No significant quartz-sandstone or grit horizons occur in the North

Island Tertiary sequence (Suggate, 19?B).



Table 5.5: fMA analysis of phases in 17885'

= B======E ==== == ====3====g=E == = ========== ==== ====

MINERA],

ASS0C

cpx glass glass cpx

xen xen ri.n rin

nes

lava

72.O1 52.97 55 .01
.65 .17 1.14

10.01 .58 12.22
.00 2.21 .00

4,04 7.44 7.37
.00 .t5 .20
.51 15.41 1.25

1 ,71 19.59 1.65
2.89 .30 4.84
5.25 .oo 1.36
.00 .10 .00

95.14 99.91 97.11

===== ============ ============ ==== ============ ===

sio^
Tio:
A1o6=
reloi
FeO'
llnO
l'lgp
Ca0
Na^o
K16
CI
Total

,o.8t 68.26
.17 .65
.58 10.64
.44 .00

14.22 4.54
.79 .00

7.86 .74
27.75 2.3e

.26 2.91

.09 2.97

.00 ,09
99.08 9J.24

oxygens

Si
Ti
A1=.
Fe/'
Fe2*
ljln
Me
Ca
Na
K
TotaI

1.984
.005
.ot1
.01,
,465
.o26
.458
.994
.020
.004

4.000

1.964
.005
.o22
.062
.231
.010
.906
.778
.o22
.000

4.000

== ===--================ =================== ==== ===

NOTES: cpx = clinopyroxene; lnes = mesostasis'
xen = segregation i-n xenolith;
rin = reaction rim; lava = host lava'
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iii) even if a suitable bed dict exist beneath the fVC' it night be

erpected that the derivative metaquartzite xenoliths be acconpanied by

netasiltstones and netaealcarenites, both of which do occur.

An seeond possibity is that TYPES QXa and QXb xenoliths represent

cherts frorn within the Mesozoic basenent. Although difficult to deny on

chenical or petrographic grounds (Roser , 1983), the relative abundance of

these xenoliths ie inconsistent with their rarity in the probable source

terranes.

The nost likely origin for quartz-rich renolitbs is that proposed by

Steiner (tglg) rho considereil then to represent relict bands of quartzo-

feldspathic gneiss, separatecl fron denser micaceous layers by thernal

expansi-on during rapitl increase in tenperature. Tron this study' the

parental gneiss night be equivalent to lower parts of the Mesozoic basement

where greSrwacke has netanorphosecl under high-grade conditions. Because of

the likelihood of sone chenical transfer resulting fron gneissic

segregation, it is not possible to directly relate these renoliths to

Torlesse greywacke - the high Ca and Sr contents and noderately 1ow Sr

isotopic ratios of 1 ?482 anrl 17492 would require extensive nineralogical

and chem:ical adjustnent to be conpatible with such a source. 0n the other

hand, Sr isotopic ratios are too high for an origin as l{aipapa terrane

greywackes, unless sone sone isotopie enrichnent has previously taken place

(see section 5.8 for further discussion).

5.4.4 Contact relationshiPs :

The interface between fyPE QXb renoliths and host lava is of tro types:

Conmonly, the renolith edge meets host lava in a sha4t regular line and

mineral grains are smoothly broken across it (".g.17+76). In other cases' a

narrow reaction zone surrounds the renolith (Plate 5.8). This is nade up of

an irregular zone of clear, honogeneous, silica-rich glass and a zone next

to host larra containing .5 to luun long clinopyroxene nicrolites. PI'IA

analyses of each phase is given in Table 5.6.
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Holgate (1914) reviered the facts relating to the behaviour of

quartzoee renoliths inmersed in basaltic nagna' and concludeil that the

phenouena displayed are due to liquicl imiscibility at the onset of

crystallisation in the host. Diffusion into the xenolith nargins of alkalis

and water fron the nagna causes early production of a granitic nelt at the

contact. During cooling, the nelt conposition is progressively changed

through further diffugion until fiaally it has a conpoeition similar to

that of late-stage residua of the host Iava. Sato (lgll) erperinentally

eramined the phenomena of glass-clinopyroxene coronas around guartzoee

xenoliths and concluded that alkalis tliffused against their concentration

gradients. This behaviour was also reportecl by Uatson and Jurewicz (tgg+)

fron experinents rith oceanic tholeiite and granite at 1250 "c and lokb'

In the eontact zole, interdiffusion of elenents took place resulting in

considerable uptake of potassi.un by the basaltic nelt and eventual loss of

Na fron the basalt to the granite. Sato (1975) also explained the

occurrence of clinopyroxene coronas; these result from higtr (Ua+X)/nf

ratios of corona glass which increases the effective CaO concentration

causing clinopyroxene rather than orthopyroxene to crystallise.

Van Bergen end Barton (t gg+) described the j-nteraction between

aluninous netasedinentary renoliths and siliceous nagna fron l'lt. Aniata'

Central ltaIy, end founcl similar reaction coronas which they interpreted as

conpler processes of nagna-rock interaction. In sone exanples, the the

zonation coneisted of: xenolith core of sanidine + biotite + spinel +

plagioclase+aluninosilicate-plagioclase granitic glass

clinopyroxene - unnodified lava. They argued that nelt from the xenolith

accunulated around it, and diffusion gradients then lecl to inpoverishnent

of the nelt in Si, Na and K and enrichnent in water, Fe, Mg and Ti. The

instability of hercynitic spinel in the presenee of siliceous liquiil

resulted in crystallisation of calcic plagioclase and a consequent positive

Ca anomaly along the nagna-renolith contact. Although the interaction of
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ffPE QXb xenoliths with basic nagna does not directly parallel that

situation, sirrilar processes coulal apply - granitic partial nelts producecl

under suitable conditions are sonetines ertracted and thence interact with

host 1ava. For 17885, host lava consists of plagioclase and pyroxene

phenocrysts and mesostasis of dacitic conposition (taUte 5.6). Ihe

xenotithic nelt is deficient in Fe antl Mg conpared to host lava and strong

diffusive gradients night be set up resulting in crystallleation of

pyrtxene at the diffusive interface.

It is also possible that the renolith acts merely as a reactive

interface at which host nesostasis crystal)-ises clinopyroxene, so being

enriched in Si and K anil depleted in Fe' Mg and Ca. However, there are

difficulties with this interpretation. tr'i.rstly, both A1 and Na are lower in

the xenolithic nelt than in the host mesostasis, yet these elements are

also low in pyroxene. Conconitant crystallisation of plagioclase is a

solution to this paradox but no plagioclase-rich zones occur. Secondly'

there is no observed change in glass conposition between the xenolith

nargin and the pyroxene zone, yet pyroxene is confined to that region

innediately adjacent to the host lava. It is more U"kely, therefore' that

zoned contact relationships betreen quartz-rich xenoliths and host lava

result fron ertraction of partial nelts fron the xenolith rhich interact

diffusively with host mesostasis.

5.4.5 Other ffPE QX xenoliths:

TYPE QXc xenolith 17416 is a pyroxene hornfeLs with sone petrographic

features suggestive of a metasedimentary origin. fn hand-specinen it is

brown to grey-black, elongated (rOrtOx5cn) antl strongly foliated.

Mineralogically, it consists nainly of granular aggregates of quartz +

calcic plagioclase in a pseudo-opaque, fine-grained natrix of sieved

quartz, plagioclase and orthopyroxene (CarMg*rF,u+9 ), Chenically, it is

depleted in alkalis (.4il and strongly corundun-nornative (1.+%) (laUte

5.5). The well-foliatetl, granoblastic texture anrl lor alkali content
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suggest that this renolith could have originated as a finely-laninated

arkosic siltstone. H6wever, its bulk-rock chenistry and 1ow Sr isotopic

ratio (.ZO0O8) preclude direct derivation fron any known basenent source.

TfpE QXct xenolith 17468 is a large (5OxZOxeOcn), saccharoidal quartzite

fron Ngauruhoe 1954 1ava. It consists entirely of a erumbly aggregate of

clear quartz and so differs petrographically and chemically from other TYPE

QX xenoliths (tatle 5.5). This suggests a unique origin either as a pure

quartz sandstone fron an unknown source or, nore like1y, as a lSrdrothernal

vein deposit.

TYPE QXe xenolith 1?4BB is a sna1l, ligtrt brown sugary xenolith from the

Iwikau Member pyroclastics. It has a granoblastic texture of unstrai.ned,

equiclinentional (.ett) quartz grains. Calcic plagioclase (ln 
U 

),

orthopyroxene (nanganoan ferrohypersthene) (fig.f.Z) and titanonagnetite

occur interstitially as individual crystals and as crystal aggregates.

0rthopyroxene has brown-green pleochroisn, is partly oxidised and is high

in Mn, sinilar to an orthopyroxene reported by Davidson antl Mathison ( 1971)

fron a netamorphosed banded iron forrnetion, North Dangin, I,Iestern Australia

(see Deer, Howie and Zussman, 1978: p45, analysis 21). A second exanple,

174gj is from hlhakapapa tr'ornation lava near Bmce Road, Ruapehu, and has a

coarse-grained (.5 to 1nm), granoblastic texture of unstrained quartz with

interstitial plagioclase (Otr, ) (fie.5.5), elinopyroxene (manganoan

salite) andl manganoan-ferroan wollastonite (fig.f.Z). Similar rollastonite

eonpositions are recorded from Broken Hill (StilweU, 1959) and frorn a

calcareous zone of hornfels in Mn ore, Hijikuzu mine, Japan (Nambu et.aI,

1971). Manganoan ferrosalite was reported by Til1ey (tg+g) frosr Treburland

manganese mill€r Altarnun, Cornwall (see Deer, Howie and Zussman, 1978.

p5j1, analyses 11 & 12i p216, analysis 1O). Bul-k-roek chem:istry ot 17491

(tatte 5.5) shows relatively high concentrations of Mn, Ni, Cu and Zn (for

a rock conposed largely of quartz). The Sr isotopic ratio (.lOlll) is

sinilar to that of other IYPE QX xenoliths.
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The relatively high concentration of netals in TIPE QXe xenoliths

suggests an origin distinct fron the other quartz-ri.ch xenoliths. One

possible source would be Mn-enriehed zones within the Waipapa terrane, such

as those which are wiclespread in the Northland peninsula (Stanaway et a1.,

197e). However, this seens unlikely since xenoliths wlth petrographic or

chernical characteristics of Uaipapa terrane greywackes are absent and

sinilar nanganiferous zonea are not degcribed locally (Roser, 19W). Ivln-

enriched zones rithin the [orfesse terrane are more-attractive. A rare

occurrenee of rhodochrosite in chert associatecl with pillow lavas was

described fron a loeality near Paraparaunu, north of llellington, by Roser

(nAS). pieclnontite schistg (Turner , 1946) occur within Chlorite IV rocks

of the Haast sehist terrane, also associated with netaehert. The

correlation betreen the Haast schist and Kainanawa schist terranes (c.f.

Fig.5.9) indicates that, although no surface expression occuns, sueh

manganiferous horizons could be present in Torlesse terane below the fVC.

TYPE QXf xenolith 17498 has a cornplex granoblastie texture and obscure

nineralogy. Strained and sonetines broken, Z-inm sized plagioclases occur

in irregular crush zones containing veins rich in biotite and opaques.

Quartzose segbgations occur elsewhere. Plagioclase has maiqly a sodic

conposition (An.,AbnrOrr) but eontains inegular inclusions which are more

Ca-rich (fle.l.O). Mafic ninerals including ferro-augite, olivine (foUO),

ilmenite, titanomagnetite and pleonaste are locally abundant in sna11'

interstitial enclosures. Sinrilar assemblages to this occur frequently in

quartzo-feldspathic segregations in gneiss' suggesting a possible source'

However, this xenolith type is unique and a link to what should be a

significant source tyln (since schist must conprise a substantial crustaL

thickness below the TVC) is considered unlikely. The assenblage is also

cornpatible wlth that of a hydrothermal vein deposit. Given such an origin'

then it ngst have acquirecl its present, granulated texture during inclusion

as a xenolith.



Plate 5.9: BEI photograph of nlneral assenblage in IYPE QPXa xenolith

1742r. Phases are sillinanite (dark grey), plagioclase (g"ey),

sanitline (fight grey) aad biotite (white). tfr" rock has a

strong foliation and gillinanite growth is in preferrecl

orientation.

Scale bar = .lun; fieltl of vieu = l.Jum.

Plate 5.10: Close-up of central area of Plate 5.9 ehowing sillinanite

(dark srey) and sanidine (rieht grey) surrounded by

plagioelase (erey) rith biotite (white).

Sca1e bar = .1nn; fielcl of view = .28um.

plate 5.11 z BEI photograph of nineral assenblage in IYPE QPXa xenolith

I74Br. Sanidine (fight Crey) contains nicrolites of nullite

and corundurn (dark grey). Other nineralg are plagioclase

(grey, patchy) and biotite (white).

Scale bar = .01nn; fiettl of view =

Plate 5.122 BEI plrotograph of TIPE QPXa xenolith 17€3.

grey) surroundg plagioclase (grey, patchy)

(wh:ite ).

Scale bar = .1rnm; fieltl of view = .ZJmm.

G1ass (fieht

and biotite
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Table 5.?: Bulk-rock chenistry of selectecl IYPE QPX xenoU.ths.

=======================================================================

Vtiifl 17425 174f,4 17419 17441 17497 17423 17410 17489

TYPE QPXa QPXa QPXb QPXb QPXb QPXc QPxd QPxd

===========-===========================================================
najor elenente (weiehtS)

si0^
TiO:
II"6^

'rle'i
![n0
l'Ig0
Ca0
Naro
Krlo

'J?'

50.0
1.1

25.6
3.7
7.7

.1

t.o
4.1
4.6
1.8

.5
o.t

49.4
1.8

25,9
1.5
1.5

.l

2.7
7.7
5.6
1.5

.4
1.2

49.1
1.'

25.6
t.9
t.9

.1
2.5
8.9
3.6

.6

.2

.8

50.8
1.2

24.6
4.2
4.2

.1
2.9
6.7
4.4

.9

.2

.2

51.6
1.0

25.1
t.5
t.5

1

2.5
8.6
t.6

.2

.l
1.2

41.2
1.4

25.7
5.9
5.9

z

4.0
5.7
2.7
4.2

.1
2.0

t6.3 42.7
4.1 7.7

20., 20.5
10.8 5.510.8 5.5

.5 .2
9.0 8.2
5.7 9.3
1.7 1.7
.6 2.O
.t .8

1.4 '1 ,2

C.I.P.tr{. norur

Qz
Co
0r
Ab
An
Ne
Hy
OI
Mt
Iln
Ap

- 2.8
6.9 

'.122.7 8.9
54.O 10.7
19.4 15.9
2.5
- 7.'

6.9
5.4 5.1
2.1 1,7
.6 .8

7.2
,.4
7.4

to.6
42.6

8.0

5.1
2.8

.5

2.4
4.8
5.4

zna

11 ._5

5.0
1.1

.5

1.1
1.2
1.4

72,2
41 .9

11 .2

5.1
1.9

.2

t.s
24.8
17.2
27.5
5.3

10.1
8.5
2.7

.2

7.8
7.7

11 .0
26.4

.6
11 .7
14.4
40.9

25.1 4.9
1.5 10.8

15.6 7.5
8.t 7.0
.7 1.8

trace elenents (ppt)

Ba
Ce
Cr
Rb
Sr
v
Zt

1 709
7B
59

144
708
179
2eg

587
76

106
4B

604
248
361

783
nd
73
16

896
221

473

87B
e4
R7

't8

545
208
220

292
52
71

2
448
208
126

991
16

551
169
271
413
77

160
53

161
40

142
554
215

590
68

195
87

,o1
255
291

Rb/Sr .2o3 .o79 .050
r .70552 .70616 .70170

.01 4 .621 .115 .177
.70702 .71000 .70810 nd

il;ilG;;=;ffi ;; 
=;;;;; =;;;;;; =;;l;;;; ;;il:;;=il;; il"

loss (mf) is given for conparison). Qz = quartz, Co comndun,
Or = orthoclase, Ab = albite, An = anorthite, Ne = nepheline,
Hy = hypersthene, 01 = olivine, Mt = nagnetite, 11 = ilmenite'
Ap = apatite. 1= 87SrF6Sr, lrZO1, / teO = O.Z.
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*,J J*

Ab

Fig.5.9: Conpoeition of feldspars in selected
in terns of K-Na-Ca. Tie-lines join
TIPE QH(a xenoliths.

t7425
17183
17415
17419
17413
17411
17458
17497
17894

An

TIPE QPX xenoliths, Plottetl
coexisting phases in two

O TYPE OPXa -
o TYPE 0PXo -
O TYPE OPXb -
+ TYPE OPXb -
X TYPE OPXb -
A TYPE OPXb -
v TYPE 0PXb -
O TYPE OPXb -
* TYPE OPXb -
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XENOtIfHS

TYPE QPX xenoLiths occur in most

assenblages) are abundant and

inclusions. BuIk-rock chenistries

lavas but only IYPE QPXb (feldspar-rich

these are ubiquitous as snall grey-black

are given in Table 5.?.

5 .5 .1 TYPE QPXa:

Several renoliths with biotite-rich assenblages are described only fron

Irikau Member pyroclastics. One unusually J-arge (12x8x4cn) e:ranple, 17425,

is strongly foliated and finely-segregated into layers of contrasting

nineralogy. In the nore felsie layers, plagioclase (ASraU6OOrt ) and

sanidine (0r.., ) coerist (fie.5.9); in nore nafic layers biotite, aluminousoY'

orthopyr"oxene (UtO, ), ilmenite and pleonaste occur. Sillinanlte is

frequently surrounded by sanidine and is orientated paral-1e1 to the

foliation (ltates 5.9 &.5.10). In 17483, sanidine contains needles of

mrllite and larger anheclral crystalg of corundun (etate 5.11). Elsewhere,

interstitial areas of syenitie glass (Appendix J) occur (Ptate 5.12). Bulk-

rock chen:istries are characterisetl by high concentrations of A1' alkalist

LILE ancl HFSE; nafic elenent concentrations are relatively 1ow (TaUte 5'7).

sr isotopic conpositions vary fron .70616 (17484) to .?1112 (174e7).

Terture, nineralogy and bulk-rock chenistry suggest that TYPE QPXa

xenol-iths rnight represent micaceous segregations of greywaeke, convertecl to

gneiss by high-graile regional netanorphisn (i.". greywacke-gneiss).

Because of a complex netanorphic history prior to incorporation, it is not

possible to be equivocal about which of the basenent terranes was the

source; the high Sr content and Low Sr isotopic ratio of 17425 are typical

of l,Iaipapa terrane greywackes whereas the higher Sr isotopic ratio of 17443

is more akin to Torlesse terrane rocks. Mineralogical relationships in

17425 and 17M7 are of a slightly different type to those lnrtaining to

T|PE VX xenoliths (c.f. section 5.1) (Brindtey and l{aroney, 1950):

nuscovite + quartz = nullite + sanialine or peraluninous nelt



- t7183
- t7111
- 17458

d.-

Fie.5.10: Nornative glass conpositions in selected TYPE QPX xenoliths
plotted in the systen quartz - albite - orthoclase (Tuttle and
Bowen, 1958). Filled synbols are bulk rocks. Asterisk = S-type
granite ninimum nelt conposition (white and Chappell, 1977)i
cotectic lines are for obsidian-anorthite nixtures with Ab/An

.- ratios of J.8, 5.2, 7.8 and infinity (An=O) at P (H.g) = 2kb' (von Platen, 1955) - circled cross indicates ternarf nininun.
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In 17425, alteration of nuscovite has procluced sanidine with sillinanite;

in 1?4€3 this tranfornation has proceeded further to produce a potassic

melt which, in the Qz-Ab'Or systen, plots towards the Ab-Or join and is not

a minimum melt.

The bulk-rock composition of 17484 shows relative depletion in alkalis

conpared to other TYPE QPXa xenolithe which could result fron renoval of

nelt sinilar to that contained in 17487, although this is uncertain since

original conpositional sinilarities are obscured. Biotite is absent fron

the nineral assernblage of 17484 and orthopyroxene, sonetines ao 1nn long

porphyroblasts, occurs uith plagioclase and pleonaste. This' therefore'

probabty represents 
. 
a conposltion internecliate betseen biotite-rich IYPE

QPXa and feldspar-rich TYPE QPXb (described below) and nay provicle a

genetic link between then.

5.5.2 TIPE QPXb:

Feldspar-rich renoliths are ubiquitous in lavas of the TVC. Steiner

(t959), referred to dark grey feldspathic reuoliths in Ngaumhoe 1954 lava'

which " . . . represent re-ne1ted, rnodified ancl recrystallised bantls of

quartzo-feldspathic gneiss.". Hackett (pers. conm., 1984) indicated such

xenoliths were probably anongst the nost abundant types in Ruapehu lavas

but, because their grey colour natches that of host lavas they are less

conspicuous than other types.

Most exarnples are elongatetl, angular and snall (e-5Onrn r 1-10nn). Alt

exhibit layering paralIel to their long axis and nany show partings in that

direction. Textures range fron hypiclionorphic granular (e.g.17a97) to

granoblastic (e.e.17419). Contacts are often sharp but irregular due to

interpenetration of nineral grains (ttate 5.11) and nargins are often

intensely deforrnecl and recrystallised.



Plate 5.13t 3EI photograph of contact betreen TYPE QPXb xenolith 17419

(nffS) and host fava (lHS). Plagioclases in the xenolith are

nildly zoned (clarker shades indicate Na-rich compositions)

giving a "clouded" appearance. Crystal edges penetrating host

lava are euhedral and conpositionally sinilar to nicroliteg

in the host lava. Near the contact, these, and acconpanyiag

pyroxenes, appear to be quench crystals.

Scale bar = .lnn; field of view = .Jurm.

Plate 5.14: BEI photograph of TYPE QPXb renolith'17447 sbowing layering

and segregation of }lypersthene (fieht grey), uagnetite,

ilmenite and pleonaste (a11 rhite) in a matrix of

granoblastic plagioclase (e""y).

Scale bar = 1nn; field of view = 1.9nm.

Plate 5.15: BEI photograph of a pleonaste porlhyroblast in IYPE QPXb

xenolith 17458. The core is corundun (sapphire) with

inclusions of plagioclase (gtey) and spinel. Granitic glass

(fieirt grey) is everyuhere interstitial to plagioclase (see

particularly top left).

Scale bar = .1nn; field of view = 1.1nm.

P1ate 5.15: BEI photograph of vug assenblage in TIPE QPXb xenolith 17415.

Minerals are plagioclase (gr"y, euhedral nith sodic rins) and

hypersthene (rr"ry light Brex, euhedral with Fe-rich rims) in

an interstitial glassy nesostasis. The assenblage nay have

grorn in a volatile-rich pocket during netamorphism.

Scale bar = .'l nrn; field of vier = 1.1nm.



Plate 5-18 Plate 6-L4

Plate 6-16
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Rie.5.11: flnenite ancl nagnetite analyses fron selected-ffPE QPXb
xenoliths plotted in terns of Ti4" - Fez' -Fe)- (atons).
Tie-lines join coexisting phases in conposite grains.
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Fig.5.'12: Tenperature - oxygen fugecity conditions of netanorphisn of
selected TIPE QPXb xenoliths, based on determinations using the
nethod of Storner (t9e1). fuy as for Fie.5.11.
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Mineral assenblages are doninated by unzonett plagioclase, naking up 6A%

to ffi% by volune, whose conpositions range fron andesine to l-abradorite

(rig.5.9). In 1744o and 17419 (lt particular) plagiocraee becomes

progressively more-cl-ouded near the host-xenolith contact (ptate 5,11).

Such clouding (Poldevaart and Gilkey, 1954) often results fron diffusion of

tr'e into plagioclase through channels produced by unnixing and is most

connon in plagioclase of internediate conposition. It occurs when

temperatures are held high for long periods of time in the presenee of

water (Snitfr, 1974). In 17419, elouding is probably related to thernal

alteration near the contact caused by incorporation of the renol-ith in the

1ava. EPMA analysis of the clouded narginal plagioclase reveals fine-scale

variation in conposition fron A5, to An72 , but no significant change in

FeO content.

Layering in TYPE QPXb xenoliths consists of 1-2nn wide segregations of

subhedral, sub-ophitie ' green-pink pleoehroic tlypersthene (nnO ),

titanonagnetite antl ilmenite (ltate 5.14). Almandine garnet and cordierite

oecur in 1787J, but uot in other eranples. Minor ninerals are quartz,

biotite (low-pressure alteration of hypersthene?) and zircon. Pleonaste 1s

ubiquitous and occurs as rounded, .5-1nrn dianeter porphyroblasts sometines

with a conrndun (sapphire) core (ltate 5.15). Ilnenite and titanonagnetite

usually coexist (fig.5.11 ) giving equilibration tenperatures near 950 "C

and equivalent oxygen fugacities of about -1 1, close to the Ni-Ni0 buffer

(r'ie. i.tz).
Many ffPE QPXb xenoliths contain brown, interstiti-aI 61ass which

sonetines originates fron host lava (Steiner, 1958); in 17458 lt,e glass has

a dacitic composition (Appendix t) and contains numerous rounded nicron-

sized pyroxene nierolites (inferred froro chenistry); in 17415, browni'sh

glass occurs in fractures and in sna11 (lOrtOnn) oog" containing euhedral

zoned plagioclase and hypersthene up to 1mn long (ptate 5.16). The

plagioclases have cloudy, glass-filled interiors and orthopyroxenes are
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nore Fe-ri-ch than those of the surrounding xenolith (Appendix 3). This

assetnblage probably crystallised from a nelt-rich pocket prior to

i-ncorporation of the xenolith in host lava and, subsequently' re'

equilibrated with the last remaining liquid. Glass of a rcre siliceous

conposition (Appendix 3) pervades 17444 which, in the Qz-Ab-Or systen

(fig.l.10), corresponds to a granitic mininun ne1t.

Tertures, nineral habits ancl titanonagnetite-ilmenite equiLibration

ternperatures suggest that IYPE QPXb xenoliths rere recrXrstalised under

granulite facies eonditions. Cordierite and garnet in 178%- are probably

relict fron an original assemblage that pre-clates those changes but rhich

suggests a pre-history as higlr-gratle gneiss. Steiner (tg!8) noted that,

oecasionally, hypersthene phenocrysts protnrded from host lava into

renolith interiors and that the crystaI nargins rere narkedly corroded'

indicating that the xenolith was still liquicl at the time the lava ras

crystallising. Such a relationship was rarely observed in the exanples

described here, although the presence of interetitial glass, granulitic

textures and relict layering a1I suggest that these xenoliths were at sone

stage subjecteil to tenperatures at or near the uelting point of the

assenblages observetl.

Bulk-rock cheuistries of TYPE QPXb renoliths (fatfe 5.7) shon high

concentrations of AlrO, Nar0 and CaO, reflecting high nodal plagioclase

contents. Sr concentrations are high, ranging fron 448 to 896ppn; Rb

concentrations are low, ranging from 2 to 25ppm. IILE and HFSE

eoncentrations show consistent variation, being lorest in 17497 and highest

in 17419. Nornative mineralogy reflects well both nodal conpositions and

nineral ehenistries, indicating that assemblages are at or near

equilibriurn. This conclusion ls supported by textural relationships.
A'7 ^."'S"7oot" ratios range fron.70570 to .70800 and are typically higher than

host lavas (none of rhich erceed .?0520 - c.f. Table 4.4).
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5.5.3 0rigins:

Feldspar-rich renol-iths (i.e. TIPE QPXb) could be fine-grained plagioclase

curmrlates resulting from fractional crystallisation of anclesitic magEa.

However, the typically netanorphic textures, relict foliations, high P-T

nj.neral assenblages ancl high Sr isotopic ratios do not support such an

origin. Since nost exanples have high"" 87S"f6Sr ratios than their host

lavas (or intleed of any recent lava of the [VZ) then they muet be derivecl

fron a different source.

An alternative genesis linking both TYPES QPXa antl QPXb into a crustal

nelting nodel seerns nore plausible and certainly mre attractive. Reail

(1935) described feltlspathic renoliths ("orthonorites") in the Haddo House

Distriet of Abertleenshire, Scotland. These were fine-grained plagioclase-

rich rocks eontaining hypersthene as spongey, sometines poikilitic nasses'

ancl were identical to "micronorite" xenoliths described by Reail (tgg6) at

MilI of Boddan, Insch, Aberdeenshire. There the host orthonorite contained

bands and patches of nicronorite which consisted of granular aggfegations

of feldspar and hypersthene with abundant opaques. In some bands' the

hypersthene was "...packed in fairly continuous stripes and cenented by

interstitial iron ore. ". This deseription and published bulk-rock

chenistries are strikingly sinilar to sone ffPE QPXb xenotiths. Read

interpreted the mineral assenblages as resulting fron assinilation of

pelitic country rock (andalusite-cordierite sehist) by olivine gabbro. The

petitic rocks were first de-silicated anil then the aluminous "restites"

reacted 1g"ith the contaminated nagna to reprecipitate plagioelase and

hypersthene (producing orthonorite zones ). Micronorite zones were

interpreted as relict alurninous restites whieh have re-equilibrated' in-

situ, with the host lava.

Steiner (tgfg) considered that feldspathic xenoliths 1n Ngauruhoe 1949

and 1954 lavas represented re-melted feldspathic bands of gneiss. ifhen such

bands are broken up antl scattered throughout a tragma, they nelt and
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interact with it. The resulting syntectic nelt renains essentially

fel6spathic in composition and on crystallisatioa gives rise nainly to

feldspar. Such an origin is supported by (t ) granulitic terture (Z)

occurence of retict high P-T ninerals (garnet, corclierite) (l) hieh

equilibration tenperatures of coeristing Fe-Ti orides (9OO 'C to 1000 "C).

However, the doni.nantly netaroorphic nineralogr and presence of relict

netanorphic layering suggest a slightly different ,genesis' more in line

with the interpretation of Rearl (1915, 1966) for Haddo House and DIi1l of

Boddan orthonorites.

Chenical conparison (natfe 5.7) between TYPES QPXa and QPXb ghows that

both are clepletetl in silica antl high in alunina but that the latter is

relatively alkaIi-depleted. This, and petrographic data suggest that these

xenoliths night represent stages in the progressive alteration of

doninantly feldspathic layers of gneiss (derived originally fron basement

greyracke). ffPE QPXb renoliths are restites after extraction of granitic

nelt (sinilar to that of 17444), but are not totally renelted as suggested

by Steiner (tgle).

5.5.4 Other TTPE QPX xenoliths:

Tiro unusual xenolith Wpes, both of which have silica-poor bulk-rock

conpositions (Table 5.?) occur rarely in some lavas but their origins and

significance to crustal contamination of lavas reroains obscure.

TYPE QPXc xenoliths 17421 & 17487 were both recovered fron Iwikau Menber

pyroclasties and ere very snall (tOxtOx5nrn), purple-grey in col-our and

weekly foliatecl. They have .25-.5nn wide discontinuous layers rich in

spinel, and biotite forns a dense mattetl fabric with plagioclase (zoned frorn

Atg5 to An55t core to riu), pleonaste, titanonagnetite, ilnenite and

henatite (Appendix 1). Ilnenite often forns an intergrorbh Yith

titanonagnetite and both are partially oxidised, as lndicated by the

coexistence of henatite, the 1or equilibration tenperature (llq "C) and

high oxygen fugacity (-fe.ee). Bulk-rock chenistry (Tatte 5.7) is unusual,
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particularly with respect to trace elenents: a1ka1i and LILE concentrations

are high, as erpected for a rock rich in biotite, but HFSE such as REE' Th,

Nb, Y and Zr ate all notably low; Cr, Ni and Cu concentrations are high.

These features tlistinguish ryPE QPXc frorn the otherryise broadly-sinilar

TYPE QPXa renoliths. The unusual chernistry, though intriguing' does not

innediately suggest a likely souree fron known basenent lithologies.

TIPE QPXd renoliths are sna1l, strongly foliated ancl occur ridely'

sonetimes being included in cunulate nodules (as in 1?883). Mineral

assenblages are characterised by high spinel contents. Narrow (mn-wide)

layers rich in titanlferous biotite, poikilitie aluninous hypersthene and

titanonagnetite or pleonaete alternate rith layers rich in Ca-rich

plagioclase (anrO to oo96 ). Olivine is a ninor conponent in several

eranples, ranging in composition frour For, (tZ+tO) to Fo77 (tZAee). fn

17489, coexisting titanonagnetite ancl ilnenite give an equilibration

tenperature of 9?9 o C. 0vera11 grainsize of TYPE QPXd xenoli-ths is snall

(typieally (.5nn) ancl textures are granoblastic. Xenolith-host eontacts are

sonetimes narked by growth of clinopyroxene on the host sidep but are

otherwise regular andl sharp. Bulk-rock chenistries are sometimes very

silica-poor (1741O) being typically olivine normative. Ti02 is notably

high.

The ori.gin of TYPE QPXd xenoliths is unclear owing to their somewhat

uausual conpositions, sma11 size and conparative rari.tlr. A possible source

are Torlesse terrane netabasites - these have similar rnineralogies ancl

bulk-rock chenistries (e. e. 17422 (ttris study); Roser' 1 981).

Alternatively, the xenoliths eoulct be finely laminated mafic cunulates' but

the high Sr isotopic ratios of some sanples (e.e.17410 =.?0800) preclude a

cognate origin.

The presence of a

bulk-rock chenistry

restite assemblages,

strong foliation, granulitic texture and silica-poor

strongly suggest that TYPE QPXd xenoliths represent

analogous to TYPE QPXb. The single high ilnenite-
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nagnetite equilibration tenperature (ng " C) indicates high-grade

reconstitution but the oceurrence of abundant biotite and the lack of any

rennant partial nelt is tlifficult to reconcile with such an interpretation.

Tinclle and Pearce (t995) presented a nodel for partial nelting of greywacke

in the upper crust based on nineralogr and cheristry of renoliths within

the Loch Doon granitic intrusion of Scotland. These rere characterised by

recrystallised biotite, actinolitic arnphibole and green and brown spinel.

Traces of brown glass occurred along cleavage planes of biotite. In this

association, biotite is coasidered to be residual (with anphibole and

plagioclase) after extraction of nelt.

An origj-n as restites after ertracti-on of nett fron, and

recrystallisation of, nicaceous layers of greywacke-gneiss explains nany

petrographic ancl ehenical features of TYPE QPXd xenoliths (e.e. high spinel

content, high TiO, contentr relict foliation). The presence of biotite nay

be due high Ti contents (6%-7fi; Appendix 1) which tencl to gtabilise the

nineral at progressively higher tenperatures (lr.n.H.Crapes' pers. conm.t

1985); olivine will crystallise fron silica-poor bulk chenistries under

granulite facies conditions. The relative rarity of this xenolith type is

due to tro factors (f) nicaceous layers of gneiss constitute only 1O% to

2O1l of the bulk-rock (2) the xenoliths have relatively hieh specific

gravity (conpared to quartz-rich and felclspar-rich restites) causing then

to sink preferentially - this nay also explain the association of sone TYPE

QPXd xenoliths rith cunulate nodules.



Table 5.8: Bulk-rock ctrenistry of IYPE IX xenoliths 17499, 17477, 17496
(volcanics); 17411 (pyroclastic); 17500 (pyroxenite); 17427
(norite); 1?899 &. 17412 (gabbro)'

ru{ 17499 17477 17495 17417 1 ?500 17427 17899 17412
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loss (mt) is given for conparison). Qz = quartz, 0r = orthoclase'
Ab = albite, An = anorthite, Di = d:iopside, Hx = hypersthene'
Mt = nagnetite, I1 = ilmenite, Ap = apatite.
r = 87c* z85e- r:'^ t . -
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2.6 TPE IX - IGNEOUS XENOTITHS

Sone xenoliths have petrographic features which are clearly igneous,

indicating that they night have originated fron a near-surface volcaaic

source (volcanic inclusions) or as cognate cunulates (cunulate nodules).

5.6.1 Volcanic inclusions:

Blocks of volcanic debris which have presunably been incorporated in

advancing lava flors, are recognised by a narked colour contrast, a sharp,

regular eontact with their host and lack of textural nodification. A

tJrpical exanple, 17496, is a pale-grey andesitic renolith included in dark-

grey l{hakapapa Fornation anclesite fron the northern slopes of Itlount

Ruapehu. The xenolith is porphyritic rith 6Ol phenocrysts of plagioelase

Ol%), augite (lS%) and hypersthene 1to%) in a ground.nass of plagiocrase,

pyroxene and spi-nel. Mineralogr and bulk-rock chenistry of this and sinilar

renoliths (taUte 5.8) indicate that they have the sane origins as their

host lavas.

Xenoliths of hydrothernally altered andesite occur partieularly in

Mangawhero Fornation lavas fron the Girdlestone Peak sectj-on. They are

typically yellow-brown cm-si-zed blocks rith a brittle induration caused by

sintering of the clay-rich natrix. In 17486, plag:ioclase and pyroxene

phenocrysts are partly altered or conpletely replacecl by clay and the

originally glassy groundnass is thoroughly tlevitrified to a transluscent

brown-natrix. However, a relict porphyritic texture is still easily

recognisable. In other eranples (e.e.17445) tfre xenolith is reduced to a

stmctureless nass of greenish-brown clay containing minor clissem:inated

white-nica and sulphides.

17411, a 5cn diameter nodule, contai.ns bent aad broken plagioclase and

pyroxene crystals in a reakly rylonitisetl natrix. fhe wide variation in

nineral chenistry (Appendix 7) and the texture suggest that it nay be a

pyroclastic bonb. Bulk-rock chenistry (tatte 5.8), which shows a high



Table 5.9: X-ray pouder diffraction data of natroalunite in 17426,
eonpared to data publishett by Slaueky (1975) (wl-+) ana
Parker (tgfz).

r=====-- =-========:= ===== = ==E===== == ========= ====-

17426 sr-4 PARI(ER

atAda,

================ =========== =============================-==========

5.695
5.510
4.918
1.490
2.956
2.965
2.789
2.222
2.2O7
1.894
1 .858
1 .741
1.641
1 .500
1.465
1 .316
1.242

25
14

> 100
50

>1 00
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8

,9
9
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5
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2.973
2.966

2.224
2.208
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1.744
1 ,644

'-'o'

5.69
5.58
4.90
3.49
2.97
2.96
2.79
2.221
2.202
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1.8r7
1.744
t.54j
1 .5ot
1.457

12
12
75
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r00
18
50
12

70
10
zz

6
6

,:

17

64
72

100
B9

tl
6

2?

17
2
I

:
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NOTES: CuKa radiation; Ni filter.
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volatile 1oss, supports that interpretation.

5.6 .2 Natroalunite-bearing nodule :

174?6 was recovered ae a snall- (5"t dianeter) float block in the

lflhakapapanui Stream bed, northern Ruapehu and, thouglr of uncertain

derivation, was probably an inclusion in a recent Uhakapapa Formation flow

(W.n.gactett, pers.comn., 1984). The xenolith is speckled orange-brown, is

rell-indurated and has a light-brorn rind enclosing a fresh interior.

Microscopic eranination reveals a sinple niueralory of .1 to .2mm granular

quartz grains (+S%), fibrous, sonetines radiating clots of natroalunite

$r%) and traces of nrtile (see Frontispiece). Individual natroalunite

crystals are less than .5rnn wide and only a few nicrons thiek. XRD analysis

of the bulk-rock confiritreil this mineralogr (taUte 5.9) - a1I but two rninor,

higtr-ang1e peaks were assigned to either natroalunite, quartz or rutile and

these are considered to be prerriously unreportetl peaks belonging to

natroalunite.

Bulk-rock chen:istry (tatte 5.10) shows very fow concentrations of

I"ZO7, l{no, Mgo and CaO. This is expected since quartz, natroalunite and

11tile contain only trace arnounts of these efenents. Ignition losses

confirra the DTA lntterns reported previously for natroalun'ite (Kashkai and

Babaev, 1969) and indicate de-watering at 5OOoC and partial thernal

deconposition (Z/t S l-oss) at 9OO'C. The sulphur isotopic conposition

(courtesy of Dr.B.W.Robinson, INS) of +15.1 pernil indicates signlficant

low tenperature fractionati-on. ffiMA anaLysis of the natroalunite crystals

ras extrenely difficult due to their high water content and thinness.

Nevertheless, a partial analysis (tatl-e 5.1O) is sixrilar to that derived

after recalculating the bulk-rock analysis by renoving frour j-t Si02

(quartz) and Ti02 (rutile). Individual natroalunite crystals are zonecl

having varying K/Na ratios (Frontispiece).

Alunite ninerals have been reported previously fron vol-canic and

hydrothermaf associations in the fVZ (".e. Steinerr lgSl (Wairat<ei); Wood,



Table 5.1O: Chenistry of natroalunite-bearing nodule 17426.
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included. # totat S measurecl by Dr.B.l{.Robinson (tNs) 5349Oppm.
EPMA analyses of N-AIUNITEI & N-ALUNITE2 with bearn width of 10

nicron and reduced current. Low totals indicate adtled volatil-es.
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1971 (Ut. Eemont)). Slansky (tglS) reported an occumence of natroalunite

on Uh:ite Islanal (Bay of Plenty); sanple l{I-4 appeared as a chalky-rhite'

fine-grained fragment with petrographic features sinilar to altered

andesitic lava. This suggested that the natroalunite in it forned by

alteration of lava by hot acidic solutions, e process which has been

denonetrated experirnentally (Hdtter, 1967). For this to occur, ternperatures

nust be 1n the range 90 oC to 180 oC and higtr eoncentrations of sulphuric

acid are required (pH < 4.5). Ue1ls et al. (lgll) deecribed a crean\y-whlte

deposit in the stream bed below Silica Springs outlet on tlount Ruapehu as

hydrous, anorphous allophane. Bulk chenical analysis rerrealed high

concentrations of Si, Al and S and low concentrations of K, Ca, l{n and Fe.

Deposition yas apparentJ.y influencecl by a rise in pH dorastrean fron the

outlet consequent on loss of excess COe . This occurrence suggpsts that

natroalunite + quartz (sinter) night, uniler suitable conditions'

precipitate fr.on hydrothernal waters emanating fron l,It. Rr:a1nhu. This

origin would best erplain the simple mineralory and bulk-rock chenistry.

The indurated nature of the inclusion nust therefore result fron the

thernal effect of brief inmersion in the 1ava. In the light of this

whole-rocu e7g"786srinterpretation, it is interesting to note that the

ratio is .70515, close to an average for Ruapehu lavas (c.f. Table 4.4).

5.6.7 Cunulate nodules:

Glomerocrysts a few nn in dianeter are i-nportant constituents of nany TVC

lavas (Chapter 4.2). Some of these are fragments of larger nodules with

nineral conpositions sinilar to host lava phenocrysts and are therefore

cognate in origin. Otherer are not in equilibriun rith host lava and are

xenolithic in origin.

Ultramafic nodules of 5-2Onn dianeter occur in lava and scoria fron

pukeonake. Lithologies inclucle dunite (tZ8AZ) and harzburgite (tZeSe).

Both contain forsteritic olivine (f'oe8 to Fo92), bronzite (nA4 to En8?)

and mj-nor ehrome spinel. Mineral conpositions are si-nilar to the rins of



Table 5.11: EPMA analyses of rninerals in pyroxenite nodule 17500'

========= ======= ======= ====== ======= === ======== = = == == == === = == = ==
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si02
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'70
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.00 1.81
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1.67 9.61
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j5.9, 12.j1
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.50 .66
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K
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.23
.08
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.01
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.80
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.oo
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1 .85
.04
.16
.'t0
.08
.00
.87
.86
.04
.00

4.00

1 .65
r\r',

.41

.16

.10

.oo
Frl

.ll

.82

.05

.00
4.00
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.000

.ooo
,.000

2.50
.oo

1 .69
.00
.02
.oo
.00
.58
7Z

.01
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1 .96 5.94
.00 .1 9
.O5 2.19
.04 .00
.52 1.27
.o2 .00

1 .41 1.06
.00 1.57
.00 .84
.oo .o9

4.00 1r.24

=========-_==================--===================================
NOTES: cpx = clinopyroxene; opx = orthopyroxene; hb = hornblende;

trnt = titanornagnetite; pl = plagioclase;
Recalculations as in APPendix 1.
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sone phenocrysts in the lava and are therefore consistent rith a cognate

origin. They are probably derived fron the parent basaltic nagna involved

nagna nixing (c.f. description of TYPE 6 lavas, Chapter 4).

Large pyroxenite noduleg are rare, though pyroxene-rich glonerocrysts

are nore corrrnon. One eranple, l75OO, consists of a l0x20nn core of augite

and hypersthene surrounded by a 5nn wide zone of partially altered

hornblende. fn the core, pale-green augite (up to 2rn) coexists tlith brown-

green pleochroic hypersthene, which occurs both as discrete grains and as

inclusions in augite and minorr interstitial zoned plagioclase (On,O ) and

spinel. The core is rinned by sieved hornblende enclosed by patchy, opaque

masses. These resolve into myriads of tiny titanonagnetite, augite and

(minor) plagioclase crystals, an assenblage whictr reflects low-pressure

aLteration of hornblentle to aluninous-clinopyncxene + plagioclase +

titanonagnetite. Conpositions of each of these phases are given in Table

,.11 (note that, although hornblende conpositions are consistent

throughout, compositions of the breakdown products vary sonewhat). Thernal

deconposition of hornblende is a useful indicator of P-T conditions. This

was demonstrated by Spear (t9gt ), who shosed that hornbl-ende alters to

clinopyroxene on the henatite-magnetite buffer at between 695 " C and 738 "C

(.5-1UA, Pf=Pt). The assenblage in 17500 thus represents the breakdown of

hornblende, originally forning a reaction :rim around the pyroxenite nodule'

due to an increase in temperature folloring incorporation in the host

ma8ma.

Gabbroic nodules consisting of two pyroxenes, plagioclase and basaltic

glass (".e.17899, 17412) are widespread and occur frequently in the most

phenocryst-rich lavas. T1ryica1 examples are 2O-)Ocn in diameter, grey to

greyish-white and variably vesicular. Contacts with host lava are irregular

but sharp. Clinopyroxene normally dominates over orthopyroxene and both

these minerals are larger (t-enn) and more abundant than plagioclase.

Pyroxene conpositlons are generally sinilar to those of host lava
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phenocrysts and yielcl sinilar equilibration tenperatures (tOOO oC to 11O0

"C). Interstitial mesostasis eonsists of a dark-brown basaltic glass

contalning nierolites of plagioclase and pyroxene. Plagioclase is rarely

dominant (it is Ln 17412) and is often intensely clouded with exsolution of

spinel fron cores and outer zones.

Cunulus tertures are thernally overprinted in tno sma1l' noritic

nodules, 17427 and 17478. In the forner, the nrineral assenblage conprises

601 pheioclase (ln* ), 25fi bronzite (yIeT ), 101 aueit" (ueeo ), ninor

hornblencle, tr'e-oxide (pynhotite) and brown basaltic gIass. Hornblende is

present as .1-.tnn anhedral inclueions in bronzite or as sieved grains

poikilitically enclosing plagioclase, bronzite and iLnenite. It is not

clear whether such xenoliths are (1) cognate (2) relatecl to an earlier

magma or (r) IYPE ltllx (see below). The metamorphic overprints ldeht sinply

reflect a tine-gap between fornation and incorporation'this suggests that

(e) i" nost likely.

TTPE MIX - METAIGNEOUS XENOLITHS

TYPE MIX renoliths are predoninantly snall B"ey, fine-grained xenoliths

rith nafic nineral assexnblages. They occur frequently and, though less

conspicuous than nost quartz-rich types, are probably volunetrically as

inportant. A11 exaraples show evj-dence of varying degrees of thermal

netanorphism ranging fron overprinting of recognisable igneous textures to

conplete re-equilibration of pre-eristing assenblages. Most have bulk-rock

ehenistries and Sr isotopic conpositions different fron surface lavas and

that, together with textural evidence for recrystallisation at high

netanorphic grade, suggests a deep-seated origin. fwenty TIPE MIX renoliths

are described, each having distinctive petrographic and/or chenlcal

characteristics. CLassification is therefore particularly difficult' and

has been attenpted only in a broad sense, being initially based mainly on

grainsi ze:



Plate 5.172 BEI pbotograph of TIPE MIXa renolith 17424 ehosing

granoblastic terture with a strong directional orientation'

:epresenting either an original igneous layering or a later

schistosity. Mineral aesenblage is plagioclase (g""y),

pyroxene (f:.ght Bre'r poikiloblastic) and ilnenite (rhite).

Seale bar = 1nm; field of vles = 1.9nm.

ptate 5.18: BEI photograph of TIPE lillXa reaolith 17441 shoring typical

granoblastic texture with coarse, poikilitic pyr"orene and

finer, interstitial Plagioclase.

Scale bar = 1nn; field of vier = 1.9nn.

Plate 5.19: BEI photograph of the contact between

17442 (ruS) and host 1ava. Crystals on

in equilibriun with host lava and have

TIPE MIXa renol"ith

the renolith rin are

euhedral terninations .

Scale bar = lnrn; field of view = 1.9nm.

Plate 5.2Q2 BEI photograph of TIPE MfXc renolith 't7422. Plagioclases

(g""y, euhedral crystals have Na-rich rin^s in contact vith

granitic glass. lrlicrolltes of spinel occur near the contacts.

Scale bar = .01nrn; field of view = .05nrn.



Plate 6-rz Plate 5-18

Plate 6-19 Plate 6-20



trl TYPE l.llXa
a TYPE lflXo
v TYPE MIXo
O TYPE ti{IXa
o TYPE MIXo
X TYPE MIXb
+ TYPE I{IXb
* TYPE lllXc
O TYPE MIXe

17411
t7429
t7121
t7141
1711?
77119
17151
t71??
t7133

Ab

I'ie.5 .1 5 z Plagioclase
tenms of K -

Q_+o__ Oe

conpositions of TYPE IIIX xenoliths' plotted in
Na - Ca.

Fi9.5.14: Pyroxene compositions
terms of Ca - Mg - tr'e.
Key as for Fig.5,17.

MIX xenoLiths, plotted in
are for host lavas (Fie.4.r)'

Of TYPE
Fields
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1FIPE l{IXa r 2-5nm (poikilitic pyroxene) to .2-1nn (plagioclase);

TYPE MIXb = .2-1nm (averase);

fYPE'MIXc : lese than .25mm.

5.7.1 PetrograPhY:

Textures of nost TYPE MIX xenoliths indicate a high degree of netamorphic

equilibration. TrPE MIXa are typicalIy poikiloblastic (ptate 5.1?) antl

often show a di-rectional fabric representing either relict igneous layering

or a later echistosity. Sone (e.g.17414) are cataclastised fron severe

shearing stress prior to incluslon. TIPES MfXb and MIXc are nostly

xenonorphic granular, although one erample (tZ+fO) has a relict i-gneous

(porphyrcblastic?) terture. Xenolith-host contacts are usually sharp and

regular (ptates 5.19). In only a ferr cases is there a suggestion of

reaction at this interface involving preferential growth of plagioclase.

I'yPE MIX xenoliths have a restricted n:ineralogr of plagioclase'

orthopyroxene, clinopyroxene and ilmenite. Chronian spinel occurs rarely

(174t4, 17442) and quartz is abundant only i-n sone TYPE MIXc exanples.

Titanonagnetite, olivine and hydrous rninerals are all typically absent.

Plagioclase compositions rbnge between AnOO (nq+g) and .lngg (17424) and

are low in f (I'ig.5.13). Zoning occurs only where igneous textures are

sti[ recognisable (".e.17450 has a range from A3U to AnUU ),Orthopyroxene

is bronzite or hypersthene and cornpositions are relatively Ca-poor conpared

to host lava phenocrysts (fie.5.14). Clinopyroxenes are nainly augites

containing less than 2% AIZO3, md are a1l more Ca-rich than host lava

phenocrysts (tr'ie.l.14). Equilibration tenperatures of coexisting pyroxene

pairs range between gZQ" C and 1014"C (t'tetts,1977) or 790oC and 1020"C

(lindstey, 1987 - Appendix 1.1). These are significantly lower than those

of host lavas which range between 1000 "C and 11OO "C (c.f. Chapter 4.2).

Ilnenites are Low in alumj-na and contain J-5 reight/ MgO (Appendix 1).



Table 5.122 Bulk-rock chemistry of selected TYPE MIX xenoliths'

=====================================================================-

W}J

TYPE

17424 17441 17442 17421

MIXa MIXa MIXa MIXa

17420

MIXa

54.8
.4

10.8
1.4
5.8

.2
12.9
10.1
z.l

7
,|

17417

MIXb

54.9
.6

15.1
4nl.l
8.4

.2
10.2
7.9
2.1

n
.t

tl 7

17414 17449

55.O 57 .1
.5 .7

15.7 14.8
1.7 1.1
5.7 6.5
.1 .2

1r.1 7.9
6 .8 8.5
1.8 2.6
.8 .4
.o .1

1.9 .4

MfXa MIXb

====== ======= = =:===== = = == = ====== ==== = ==== ==== === = = ==== === = ========= == ==

najor elenents (weieht%)

si0^
TiO;
lrzdt.r'er0q
FeO '
Mn0
ueo
Ca0
Naro
K16
P-n
ii6? I

48.8 52,6
1.5 .6

16.9 15.1
2.2 1.6

10.8 7.8
.3 .2

8.7 9.7
9.1 10.0
1.5 1.8
.1 .7
.1 .1

1.4 .2

53.4
A

11.8
1.4
6.9

.1
12.9
8.9
t.o

7
,l

.2

53.7
tr

15.2
1.4
6.9

.2
10.1
8.9
2.6

7

.1

C.I.P.W. norm

Qz
0r
Ab
An
ni
Hy
l{t
I1
Ap

1.3
.6

12.6
39 -1

trtr
34.9

3.1
2.9

.1

3.2 2.8
1.6 2.O

15.3 17.6
11.O 29.5
17.4 11.2
10.0 17.6
2.3 2.O
1.2 1.1
.1 .2

ant.l

1.6
21 .7
29.O
11.6
11 .2

2.O

.2

2.O
ZtU

18.0
18.9
25.5
t1 .o

1.9
.8
.2

4.7
4.1

1B.O
24.6
11 .7
13.2
2.4
1.0

I

4.5
4.5

15.6
27.2
,.7

40.0
1.8
1.0

9.6
2.7

21 .8
27.6
11 .7
24.2

1.9
1.2

A

trace elenents (ppm)

71
242

99
z

210
174

7',I

Ba
ftr
Ni
Rb
Sr
v
Zr

107
445
130

6
249
244

17

112
798
292

10
100
204

54

129
627
177

4
230
199
35

144
820
z)t

9
175
181

42

179
482
117

zo
271
216

46

t+l
671
774

43
329
182
47

165
555

46
9

168
222

A7

Rb/Sr
I

.oo8 .026 .o32 .018 .050 .117 -11t .O21

.70654 .70592 .70568 .70527 .70541 .70531 .70820 .70169

1=87911865", t:ZO FeO = 0.2., 4- 
' '-)W7 I rvW - v.a.

Major elernent analisds nornalised to lOOl volatile-free (volatile
Qz = quartz, Co = corundun,loss

0r=
Hy=

(lOr; is gi-ven for conparison).
orthoclase, Ab = albiter An = anorthite, Di = diopside'
hypersthene, Mt = magnetite, f1 = ilnenite, Ap = apatite.

NOTES:
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Table 5.'12 eotl:

17472 17474

MIXc MIXc

====.============= ======-=====eE======E =====g==== = === = ==

najor elenents (neieht S)

vlIU

IIPE

17479

MIXc

50.8
.l

19.7
1.5
8.2

.2
8.0
7.9
2.4

?

.1

.4

17471

![IXc

54.5
.6

19.5
1.4
7.2

.1

5.6
7.1
5.4

.6
I

.7

17422

MIXc

5r.1
.7

17 .2
1.4
6.'7

.z
5.1
9.2
1.6,|

.l

.1
1.O

17411

MIXc

57.5
.6

17.1
1.t
5.5

.2
5.4

10.1
1.2
.l
.1

1.2

si0^
Ti0:
AL261

i:e't
Ma0
!{s0
Ca0
Na^o
K^6

ia?,

58.9 52.7
.6 .5

19.0 18.8
1.2 .9
5.9 4.5
.1 .1

7.9 2.1
7,5 6.2
2.1 3.8
.5 .'
.1 .1

1.8 .7

C.f .P.U. uorn

Qz
Co
0r
Ab
An
Di
Hy
l,1t
I1
Ap

1.5
1.5
1.5

19.9
78.5

.0
32.9
2.4
1.4

.2

4.2
.2

7.2
28.5
?tr?

.0
25.1
2.1
1.1

a,

7.3
.0

4.0
70.6
28.7
13.5
15.5
2.O
1.7

?

18.0
.0
.5

10.4
40.7
7.O

20.2
1.9
,l.1

.2

1A.2 19.7
1.5 1.0
1.O 1.0

f g,o tl .g
76.7 30.1

.0 .0
18.9 12.1
1.7 1.7
1.2 .7
.2 .2

trace elenents

I
1

362

83

Ba
Cr
Ni
Rb
Sr
v
Zr

280
111
7t

592
252
116

177
43
12
15

779
142
17

97
84
19
17

412
245

55

,4
99
75
<2

194
201

,1

357
25

7
,5

809
197
oy

Rb/Sr
I

.012 .O43
- .70501

.041 .00?
.7O55O .70711

.067 .oo8
.70e66 .70579
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frPE t host lavas (fie.4.14).
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Fig.5.21: Rb-Sr whole-rock isochron plot for TYPE MIX xenoliths. Most

data lie above fieltl of host l-avas. Dottecl lines are possible
isochrons: (t) xenolith 17432 ='',49 M, (e) renolith 17414 =
Zj5 Vta (these are calculated using the "naximun" initial ratio
of .?0?00).
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5.7 .2 Bu1k-rock ehemistrY:

In the following discussion, bulk-rock chenical conpositions of TYPE MIX

xenoliths are compared to those of eurface (host) Iavas, in order to assess

whether both could have a conmon origin. To do this, silica-based Harker

variation diagrans of sone conpatible elenents, and spidergrans of

incompatible elenents are used.

SiO, contents (tatre 5.12) range frcn 487l t'o 52% (i.e. fron basalt to

andesite). An AtrtI plot (fie.5.15) shows that sone compogitions are depleted

in alkalis comparecl to host lavas whereas others approxirnate to a calc-

alkaline trend of linited j.ron enrlchment. There is a close sinilarity in

SiO, -FeO (fie.i.15) and SiO2 -CaO (Fie.5.17) trends with those of host

lavas; significant departureer occur nainly for IYPE MIXa with low silica

contents. Many of these are also high in Mgo (rie'l'te) and fow in a'rro'

(fie.l.19). The presence of relict cumrlate textures antl higtr Cr (>SOOppn)

an6 Ni (>tOOpprn) contents suggest that these night represent metagabbroic

curulates. Most have Sr contents less than 2lOppn, but three exanples

(17414, 17448, 17449) exceed l5Oppn. Sone MIX. xenoliths (".e.17479, 17450)

Inconpatible elenent concentrations are characteristically low' even in

nore evolved conpositions (fig.l.2O). Few xenoliths have K, Rb or Ba

contents as high as host ]avas and one exanple (ll+ll) is extrenely

depletetl. Concentrations of HFSE (P, Zr, IL, Y) are also 1ow relative to

both N-MoRB and host lavas. Althouglr these spidergram patterns shon broadly

calc-alkaline affinities, they cliffer in tletail from host lavas and have

lower overall relative abundances.

87gr786gt ratios are relatively high, tlespite typically to* 87nu/86s"

are AIZO' -rich whereas others

(e.e.17432 has 809ppn Sr).

rati os

Because

attenpt

are relatively Ca-poor but Sr-rich

(fie.l .21). Only'17417 taLlls in the range of host lava conpositions.

of the wlde scatter of data and diverse petrography' no serious

was nade to derive a nodel age for the suite. The three nost
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radiogenic sanples are petrographieally and ehenically dissimilari and nay

not be geneti-ca1Iy related. However, isochrons linking then (Fie.5.21)

indicate that, for any reasonable assuned initial Sr isotopic ratio, nodel

ages are in the order of several hundred nillion years.

5 .7 .r: Origins:

Tertural, rnineralogical, chenical antl Sr isotopic data indicate that TYPE

MIX renolithg are not ttirectly related to lavas now erposed in the TVC.

Their origins must therefore lie either rithin known basenent terranes or

beneath then. One possibility is that they could be conglonerate clasts

fron Torlesse or lJaipapa terranes. This is, however, unlikely since their

basic chenistry is inconsistent rith the predoni-nance of granitic and

dioritic clasts usually described fron such conglornerates (nr.n.J.Korsch,

pers. comn., 1985). Alternatively, they could be Torlesse terrane

metavolcanics. Roser (1981) described 81 netabasites fron North Island

localities, and showed that all have tholeiitic or calc-alkaline affinities

sinilar to oceanic basalts. However, nost have high Ti, Zr and Y contents,

inconsistent with the relative depletlon of these elenents in IYPE MIX

xenoliths, aod widely differing ineornpatible eJenent ratios. The one

netabasite analysed here (lleZZ) tras " 
8?S"f6Sr ratio of .?0880, higher

than any TIPE MIX xenolith. ft is therefore considered unlikely than these

renoliths originated as metabasites which are, in any case, rare and

volunetrically restricted rithin the Torlesse terrane.

Since there appears to be no like1y source within known basement

temanes, it is probable that TYPE MIX xenoliths originated from an unknown

igneous source beneath the Mesozoic basenent. The relatively high isotopic

ratios but low incornpatible elenent contents suggest sn extended

evolutionary hlstory, and argue against the source volcanics being derived

either fron depleted mantle (since in that case the isotopic ratios should

be relatively low) or by cmstal contanination of basalt (since in this

case the inconpatible elenent concentrations should be hieh). The material
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nolr exposed as xenoliths nay represent oceanic cmst on which the first

Torlesse terrane sedinents trere deposited. Sone of the rocks are

petrographically aait chenically sinilar to those of the Manrn Ophiollte

Conpler (Jaques, 1981; Jaques et al., 1983) and nay therefore have formed

in a sirilar environment (i.". either lilid Ocean Riclge or back-arc basin).

The LllE-tlepletect chenistries of the rocks nay be jnherited fron their

source or, nore likely, have regulteil fron volatile traafer antl/or partial

meltiag of the rocks during granulite facies netanorphisn. If the latter is

correct, then this procesc has inportant inrplications for errstal-

contanination of TVC lavas. However, although one TYPE MIXe xenolith

(ll+ZZ) contains snall amountg of eiliceous glass (ptate 5.2O), thi's is

absent fron other eramples and uneertainty about genesis aatl original rock

conpositions nalce such speculations difficuLt to substantiate.
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2.9. DISCUSSION

5.8.1 Sunnary description of dorninant renolith lithologies:

Although a wide range of renolith types occur in lavas of Ruapehu and

nearby vents, only a feu are volunetrically significant and even fewer are

eonsidereil inportant as crustal contaninants of andesitic nagnas.

Vitrifi.ecl xenoliths (rypn VX) are of tro kincls (1) ffPE Wa have bulk-

rock chenistries and Sr isotopic conpositions sinilar to Torlesse terrane

greywacke. They typieally contain nore than 50% glaos of granitic

conposition and a restite assenblage of quartz, cordierite (or llypersthene)

and pleonaste. Glass conpositions vary with bulk-rock chenistry ancl rith

the composition of internal fine-scale segregations. IYPE VXb are

conpositionally different, being richer in 41, Ca, Pb and Sr and poorer in

Rb and Cr. They are less vitrified and, in adtlition to cordierite' quartz

ancl pleonaste, have plagioelase in the restite. Both xenolith types were

probably incorlorated in host nagma while in a high-leve1 nagna ehanber

ancl, consequently, show little alteration of bulk-rock conposition or

evidence for interaction with host lava.

Quartz-rich renoliths, particularly those conprising more than 90%

quartz (ffPE QXb) are the most abundant renolith Wpe. Quartzo-feldspathic

gneisses (ffpn QXa) contain segregations of sodic plagioclase, garnet,

biotite and/or granitic glass and segregations of quartz, calcic

plagioclase and clinopyroxene. This latter assemblage also occurs in some

TIPE QXb, suggesting that these nay represent quartzose segregations of the

gneiss. Sone TYPE QX xenoliths are gunounded by a corona of silica-rich

glass and clinopyroxene, a result of partial nelting and diffusive

interaction with host nagma.

Snall, foliated feldspathic xenoliths (ffpn QPXb) are

probably as connon as TIPE QXb xenollths although, because

grey colour, they are difficult to distinguish in outcrop.

widespread and

of their dul1

All display

granular orrelict layering of hypersthene + spinel and have a xenomorphic



Table 5.172 Metanorphic tenperatures based on cation exchange equilibria.

:==== == == == === ================================================ ==== == == = ==

vtIU TYPE ASSEMBIACE TEMPINATURE ( "C ) T'IETHOO

==== ==== == -== = ====== ======= =====-====== === =========== == ========= ===== = ===

174e5 QXa
17492 QXa

17498 QXe

17425 QPXa
17485 QPXa

17497 QPXb
17415 QPxb
1744t QPXb
1745e QPXb

174a9 QPX.I

17427 rX
17500 ff

gnt-bio
gnt-opx

tut-iln

p1-ks
p1-ks

tnt-i1n
tnt-iln
tnt-iln
tnt-i ln

tnt-iln

cpx-opx
cpx-opx

cpx-opx
cpx-opx
cpx-opx
cpx-opx
cPx-opx
cpx-opx
cpx-opx
cpx-opx
cPx-opx

946
808

915

800
825

912
898
95t
954

Ferry & spear (tgZe)
Harley (tge+)

storner ( tgef)

Brown & Parsons (tget)

storner (tgef)

tt

rells (tgll) /
Lindsley (tgef)

tl

tl

tl

ll

L

tl

tl

tl

ll

979

972 / 1100
1022 / 1165

17424
17 441
1741e
17442
17420
17454
17449
17437
17422

MIXa
MIXa
MIXa
MIXa
MIXa
It,IIXb
MIXb
MfXc
MIXc

985 /
920 /
938 /

100t /
1007 /
983 /
947 /
917 /

1014 /

890
850
8ro
920
1000
1 020
790
840
910

;;;il;;;= -;;il;il=;;il;;;;;;; =*;=:;;;;;ril=il;;:;=====
QXb - quartz-poor feldspathic; IX - cumrlate nodules;
Iv1IX - neta-igneous (coarse-internediate-fine). gnt = garnet;
bio = biotite; opx = orthopyroxene; tnt = titanonagnetite;
i1m = ilnenite; pl = plagioclase; ks = a1ka1i feldspar.
Methods described in Appendix 1.
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granoblastic texture. These probably represent recrystallised restite

assenblages resulting fron extraction of granitic nelt fron dominantly

fel6spathic segregations of gneiss. Rare biotite-rieh xenolithg (rypn QPXa)

eontaining sanidine + corundun, or sanidine + sillimanite + glassr are

considerecl to be precursors of IYPE QPXb xenoLiths. Snall and unconnon

spinel-rich xenoliths (ffpe QPXd) night represent restites after nelt

ertraction fron, ancl recrystallisation of, micaceous segpegations of

gneiss.

Because of the nineralogical and chenical transfornations each of the

"restite" renolith Wpes have undergone, their srource remains equivocal.

Torlesse terrane netasedinents subjected to higb-gracle netanorphisn at

depth provide the nost probable source types. There is no evidence for an

underlying, ancient granite-gneiss terrane, and the noderately high

87s"P6S" ratios of sone exanples tend to exclude l{aipapa terrane as a

potential source. A preferred genetic nodel is as follows: the greywacke-

gneiss precursor eonpriees quartz-rich, feldspar-rich and micaceous

segregations. These are rmrtually incoherent when subjected to high

tenperatures and separate due to thermal expansion. Partial nelts aay tle

producecl and extracted from thern, causing contanination of host nagnas and

altering (stightly) tfre bulk-rock chenical conpositions. Because of

density contrasts, the quartz-rich and, to a lesser extent, feldspar-rich

restites remain "floating" in the nagna whereas the heavier micaceous

restite "ginkg".

Meta-igneous xenoliths (rypU MIX) are relatively abundant, occurring in

most lavas. They typicalLy have re-equitibrated granoblastic textures and

are petrographieally of two main types: TIPE MIXa xenoliths are coarse-

grained and consist of clino- and orthopyroxene poikilitically enclosing

plagioclase and ilmenite. The presence of relict cunulus textures coupled

with hieh tr80, Cr and Ni contents suggest that they originated as

olivine/pyroxene-rich cunulates. TYPE MIXc xenoliths are finer-grai-ned and
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have broadly calc-alkaline chenistries and are lorer in MgO, Cr and Ni.

fntermediate conpositions (rypB I'{IXb) falt into both groups, althoug}r some

are texturally distinct. Overall, nineralogies and bulk-rock chenistries

of TYPE MIX xenoliths are different fron host lavas and this, coupled with

hi gtrer 875"7865" ratios, suggests a different origin. The nost likely

that these xenolithg represent oceanic crust on which

rocks were originally deposited.

possibility is

Torlesse terrane

5.8.2 P-T conditions of netanorphisn:

Some xenoliths contain mineral assenblages whieh aIlow tenperature and

pressure conditions of netanorphisn to be estiDated by several different'

independent methods. The data, summarj-sed i.rr Table ,.17, indicate that nost

of the assenblages described recrystallisecl at tenperatures of 8OO 
o C to

'lO0O "C. Pressure estinates based on plagioclase + clinopyroxene + quartz

assemblages are unreliable and range fron reasonable values of about Bkb to

negative values. Houever, the presence of garnet with orthopyroxene in

17470 indicates pressures close to lOkb (I,Iood, 1975). The absence of

anphibole (except in two cumulate nodules) inaicates largely anllydrous

metanorphic conditions, and this is further supported by low volatile

eontents of partial granitic melts.

It is difficult to assess the depth of origin of many xenoliths because

of the absence of suitable nineral assenblages fron which to nake accurate

geobaronetrie estinates. Geophysical clata pertaining to crustal thickness

beneath the fVC is inconclusive; nj-croearthquakes discontj-nue at 42kn

beneath Ruapehu (f ig.5.22), suggesting a major str:uctural feature (Reyners,

1980), which may be interpreted as the cmst-mantle boundary (J.Olsen,

pers.conm., 1985). The coexistence of restite xenoliths and nafic

granulites (fyfg MIX) suggest that these originate fron a sinilar locality'

The base of the continental crust would provide a suitable interface at

which nagma chambers night fonn and nagna interact with already hot and

highly metanorphosed walLrock. For a geothermal gradient of 25-30



Tab1e 5.142 lLlustration of the generation of feldspathic restites fron
micaceous assenblages by progressive renoval of graaitic
nelt.

== ======= ===1====== = ================- ======E== === ========= = ============

TIPE

- 28654 17425 17487 174€,4 17458

LRc SCHIST QPXa QPXa QPXa QPXb

1748t 174M

UELT !!EtT

65.7 77.8
.t .8

't8.7 12.1
4.1 5.7
.5 .5
.4 1.4

t.B 2.9
6.4 5.2

==============-=== ======================-====--=-=====g======E===-=====

najor elenents (ueiehtl)

si02
Ti0;

*:6f,
I{s0
Ca0
Naro
Kzo

58.1
1.0

22.1
6.9
2.4
1.4
1.7
5,0

67.9
.8

18.7
5.9
2.2
2.O
3.O
t.5

50.5
1.1

25.7
7,2
7.O
4.'
4.6
5.8

49.2
'1 .2

28.7
9.O
7.O
2.5
,.4
,.o

49.8
1.8

25.1
5.8
2.'l
7.8
7.7
1,5

50.5
1.O

25.1
6.9
2.9
8.1
5.8

.9

Ba
Cr
Rb
Sr
v
Zt

991
68

247
156
162
142

884
85

154
220
142
189

1709
59

144
708
179
2e9

109,
92

118
4to
209
274

========== = === === ======= ==== ===== === ==== ==== ========== ==== = ==== ====-===
NOTES: ARG = argillite endmenber conposition as €lven in Table 5.5;

SCHIST is fron Grapes et aI. (tgeO, analysis 24); MELT = partial
ne1t. Major analyses nornalisetl to 'lOOl volatile-free.

587
105
48

504
248
,51

574
85
25

524
208
277
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degrees/kn (Stuat and Thonpson , 1969), quartzo-felspathic ancl nafie

basenent roultl be metamorphosed to upper anphibolite to granuLite facies

assenblages at depths of lO-4Okm. It is suggested, therefore' that the

crust beneath the t\l0 consists of about 4okn of dorninantly Torlesse terrane

greywackes, progressively netamorphosed, frorn prehnite-punpe1lyJ.te facies

at the surface to granulite facies at the base. At the cmst-nantle

interface, greJrwacke-gneiss (and mafic granulites?) are partially nelted

and interact with basaltic nagtras geuerated in the nantle nedge below

(rre. j.z1).

5.8.1 Partial rnelting of xenoliths:

Gribble and O'Hara (lgel) discussed the interaction of pelitic materials

rith basic nagna, particularly with reference to the Haddo House xenolith

suite (Read 1915), and pointed out that the apparent enrichment in al-unina

and depletion in silica of residual xenoliths do not necessarily inply

netasonatic interchange uith the nagna but are a natural result of the

fornation and separation of a partial nelt fraction fron an original schist

at an appropriate tenperature. This conclusion cas also arrived at by McRae

and Nesbitt (tggO) who presented nass balance calculations documenting

progressive bulk chenical changes in metagreywacke and netapelite after

separation of increnents of granite ninimun melt. They noted that' during

partial nelting, enrichrnent of Fe relative to Mg and strong absorption of

sater in the nelt leaves the restite with increasing proportions of Mg-rich

ninerals such as corclierite. Extraction of a granitic nelt fron netapelite

results in an increase in the A1 content of the restite, whereas for

greywacke, extraction of an alkali granite nelt is required to have the

same effect. These results are sinilar to those predicted here. In Tabl-e

5.14, cornpositions are given which approrinate those involved in partial

nelting of greywacke-gneiss. Biotite schist (ZASSq) (Grapes et al., 1982)

is a possible starting cornposition (.t argj-IIite conposition is not

strictly appropriate since it nouLd be mineralogieally and chen:ieally



Table 5.152 Iltustration of the generation of quartzoee restites from
quartz-rich assenblages by progressive renoval of granitic
ne1t.

======================== == == ==== == =g=== === == ==== E= ===== ====== ==========

WW

TIPE

si0^
Ti0:

i:6n,
ilgo
Ca0
Na.o
*16

76.8
.1

12.6
2.4

.8
1.4
4.0
1.8

7r.8
.4

1?.9
2.7
1.0
2.2
??

1.8

72.7
.5

13.9
3.9
1.1
4.5
2.1

.9

75.1
.5

17.4
2.2

.8
5.7
2.1

.7

85.'

8.8
.5
.1

1.8
1.1

.2

98.1
.0
.8
.4
.2
.,
.2
.1

- 28591 17485

G[ SCHIST QXa

17491 17463 174t6 1746J 17491

QXa Qxb Qxb IIIETT IIIELT

====== ======== ======================E== =====a=====-B====== =====E=== ====

najor elenents (weiehtl)

76.9 71.4
.2 .7

12.5 17.7
1.7 2.4
.6 .2

5.5 .7
2.6 7.1
2.A 6.'

t5
44
11

26 26
15 16
<2 <2

Ba
Cr
Rb
Sr
v
Zt

468
16
59

256
26

182

580
,1
B4

502
47

169

174
t1
42

260
a2

115

119
26

5

,51
74

199

ffiff ;== 
=;;;;;;;=ffi il;;;;il;;=;;;Til;il =;:;;=====

SCHIST is fron Grapes et a1. (1980, ana\ysis 10);
MELT = partial nelt. Major analyses nornalised to 100%

volatile-free; (2 = below detection linit.
17491 j.s a quartz-rich segregation of 17492.
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notlifietl ("" a cn-sized xenolith) at the depths at uhich nelting takes

place - the McRae and Nesbitt norlel is thus unrealistic in that respect).

IYPE QPXa renoliths 17425 and 17484 represent stages of progressive

extraction of nelt fron a biotite-schist-type parent and TYPE QPXb renolith

17419 ie the final restite after conplete extraction and recrystallisation.

Because the "real" starting conpositions of each conponent in the nodel are

unknown, it is not possible to nass balance the process. However, the tlata

shows that predicted chenical changes i.e. increases in A1, Fe, Mg and Ca

and decreases in Si and K have occurred betreen parent and restite. These

changes indicate that about 2A% to 5O$ renoval of nelt nay have taken

prace. The restites (17425, 17481, 17484 &.17458) show a greater than

expected enrichment of Ca and Sr (taUte 5.14), perhaps as a result of back-

cliffusion during nelt extraetion. If eo, then this should lead to at least

partial equilibration of Sr isotopes in the process.

gribble and O'Hara (1967) suggested that, sinultaneous Yith the

developnent of nullite- and spinel-bearing restite xenoliths fron lnlitic

parts of a gneiss, quartz-rich restite xenoliths night also forn. Table

5.15 gives a range of conpositions fron this study which night be

appropriate to a nodel of partial nelting andl nelt extraction fron quartz-

rich segregations of greywacke-gneiss. Again this nodel ig difficult to

nass-balance but supports the interpretation that the najoriW of quartzite

xenoliths (fvpn QXb) are restite assenblages.

5.8.4 Processes of raII-rock assinilation:

Given that the najority of xenoliths (ereluiling TYPE MIX) are restites

after ertraction of partial granitie nelts fron segregations of greyracke-

gneiss r then contan:ination processes involvlng interaction with and

assinilation of that nel-t by the host nagna becone inportant in

petrogenetic nodelling. Kitchen (1984) described pyronetamorphisn and

contamination of basaltic nagna at Tieveragh, County Antrin rhere a snall

dolerite plug cutting througlr tuffaceous sediments (Ofa nea Sandstone)
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contains glassy buehites rhich, at the contact, are variably hybridised

rith the basalt. The proceeses discusseal by Kitchen, though relating to a

nore intinate situation, nay be appropriate to the larger scal-e involved in

andesite genesis in the fVC.

At Tieveragh, contanination of the basaltic nagna by acid rnelt

ertracted fron the buchites is apparently facilitated by nechanical n:iring

at the margins of the plug. This is probably cauged by the instability ancl

collapse of substantially nelted salI-rock iato an uprard flowing nagtra

column. Localised degassing and brecciation associated with the active

conduit facilitates this process and the resulting lenses of contauinated

nelt become smeared the ralls by the fl-ow of the nagna. Individual smears

of basaltic and acid nelt develop domains rith contrasting nelt structure,

conposition, tenperature, and viscosity which are, at least initially'

effectively inniscible. fhe size of each dornain depends on the proportion

of acid to basic nelt and the vigour of nixing, although sone are about

2-7nn in dianeter. Heat transfer, mass transfer, ancl interchange of

volatiles eventually allows the two nelts of contrasting fluidity to nix.

Yoder (lgll) shouecl experinentally that water-gaturated granitic and

basaltic nelts naintain an interface for short periods of time, but then

hybridisation takes plaee between then. Ttre sinilari.ty of concentration

gradients of elements near the interface suggested to Yoder that elenent

interactions play a doninant role in the diffusive transfer of naterial'

but the extent of hybridisation depends nainly on the geometry of the

interface, the degree of turbulence and the storage periotl. llatson and

Jurewicz (tgg+) stuAied the behaviour of alkalis duriag diffusi.ve

interaetion of granitic xenoliths with basaltic magna and concluded that

selective transfer of Na and K is made possible by chernical cliffusivities

that are higb in relation to that of the principle nelt stnrcture-

controlling conponent, silica. Potassiun was found to be effectively

tranferred fron felsic partial nelt to basalt, while sodiun migration was
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iu the opposite sense, depleting the basalt in Na through diffusion up a

eoncentration gradient. These regults support previous suggestions by

l{atson (tgAe) tnat basaltic nagnas originating in the subcontinental nantle

are suecepti.ble to selective contanination (see Chapter 6.4) - the

relatively low tliffueivitSr of K, horever, indicates that selective uptake

of that elenent ig less efficient than previously supposed. T,oss of sodiun

fron magna to xenoliths or country rock is effective depending on the

gurface area of partially-nolten cnrstal rock exposed to the basalt ' the

exposure tine, anrl chenical paraneters such as the Na2O and Si02 contents

of the felsie partial nelt.

Bowen (tgeg) addresseal the problen of wallrock assinilation by basaltic

nagrna and showed that frorn heat-balance considerations' the process was

only theoretically possible if the heat required for assinilation can be

provided by the latent heat of crystallisation. Assinilation processes nay

result fron nucleation and rapid growth of pyrorene and feldspar (Kitchen,

1984); the transfer of Si, A1, and alkatis fron the acid nelt donains

eauses crystallisati.on of Ca-poor pyroxene in addition to augite' ancl the

early potassiuru enrichnent in plagioclage feldspar. The diffusion of Ca' Mg

and Fe in the reverse direction helps to break down the alunino-silicate

network in the acid neIt, reducing the kinetic barriers to cliffusion and

nechauical n'ixing. This doner the residual basaltie and acid nelts' nor

nuch nodified by diffusion and crystalllsation, rould merge, obseuring the

original dornain boundaries. The acid nelt finally becones interstitial'

suggesting that for less than 2of, contamination, basaltic maglna is capable

of cornpletely assinilating acid nelt ancl of removing any vestage of

original. donain stnrcture.



Table 5.16t Bulk-rock chenistry of selected glaeees from renoliths.

-======== ===================-======B-=t====g=EB==========E=-===========

whr 17465 17451 17460 17492 17458 17465 1748' 17444 17422

TYPE VXa VXa vxb QXa Qxb Qxb QPXa QPxb MIx

================t==g-==3=-8g=='--=='-at=3==''=E3-8==E-'-E==--===E====ta

najor elereats (reiehtS)

si0^
ri0:

*:a3,
I'tg0
Ca0
Naro
Kzo

67.2
.7

15.7
1.4

.9
1.2
7.1
6.8

76.2 77 .4
.4 .4

17.O 12.9
2.1 2.4
.6 .t
.5 1.2

,.9 2.7
3.2 2.8

75.7 75.9 6j.7
.7 .2 .7

10.5 12.5 18.7
4.' 1.7 4.1
.6 .6 .5

1.8 ,.5 .4
7.O 2.5 7.8
1.4 2.O 6.4

7t.B 75.e
.g .9

12.1 12.4
,., .8
.5 .1

1.4 .5
2.9 2.6
5.2 5.9

71.4
?

13.7
2.4

.2
a,

77
6.7

c. r .P.lr. norm

17.0
2.1

40.o
25.4
5.7

7.1
1.4

Qz
Co
0r
Ab
An
Di
Hy
I1

77 .7 46.4
2.1 

'.219,2 16.4
t2.8 23.1
2.7 5.9

4.8 4.7
.8 .B

27,1
.8

77.5
28.2

1.5

4.7
.5

t7.9

20.2
25.7
5.0
3.4
6.5
1.7

44.4

't2.o
22.7
15.2
1.2
,.6

.3

14.2
4.8

77.8
52.O

2.O

8.7
.,

t1 .6

to.7
24.7
4.4
2.1
4.6
r.6

78.1
1.O

14.6
22.1
,-'

.2
1.7

== == ============== ============= = = =g=a== ================================

NOTES: Major el-enents normalisecl to 10Ol volatile-free.
Qz = quartz, Co = corundum, 0r = orthoclase, Ab = albite'
An = anorthite, Di = ctiopside' Hy = hypersthene, II = ilnenite.
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5.8.5 Conelusions:

Thie study of erustal xenoliths hiehl-ights two features of crustal

contamination processes as they affect lavas of the fVC. Firstly'

assinilation involves nainly granitic nelts derived fron partial nelting of

greywacke-gneiss. The nelts are conpositionally diverse (laUte 5-16) having

originated fron nineralogically diverse segregations. This conclusion is

based on the doninaace of quartz-rich, feldspar-rich antl (rare) sPinel-rich

renoliths, all of which, by separate pathe, are consi-derecl to be restite

assemblages. Secondly, erustal interaction probably took place in nagrna

charnbers situated near the cnrst-nantle boundary. This is suggested by the

close association of restite renoIith types rith neta-igneous xenoliths

which, for reasons outl-ined previously, nust have been derived fron a deep-

seated source. The nature of the contaminating nelt is difficult to define

since only minor enclaves of what probably represent residual conpositions

are to be found in some xenoliths (fatfe 5.16). fhe significance of these

and their applieation to crustal contanination nodels are considered

further in Chapter 6 but it seens 1ike1y that no unique nelt conposition is

involved. AlthouCh it is difficult to be certain whieh basement terrane is

involved in nelt extraction, the relatively high Sr isotopic ratios of nany

xenoliths favour Torlesse. Furthernore, it is unlikely that ltraipapa

terrane lithologies, with A75"f6Sr ratios between .?0500 and .?O?OO cou1d,

by ar\y reasonable emstal contamination process' account for the high

ratios of most of the lavas (i.". .?o5OO to .?0500).
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**.*****************t***********i*******.r*****i*******.*t,*,*.****rr**************

CHAPTER 5 : PETROOEI'IETIC l{ODEtl,iNG 0F WC i,AVAS

*t************t,t'**************.******************t***************r*.***{'***,**

6.1 PETROCEX.IETIC PROCESSES

The origin of calc-alkaline nagras erupted at plate nargins (i.e. orogenic

andesites) has received congiderable attention in recent yeats (see Gi11

(tggt) for a conprehensj.ve sunnary). Petrogenetic processes fall into four

broad catagories:

1. Partial neltiag of hydrated nantle or subducted oceanic crust.

2. Fractional crystallisation of prinary basaltic magna.

J. Assinilation of a continental crust by parental nagna.

4. Binary nixing of magnas of contrasting chenistry.

Each of the above are consj-dered by sone to be the nost inportant process'

but several studies indicate that more than one process may have operated

to produce certain rock suites (e.g. Gerlach and Grover 1982, Grove et a1.,

1982 - Medicine Lake; Myers et a1, 1984 - Edgecunbe volcanic field; Thorpe

et a1., 1984 - Andes).

6.1.1 Partial nelting:

In many volcanic arcs, basic and acid andesite are the most voluminous

rocks sanpled (Ewart, 1975), leading to the suggestion that most, if not

all, are derived directly as prinary nelts (Kty, 1978; Tatsuni and

Ishizaka, 1981; Aoki ancl Fukinaki, 1982). The reported occurrence of a

high-nagnesian andesite fron Teraga-Ike in Sirl Japan by Tatsuni anil Ishizaka

(tggt) supports this idea since the lava contains ollvine phenocrysts which

are in equilibriun both rith bulk-rock Mg number and rith presuned nantfe

peridoti te conposi tions.

Recent experimental-

1975) indicate that a

studies (Yoder, 1969i Kushiro , 1974; Ringrood'

wide range of nagna types could be generated fron
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perittotitic mantle above subduction zones under differing degrees of water

saturation. However, the anount of silica-enriehnent possible in a prinary

liquitl derived fron peridotite is sti11 the subject of tlebate arnongst

erperimentalists (". g. l,lysen and Boettcher (1975 ) r'" Green (1976 ) ) .

Although sone island arc andesites nay represent prinary nelts of the

nantle wedge, most have conpositions which d.iffer greatly fron those

produced experinentally and, furthermre, do not represent liquids in

equilibriun vith peridotite. Such liquids should have the following

characteristics (Perfit et aI., 1980; Cill, 1981): (1) !1g nunbers greater

than 6? (Z) trti eontents greater than 100ppn (f) hieh rater and C0, contents

(4) ofivine and orthopyroxene as tiquiclus phases (at nantle pressures) (5)

plagioclase not a liquidus phase (5) 1ow IIi,E concentrations (unless there

has been pre-enrichnent of the nantle wedge). Those crj-teria apply to less

than 5fi of island arc anilesites and to none fron the TVC, except those

which exhibit clear petrographic evidence of internal tlisequilibrium,

indicating Inagna nixing (fVPg 0).

llet nelting of eclogite (or anphibotite) forued by suHuction of

oceanic erust has also been proposed as a nechanisn for generating liquids

of andesitic conposition (toaer and Tilley, 1962). Such liquids have been

produced experimentally by zo-\Ofr partial nelting of eclogite at

ternperatures between 9OO oC anil 1OOO "C, and pressures close to 5okb (e:.:-t,

1974; Stern and Uy1]ie, 1978). However, at lower pressures, these sould

have lower fornation teroperatures than typical orogenic andesites (Citl,

1 981 ). In addition, the experinents inclicate 25% to 401 residual garnet

rhich i.s at odds with observed HREE and Y coneentration patterns in

andesites. It has also been clainecl that acid andesi-te could be derived as

a near-eutectie neLt of dry quartz eclogite (Green, 1972i Marsh and

Carniehael, 1974). However, for a bulk conposi.tion sinilar to N-type MORB,

the derived nelt (at lOtrb) has a [ca/(ue + Fe) ] ratio higher than most

orogenic andesites and is procluced at unrealistically high temperatures
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(cirr, 1981 ).

In surnrnary then, nost orogenic andesites are not Iikeiy to be prinary

nelts of the nantle wedge above subduction zones, nor of subducted ocean

floor basalts.

6.1 .2 tr'ractional crystalligation:

Boren (tgZg) proposed that orogen5-c andesites and their plutonic

equivalents could result fron crysta1 fractionation of basaltic Dagna' a

petrogenetic process which gtil1 finds favour rith nany (".g. Ar.culus and

i{i1ls, 1980; Hawkesworth and Powell, 1980). Ttre uain argunents to support

it are (clff, 1981 , p.258): (1 ) tire close spatial, tenporal and

rnineralogical relationshlp observetl between basalt, anclesite and dacite'

whose chenieal conpositions. define snooth scatter in Harker-tyPe variation

diagrans and which, therefore, can be interpreted as representing liquid

lines of descent (2) the occurrence of andesites in settings other than

convergent plate nargins which indicateg that clifferentiation of basalt can

be a mechanisn for producing andesite either within or outside volcanic

arcs 3) evidence for crlstal-leve1 nagua reservoirs beneath active

volcanoes and evidence fron ejecta for compositional and nineralogical

gradlents rithj.n these reservoirs which both suggest that differenti-ation

occurs during periods of repose (+) the occurrence of cognate nafic

xenoliths and xenocrysts (5) trace element systenatics, such as conpatible-

inconpatible elenent ratios (5) isotopic sinilarity between andesites and

associated basalts, which is necessary for nagnatie tlifferentiation by

itself to be a viable nechanisrn (7) the 1ow Mg nunbers and Ni contents of

orogenie andesites, which require differentiation if parental neits are

tlerived from nantle peridotite.

Much of this evidence, however, is circumstantial and exceptions and

contrary arguments abound (Cilf , 1981 , P.269) (1) sone chedcal variation

diagrans contain scatter in excegs of analytical error which, when allied

to the higlr phenocryst content of nany lavae, questions the valiciity of
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liquid lines of descent (z) nafic xenoliths can be alternatively
interpreted as coagulated phenoc rysts precipita tecl at Low pressu"e

subsequent to the developnent of diverse liquid conpositions at greater
depth (1) isotopic unifornity can result fron other genetic processes such

as partial nelting of a honogeneous source and, incleed, does not occur j-n

nany orogenic andesite suites (+) the presuned parents and conplenentary

crystal curmrlates resulting fron crystal fractionation processes often are

nissing or voluuetrically ninor.

|[he uiability of crystal fractionation as an process of andesite
petrogenesis nay depend to eone ertent on the physics of nagna storege and

ascent (Marsh , 1978). fhe fluiil dynamics of evorving nagma ehanbers was

discussed by sparks et al. (tga+) who noted that, in addition to thernal
gradients, the forns of convection in nagna chanbers arise from

conpositional variations caused by processes such as fractional
crystallisation, partial melting and contanination. These processes,

together with phase changes such as volatile ersolution, generally cause

much larger density changes than the thernal effeets arising fron
associated temperature changes. When crystalligation oecurs in uulti-
eonpoaent systens, fluid innediately adjacent to growing crystals is
generally either depleted or enriched in healXr conponents ancl can convect

away fron its point of origin. Sparks et a1. coasider this to be the

doninant pxocess involved in fractionation of nagnas and further suggest

that crystal settling is an inadequate and, in rnany situations, inprobable

mechanisn for nagnatic differentiatioin "....The convective motions in
eharabers are usually sufficiently vigorous to keep crystals in susp,ension,

although settling can occur fron thin fluitl layers and rithin the boundary

layers at the nargi-ns of a magma chanber". However, the process of
eonvecti-ve fractionation "....enables conpositional and thernal gradients

to be forned in nagna chanbers both by closed systen crystallisation and by

repeated replenishment in open systens. During crystallisation along the

-
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X'ig.5.1: Silica variation diagrans for lavas of Ruapehu and nearby vents- (c. f. Figs.4.8, 4.10, 4.16, 4.17) showing iclealised fields of
lava types 1 to 5 (in ttre 1le0 and CaO plots, outlying fields
only are shown). Vectors predict trajeeto:rias of nagnatic
evolution relating to fractionation of the phqse indicated.
fdeal uineral compositious are used (oLivine (01) = Fo90;
clinopyroxene (cpl) = CPX1; plagloclase (pf) = An80; nagnetite-
(f,ft) = I'1T10.0, c.f. Table A5.1). Vectors are proportional to 5%

fractionation (01, cPX & Pl) or 2fl fractlonation (I'lt)' rn the
tr'eO-SiO. p1ot. CPX is eoincident uith P1 - note that the observed
trencl i5 iossitle only if nagnetite is a fractionating phase-
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nargins of a chanber, highly fractionated nagnas ean be generated rithout

requiring large anounts of crystallisation, because the renoval and

concentration of cheuical eonponents affects only a sna1I fraction of the

totaL nagma".

Fractional crystallisation of orogenic andesites, if it occurs' will

involve liquiclus or near liquidus phases at low load ancl rater pressures

(giff , 1981) which are represented by the doninant pheaocryst rninerals

plagioclase, olivine (and/or orthopyroxene), augite antl nagnetite (pOlt't)'

"P6AM fractionation" could erplain many of the chenical trends observed in

IVC lavas (fie.O.t) (vectors indicate the chenical changes resulting from

renoval of each mineral phase). Quantitative nodelling of these features

are tliscussecl in section 5.2.

6.1 .5 Crustal contanination:

Involvenent of erustal eontanination in andesite genesis is suggested in

many recent studies (e.g. Francis et al., 1980; Carlson et al., 1981;

Thir1wall and Graham, 1984). Assimilation of continental crr.st by basaltie

nagna is often indicated by the presence of cnrstal xenoliths and usually

results in higher Si02 contents, higher LILE concentrations' higher
An ^ro's"fbsr ratios and lower K/Rb (GilI' 1981). Sueh features are shown bY

are conplex but are of three nainnany TVC lavas. Contanination processea

types:

i. Bulk assinilation: I{ho1e-sa1e nelting and assiuilation of continental

crust in basaltic nagrna can explain the chenlcaf and isotopie

characteristics of sone lava suites (e.g.Wood, 1980). However, for this to

occur, the nagna nust be superheated otherwise only partial nelting of the

crustal component takes place. Superheated nagmas are characteristically

phenocryst-poor (Ciff, 19Bl), unlike nost TVC lavas which have typically

nore than 201 phenocrysts. Bulk assinilation is therefore not consj-dered to

be an i-mportant process in their genesis.

ii. Addition of a cotectic cnrstal rnelt: Partial nelting of wallrock in



- 158 -

the vicinity of a nagna charnber can, depending on its bulk conposition,

produce nelts enriched in silica, LILE anrl ratliogenic Sr. These nelts nay,

under certain conditions, integrate with surrounding rnagma, a process

which, to naintain heat balance, nust be aceonpani-ed by crystallisation

(i.". assixdlation and fracti.onal crystallisation (mC), Taylor, 1980; De

Pao1o, 1981 ).

l{elting of greywacke-gneiss basenent beneath the TVC eould be an

iruportant process of cmstal contanination, as indieated by xenolith

studies. As noted in Chapter !, partial nelting of crust and consequent

"selective assimilation" is a nore likely process than bulk assinilation.

This is supported by Patchett (tgeO) rho, fron a study of the thernal

effects of basaltic nagna on adjaeent wallrock, considered that "...tota1

nelting of the cnrst is possible only over a very short distance adjacent

to the basalt, if at a11". Conseguently, the assinilant for those

petrogenetic nodels nhich require one is assumed to be a granitic partial

neLt of greyracke-gneiss.

iii. Isotopic equilibration rithout addition of naterial: Selective

contanination of maglra by aqueous fluids enriched in radiogenic isotopes

(and possibly also in IIIE) has been considered inportant in certain

circunstances (Briqueu anil Lancelot, 19?9b). However, it is a clifficult

process to model since the conposition of the enriched fluids are unknown

and hence is only applied here in an qualitative sense.

6.1 .4 Magna nixing:

There is nuch petrographic evidence to indicate that nagna nixing is an

inportant petrogenetic process in calc-alkaline nagnas. For exarople'

phenocryst assemblages are comnonly out of equiJ-i.brium rith bulk-rock

conposition, as night result fron mixing of nafic and silicic naglnas (Kuno,

1950; Anclerson, 1976i Eichelberger, 1975, 1978; McBirney, 1980). Mode1s

dealing uith physical characteristics of nagma chambers (e.g. Huppert and

Turner, 1981 ) predict the existence of conpoeitional zoning ancl density
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stratifieation, thus alloring the existence of a spectrun of conpositions
to be present in a single chamber and arrailable for mixing. The

significance clained for magma nixing ranges fron najor, where it is seen

as an alternative to crystal-liquid fractionation (Eichelberger, 1975), to
Ei-nor, involving only back-niring of liquids rhich are nutually related via
crystal-liquid fractionation (ltcBirney, 198o). rts relative inportance as a
means of generating calc-alkaline lavas varies fron being the doninant
process (Anderson, 1976), to being nerery a contributor in a group of
processes acting at the sane tine (Cncve et a1., jgg2).

In the following discussion nagna nixing is considered as inportant in
the petrogenesis of only those lavas rhich erhibit clear evidence of
disequilibriurn textures and which cannot be derived adequatery by an

alternative mechani.sn.

6.2 PEIROGn{ETIC I'{ODEIS Otr' SEJ,ECTED TVC LAVAS

rn this section, petrogenetic nodels of selected lavas fron Ruapehu and

nearby vents are described. fhese are designed to assess the feasibiLtty of
deriving liquids of internediate cornposltion fron known basaltic parents by

processes such as POAII crystal fractionation, conbined cmstal assimiration
and fractional crystallisation (mc) and nagma miring. In the models, ideal
nineral conpositions (taUte A5.1) are used to sinplify calculations and the
following systenatic guidelines are enployed (see Appendi_x 5 for further
discussion and justification) :

1 ' Major elements are normalised volatile-free; all iron is Feo; I{no ancl

PrO, are ercluded.

In crystal fractionation models, no more than four mineral phases are

included, nanely plagioclase, olivine or orthopyroxene,

clinopyroxene and rnagnetite.

Sest fit nodels are those for which the sun of the squares of the

residuals (ssn) is mininised, providing the fractionating phases

2.

7.

-
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are conpositionally reasonable and the total amount of crystals

removed is sindlar to, and in proportion to, the phenocryst coatent

of the 1ava.

4. Calculated trace elenent abundances are considered acceptable if

predicted values are within Zofr of known values. (see Table A5.2 for

Kd values usecl).

AI1 petrogenetic nodels use individual lava conpositions (rather than

averages) and these are considered to be representative of the parent naglna

body. This concept ras tested by chenically analysing twelve Ngauruhoe 1954

lava sanples collected fron different flows erupted at tlifferent tirnes over

a period of sir months (localities and tines of of eruption are given in

Appendix 2 and Fie.4.2). The lava is highly porphyritic and contains a hieh

proportion of xenoliths. Nevertheless, variation in bulk-rock chenistry

(c.f. Appendix 2.2) is l-ess than average analytical error indicating that

individual sanples do adequately reflect the bulk nagna conposition.

In the following discussion, nodels referred to are contained in

Appendix I (e.e.A1.2.1), ancl sone of these are also presented as tables.

6.2.1 Petrogenetic nodels of TYPE 1 l-avas:

Major element variation diagrams (Fie.4.20 to Tie.4.25; Fig.5.1 ) show that

most TYPE 1 lavas (i.e. plagloclase- antl plagioclase-pyroxene - andesites

and dacites) can be erplained by POAM fractionatioa fron a lor-alunina

basalt-type parent sinllar to Ruapehu basalt (14855) o" Red Crater basalt

(t tgAf). However, TYPE 1 lavas also show a progressive increase in LIIE

concentration and 8?91786gr ratio with increasing silica content, which

night be interpreted in terns of crlstal contanination. All nodels

involving only ?OAM fractionation from a basaltic parent have large

negative residuals for KrO and sinuilar disagreement (negative misfit) for

LILE (Rb, Ba, h) (A5.Z.l ). The K2O "anonaly" is renoved by addition of a

crustal component which, to be consistent with the findings of Chapter 5'



Table 5.1: Least squares nodel to generate Ngaunrhoe 1954
ITPE 1 basic aadesite 29250 fron l{angawhero
tr'ornation TYPE 1 low-alumina basalt 14855
(Ruapehu basalt) by AFC (tS.z-21-

P D I'IODEI RESID.

52.9 
'6.5 

56.5 +.O2

.7 .8 .B -.00 P1IASE

15,8 16.7 16.7 +.01
8.9 g.t 8.4 + .01 tr'o90
8.8 5.2 5.2 +.01 CPX1

9.8 8.1 8.t +.00 A!80
2.6 5 .1 

' 
.1 -.04 !lr5 .o

.6 1.2 1.1 -.02 !mtT1

SUM SQUARES RESID. = .OO27 CRYSTAIS REIIIOVED = 25.7Ofr

si0^
TiO:

*165,
!,190

Ca0
Na^o
*16

varfi fl

-6.9, 27.4O
-7 .72 10.52
-9.54 

'5.92-1 .tI 5.16
+5.46 0.00

Rb
Ba
Zr
Sr
V

Cr
Ni

P

1t
185
50

201
251
t1o
142

D

78
214

95
247
220
100

29

219
191

.?0
1.91

ERRON

50.5
15.6
51 .6
11 .7
12.1

I{ODEI BIITK DC

15 .04
24t .07
65 .10

+

105 5.79 + 5.0
t1 5.97 + 13.8

ilil;,=;==;;;'.==;;;;=;=;;;;;;;il:========--=====
MODEL = calsulated daughter nagna.
RESID. = regidual (I',IODEI-D).
PHASE = phase removed (-) o" added (+) (for

conpositions see Table A5-1 ).
llGT fi = ueight f, of phases renoved or

to P).
= percentage of total eryetals
= bulk distribution coefficient

distribution coefficients see
F rnnon = tr difference (( uolm - D / D).

fi
BUIK DC

added (relative

removed.
(for intividual
Table A5.2).
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is assuned to be a granitic partial nelt derived fron greywacke-gneiss

(i.e. K-rich nelt).

Ngauruhoe 1954 rava is notable for its relatively high B7sr/85s" ratio
in relation to its low sirica content. The best-fit nodel (ls.z.z)
indicates that it can be generated from a Ruapehu basalt-type parent by

AIC' tequirj-n'g 2J$ POAM fraetionation plus addition of 5.5fl K--rich nelt.
This gives an acceptable najor elenent fit (SSn= .OO27), and fails only to
satisfy Rb and Zr requirenents. Horever, both these elements wiLl be

enriched in the ne1t, a factor not considered in the trace eLement

calculations. Insufficient data is available on the actual concentrations

of Rb and Zr in the granitic nelt but, if it is assuned the K/Rb ratio is
the sane as that of the original bulk-roek prior to nelting (a reasonable

assunption gince no K-rich ninerals occur in either quartz-rich (i.e fypp

QXb) or quartz-poor (i.".QffU) restite nineralogi.es, c.f. Chapter !) then

the nelt should contain 2oO-400ppn Rb, so contributing sone 10 to Zoppn to

the lava (as required). rf a K-poor melt conposition (Table A5.1) is
instead added in the nodel (lS.Z J), an inferior fit results, and the KrO

anonaly persists. I,lith a Red crater basatt-type parent (lE.z.i.), trr" nodel

gives a sinlrar najor elenent fit (ssn= .oo47), but fails to satisfy Sr (too

high) or Cr-Ni (too low). Red Crater basalt appeals as a parental magna

type for Ngaumhoe 1954 lava because i-t is close geographicarly pnd was

sinilarly erupted in relatively recent tines. Honever, the older Ruapehu

basalt is chernlcally nore suitable (raute 6.1 ). Other possibre parental

basalt types yield j-nferior nodels: For l+rainarino basaLt, SSR is high
(.+Eee) and both Sr and Cr fit poorly (A5,Z.D); if this parental rnagma were

to fractionate only ollvine and clinopyroxene: which is possibly more

realistic given the phenocryst m:ineralogy (tatte 4.1), SSR is even grearer

(!.5'Z.e). For a high-alumina basalt-type parent (e.g.Ben Lonond Basalt

22994) (15-2,7), the najor eLernent fit is good (ssn=.oor9), but the nodel

fails to satisfy nost of the trace elements; a similar result is aehieved

-
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if orthopyroxene rather than olivine is fractionated (af.e.g).

Fron the above nodels, it is concluded that Ngeuruhoe 1954 lava was

nost likely generated by NC, involving 25% POAII fractionation of a 1ow-

alunina basalt (chen:icaIly internedi.ate to Ruapehu and Red Crater basalt-

types) plus adclition of 5% granitic partial melt. Proportions and types of

mineral phases given by the best-fit nodel are sinilar to the lava mocle

(tatfe 4.t) and nineral conpositions are realistic. The trace elernent fit

is acceptable given the uncertain LILE contribution nade by the nelt.

Sr isotopic systenatics are difficult to quantify since neither the Sr

content nor the 875t7855r ratio of the proposed nelt is known. In order to

even atternpt a quantitative isotopic nodel, certain questions must be

addressed. tr'irstIy, are segregations of greywacke-gneiss fron which nelt is

ertracted isotopically honogeneous (i.e. do the melts have the same

isotopic ratio) ? The answer to this was to sone extent given by a recent

study (Uy tfre author) of quartzo-feltlspathic schists fron near the Alpine

Fault (South Island, New Zealand). Feldspathic and rnicaceous layers of

these rocks had the "rr" 
875"/86S" ratios indicating that sirilar rocks

drawn fron depth (i.". greywacke-gneiss) might be sinilarly equilibrated.

Secondly, are melts fron different crustal levels isotopically homogeneous?

lndications fron basenent studies (Chapter 3) eonfirm that this nay not be

so, especially if isotopic equilibration is progressive with depth of

burial. Thirttly, are contaninated nagnas isotopically honogeneous? Laughlin

et al. (tglz) showed. that initlgl 8?5t786sr ratios in individual flows of

l,lcCartys basalt (New Mexico, USA) varied considerably as a result of

surface crustal contamination. However, analysis of different fl-ows

the sane nagma for this study (e.S.11€59 & 14860, 14911 & 14913; Table

indicates that sinilar processes did not operate in the TVC.

The above data suggests, therefore' that assinilating nelts

isotopicatly uniforn and give rise to un:iform contanination. Hence'

quantitative analysis of the Sr isotopic systematics of Ngaunrhoe '1954

near

fron

4 .4)

are

seni-

Iava



can be made, using the equations

Sr isotopie eonposition of parent

Sr isotopic cornposition of daughter

Sr eoncentration of parent

Sr concentration of daughter

163 -

of nber during AFC (see 13a, p.192):

(tqe55) = .7o4go (raure +.4)

(zgz>o) = .7o55r (rarre 4.4)

(14855) = 2o1 (raure 4.1)

(zgzso) = 247 (rau:.e +.1)

DSr = .7O (raUre O.t )

= .05 (Table G.1 )
mass assinllant / nass lava (t'ta/Uf )

If the Sr coneentration in the contaninant = lOoppn (trri-s value is
considered appropriate since the original source, Torlesse netasediment,

ranges betreen 156 and z56ppn (raure ,.r) and restite xenoliths are sr _

enriched (phgioclase-buffered), then the predicted 879"786g" ratj_o of the

melt is -72960, a vatue which appears to be too high (by about .o2ooo) for
an average Sreywacke conposition. However, if the anount of assinilation
(ua/uf) is increased to 26 (higher than that given by the geochenicat

nodel) then the predicted ratio is .71j22, a mueh more reasonable value.

Alternatively, if the Sr concentration in the contaninant = 2Ooppn, then

(using the original values for other variables) tle predicted 8?9"7869,.

ratio would be .71755. These nodels indicate that a reasonable fit for the

Sr isotopic conposition of Ngauruhoe 1954 lava is possible but there are

severaL unknowns in the equation for which a range of valueg can be used

(i."- only the conposition of the daughter magna is known for sure).



Table 6.?: Pattial bulk-rock
tr'ornation [fPE 1

chenistrY of eeleeted Mangawhero

lavas.

=-= = = = = = = == = = == == = == == e == = === = = = = = = = == = === == = = = == = === = = = == a= = = = =

fie55 17858 1?850 17844 1?886 1?889

== = == = = = = = = = == = = = = = == = = == == = == = = = = == == == = = == = = = == === = == == = == == = =

sio2
Ti0:

ila5,
I,190

Ca0
Naro
Krd

Rb
Ba
Zr
Sr
v
Cr
Ni

,2.9
nal

15.8
8.9
8,8
9.8
2.6

.6

11

185

50
201
251
1e
142

.70490

54.1
.f

17.2
8.5
6.8
9.0
2.9

.7

18
277

58
?19
258
140

51

.70507

55.4
R

trI .7
7.7
,.1
8.2
7.O
1.1

54
,13
84

251
215
112
49

.70129

58.3
.7

17.4
5.9
4.7
'1.6

t.1
1.2

t7
tl0
9'

250
195
92
t5

.70554

51 .8
.8

15.9
5.8
5.2
5.9
,.5
2.0

81

418
158
25t
152

51
26

.705r4

54,0
'8

15.8
5.1
2.'
4.9
5.4
2.8

120
,27
201
260
115

51
20

.7Ar74

3===== ==== == = ====== == == = = = == =========== ======== === ======== ==== ===
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Tab]e 6.J: least squares nodel to generate tlangawhero
Fornation TypE 1 basic andesite 148ig fron
Mangawhero Fornation fipE 1 1ow_al_unina basaLt
14855 (Ruapehu basatt) ty fOnll fractionation.

P D }fODET RE.SID.

52.9 54 .7 54 .1 -.01.7 .7 .7 -.01 PHASE rreTy %15.8 17.2 17.2 -.O28.9 8.5 8.5 -.O2 r'o90 -4.O5 25..t78.8 5.8 6.7 _.O1 cPxl _7.75 44.139.8 9.0 9.0 -.Ot AnSO -4.65 26.562.5 2.9 Z.g +.04 llTlO.O -1 .08 G.iB.6 .7 .7 +.o2

stll SQUARES REsrD. = .eozT cRrsrAr,s REI'tovED = 17.51fi

si0^
Tio:
At267
FeO '
Mgo
Ca0
Na.o
*16

Rb
Ba 185zr 5o

D }IODEI BIJTK DC

18 17 .O7
257 222 .05

58 59 .14

25e 19' 2.7A

P

11

S nnnon

- 27.8
_ 5.5
+ 1.7
+ O.5
- 25.2
- 16.4

0.0

Sr 201 219 220 .52v 251
Cr
Ni

380 140 117 7.12
142 51 51 6.12

= == == == = = = ============= == ======================== == ====== = ==

Table 6.4: Least squares nodel to generate Mangawhero
Tormation TfpE 1 basie andesite 14gi0 fron
Mangawhero Fornation TrpE 1 row-alunina basalt
14855 (Ruapehu basalt) by AI'C (tj,z,1r).

== == == ==== === == = ======== === === ==================== === ==== ===
P

si02 52.9Tio: .7
A1267 15.8
FeO' 8.9
MeO 8.8
CaO 9.8
Naro 2.6Krb '5

D MODEL RESID.

56 .4 56.4 -.01.8 .8 +.01 PHASE VCT]% %17.V 17.7 +.01
7 ,7 7 .7 -.0't FogO -O .50 21 .865.1 5 .1 -,oo cPx.t _1 1 .1O 37 .768.2 a.2 +.00 AaSo _10.14 74 ,-11
t.o 2.9 -.05 uT5.0 -t.98 6.671.1 1.2 +.04 I{ELT1 f.11 O.OO

Sttll SQUARES RESID. = .OO42 CRYSTAIS REIIOVED = 29.72%

Rb
Ba
Zr
Sr
V

ItL

P

11

185 115 2r7
50 84 58

D ilODEt BULK DC

14 16 .O1
.05
.11

52 6.6t
26 5.Bo

tr ERROR

- 52.9
- 17.9
- 19.0
- 9-5
- 29.6
- 50.6
- 46.9

2O1 251 227 .56
25t 215 152 2.45
,BO 152
142 49

=============================_======= ===== ============= = = == =

-



Tabl.e 5.5: Least squares nodeL to generate llangarhero
Fornation TYPE 1 aeid andesite 14844 fron
Mangarhero Fornation IYPE 1 1ow-al-umina basalt
14855 (Ruapehu bagalt) uy m'c (t'5.2.17).

si0^
Tio;

ilau,
Mgo
Ca0
Na2o
Kzo

I

52.9
n

15 .B
8.9
8.8
9.8
2.6

.6

58.1
.7

17.4
5.9
4.7
'1.6
?1

1,2

D !IODE], RESID.

58.t +.oo
.7 -.O4 PHASE rt?rf,

17.4 -.O0
5 .9 +.o1 Fo85 -8.59
4.7 +.00 cPXz -14 ,44
7 .5 +.00 An50 -19.3,
1.1 +.O3 W[12.5 -2.58
1.2 +.00 l,IElTl +1.98

f,

19.50
72.06
42.91
5.71
0.00

SItI,t SQUARES RESID. - .c/c,24 CRYSTALS REI'IOVED = 45.O2%

Rb
Ba
Zr
Sr
It
Y

Cr
Ni

D

17
110

91
250
195
92
15

P

11

185
5O

201
251
7BO
142

r

52.9
n

15.8
8.9
8.8
9.8
2.6

.5

tr ERROR

- 45.9+ t.5
- 8.5
- 10.0
- 12.8
- 7r.o

MODEI BUIK DC

20 .04
321 .OB
85 .11

225 .81
131 2.O9
21 5.70

I'IODEI RESID.

61 .8 -.O1
.8 +.01

15.9 -.O1
5.8 -.O7
t.2 -.ol
5.9 -.01
1.5 +.O7
2.O + .O5

}Icrs %

-1O.74 22.15
-15.48 31 .91

-20.o5 41 .51

-2.24 4.51
+11 .52 0.00

= 4A.5 j\[

- = -= =--*= -= - == -- ==== - -===== == -==--= = == a- =--==*-==---= =======

13 5.o5 _ 62.9

si0^
Ti0:
AI26a
FeO -
Meo
Ca0
Na2o
Kzb

SUM SQUARES RESID. = .0081 CRYSTAL,S

Tab1e 6.5: Least squares nodel to generate Mangawhero
Fornation ffPE 1 acid andegite 1 4885 fron
Mangawhero Formation TYPE 1 low-alunrina basalt
1 €l55 (Ruapehu basalt ) by AI'C (tS .2. 1 5 ) .

n

51 .8
.8

16.9
5.8
5.2
5.9
7.5
2.O

PHASE

FoBO
cPxz
AnTO

IrfI10.0
MEITl

REI{OVED

Rb
Ba
Zr
Sr
v

Cr
Ni

P

11

185

5O
201
251
180
142

D

81

418
158
253
toz
51
25

MODEL BULK DC

21 .04
342 .08

91 .10
232 .?8
152 1.76
21 5.26
8 5.10

ERROR

74.1
18.2
42,4
8.1
5.2

54.9
69.2

-=-=-===-=--=====--=====----=-==-Et=*==--====-=-==!==-==-=-=
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Table 5.7: Least squares nodel to generate Mangawhero
Fornation TypE 1 dacite ,l4gg9 from
llangawhero Formation fIpE 1 low-alunina basalt
148j5 (Ruapehu basalt) Uy m,C (t>.z,ZZ).

============================================================

si0^
rn: a1

tr16z
tr'eO -
l,lg0
Ca0
Naro
Kzd

r

52.9
n

15 .a
8.9
8.8
9.8
2.6

.5

64.O
.8

15.8
5.1
2.7
4.9
5.4
2.8

64.O
.B

16.9
5.'l
2.3
4.9
,.4
2.8

D MODEI RESID.

+.o1
+.01 PHASE
+,01
+.01 FoBO
+.01 cPxz
+.00 An50

-.o4 Ii[T10.0
-.ol tmtTl

VGTfl

-11 .t8 19 .75
-18.1O 7 .7e
-25 .24 47.87
-2.56 4.61

+17.98 0.00

57.5976stll SQUARES RESID. = .0020 CRYSTAIS REMOVED =

Rb

PD

11 120

MODEI BUIK DC

25 .04

.87
1.76

tr ERnoR

- 79.2
- tZ.O
- 46,3
- 10.4
- 13.9
- 67.7
- 75.O

3a 185 jz7 4oB .08zr 50 zo1 108 .10
Sr 2O1 260 211
v 251 115 111
Cr
Ni

,BO 71 10 5.27142 20 5 4.98
= -== === == -= === === == ==== ==== == ==== == = == ====== = ==i==== ==== = == =

Tabl-e 6.8: Least squares rnodel to generate Mangawhero
Fornation TfpE 1 acid andesite 1 4944 fron
Mangawhero Formation TypE 1 basic andesite
1 4858 by AI'C (t> .z. j 5 ).

============================================================
P D MODET RESID.

54 .7 58.1 58.t +.00
.7 .7 .7 +.02 PHASE IIGI/ %17.2 17.4 17.4 +.01

8.5 6.9 5.9 -.o0 tr'o85 -4.85 16.jO
6 .8 4.7 4.7 +.oO cpx2 -6 .88 23 .tg
9.0 7.5 7.6 +.00 AnGO _15.41 |,z.4g
2.9 7.1 1.1 -.o3 MT7.5 _2.24 7.62.7 1 ,2 1 .Z +.00 tmlTl +1.84 O.OO

SUl4 SQUARES RBSID. = .0015 CRYSTAIS REMOVED = 29.40%

si0^
m: n4

A\6?
FeO '
Meo
Ca0
Na2o
Kzd

Rb
Ba
Zr
Sr
V

Cr
Ni

P

18
217 710
58 93219 25O

25e 195
140 92
51 15

D I,IODEI BI.ILK Dc

17 25
725

BO
220
150

29
16

.04

.09

.10
'98

2 -54
5.56
4.75

tr ERROR

- 32.4+ 4-8
- 14.0
- 12.O
- 27-t
- 68.5
- 54.7

============================================================



Table 6.9: Least squares nodel to generate Mangawhero
Fornation ryPE 1 acid andesite 14885 from
Mangawhero Fornation TYPE 1 basic andesite
14850 by AIC (t2.2.20).

D MODEL RESID.

si0^
Tio:
A1.6=
Fe6 /
Mgo
Ca0
Na2o
Keo

SUll SQUARES RESID. = .O001

-.o0+.01 PHASE

-.00
-.00 h80
-.00 c?xz
-.00 A:l70
+.00 I,[T10.0
+.00 It[EtT1

CRYSTATS REI'IOVED

vc$ %

-6.58 1A.24
-5.05 15.54

-21 .20 57.89
-2.68 7.t3
+J.25 0.Oo

* 16.62%

P

56.4
.8

I-t .7
I t.l.7n
trt
8.2
?n

1.1

51 .8 61 .8
.B .8

15,9 16,9
5.8 5.8
7.2 1.2
5.9 5.9
3.5 7.5
2.O 2.O

P

14
113
84

251
216
112
49

81

418
158
251
toz
51
26

61 .B 64.O
.8 .8

16.9 16.8
5.8 5.1
7.2 2.7
,.9 4.9
1.5 1.4
2.O 2.8

D I',I0DEI BUIK DC tr ERnoR

Rb
Ba
Zr
Sr
v
Cr
lTi
III

si0^
Tio:
Ar.267
FeO -
Meo
Ca0
Naro
Kzo

5t
472
127
242
105
20
18

64.O
.B

16 .B
5.1
z.t
4.9
1.5
1.1

.lo

.09
1 .O8
2.59

+ 12.9
- 19.6
- 4.3
- 15.2

.05 - 14.6

5.14 - 60.8
1.19 - ro-8

-=*=========-===-==============---====-=--===-=====-==-----=

Table 6.10: least squares nodel to generate Mangawhero
Fornation TYPE 1 dacite 1 4889 fron Mangawhero
Fornation TYPE 1 acid aadesite 14885 by AFC

(t>.z.ze)

UODEL RESID.

+.Q7
+.01
_.o1
+.01
-.o2
+.01
+.05
-.08

PHASE IIGM 1I

Bn70 -2.14 18.92
cPx2 -1.17 25 ,92
An40 -6.42 52.00

Mr5 .0 -.41 1.16
MELT1 +11.15 0.00

SUM SQUARES RESID. = .0124 CRYSTATS REI*{OVED = 12.34%

ph

Ro

Zr
Sr
V

Ni

r

81

418
1trQ

253
toz
51
z.o

nu

120

zvl
260
116

7a

ZV

>t
471
178
254
152

ntr

.09

.10

.98
1.50

MODEI BUIK DC $ unnon

- 23.1
- 10.6
- 11.4
- 2.7
- 12.2
- 3.1
- 5.O

12 4.49
19 7.40

==== ===--= ====-=--= = == == == -=-=x-=-====- -===--= =-==a-= =====-=
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llangawhero Fornation lavas (Ruapehu) include a spectrun fron basalt to

dacite, providing an ideal suite with which to test AFC as a nethod of

generating a range of evolved compositions fron a single parent. The

chenical trends exhibited by the suite are discussed in Chapter 4 and the

salient features are included in Table 6.2. All the models attempted apply

PoAIvl fraetionation with or nithout addition of a K-rich nelt (those models

using a K-poor nelt (Appendix A5 .2.12, A5 .?.14 ' A5 -2.17 , A5 .2.27) were

never as successful suggesting that such a conposition does not closely

resemble the overall nature of the contaniaant). The nain features of the

nodels are as follows:

i. Ruapehu basalt 14855 is the logical (sane age and spatial distribution)

and best fit parental nagna for the suite.

ii. Slnpte POAM fractionation fron basalt, or fron any other nember of the

suite, to a nore-evolved nember nearly always produces a large negative

residual for KZO (and I,ILE nisfit), indicating contanination. The

exception to thls is A5.2.9 which shows that basle anclesite 12F58 can be

generated from basalt 14er5 by POAM fractionation alone (tabte 6.1); the

negative misfit for Rb and increase in 875"7869" (faUfe O.Z) do suggest a

small arnount of contamlnation but the chernlcal similarity between parent

and daughter has, in this case, renderetl that indeteetible - addition of K-

rich nelt to the model (U.Z.tO) actually produces a large posltive KrO

residual.

j.ii. Most nodeLs using Ruapehu basalt as parent are satisfactory (tatte

6.4 to Table 5.7), but all show a persistent negative nisfit for Cr and Ni.

This is probably due to using too high Kd values for pyroxene, even though

the lowest recomnended values are used (Ciff, 1981) - note that for sone

calc-alkal-ine suites (*.g. Santorini, Greece), values as low as 4.8 are

considered appropriate (Mann, 1 981). Inconpatible trace elements

(particularly Rb and Zr) show ever increasing negative misfits, which are

compensated for by the increasing 1evels of contanination (>% i" basic
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conpositious shown. The heavy dashed line represents a possible
evolutionary path for DSr less than 1 (after De Paolo, 1981).
A najor uncertainty in the nodel is the conposition of the
assinilant which is here assuned to be a graniti.c nelt of
greyracke -gPeiss.
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andesite to 186 in dacite). Ba, Sr and V tend to fit nost of the nodels

re1l. There is an expected substantial increage in the total amount of

crystals needed to be renoved, fron 30% for basic andesite to 58|l tot

daclte. Of the total, plagtoclase gradually increases in proportion fron

14f, to 44:l whereas clinopyroxene decreases fron 77 to 32% and olivine stays

constant. 0livine is chosen for these nodels even though orthopyroxene

probably replaces or accompanies it aB a fractionating phase of lDore-

evolved conpositions; the effect of substitution would be to slightJ'y

change the VIg/Ie:siLica ratio and to increase the total amount of

fractionation required (and thus keep Cr, Ni contents constant). Addition

of orthopyroxene as a fractionating nineral artificially inproves the nodel

fit, by increasing the degrees of freedom and is consequently resisted.

iv. Model-s enploying an internediate rnagna conposition as parent g:ive

variabl-e results (a) acid andesite 14e44 can be generated from basic

andesite 14858 by Atr'C (taUte 5.8). The nodel is sinil-ar to that in which

basalt 14g|j is the parent (TaUte 6.5), but has a better overall fit (b)

acid andesite 14886 can be generated fron basic andesite 14850 by AFC if

orthopyroxene is the Mg-rich fraetionating phase (taUte 6.9). An inferior

result is achieved if olivine is fractionated (U.2.19) or if acid antlesite

14e44 is the parent (tS.Z.Zl) (c) dacite 14889 can be generated fron acid

andesite 14885 by AJ'C (tatte 5.10). Other andesitic conpositions also serve

well- as parents (15.2.24 to A5.2.28) if large amounts of melt are added

(2U2511. The gooit fits achieved by these models cleronstrate that dacitic

nagnas of the TVC rnay not require special geneses sueh as partial nelting

of crust, but can be clerived either directly from Low-alumina basalt (c. f.

Table 6.?) or fron an evolved derivative of one.

v. Sr isotopic systematies of Mangawhero Fornation TYPE 1 lavas are

conslstent with a nodel involving AFC of low-alumina basalt 14855. Using

the De paolo (tggt) equations describing lsotopic evolution during Atr'C'

Fig.6.2 is constructed for the Mangawhero tr'ornation favas nith Ma/Mc=.2 The



fable 5.11: Least aquares rcdel to generate Te Herenga
Forrnation ITPE I basic andesite 14777 fton
Mangawhero Fornstion TYPE 1 low-alunina besalt
14855 (Ruapehu basalt) by P0Al1 fractiouation
(t> .2.29).

========-====E====='==='===--====a==-==E=============t=-====

P D IIIODEL, RESID.

si0^
Tio:

*!"a6t
!Ieo
Ca0
Naro
Kzo

52.9 56 .7 56 .7 -.ot
.7 .7 ,7 +.01 PHASE YCTtr %

15.8 18.2 18.2 -.O2
8.9 8.'l 8.0 -.O7 Fo90 -7.24 19.05
8.8 4.7 4.7 -.O2 CPxl -14.19 

'7.829,8 7.7 7.7 -.O2 An60 '15.91 16.56
2.6 

'.2 
3.2 -.oo ![T1o.o -2.51 6.59

.6 .8 .9 +.11

StrI{ SQUARES RESID. - .0157 CRYSTATS REIjIOVED = 58.O5fr

P

11

185
50

201
251
3BO
142

D MODET BUIK Dg

20 17 .04

ER.RON

15.0
11 .2
20.6
5.5

59.o
,1 .6
72.O

Rb
Ba
Zt
Sr
v
Cr
Ni

248 272 .70
210 128 2.41
?q 26 6.61
25 17 5.44

260 289
63 76

.07

.11

MODEL RESID.

+.00
-.01 PHASE
+.00
+.O0 Fo80
+.0O CPT.?
+.00 An70
+.00 I'[T1 2 .5
-.o0 I{ELT1

CRYSTATS REMOVED

+
+

E-====a==a--==.-======--=========-'--=3--a=====-======E-====

Table 6.122 Least squarest model to generate l{hakapapa
Fornation TfPE 1 aeid anilesite 1 4804 fron Retl
Crater TIPE 1 lor-alunina basalt 1 1 965 by
tJ,c (tz.z.1g).

:== ==========================

si02
Ti0;
4120j
FeO -
Mgo
Ca0
Na.o
.. I

^20

P

tr??
.7

15.5
9.1.tA

10.5
2.'

))

50.6
.f

16.8
6.t
7.8
6.6
t.5
't .8

50.6
.7

15 .B
6.3
7.8
5.6
,.t
't .B

VGT/. fr

-6.11 13.87
-18.17 41 .r4
-17.09 18,64
-2.61 

'.95+8.45 0.00

= 44.22fiSUM SQUARES RESID. = .0002

Rb
Ba
Zr
Sr

P

20
177

btJ

278
271

281
63

D

7t
411
119
295
164
57
24

15
215
111
,23
't70

10
5

.11

.74
2.26
6.68
5.19

IIODEL BULK DC F ERROR

- 52-1

- 18.7
+ 1O.2
- 20.7
- 81 .1

- 75.O

.04

.o7 - 41.1

v
Cr
Ni
===================-======= ==============3=-============= ===
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data fo11ow a trajectory indicating gradual increase in DSr with increasing

fractionation. However, the relative scatter of the data suggests the

assinilation process nay not be well represented by a contaminant fixed

with respect to trace elenent and Sr isotopic conposition. Itt5rers et al.

(tgg+) were unable to nodeL lavas of the Edgecumbe field' SE Alaska in

terms of fixed endnenber assinilation and so proposed the eristenee of a

variable contarainant. Xenolith studies (Chapter 5), which show a wide

range of possible nelt compositions, support this idea, naking quantitative

isotopic rnodelling of eontan-inated lava series unrealistic.

ModeIs for Te Herenga and Whakapapa Fornation lavas present special

difficulties because the suites contain no l-avas of basaltic conpositlon

nor do they exhibit any clear chemical- trends.

Te Herenga tr'ornation andesites are characterised by relatively 1ow KrO

contents so that fractionation nodels alrays yieltl positive residuals for

that element. tr'or exanple, basic andesite 14757 can be generated by POAM

fractionation fron a lor-alun:ina basalt parent (such as 1 4855) (tatte

6.11). The model has a good fit for nost elenents, but a K-rich nelt

(IZ.Z;A) or a K-poor nelt (lg.Z.lg) must be removed rather than added if

it is to be improved (tfr:-s anornaly could be resolved if hornblende $ere an

early fractionating phase but there is no evidence for its eristence in

these or other Ruapehu lavas). If the older and more closely coeval

gngaroto basalt-type is the parent (15.2.4O), an inferior najor elenent fit

results (SSn=.0605) and the anount of fractionation required (Se%) is

unreasonably large. It is therefore coneluded that Te Herenga Fornation

nagnas were probably generated frorn a l-ow-alumina basalt parent by POAM

fractionation a1one. The l-avas have variable but relatively 1sw 875t7865t

ratios which may have been inherited from their parent magmas orr

alternatively, may indicate ninor crustal contanination. However' this is

difficult to nodel because of the uncertainty of the parental conpositions

(although Ruapehu basalt 14855 is a suitable parental Wpe, it is nudt
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younger than Te Herenga Fornation lavas and could not be the true parent of

then ).

lihakapapa tr'ornation lavas are typically enri-ehed in IILE and Sr

conpared to other IYPE 1 lavas, and some have relatively high Sr isotopic
ratios (".e.14804 = .70584). However, most can be adequately nodelled from

low-alunina basalt by sc, with only rerativery minor nisfits. For

exanple, acj.d andesite 147Aj can be generated fron Ruapehu basalt 1485j

(t'z.z.ll) (sr :-s tow) or fron Red crater basalt 1196i G5.z.tD (sr rits
but Ba and, to a l-esser extent, cr & Ni are too Iow). sinrilarly, acid

andesite 17481 can be generated fron Ruapehu basalt l461:21- it olivine
(lS.Z.JJ) nther than orthopyroxene (lS.Z.rc) is the fractionating Mg-rich

phase, or fron Red crater basalt 11965 (aZ.z.j7); moder differences are the

sane as before. A near-perfect fit resuLts rhen aci.d andesite l4gO4 is
modelled fron Red Crater basaLt 1196, (taUte 6.j2). This nodel is better
than that for a Ruapehu basalt-type (lS.Z.rc) for two reasons (f ) Red

Crater basalt is of a sinilar age to l{hakapapa Forrnation lavae (z) the

relatively hiSh Sr content of those lavas requires a parent nagma with

hig[er Sr than that of Ruapehu basalt. Attenpts to nodel acid andesite

14804 from acid andesite 14785 (ls.z.qo) fait totally because, to balance

tne KrO budget, a K-rich melt rmrst be rernoved. This is impossibte, and is
al.so at odds with the relative 87Srf6sr ratios of these lavas (i.e. 14g04

is Euch higher than 1 47B])). The conclusion is, therefore,

lavas evolved separately, though probabry fron a sinilar
type.

that these two

parental magua



Table 6'132 Least squares nodel to generate Uahianoa
Forrnation IYPE 2 acid andesite 1491 1 fron
Mangawhero Fornation TYPE 1 low-alurrina baseit
14855 (Ruapehu basalt) by A.FC (tS.l-z).

si0^
TiO:
Ar267
FeO -
Meo
Ca0
Na2o
Krb

D }IODEI, RESID.

52.9 58.1 58.1 +.01
.7 .7 .7 +.00 PHASE

15 .B 2o.5 2o.5 +.o1
8.9 5.5 5.5 +.00 Fo85
8.8 2.1 2.1 +.00 CPX2

9 .8 8.0 B .0 + .00 An60

2.6 1.6 1.6 - ,O7 MT1o.o
.5 1 .3 1 .t + .1 'l MErrl

WCTtr fi

-10.72 10.22
-16.51 46.61
-5.o1 16.96

-2.20 6.21
+4.71 0.00

StM SQUARES RESTD. - .OO@ CRYSTAI,S REliloVED = 35.47%

---==-==----==--=---------=--==----=----==-==t==----====--==

Table 6.14: Least squares nodel to generate Wahianoa
Formation ffPE 2 acid andesite 1 4901 fron
Wahianoa tr'ornation TYPE I acid andesite 16867
by plagioclase-rnagnetite adclition (A5 .5.1 O).

===== == = =======:============ ===== ========== ===== == ======== ==

P D I{ODEI RESID.

Rb
Ba
Zt
Sr
!7
Y

Cr
Ni

si0^
Ti0:

*!a6'
Meo
Ca0
Na2o
Kzd

P

11

185

201
251

180
142

n

t9
J\7

95
t44
167
36
1t

58.9
.7

20.o
5.6
2.1
7.6
7.9
1.2

An60

MT12.5

ERROR

,6.4
11 .0
23.2
22.+
18.5
76.1
66.7

MODEI BU].,K DC

17 .O2
282 .O4
7' .15

267 .15
116 2.4O
27 7.4'
9 7.41

59.1 +.15
.7 -.O2

20.7 +.51
5.7 +.15
2.O -.16
7 .2 -.40
,.8 -.09
1 .7 +.o2

+27.11 0.O0
+1 .21 0.00

= 28.46%

61 .4
.7

17 .9
6.2
2.6
6.0
3.6
1.6

SIJ}4 SQUARES RESID. - .1514 CRYSTAIS ADDED

Rb
Ba
Zr
Sr
v
Cr
Ni

P

56
189
119
248
171

10
II

D

t5
294

ql

117
195

15
20

It{ODEL BUIJ( DC

t6 .07
262 .15
6t .o3

tol j.75
19O 1.11
12 1 .74
15 .44

tr ERRoR

+ 2.9
_ 10.9
- 50.8
- 5.0
- 2.6
- 20.0
- 15-O

-------=====---=====--=E=-1====---=--=----=--==-=-=-=8--===-
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6.2.2 Petrogenetic notlels of TIPE 2 lavas:

Uahianoa Fornation TYPE 2 lavas are characterised nineralogically by high

modal plagioclase and, chenically, by higfl A1 and Sr contents and low tr'e'

Mg, Cr and Ni contents. They are interpreted (Chapter 4) to be TYPE 1 lavas

which have accuuulatecl plagioclase; this theory can be tested by least

squares nodelling, as follows.

Wahianoa Tormation IYPE 1 acid andesite 14925 can be generated fron

Ruapehu basalt 14855 by Atr'C (l5.t.t), the results being sinilar to those

for other TYPE 1 lavas (see previous section). fhis type of nodef is also

appropriate for TrPE 2 acid andesite 14911 (taUte 6.13) and is, therefore'

one possible petrogenetic scherne for this lava wpe . In the nodeJ-,

clinopyroxene and olivine are the nain fractionating phases and plagioclase

is subordinate to then. The negative nisflt for Sr (which is nuch less for

1490.1 (A5.7.1)) is reduced if the parental nsgua is Red Crater basalt 11965

(n,1.il, but this yields an inferior fit otherwise. l{ith high-alunina

basalt 22994 as parent (l>;-f), the notlel has a good na jor elenent fit

(SSn=.0027), but fails to satisfy trace elenent requirernents.

Attempts to model 1YPE 2 lavas fron other Wahianoa TIPE 1 lavas by POAlil

fractionatlon are unsuccessful. tr'or exarnple, acid andesite 14911 can be

generated fron basie andesite 14922 (S.l.S) but the major element fit is

poor (ssn=.05??). This is because, even if a very calcic pJagioclase is

fractionated (which is unreasonable), there renains a large negative

residual for Na2O . If nagnetite is not a fractionating rnineral 
'

plagioclase of a sodic conposition nust be addetl rhite clinopyroxene and

olivine (Aj.3.?) or orthopyroxene (lf .l.e) are removed. Even thoug[ these

nodels fit poorly for najor elenents, trace elenent requirements are well

satisfled. The possibility that TYPE 2 lavas are variants of TYPE 1 lavas

by accumulation of plagioclase is further supported by acid andesite 14901

rhich can be generated fron acid andesite 16721 by 20% plagioclase addition

(tatte 6.iil. Consitlering the snall number of phases enployed, the nodel



Table 5.152 Partial bulk-rock chenistry of
selected Mangawhero tr'ornation
TYPE I lavas.

-=- = -- --- - -- =- * - ------- -- ----- === --* --------
l49et 1 7884 17ffiz 17829

----------G---- -E----E--=---==------------==

si0^
Tio:

*1a6,
Meo
Ca0
Naro
Kzb

58.0
.7

15.5
6.9

7.5
2.7
1.4

54
331
114
250
189
286
110

.70572

59.2
,7

15.2
6.5
6.7
7.1
1.O
1.6

65
742
129
272
171

325
101

.70524

60.2
.B

15.6
5.7
5.8
6.7
2.9
1.8

71
l88
142
222
176
240

81

.70514

Rb
Ba
Zr
Sr
v
Cr
Ni

MODEI RESID.

60.1
.8

15.6
6.t
5.9
5.7
2.9
t.l

64.4
.9

15.6
,.1
3.2
4.8
5.1
3.1

1t2
57'
226
21'
116
117
48

.70545

+.o2
+.OO PHASE
+.o2
+.Q2 FoB5
+.01 CPX2
+.01 An50

-.04 MT?.5
-.04

WCM ft

-1.26 18.44
-4.81 27 .15
-8.8' 49.84
-.81 4.57

---= ------ -=- =-=== ------- ------E------ = =----

Tab.l-e 6.16: Least squares model to generate Mangawhero
Formation 'ItPE t acid andesite 14882 fron
Mangawhero Formation TTPE J acid andesite
1 4883 by POAM fractionation (lf.+. t ).

si0^
TiO;
A1203
FeO -
Meo
Ca0

.T"zo
^20

P

58.0
4

15.6
6.9
7.0
7.6
z.l
1.4

n

ov.z
.8

15.6
6.3
5.e
6.7
2.9
1.8

SUI'I SQUARES RESID. - .0044 CRYSTATS REMOVED - 17.71/.

P

54
511
114
250
189
286
110

n

71
t88
142
2?2
rfo
240

81

65

195
136
251
165
138
,5

.04

.vy

.09

.94

4.73
4.57

ERROR

12.1
1.8
4.2

14.0
6.3

42.1
32,1

M0DEr BI]LK DC 1t

Rb
Ba
Zr
Sr
V
Cr
Ni

+

+

------ -- ==---=--t----- ------=----=--= --=----==-===------- --=
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has an acceptable major elenent fit (SSR=.3265) and good trace elenent

agreenent. Addition of a snall anount of nagnetite greatly inproves the fit

for Ti and V (AD.3.1O). It ie concluded, therefore, that TIPE 2 lavas could

be generated either fron a low-alurnina basalt parent by Af'C oTr

alternatively, fron IYPE 1 aci,d andesite by plagrocJ.ase (+ nagnetite ?)

accumulation.

Sr isotopic conpositions of TYPE 2 lavas (taUfe 4.+) are sinilar to

TypE 1 which is consistent with the genetic link established between then

by geochenieal modelling. Therefore, the arguments on systenatics are the

sane and are not re-iterated here.

5.2.1 Petrogenetic models of TYPE J lavas:

IYPE , lavas are characterised nineralogically by high pyrorene contents

and, chenically, by relatively low A1 and high M8, Cr and Ni

concentrations. These features xniCht indicate (t) derivation from a rcre

nafic parent than for TYPE 'l lavas (Z) plagioclase fractionation or (l)

accuuulation of nafic n:inerals. Four Mangawhero Fornation TIPE J lavas

(taUte 6.15) range fron acid andesite to dacite and show l-ittle change in

879"786gr with increasing silica. This suggests that uore evolved menbers

of the suite could be derived from less evolved nembers by POAU

fractionation alone; for andesites 14881, '14884 & 14882, that nodel is

satisfaetory, whether olivine (lf.+'r) or orthopyroxene (}5'q'z) is taken

to be the Mg-rich fractionating phase (tatte 5.16). However, dacite 14829

does not fit the nodel nell ($.q.1 A A5.4.4); for this, the best-fit

requj-res atldition of K-rich melt (ll.+.1)' thoug! the anount needed seens

excessive given the sna1l increase in 875"7865" . If more-evolved lavas are

considered as parents for 14829 ($.q.A A A5.4.7) ' this ctiff iculty is

accentuated so that for acid andesite 14882 (15'+'g)' the arnount of nelt

addition is 22fl. These nodels suggest that TYPE J dacite 14829 $as not

derived frorn another TYPE J l-ava but evolved separately.

One possible petrogenetic scheme for fiPE J lavas involves derivation



Table 6.171 Least squares nodel to generate Mangawhero
Fornation TYPE t acid andesite 1 4881 from
Mangawhero Fornation TYPE 'l low-alunina basalt
14855 (Ruapehu basalt) by AIC (n.q.12)-

-s -=- =-==-- =-== ---== --= ===-- = ===---===---- =-= ===*-== =-= =--=-

P D !'IODEI RESID.

si0^
Ti0:

*!a6'
Mgo
Ca0
Na20
Kzd

StDl SQUARES RESID, - .O060

-.o2
+.O2 PHASE

-.o7
-.O2 Fo85
-.01 cPxz
-.01 An6O

+.O5 I'IT7.5
-.OO I{ETT1

CRYSTATS REIIIOVED

rrcr'l %

-5.n 14.O'
_1O.74 28.57
-'f8.84 rO.13
-2.73 7.27
+6.39 0.00

- 77.58fr

,2.9
n

15.8
8.9
8.8
9.8
2.6

.6

58.0
?,

15.5
6.9
7.0
7.5
2.7
1.4

58.0
.,

.l

15.6
6.9
7,0
7.6
2.8
1,4

Rb
Ba
Zr
Sr
V
Cr
Ni

si0^
Tj.|o;
Al^br
Fe6 )
Meo
Ca0
Na.o
*16

P

11

185
50

201
251
180
142

r

61 .8
.8

16.9
5.8
7.2
5.9
?tr
ZtV

D

54
731
114
250
189
286
110

Ii,IODEI, BT]LK DC S NNNON

= ====== == ===== ===== ==== == ===-----a---=---- ---=- -----*- -=---=

17 .04
284 .09
76 .11

207 .94
127 2.51
38 5.91
50 4.30

I'{ODEI RESID.

- 69.5
- 14.2
- 71.1
- 17.2
- 34.9
- 85.1
- 72.7

PHASE WGT% %

Io90 +4.j9 0.00
cPXl +6.08 0.OO

ADDED = 1O,67fi

Table 6.18: T,east squares nodel to generate Mangawhero
Fornation IYPE , acid andesite 1 4882 from
Irlangawhero Fornation TYPE 1 acid andesite 14885
by olivine-clinopyroxene atldition (A5.+.19).

SUIt'l SQUARES RESID. = .27 47

D

60.2
.8

15.6
6.1
5.8
O./

2.9
1.8

50.4
q

.l

15.4
6.0
5.9
6.6
3.2
1.8

+.22
-.06
- oZA

-.22
+.04
-.06
+.71
+.O7

CRYSTAI,S

Rb
Ba
Zr
Sr
v

Ni_

r

81

418
158
253
162
51
26

D

71
188
142
222
176
240

81

MODET

71

559
142
224

BULK DC

.02

.o2

.15

.05

tr ERRoR

_ 2.7
- 4.9
+ 0.0
+ .9
- 11.6
- 9.2
- 59.5

152 .66
21a 5.17
111

6.17
9.77
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fron basalt by POAM fractionation. The high Mg nunber and high Cr and Ni

contente of the lavas suggest a prinitive parent, but models which have a

l{ainarino basalt-type parent are ungatisfactory (15.+.9). Models ueing a

l-ow-alunina basalt-type parent, such as Red crater basalt (a:.+.to) or

Ongaroto basalt (lS.+.lt) give nuch lower residuals, but fail. to erplain

the high Cr and Ni contents. ifhen acid andesite 14881 is modelled from

Ruapehu basalt 1€55 by Af'C (laUte 6.17) there is a good najor elenent fit
(ssn=.0o50), but trace elenent requirenents, particularly Sr, v, cr and Ni.,

are not rel1 satisfied. The nodel tliffers fron that for TYPES 'l and 2 lavas

because plagioclase conprises a higher proportion of phases fractionated.

Trace elenent nisfits persist with all TIPE , lavas modelled in this way,

rhether a low-alunina basattic parent (lj .j .t3 , Aj .5 .14 , Aj .5 . j6) or €r

tholeiitic parent ($.q.15) is assumed.

An alternative petrogenetic schene involveg accunulation of nafic

minerals by TIPE 1 Lavas. This process will better satisfy the requirement

of higher Cr and Ni contents and is consistent with Sr isotopic constraints

(tne 875p/86s, ratios of TypE 1 are sinilar to TypE 1). For erample, TypE I
acid andesite 148e1 can be generatecl from TYPE 1 acicl andesite 14844 by

8.2fr addition of olivine (q.S%) and augite 3.1il (A5.4 .17). However, a

poor najor elenent fit results unless 7% X-tcn nelt is added (A:-.4.lg).

This is considered unlikely since trre B7srf6sr ratio of 14844 (.loSzD is

higher than that of 14881 (.lOSz>). Better results are achieved for TypE l
acid andesite 14882 with rypE 1 aeid andesite 148g6 as parent (dl.+.19) and

for TIPE J dacite 14829 with TYPE 1 dacite 14817 as parent (A5.4.2O). These

show a good najor elernent fit (given the snall number of phases considered )

and a very good trace elenent agreenent (grven the uncertainty of the Cr,

Ni' V additions, made by assuning that 14855 is "donating" the additives

(raure 6.18)).

It is concluded fron these nodels that TYPE , lavas probably resuLt

frou accumulatlon of olivine and clinopyroxene by TIpE 1 lavas, which



Table 6.'19: Least squares nodel to generate Mangawhero

Tornation ffPE 4 acid andesite 1 481 1 fron Red

Crater TYPE 1 basalt 11965 bY P0AM

fractionation (A5'5'1)'

============================================================

si_0^
Tioz^

I!a6'
ueo
Ca0
Na2o
KzE

P D }IODET RESID'

57 .7 58 .2 5B'2 + '01
.7 -7 '7 - '01 PHASE

15.5 15.6 15.Q -'99''g:i i .l i .1 + '01 Foso

Z .A 6.1 6.1 + .00 CPX2

10 .5 8.3 e 't + '00 An70

2 -, 2.9 7 'O + '06 I'[r1 2 '5
.7 1 .2 1 .1 -.o7

SIJU SQUARES RESID. = 'OO8l CRYSTALS REIIOVED = 19'22fi

P D I4ODEL BUI'K DC tr ERROR

Rb 20 40 12 '04 - 20'0
Ba 157 2g4 216 '08 - 26''
z, 58 io 105 '12 + t6 '7
Sr 278 114 n5 '88 - 11'7

v 271 zot 125 2'55 '19'6
Cr 2a1 271 19 6'42 - 91 '8
r{i 67 71 10 4 '63 - 86 '3rtt v/

== ====== == = = == = = = === = ==== == = = = === = = ==== = = = = === ===== === == =--= =

hlcrtr %

-4.82 12.5O

-13 .16 y.a5
-18.21 46.44

-2.81 7.21

Table 6.2O2 Least squares nodel to generate Wahianoa

Fornation TYPE 4 acid andesite 1 5722 ftom
Mangawhero Fornation TYPE 4 acid andesite by

POAM fractionation (lf 'l'g)'

=================-==========================================
P D MODET RESID'

sio2 58.2 61 -7 61 -7 +'01

Tio: .1 .6 '6 + '02 PHASE vcrit'

AL"64 $.6 E -q 12.9 + 'o2
Feb ' 7 .1 5.6 5.5 - '01 En80 '4 '54
l1g0 6 .1 4 '7 4'7 - 'OO cPX2 '8 't6
CaO 8.1 6 '5 6 '' - '01 An?O -11 '96
Na^o 2.g 1.4 1.4 + 'o2 nr1 2 '5 -1 '76
K^zo 1 .2 1 '7 1 '7 +'oo

z-
SIJM SQUARES RESID. = '0O11 CRYSTATS REI'IOVED = 25'72i1

P D IVIODEL BINK DC S ENNON

Rb 40 59 54 '04 - B'5

Ba 294 151 191 'oB + 10'B

Zr 90 1OB 1 18 '13 + 9'7
sr 714 351 15O .85 - '5
v 207 1tB 129 2'52 - 6'',
Cr 271 105 45 6'29 - 

'7'5Ni 75 54 29 1'91 - 45 '5

========= ===================================================

p

17.77
11 .28
44.75
o.ou
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thenselves, were generated fron low-aLunina basalt by AI'c.

5.2.4 Petrogenetic nodels of TYPE 4 lavas:

IYPE 4 lavas are distinguished from TIPES 1 and 2 lavas by high Mg' Ca' Cr

and Ni contents and fncn these, and TYPE I lavas, by high Sr contents and

tow 87sr/86sr ratios.

Attenpts to rnodel TYPE 4 acid andesite 14811 fron a tlainarino basalt-

t;rpe pareat by POAlrI fractionation (l>.>.1 A Ar.5.r) are not successful.

These give large residuals for Kro and Na2O (even if a very calcic

plagioclase is fractionated) and fail to account for Rb and Sr contents.

Better results are achieved nith Ruapehu basalt as parent (lS.S.Z) which

produces a good najor elerneut fit (SSn=.0044), and only sna1l nisfits for

Sr, V, Cr and Ni, With Red Crrater basalt as parent (A5.5.5)' some of these

nisfits are reduced (Table 5.19). The snall but significant difference in

87s"F5s" between parent and dauglrter does not in this case inply crustal

contamination since when that is nodellerl (A5.5.4), there is no inprovenent

i.n the fit. Difficulties also arise in model-ling acid andesite 16722 fton

Wainarino basalt 17439 $5.5.5), even if a K-rich melt is added' In this

case, none of the trace elenents fit re1l and there are positive residuals

for NarO ancl K2O These, &d the large Sr nlsfit are reduced if a 1ow-

alumina basalt parent of either a Ruapehu basalt-Wpe (l:.f.0) or,

partcularly, a Red Crater basalt-type (A5.5.7) is usecl.

Despite the tlifficulties of noclelling IYPE 4 lavas fron basaltic

parents by POAM fractionation or AFC, there are close lntrochenical

si!1ilarities between then whieh suggest sinilar origins. As denonstrated by

A5.5.8, acid andesite 16722 can be generated fron the less-evolved acid

andesite 1481 1 by P0AM fractionation; if olivine is the Mg-rich

fractionating phase (A5.5.8), about 21i6 ctystals are renoved and only Cr

and Nl fit badly; if orthopyroxene is the Mg-rich fractionating phase

(Al.l.g), the major elenent fit is greatly improved (SSn=.0011) tut the Cr-

Ni nisfits persist (tatte 5.20).



Table 6.21 t Partial bulk-rock chenistry of selected TYPE I lavas.

== =============-====================-==-========================

WW

r0c

17439

WAII{

17815

HAU

56.1
.6

15.2
7.6
9.1
9.0
2.1

.4

I
124
52

569
190
142
88

.70419

17816

HAI'

17817

HAU

14798

OH

24471

PUKE

57.5
.6

14.9
7.4
6.9
9.4
2.5

.9

50
214

9O
640
201
276

78

.70442

sio^
Ti0:

I!a6'
Mso
Ca0

.{'zonzo

Rb
Ba
Zr
Sr
v

Ni

I

)o.o
.6

15.3
7.7
7.t
9.7
2.7

.6

14
177
60

463
226
234
39

.74424

57 .5
.5

'15.7
7.8
6.4
8.8
2.5

n

15
181
58

467
215
195
54

.70421

57.4
tr

14.7
8.1
7-1
9.2
2.1

.'f

r6
140
62

546
224
265
49

.70458

57.o
.,

12.9
8.5

17.7
9.7
1.5

.4

15
llz
48

742
225

1057
541

.70455
== === === == == = = == = = ===== ===== ========= ====== ======= ==== ======= ====

Table 6.22: Least squares nodel to generate Hauhungatahi
fyPE 5 acid andesite 1 481 7 fron nagnesian quartz
tholeiite 17419 (Wainarino basalt ) by POAM

fractionation (lf.g. t ).

---============
MODEI RESID.

sio2 57 .O 57 .6 57 .6 -.oorio; .5 .5 .6 -.01A1"0. 12 .g 15 .7 15 .7 - .00
Feo ' 8.5 7.8 7 .e -.00
MeO 17 .1 6.4 6.4 -.00
CaO 9 .7 8.8 8.8 - .00
Na2o 1 .7 2.1 2.1 + .o2
Kzb .4 .7 .7 -.01

SUM SQUARES RESID. = .0007 CRYSTAIS

PHASE VCM f6

Fo90 -14.61 40.65
cPX'r -12.51 14.81
An80 -7 .5O 20.89

Mr? .5 -1 .31 1.64

REI'{oVED = 75.9716

Ba 122

D

16
lRe

48 68
342 467

MODEL BTJLK

27 .O3
187 .04
71 .'l 1

444 .41
180 1.51
150 5 .r5
19 5.87

DC tr ERROR

+ 47.8
+ 2.2
+ 4.4
- 4.9
_ 16.3
- 27.O
+ 14.7

P

15Rb

Zr
Sr

Cr
Irl.iITI

v 226
1o1t
341 14

215
195

===-========================================================
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6.2.5 Petrogenetj-c models of ffpE ! lavas:

TYPE 5 olirrine andesites were erupted mainly fron vents at Hauhungatahi,

Ohakune and Pukekaikiore and characteristically have hfgh Sr and Cr

concentrations, low I,ILE concentrations and 19w 87g"786gt ratios (Tab:.e

5.21). These features suggest the lavas nay not be strongly contanrinated

but nay have been generated by sinple crystal fractionation from suitable

basaltic parents. 0f the potential parental conpositj-ons, lilainarino basalt-

Wpe gives the best najor element fit for nost nodeLs. For exanple,

Hauhungatahi basic andesite 148i7 can be generated by 16iro poAli{

fractionation of l{aimarino basalt (SSn=.0007) and the nodel satisfies both

K and Rb without without addition of a K-rieh nelt (naute 6.22). Mode1s

using 1ow-alunina basalt-type parents give consistently poor results. Using

Rr:apehu basal-t (a>.a.2) or Red crater basalt (l>.0.1) , there are large Kro

residuals, unsatisfactory trace element fits and unreasonable anounts of

fractionation required (+g%). using ongaroto basalt (l:.0.+), sr is better

satisfied but Zr is too high and V, Cr and Ni are all too 1ow. tr'or nodeLs

using a hiCh-alunina basalt-type parent (ll.e.l), nore than ]>O?"

fractionation is required and the trace element fit is poor - Rb, Ba and Zr

are too high and Sr, V, Cr and Ni are too low.

It is therefore eoncluded that tlainarino basalt is the nost suitable

basalt-type fron which TypE ! lavas nicht be generated by poAM

fractionati.on. Th'is is further denonstrated by nodels aj.6.6 &. A:-.6.7

(Hauhungatahi basic andesite) and A5.6.g (Ohakune acid andesite), and J.s

supported by Sr isotopic systenatics. TYPE 5 lavas have the lowest
QN"'St7oot" ratios, suggesting that contanination is a Less inportant part of

their genesis. However, they range widely in age and therefore differences

in i-sotopic eomposition fron the Wainarino basal-t parent are difficult to

assess (see further discussion in the next section).

It is difficul-t to model TYPE 5 lavas frorn other, less-evo1ved, TypE 5



[ab].e 6.Zrt Least squares noclel to generate Pukeonake
ffPE 6 basic andesite 14826 ly nixing nagnesian
guartz tholeiite 17479 (Ualuartno basalt ) .with
Mangawhero Foruation IYPE 1 clacite 14e89 (JlS.l .l)'

!=--'=''E--EE:--=E-=:l-lt=l-=t='=-l=-*-E-.E:=.I--.--.1-.=-E-

Pl P2 D IIIODEL RE"SID.

si0^
rio:

*166,
uso
Ca0
Naro
Kzd

SUl,l SQUARES RESID. - .1056

57.6 -.O2
.6 -.O7

14.5 -.O0
7 .o +.17
9.5 -.26
7 .7 +.r8
2.4 -.27
1 .4 +.Q2

P1/P2 - 1 .556

,r.o
.5

12.9
8.5

1r.t
9.7
1.7

.4

64.0
.8

15.9
5.1
2.7
4.9
5.4
2.8

57.5
.7

14.5
6.9
8.9
7.'
2.'.|
1.4

P1 IilODEt

50
294
111
707
179
509
205

6 nnnon

+ '11.1

- 8.1
+. O.9
+ 8.5

1.6
+ 5.4
- 4.2

Rb
Ba
Zr
Sr
v
Cr
ili

15 120 54
122 527 120
48 201 112

342 250 281
226 115 182

1037 51 572
141 20 214

===-===-=tt==--=-====a===-==t====-----=3=E=E--t====t=l=='-=-

NOTES: Abbreviations as for Table 6.1.
P1 - basic parent; P2 = acitlic parent;
P1/P. = ratio of parental endnenbers mixed.
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lavas. For example, Hauhungatahi aci.d andesite 14en can be generated from

Hauhungatahi basic andesite 148j5 by pOA fraetionation (A5.5.9), but the

fit is poor (SSn=.0607) and Rb and Sr requirements are not net. If the

parent-daughter rol.es are reversed (Af.e.tO) the nore-basic lava can be

generated by accumulation of olivine and clinopyroxene but again the najor

elenent fit is poor (SSR=1,1j72). Thege nodels suggest that conpositional

variations in sone ffPE 5 lavas are best explained in terns of different
liquid lines of descent, rather than by crystal accumrlation (an erception

nay be basic andesite (t+gl5) which can be generated fron l,Iainarino basalt-

type by POAM fractionation (lf.0.g) but with an inferior najor and trace

elernent fit to other such models).

Pukekaikiore acid andesite is also claseifietl TYPE 5, but has sone

chenical features which produce anonalies in the best-fit nodel (lf.O.1j).

The most important of these is a high Sr content which probably results

fron a higher concentration of this elenent in the "reaI" parental nagma

since the l-ava has the lowest norrnative plagioclase content (i.e. Al/Sr is
highest rlling out plagioclase accuuulation as an erplanation). rt also has

a high alkali content suggesting a sna1l degree of crustal contamination.

However, this is not supported by the tow 87Sr/865r ratio.

6.2.6 Petrogenetic nodelling of IypE 6 Lavas:

Petrographic evidence of disequilibriun textures and reverse zoning in
phenocrysts suggest that TIPE 6 lavas, which occur as Mangawhero Fornation

acid andesites and Pukeonake acid andesites, are hybrid lavas derived by

nixing of two nagnas with strongly contrasting chenistries (i.e basie and

acidic). Of the possible basaLtic magIras, only llainarj.no basalt has

sufficiently high Cr and Ni contents to produce a successful nodel; that

nagma type fits so rell that all other potential parents can safely be

ignored. There are, however, a number of possible acidic parents ranging

fron acid andesite to dacite which could be suitable. Sone of these are

evaluated below for selected ftpE 6 lavas:



Table 6.242 Least squares nodel to generat".T119"*hero
fo"t"tiJ"-ftig 6 acid antlesite 14871 by niring
nagnesian quartz tholeiite 17459 (Uairnarino

basalt witli Mangawhero Fornation TYPE 1 ilacite
14813 (15 't 'e)'

lE==-==t===========g=--=-====-=-=a=Bt==--B=--=-tE-=-E====='-

P'I Y2' D UODEI RESID'

si0^
TiO:

*!"a6t
ueo
Ca0
Naro
Kzb

5t.o 64.5
.5 .8

12.9 16 .2
8.5 5.0
13.5 2.5
9.7 4.7
1.7 ,.4
.4 2.9

SttM SQUARES RESID. = .4576 P1/P2 - .917

- -il ----- - ;- 
- - -' -;--- ;ffi;-;;;-

Rb 15 115 59 58 + 15 '1
Ba 122 5to 127 177 + t'|
Zt 48 lgg 117 128 + 9'4
sr 142 22A zBt 284 + '4
v- 226 135 171 180 + 4'0
Cr 1037 Ag 426 535 + 25'5-

Ni t41 ,i 132 175 + J2'6
===-======-= =t'= = == = ========-=E===-= -== == e==-====== ===E===-=

59.4 59 -3 -.12
.6 .7 +.O2

14.7 14.7 +.37
5 .7 6.7 +.40
8.0 7.8 -.22
?.O 7.2 +.17

2.A 2.6 -.21
1.6 1.7 +.14
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Pukeonake basic andesite 14848 can be generated by nixing l{ainarino

basaLt and TYPE 1 dacite 1481t in the ratio of 57243 (lf.Z.f). Given that

tro "potential" lava conpositions are conbined to produce an aetual

conposition' the model fits renarkably re1l (SSn=.26j1) and only Na and Cr

show significant residuals. A very sinilar result is obtained wlth TfpE 1

dacite 14889 as the acidic endnerober (ll.Z.Z), but not rith TypE J dacite

17419 GZ,l .r). fn that nodel, there ig an inferior najor elenent fit
(ssn=.5418) due to large residuals in Alzol and K2O, and traee element

requirements are poorly satisfied (particularly Rb). IYPE 1 acid andesites

14885 $>.1.4) and 14886 (Aj.1.!) arso do not fit as wetl as TypE l dacite;

these nodels have large residuals for CaO and fit badly for Ba. It is
concluded, therefore, that ffPE 6 Pukeonake andesite is best derived by

binary nixing of a Wainarino basalt-type nagna with IYPE 1 dacitic r6gma.

This j.s further denonstrated with aeid andesite 14g26 (l>.1 .6 & AD.7.T) tor
rhich the nodel fits both najor and trace elenents well (TabLe 6.2j).

Mangawhero Fornation IYPE 6 lavas are slightly nore silica-rich than

those fron Pukeonake but can be nodelled in the sane way. tr'or e:cample, acid

andesite 14872 can be generated by binary nixing of Wainariao basalt and

TYPE 1 dacite 14811 (lf.Z.e) in proportions of 4gz5}. This nodet (taUte

6.24) fails only to satisfy the Cr ancl Ni requirenents. If TypE 1 dacite

14889 is the acidic parent (l>.1.g), there is an inferlor najor elenent fit
(ssn=1.0875), but trace elenents are well satisfied. If [ypE t dacite is
the acidic parent (lS.l.1O), the reverse is true and trace eLement

requirenents are only poorly satisfied.

Faure (tgll, ch.7) showed that rnixtures of two conponents with

different Sr contents and 875"7855" ratios forrn straight lines on plots of
'l/Sr and 875"7855" . For TYPE 6 lavas (r'ie.6J), this retationship closely

predicts the observed Sr isotopic systenatics only if lfainarino basalt type

is nixed with TTPE J daeite, a nodel which is chemicaLly lnferior to one

using TYPE 1 dacite. However, it is possible that the preferred nodel fails
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endnembers in binary nixing nodels; IYPE 

' 
tlacite agrees best

rrith Sr isotopic systenatics but does not give good geochenical
notlels. ffPE 1 dacite, which has the best geochenical fit' does
not agree with Sr isotopic systenaties unless the Tainarino
tasali-Wpe basic endnenber is either Less radiogenic (.t) or
both less radiogenic and less Sr-rich (f) tfran the conposition
observed. Ttre latter produces a better flt for IYPE 5 Ohakune

andesite generated fron it by POAM fractionation.
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to adequately explain the Sr isotopic systenatics becauge the 875t7865t og

(though it

any TYPE 6

nust have a

(point A in

Uainarino basalt is not the true value for the parental nagna

represents a suitable parent-type, it is nudt younger than

1"va). To better satisfy the nodel, the basaltic parent

87st7a5t" ratio, at the sane Sr concentration, of '?0410

Fie.6.1) ot, at Sril2Oppn, of .?0440 (point B).

The latter conposition inproves the model for 0hakune IYPE 5 acid

andegite which is coeval with TYPE 6 (the original nodel, A5.6.8, has a

positive Sr misfit which would be reduced by a lower Sr concentration in

the basaltic parent. An interesting corollary of this is that if a

l{ainarino basalt-type is parental to TYPE ! lavas, then there is an narked

increase i-n the 8?sr/B6sr ratio with tine, fron .70420 (Hauhungatahi) to

.7o44o (onamne) to .7o4ij (WaLnarino). A sinilar tenporal change in Sr

isotopic conposition of TYPE 'l lavas has been previously nentioned (Chapter

4.5), and uight indicate increased cmstal involvenent in the generation of

the parental basaltic nagmas.

9.2 SUMMARY AND CONCTUSIONS

The petrogenetic models discussed in this chapter investigate the viability

of generating andesitic to dacitic lavas and suites of lavas in Tongariro

Voleanic Centre by nechanisns such as PQAM fractionation, crystal

accurnulation, Atr'C and nagna nixing. AIt nodels use knotrn nagna conpositions

as potential parents, ideal mineral compositions as fractionating phases

and an average melt conposition as the (added) contaninating phase' The

main results and conclusi.ons from the study are as follows:

i. The najority of Ruapehu lavas (ffpn t) can be generated fron a low-

al-unina basalt-type parent (sinilar to Ruapehu or Red Crater basalt ) by

AFC, lnvolving a combination of crysta1 fractionation and addition of a

sma1l amount of granitic partial nelt. The ne1t, derived fron greywacke-

gneiss basement, is K-rich but variable in conposition naking accurate
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assessmeat of trace element and Sr isotopic systenatics difficult"

ii. TYPE 2 lavae can be generated either from a TYPE 1 andesitic p,arent by

plagioclase addition orr alternatively, from a Red Crater basalt-type

parent by AI'C (with restricted plagioclase fractionation).

iii. TyPE , lavas are best generated fron TfPE 1 andesitie (or daeitic)

parents by olivine + pyroxene addition. Al-ternatively, they can be

generated fron a Ruapehu basalt-t5rpe parent by AI'C (ritfr phgioclase

fractionation doninant). However, that nodel fails to eatisfy the high Cr

an Ni contents and is not favoured.

1v. TYPE 4 lavas are distinguishetl fron TIPES 1 to 7 by relatively higher

Mg, Ca, Cr, Ni and Sr contents and lorer 875t786g" ratios. They could be

generated fron a Red Crater basalt-type by POAM fractionation alone.

However, there remsin large misfits for Cr and Ni which night suggest sone

accurulation of olivine or pyroxene, or derirration from an as yet unknown

parent (it is interesting to note that I'Iahianoa TYPE 4 acid andesite 16722

contains traces of resorbed hornblende and is the only Ruapehu lava to do

so - hornbl-ende acid andesite 24487 (Cote, 19?8) has sinlil-ar chen:ical

characteristics ana 87SrF6Sr ratio (lOqgl) and may therefore have a

sinilar petrogenetic history).

v. TYPE 5 lavas are best generated from a Wainarino basalt-type parent by

POAM fractionation; low-alunina basalt-type parents are unsuitable because

they are too low in both Sr and Cr and give rouch inferior najor elernent

flts.

vi. ffPE 5 lavas contain strong petrographic evj-dence of disequilibriurn'

and are probably produced by bi-nary nixing of nagnesian quartz tholeiite

(sirnilar to I'Iaimarino basalt but slightly less Sr-rich and with a lower

87Sr7e6t" ratio) and Mangawhero Formation TYPE 1 daci-te in a one to one

rati o.

Sr isotopic systenatics are

were partly used to foruulate

conslstent nith these models and, indeed'

then: TYPES 1, 2 and J lavas all have
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Q7"'S"7oot" ratios which are higher than the likely parental basalts and

increase with lncreasing silica. This would be erpected if the lava serj.es

were generated by AI'C. ffPES 4 and 5 lavas do not show that correlation and

the low Sr isotopic ratios suggest that crustal contaniaation is less

important in their geneses. For TYPE 6 lavas, Sr isotopic conpositions are

satisfied by a sinple binary niring relationship. However, it is difficult
to accurately nodel Sr isotopic systenatics of eontanlnated lavas because

nost of the variables in the equation are unknown (1.". Sr compositions of

"true" parent and contani-nant, 87g"786g" ratios of "true" parent and

contaminant, anount of contamination, bulk distribution coefficient).
Though sone of these variables can be reasonably rel1 constrained, others

cannot' naking quantitative isotopic nodelling inpossible.

The nain conclusion to be gained fron the petrogenetic nodelling study

is that nost Ruapehu lavas could have been derived fron a 1ow-alumj-na

basaltic parent by AFC, or by AFC followed by crystal accunulation. Other

rare l-ava types, including olivine andesites antt l5rbrid lavas erupted fron

vents close to Ruapehu, appear to reguire a more tholeiitic parent. If the

hybridisatlon theory for the genesis of TYPE 6 lavas is correct, then that

would require initial generati-on of low-alunina basalt (Ruapehu basalt-

type) fron the nantle wedge, followed by extensive crystal fractionation

and accompanying contarnination (to produce the dacite) and then, finally,
injection of tholeiitic basalt, nixing and eruption. This scenario clearly
requires a conplex set of events to take prace but, despite that, is
supported by compelling petrographic and chemical evidence.
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The prinary

petrogenesis

nearby vents. Integral to this has been an assessnent of the role of

crustal contanination, a process which has been investigated through a

detailed lrtrographic, chenical and isotopic study of local basenent

lithologies and of c]Lstal xenoliths. The nain results and ccn'llugions are

as follows:

Sedinentary basenent lithologies in the vicinity of the TVC incl-ude (t )

I,Iaipapa terrane greyraeke (2) Torlesse terrane greSrwacke and argilrite

(totfr of Mesozoic age) and (l) Late Tertlary narine sandstone, siLtstone

and conglonerate. Of these, only Torlesse terrane rocks appear to have

sufficiently hieh sr isotopic conpositions (.zoaeo to .72455) to be

inportant in terns of cmstal contan'ination of Trvc 1avas.

Rb-Sr whole-roek geochronology indicates that Torlesse terrane

netasedinents were re-equilibrated during lor-grade netamorphisn at about

,140 Ma Bp, whereas those at Otaki tr'orks were re-equilibrated at 182 Ma.

Surther research is suggested to establish whether this age dlfference

corresponds to separate major tectonic events (i.". within the Rangitata

Orogeny) or nerely to 1ocal uplift.

Waipapa terrane greywackes are derived fron andesitic vofcanisn and have

nuch lower Sr isotopie ratios than Torlesse terrane lithoJ-ogies (.?0499 to

.?Og45). The validity of a Rb-Sr netamorphic resetting age of 2O5 Ma is

indicate6 by a conplinentary analysis of sinilar rocks fron the Coffs

Harbour 31ock (Australia). However, additional analyses of Waipapa terrane

ain of this thesis has been to defineate constraints on

of calc-alkaline nagnas using Lavas of Ruapehu vofcano and
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rocks nore suitabr-e for Rb-sr geochronology (i.e. with a wider range of
Rbr/Sr ratios) are necessary before the age obtaiaecl can be eonfirned.

Crustal renoliths contained in TVC lavas are nineralogically, chenically
and genetically . diverse. llhey inelude: upper cmstar metasediments

(porcellanite, netagreywacke & ealcsilicate), igneous nodules (volcanics &

cuuulates ) and rritrifiecl metagreyracke. The latter occurs only in lava fron
Pukeonake and Ngaunrhoe 1954 and is probably derived fron high-crustal
levels' This is suggested by the strong chemi.cal and isotopic sinilarity
with surface Torlesse terrane rccks whieh further indieates that such

xenoliths have little iafluence on cnrstal contanination of host l-avas,

There are, however, three other, much more doninant renolith types, all of
rhich may be inportant in that respect:

Quartz-rich (fypf QX) and guartz-poor (fypg QpX) xenoliths are interpreted
to be restites resulting fron partial nelting of the quartzose, feldspathic
and micaceous parts of greywacke-gneiss (i.". greywacke subjected to high-
gracle netanorphisn at depth below the rVC). The frequency of occurrence of
these restite assenblages inplies that partial granitic melts are 1ikely to
be inportant in the genesis of nany TVC lavas, Compositions of glasses

trapped in sone examples provides an insight into the nature of the

contaminant and suggests that it is typically variable both chenically and

isotopically. Erperinental studies on the nelting of Uaipapa gre5mackes

(neia, 1982) and quartzo-feldspathic schists (lr.n.u.Grapes, pers. comn.,

1985) have suggested the validity of nany of the above interpretations and

similar studies of Torlesse terrane greJrwackes might confirm those resurts.

Meta-igneous renoliths (rrpn MrX) conprise the third doninant type. These

are chemically and nineralogically different from sudace (host) lavag.
Textures are granulitic, suggesting re-equilibration under high p-T

conditions' and are therefore possibly derived from near the base of the

crust' Most exanples are depleted in alkatis and LILE but have relatively
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high 875r/86S" ratios. Their importance in nagna genesis is difficult to

assess, requiring analysis of a nuch larger suite than is presentiy

available to deteruine whether chenical trends are related to

differentiation within the source or to removal of partial nelts during

granulite netanorphisn.

Basalts of Taupo Vofcanic Zone include high-alunina, lou-alunina and

tholeiitic types. These are spatially and chenically ctistinct and cannot be

tlireetly generatedr on€ fron the other. 0f the three types, only 1ow-

alunina basaLt and tholeiite are suitable parent Wpes for TVC lavas since

high-alunina basalt is too high in Sr, Zr and Ti and too low in Cr end Nj.

to satisfy nost trace element requirements.

Ruapehu lavas and those of nearby vents are dominantly calc-alkaline'

medium-K andesites. They are porphyritic containing plagioclase, augite'

olivine (mainly in basalts and basic andesites), orthopyroxene (mainly in

acid andesites and clacites) and titanonagnetite (atso chromian spinel in

basic lavas). Hydrous ninerals are rare. The lavas can be categorised into

six petrographically and chemically distinct groups (f'fpnS 1 to 6): TY?E 1

are plagioclase- and plagioclase-pyrcxene l-avas with coherent chenlcal

trends and noderately high Sr lsotopic ratios (.fo+e to .7062); TYPE 2 ate

plagioclase andesitesl fyPE I are pyrqxene andesites; IYPE 4 are afso

pyroxene andesi.tes, but differ fron TIPE 3 by having higher Sr

concentrations and lower 875"7865" ratios; TIPE J are olirrine andesites

with low nodal plagioclase, high Sr and Cr concentrations a:rd low 875"7865"

ratios; TIPE 5 are nixed nagmas (frytrias).

modelling shows that it is possible to generate TYPES 1 , 2, 1

from 1ow-alunina basalt by processes of POAII{ crystal

or by comblned fractionation and erustal assinilation (lf'C).

and volunetrj-cally resticted TIPES 5 & 5 lavas are best

nore tholeiitic parent by crystal fractionation or by m:iring

Petrogenetic

and 4 favas

fracti onati on

The spatially

derived frono a
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rith dacite (respectively). These nodels are congistent with petrographict

chenical and Sr isotopic constraj.nts. Shether or uot the above lava

classificatioa schene ni€ht be applicable to a rider range of lavas in

Tongariro Volcanic Centre (and elserhere?) requires further analysis; this

shoulcl be acconpanietl by a careful stutty of cnrstal renoLiths to deternine

the nature and extent of contamination for any petrogenetic schene'
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APPENDIX I : GEOTHERITIOIIETRI AND GEOBAROMETRY

**********'*'*****,*,******.****,*,**,F.***********,**,r,*,f.**,***.r.*************t$i***!r****

Estinates of temperature and pressure basecl on mineral equilibria are

neaningful only if there is acconpanying petrographic evidence of

equiribration i.e. smooth grain boundaries, lack of zoning in

recrystallised ninerals, lack of subsolidus exsolution and absence of

retrograde alteration.

The following is a description of the chenographic requirenents of various

geothernometers and geobarorneters which have been applied here (c.f.

Chapter 4.7.4, Chapter 6).

A1 .1 CTINOPYROXENE.ONTHOPYROXENE

Many attempts have been made to calibrate the temperature dependence of Mg-

3e partitlon between coexisting clino- and orthopyroxene:

MeSiO, (orthopyroxene) = MgSiOS (clinopyroxene) Eqn.1

I'Iood and Banno (lgll) applied the cliopsicle-enstatite nisclbility gap clata

of Davis and Boyd (lgAA) to produce an empirical fornula (Eqn.Z) which

assumes a randon d.istribution of 3e2* and lrlg2* between M1 and IvI2 sites.

Caleulation errors are in the order of 60 "C.

l{ells (1977 ) revised the Wood ancl Banno geothermometer and produced a

slightly different fornula (nqn.l). This gives satisfactory resul-ts over a

tenperature range of 785 oc to 1 500 oc, for conposition ranges of mole

fraction tr'e in opx = 0.0 to 1.0 and weight7g Arzo, in clinopyroxene = o.o to
10.0. Cal,cul-ation errors are in the order of T0 oC.

Lindsl-ey (1983) published graphical thermometers for coexisting

clinopyroxene-orthopyroxene-(pigeonite) at different pressures, sinilar in
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Fig.A1.1 (cont): Polythermal orthopyroxene - clinopyroxene - pigeonite
relations at 5kb and 10kb.
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form to those proposed by Ross ancl Huebner (t979). Lindsley critisised the

use of both the ltood and Sanno (1971) and the Uells (1977) eeotherrnoneters

on the basis that their basie assunptions i.e. ideal nixing in

clinopyroxene and large reaction enthalpy were seriously in in error

(producing temperatures about 1OO oC too high for metarnorphic pyroxenes).

Graphical solutions at 1, J,10 and 15 atm. for equilibration temperatures

of coexisting pyroxenes (fig..At.t ) are based on endnenber components

calculated as follows (after Lindsley, 1987):

clinopyroxene

- if ferric iron is known by neasurernent, both tetrahedral (tV) lf ana

octahedral (M1) lt nay be inferred fron charge balance considerations,

through the relation (Papike et aI., 1974):

Al(M1 ) * Iel* (ut; * Cr(ut) * z Ti4+ (M1 ) = A:_(rv) * ra(u2) (nqn.4)

and fron the requirement that AI(1V) * lt(tttt ) = Al(total). l;here EptttA

are used, At(1v) = 2 - si, rernaining Al is assigned to the l(1 site and

ferric iron is calculated from charge balance (as in nqn.4).

Pyroxene components can then be calculated in the sequence:

1. Ac = Na!'e5*SirO6 = Na or F"1*, uhichever is smaller

2. Jd = Al (lU't ) or remaining Na, whichever is srnaller

1. TiCaTs = Ti

4. FeCaTs = remaining J'eJ+

5. AlCaTs = remaining lf (I,lt )

Fron this, Wo = (Ca * Ac - TiCaTs - FeCaTs - AlCals) / Z;

En=(t_Lro)(t_x)

Fs = (1 _ t+o) (x)

wherex=Fe2+ / (r"r* *Mg).



Fig.A1.L (cont); Polythermal orthopyroxene - clinopyroxene - pigeonite
relations at L5kb.



-222-

orthopyroxene

- A1(1V) = z - Si, Al(u1 )

AI(U1 ) =.at(totat) - lr(tv)

tr'e1* is estinated from Eqn.4.

R7+ = [11(ur) * c" * l'"]*]

R2+ = [Ms (r - x) * Fe2* (x)].

Pyrorene cornponents can then be calculated in the sequence:

1. NaRl+SizO6 = Na or g5+, whichever is snaller

2. NaTiAlSi06 = Ti or A1(1V) or remaining Na, whichever is snaller

J. R2+TiAlZe6 = renaining Ti or hf (f V))/2, whichever is srnafler

4. n2+R'+Alsio. = remainins R'* or [lr(1v))/2

(note that in a perfeet analysis these should be equal).

5. Ca, and renaining Fe2+ and lvlg are normalisecl to give

1{o + En + Fs = 1.

The resulting compositions (i.". ortthopyroxene and clinopyroxene) can

be plottecl on Fig.A1.1 to give the equilibration temperature.

The above schene is only an approxination and ordering of Fe and Mg

between M1 and I{2 sites of pyroxenes may introcluce atlditional complerities'

especially at netarnorphic tenperatures. Recent data indicates that apparent

tenperatures yielded by the thermoneter increase with increasing alumina

content, suggesting that the removal of the Tschernak's components (steps I

to 5 ) fron the effective l,Io content of ctinopyroxene is an overcorrection

resulting from an underestimation of the activity of '['Io. Restriction of the

thernoureter to pyroxenes containing nore than 90# i{o + En + Fs is therefore

reconmended (Lindsley, 1983).
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A1 .2 I'{ACNET I T E- I T}'IEN I TE

The iron-titaniun oxicle geothernorneter of Sutlttington and Linctsley (tgS+),

recently re-fornulatetl by Spencer and Lintlsley (l9at;' shows that the

temperature and oxygen fugacity of equilibriun between coexisting

nagnetite-ulvospinel (spinel phase) and llnenite-henatite (rhonbohedral

phase) can be obtained fron the eonpositions of the two phases. For this' a

recalculation gchene is needed rhich best represents all elenental

components, and rnany have been suggested (e.g. Budclington and Lindsley

(g;q), carnichaer (1967), Anderson (t9Oe), Spencer anct Lindsley (1981 ).

Storner (tgAl) proposed a new schene based on nodels of ionic substj.tution

which is consistent with thernodynanic nodels of the pure Fe-Ti systen

(Spencer and Lindsley, 1 981 ) and provides a better basis for consideration

of the effects of ninor conpouents. The recalculation procedure has the

effect of norrnalising the cations to a stochiometric fornula and of

balancing the nurnber of cation charges by varying the Tez+/Iet+ ratio. A

flon sheet of this procedure is as follows:

1. Calculate the molar proportions of all cations in the analyses for

both the rhombohedral and spinel phases.

Nornalise the cations in the spinel phase to a fornula unit of three

sites, and the cations in the rhonbohedral phase to tro sites.

Calculate the sun of the cationic charges per fornula unit and

subtract 8 for the spineJ- phase and 6 for the rhonboheclral phase (tfre

resulting numbers are the cation charge deficiency or excess).

4. Convert tr'e2* to FeJ* to elininate the charge, or the reverse to

2.

7

elininate the excess

the analysis cannot

,. The number of moles

both phases. For the

Fe2+ relative to the

of tr'e5+ relative to

(if it is not possible to balance the charges'

represent a stochionetric oxide phase).

of each cation per formula unit is now known for

spinel phase on1y, calculate the mole fraction of

sum of all dlvalent cations, and the mole fraction

all trivalent cations.
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Calculate X'(usp) using Eqn.5 and X'(irn) using Eqn.5.

Deternine T using Eqn.] and orygen fugacity using Eqn.8.

Minor conponents in Fe-Ti oxides can have a sigpificant

caLculated temperatures and oxygen fugacities. Inclusion

geothernonetric calculations therefore can produce eubstantial

fron other nethoils.

Anorthite = Ca Tschernaks Molecule + Quartz

CaAlrSir06 CaAt2Si06 Si02

A1 .' PLAGIOCIASE.CTINOPYROXENE-QUARTZ

The asoemblage plagioclase-clinopyroxene-quartz, provides a usefuf

geobaroneter for crustal nafic granulites (El1is, 1980), because of the

large 5 v ana snall 5 s or the reaction

effect on

of then in

differences

Eqn.9

The chenical equilibria for the above reaction in the CaO-AlrOr-SiO2 system

(eqn.10) is simplified if the activity of SiO, in quartz is assumed to be

unity (gqo.11). ffre data of Robie anil Ualdbaun (1968) is used to estinate Go

, the standard Gibbs free energy of the reaction at teraperature T (K) and 1

bar pressure, and the molar volume data is then used to tlerive the general

fornula (Eqn.12). Ihis formula is applicable to clinopyroxenes with less

than 0.15 Ca-Tschernak's conponent and adequately reproduces to within 'lkb

experinental data in the tenperatr.tre range 700 "C to 10OO oC.
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Diagram illustratlng the correct "form" of the two feldspar
geothermometer based on the Seck (1971') (adjusted to Lkb) and
the binary solvus data of Srntth and Parsons (L974) (at lkb).
Isotherms for T ) Tc (the critical temPerature for An-free
solid solutions) nust terminate at the line for Kd=l. The
conpositlon at which they terml-nate depends on the curvature of
the consolute llne in the ternary system (it curves lnitially
towards albite with inereasing temperature but at very high
pressures (in the absence of water) an isothern such as HT is
possible. At T ( Tc lsotherms i 'nediately below Tc (e.g.550 oC)

may cross the projected binary solvus curve before terminating.
The thin nunbered llnes intersecting the Lsotherms are
contoured ln Ngr,pL. A feldspar palr is in equillbrium if' and
only if, all the'conponents are aPProprlately dlstrlbuted
between the two phases (after Brown and Parsone, 1981 ).
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.4 OIIVINE-SPINEL

Olivine and spinel often coexist in prinitive Lavas and ultranafic rocks

and the equilibriun tlistribution of Fe2* and Mg between then (rqn.l1)

provides a useful geothernoneter. The formula derived by Jackson (1959)

gives satisfactory resurts vhen applied to plutonic rocks but, as

denonstrated by Evans and l{right (1972), gives temperatures in excess of

2000 "C rhen applied to volcanic assemblages. However, a re-evaluation by

Roeder et al. (1979) shows that nore realistic tenperatures can be obtained

for volcanic rocks by using a different free energy value for FeCrrOO in

the formulation (Eqn.14).

A1 .2 I'EIDSPARS

Many igneous and netamorphic rocks contaj.n coexisti.ng alkali and

plagi-oelase feldspars whose conpositions depend only on pressure and

temperature, providing stable equilibrium between them is attained. Sarth

(geZ) proposed a sen-impirical two-feldspar geothermoneter based on the

distribution of NaArsirou . More recently, powel1 and powelr (1gr7)

attenpted to inprove on Bath's fornulation using a tenperature calibration

based on experimental deterrninations of feldspar solvus relations and

exchange reactions and on thernodynamic reasoning. Using the experinental

data of Seck (19?1) and Smith and Parsons (sgl+), Brown and parsons (rggr)

constnreted the general forn of the thermometer at 1kb pressure (fie..At.Z)

(it may be applied at higher pressures by adding 18 "c per kb to the

tenperature obtained). However, this geotherrnometer is applicable only if

the feldspar pairs are in equilibriurn, as indicated by the following

chemographic tests:

1. The alkali feldspar must lie on or outside the binary Ab-Or solvus

when projected from An at the pressure of interest irrespective of

the An content of the phases.

2. The alkali feldspar nust lie on the K-rich side of the ternary

TW0
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critical point antl tesrary alkali feldspar cornpositions nust project

fron An onto the Qr-rieh side of the binary solvus critieal

conposition at Ab6, (Snith anrl Parsons, 1974).

J. Both felitspars nust lie on the ternary feldspar solvus (Seck, 1971 ,

Fie.5) when T is ealculated for P=1kb.

4. Felclspar pairs lying on the ternary solvus are not necessarily in

equilibrium, anci to be so, must lie on the appropriate tie-line.

petrographic evidence for equilibration nust also be considered. In

regional netanorphic rocks, beeause of the peristerite gap in sodic

plagioclases, a tuo-feltlspar geothernometer is only applicable to niclclle

amphibolite ancl granulite facies rocks. Hhile it is probable that

sufficient tine is available for AI/Si digorder to be approached in

plagioclase this is not necessarily so in aIkali feltlspar.

The tenperature range for rhich the two-feldspar geothermoneter applies

at 1ow pressures is about 500 "C in netanorphic rocks to 1000 "C in alkali

basalts; these tenperatures are higher at higher pressures. Calculation

errors are in the order of 50 "C (Brown anil Parsons, 1 981 ).

A1 .q BIOTITE.GARNET

Using experimentally-determlned data on the partitioni.ng of Fe and Mg

between synthetic garnet (fe,!tg)r112siro1, and synthetic biotite

K(r'e,Mg)rAlsi-5010(ou)2, Ferry and spear (tgZe) derived an equilibriun

tenperature at 2.0?kb (Uqn.15). Their erperiments indieate that Fe ancl ItIg

roix irleally in biotite and garnet solial solution at least in the

conposition interval O.8O <= 1.e/ (f'e*ttlg) (= 1 .00, ancl that K isa

function of Ca and Mn content of the garnet ancl the Ti and A1(V1 ) content

of the biotite.
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A1 .? GARNET.ORTHOPYROXENE

The tenperature dependence of Fe2+ -IvIg distribution betreen garnet and

pyroxene was investigated by Dahl (tggO) tor netamorphj-c nineral pairs from

the Ruby Range, Sll Montana, USA. Using EPMA analyses and multiple Linear

regression techniques, Dahl calculated a fornula uhich nay be used as a

relative but not absolute geothermoneter (Eqn.16).

The pressure-temperature-compositional (p-f-X) dependence on the

solubility of AIZAT in orthopyroxene coexisting with garnet r.as

experimentally deternined in the P-T range 5-l0kb and 800-1200 oC, in both

FeO-MgO-A1rO1SiO2 ana Ca0-Fe0-MgO-A!203-SiO2 systens by Harley (tge+a).

The effects of Ca on Fe-Mg partitioning ras attributed to non-ideal Ca-Iilg

interactions in the garnet. Reduction of the experinental data, combined

with nolar volurne data fron the endmember phases, yielded a forrnula

(nqn.1l) applicable particularly to garnet peridotites and granulites. The

accuracy and precision of the geothermorneter are limited by the large

relative errors of the experimental and natural-rock data and by the modest

absolute variation in Kd with temperature.

Harley (t gA+l , 1984c) derived a garnet-orthopyroxene geobarometer

applicable to the above systems for crustal granulites which al-so contain

alunino-silicates (Eqn.1e). The geobarometer is sensj.tive to relatively

snall changes in garnet conposition but is independent of variations in the

alunina content of coexisting orthopyroxene.
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APPENDIX 2: LITHOLOCICAL DESCRIPTIONS & BUIK CHEMICAL ANATYSES

*********,*****lt***************r{.,1,,***.*****t*****,***,*****.********************

Ineluded here are brief lithological descriptions and bulk-rock chemical

analyses of all sanples referrecl to in the thesis.

Analytical nethods are describetl and discussed in Chapter 2.

Sanples are ordered according to rock type.

VUII = Catalogue number of Geology Dept., Victoria University.

CR = Cross reference - R (nunber) = Catalogue nunber, INS.

- P (nurnber) = Catalogue nunber, NZCS.

IOC = Locality - N (erid reference) = N&tS 1 (thousand yard).

- S (erid reference) = NZ1'{S 270 (netric).

FIEID = tr'ieLd nunberl EPItIA indicates that nicroprobe analyses are

available (.l,ppendix 3 ).

Major elenents are nornalised to 99.75 weight% orides in order to

facilitate cross-eheck conparisons (gg.lS% rather than 1 OOft to a1low

for trace elenent content).

FeO was determined using the titrimetric dichronate nethod of Sarver

(lSZl), as described in Shapiro and Srannoct< (1962).

LOI is loss on ignition at lOOOoC.

Total* refers to original oxicle total prior to nornalisation.

r is neasured 87sr/86sr ratio.

"." = not analysed; (2 = below deteetion limit (trace eLernents).
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M.L. SEDIUENTARY BASE!,IENT

GEIERAL:

Drill-core and tunnel sanple localitieet are plottecl on Fig.f.1.

Bracketted nunbers are depths of origin for drill-core sarnples (tn).

Point counts for sone greywacke samples are included (courtesy Dr.P.J.

Barrett) e.g. "99.8/ ( .'lnm; 5OO counts" indicatee 99.8F grains less

than .'lnn dianeter ancl total graius counted = 50O).

A11 iron is given as Feror.

NANCIPO TORLESSE SUITE:

AII sanpl-es contain detrital quartz, feldspar (gOS to 9OS pheioclase),

lithic clasts of sedimentary, igneous ancl netarnorphic origin, and ninor

amounts of nagnetite, sphene, zircon, ilnenite and n-ica' Secondary

ninerals include nuscovite, chlorite, prehnite, epitlote ancl punpellyite.

Modal conpositions are given in Table J.2.

RANGIPO WAIPAPA SUITE:

Gre;rrackes are nade up of detrital feldspar, quartz and volcanic

lithics rith ninor pyroxene, hornblende, epiclote' sphene, zireon'

rnagnetite ancl ilnenite. Secontlary nineralogy includes nuscovite,

chlori.te, prehnite and calcite.

RANCIPO TERTIARI SUITE:

Micaceous siltstones contain varying anounts of quartz, rnuseovite,

biotite, felclspar and rare lithic naterj.al.
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Innil
FIELD

1 7515
Dlfl-c

L7504 17505 17831
R7045A R7045B AMl-l

L7 823 17518 r.7501 L7 507
R70678 R3-r30 R70418 R7062

L7820
R7044

sr0,
T10;

ltz6g
iliaott
Mgo
Ca0
Na,o
Kr6

lag'

56.32
0.90

2L.43
s.76
0.05
I .9L
0.20
0.89
7 .43
0.08
4.78

64.54
0.65

16.98
4.60
0.11
r .68
L.44
0 .83
5.29
0 .11
3 .53

6L.73
0 .71

17.50
6.48
0 .15
2.O4
I .14
r. .68
4.6s
0 .13
3.53

66.68
0.65

16.45
5.O2
0.06
L.23
0 .12
2.06
3.58
0.01
3.89

58.74
0.80

19.70
s.64
0.lt
L.97
1.60
2.83
4.72
0.17
3.47

63.09
0.70

15.82
5.66
0.16
2.00
2.06
1,85
3.82
0.14
3.44

59.00
0.83

1.8.68
5.85
0.07
r.84
1.66
2.29
4 .13
0.16
4.24

55.82 58.8r.
o.92 0.82

21.09 L8.22
5.70 7 .47
0.08 0.08
2.08 2.L9
1 .95 r.73
2.L6 L.74
5.7s 4.L6
0.19 0.17
4.03 4.37

Total* 99 .90 99.96 99.47 99.27 99.1L 99.07 99.4L 99.48 99.80

Ba
Ce
Cr
Cu
Ga
La
Mn
Nb
N1
Pb
Rb
Sc
Sr
Th
T1
U

1431
40
65
15
28
t5

529
L4

7

29
298

L7
98
20

5673
3.7
148
20
54

L97

967
87
43
48
24
36

903
11
29
L2

249
18

L73
18

3859
3.5

99
32

108
135

936
8L
56
58
24
40

770
L4
23
25

22L
15

222
22

4797
4.1
136

35
r_06
158

994
68
5Z
64
24
3l_

1079
13
35
20

L64
15

166
18

4L4L
3.0
1.09

31
L02
148

759
59
58
L7
24
27

484
15
L7
L7

L74
t6

190
2L

4923
3.7
136

33
95

203

982
81
53
26
27
38

649
L7
23
27

248
15

307
24

5570
s.4
139

39
100
L47

665
66
62
28
25
28

676
13
24
28

L73
L6

L75
19

5005
3.7
L43

31
115
L52

839 528
65 2L
49 42
47 27
2L 22
237

1303 389
L4 11
29 14
27 22

2L6 151
L4 10

114 88
19 14

4272 3945
3.r. 3.0
LZg 92
29 L4

133 L24
L32 L73

v
Y
Zn
Zr

K/tta
K/Rb

nb/Sr
I

8.36 6.39
207 L76

3.04 L.44
.72455 .7L525

2.76 r.74
L79 184

1.90 1.83
.7L773 .7L7 43

L.67
L77

0 .99
.7L265

2.06
193

0.99
.7L260

I .81
L97

2.67 2.39
L92 200

0.92 0.81 0.99
.7L289 .7L23L .7L325
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NANCIPO TORI,ESSE SUITE ARGILTITES

=========g====E================ ==========================================

wi{ 17515 LoC: Dritl-Core DI,{3-119 (29.6n) T20
N122

Green-grey, poorly indurated argillite. zofi quartz
veins (not inctuclect), ninor gurface alteration.

/ +tl gez

/ 24o 5o5

/ +ge oss
/ z6i 608

/ 498 056
/ 26i 608

/ ,o1 992
/ zlo >te

/ +ge o+g
/ zal eoo

/ roo 069
/ 267 622

/ sot 158
/ zai tzo

/ 494 019
/ zat 5e9

/ 515 154
/ 28O 715

VUrr 1 7504 CR: R7045 LOC: Itloawhango Tunnel T20
N122

Green, foliated argillite (99.Afr (.01nn;
500 counts ).

17505 CR: R7045 LOC: lloarhango Tunnel T20
N122

Grey, foli.ated argiltite (g1.0% (.o1rnrn; 5OO counts).
Fron same sanple as 17504.

w}r 17er1 LOC: Drill-Core AMl-1 (tO.Zn) T20
Nl22

Green-grey, poorly induratetl argillite.
Prominent cleavage.

VUW 1?820 CR: R7044 L0C: Itloawhango Tunnel

Grey/green argillitic breccia. Quartz + calcite
prehnite veins; ehlorite on shear plane.

VVrl 17821 CR: R7057 tOC: Moawhango Tunnel

Grey /green argillitic breccia.
Similar to 1?820, 17504 & 17505.

vultl 17518 LOC: Drill-Core Ri 3g.e) T20
N112

vui{

Finely interlaminated fine-sancl greywacke /erey
argillite fBreen argillite. Proninent cleavage.

17501 CR: R7042 LOC: l'Ioawhango Tunnel

Finely laninated, argillite.

17507 CR: R7O62 L0C: Iiloawhango Tunnel

Dark grey, ehearecl argillite. 257l quarts +

calcite vej.ns paralle1 to foliation (not j-ncluded).

T20
N122

+

T20
N122

WW

T20
N122

I20
N1 12



--r-ri-t--t tr-ra-r-!r-E=

wn 17519 17506
rlELD R2O6A R7046

sro, 63.r8T10; o.72
lrzdt 11.37
reo02T 5.84
ltno - 0.05
l{g0 L.72
CaO 1.26
Naro 2.75
Kr6 3.52
Pio. 0.19Lor- 3.r3

17508 17510 17827
R7063 R7068 R2090

17509 L75L4 17513
R7066 t42286 lrs117

17503
R7043

17511
DH3A

rr-!rtt-=== ItE=''tat-l3t=rrr=r!t:r--r-!__Er!rt_r

62.38 60.99
0.68 0.67

17.19 L9.34
6.47 4.99
0.18 0.05
2.05 L.76
I .4r 1.04
r.60 3.08
4.05 4.22
0.20 0.14
3 .53 3 .48

69.18 6L.67
0.48 0.58

14.78 L8.24
4.03 4.73
0.05 0.06
L.49 L.72
1.07 1.65
2.3L 2.53
3.52 h.78
0.13 0.14
2.60 3.56

5s.93 63.48
0.90 0.68

20.72 L7 .22
6.22 5.080.08 0.07
2 .13 L .76
L.62 1.45
2.62 3.19
5.L2 3.40
0.30 0.184.11 3.24

64.73 66.62 65.47
0.65 0.64 0,61

16.60 r5.93 t6.26
5.28 s.34 4.76
0.06 0.07 0.08
1.54 1.54 1.43
1.10 0.88 L.26
3.32 2.80 3.02
3 .25 2.99 3 .27
0.16 0.t2 0.163.06 2.8L 1.43

Total.* 99.37 99.62 99.72 99.41 99 .35 99 .87 99.43 98.87 99.32 99.72

Ba
Ce
Cr
Cu
Ga
La
l{n
Nb
Nt
Pb
Rb
Sc
Sr
Th
Tt
U

v
Y

Zn
Zr

556
62
53
22
23
z6

546
L2
15
32

r55
L4

170
r9

4278
2.5
120

34

919
69
48
73
23
28

1410
L2
24
25

r88
L4

158
2L

4173
4.5
111

29
r19
125

4L2
L4

555
55
29
L2
r8
27

169
9

13
22

154
9

166
14

2703
3.6

767
57
46
22
23
26

465
t3
18
28

202
1l

1E8
I7

4030

997
77
67
26
27
34

7L9
L4
27
27

2L4
15

236
2L

5531

688
58
43
23
2l
29

6L2
l1
18
36

L47
L2

235
L7

3966
3.7
104

28
104
183

572
59
45
18
22
26

509
L2
15
29

t42
11

L79
18

3862
4.7

382
45
42
I3
l8
L7

479
l0
15
22

117
9

LzE
I4

3472

r5
18
22

695
l2
L7
31

136
1l

187
16

3563
4.2

94
26
87

2L5

72r
77
43
L7
23
37

t5
35

180
13

161
23

655
57
40

106
L92

39L2
5.8
9t
37

L02
236

2.5
100

22
84

180

101
29
9r

190

62
25
75

163

3.5 4.2
r00 L73
32 35
76 I40

222 195

K/Na
K/Rb

Rb/Sr 0.91 1.19
r .7L287 .7L4L5

1.37 L.57 1.89 1.96 1.07
195 195 L97 199 t92

r .11 0.93 L.Ol 0.90 a .62
.7L425 .7L246 .7t332 .7L28r .71095

0.79 0.91 0.73
.7L220 .71350 .71153

L.28 2.52
rE9 179

0.98 1.07
190 2I3

1.08
200
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=============================-===========================================
RANGIPO TORLESSE SUITE INTERMEDIATES

= =================== ====== ===== = === ================== = = ======== ==== ======

vurf 1 7519 LoC: Drill-Core R2O5 (teZ.Sn) 120
N112

Grey, foliatecl silty-argillite (82fi <.01nn,
lo1*- <.olnn, 4fi <.o65nn, 4fl <'11run 50 counts).

vuv I ?505 CR: R7045 LOC: ltoarhango Tunnel r2o / 5O2 O58
N122 / 269 610

/ sot 158
/ z6i 7zo

140
700

r20 / 495 041
N122 / 262 594

r20 / 500 069
N122 / 267 622

VUt{ 17508 CR: R7061 LOC: l{oawhango Tunnel

Grey, sheared siltY-argillite'
Sinilar to 17505.

WW 17510 CR: R7058 LOC: Rangipo Tunnel

Dark grey, intensely sheared silty-argillite.

wyt 17527 L0C: Dri11-Core R209 (tge.+n)

Dark grey, sheared argillite / fine-sand-greSrracke
tectonie nix.

VUrt 17501 CR: R7A4t LOC: Moawhango Tunnel

Grey, sheared silty-argillite (ge-Atr (.Olrnn;
500 counts). 5fr quartz + calcite veins.

Grey, sheared argillite / fine-sand-greywacke
teclonic mix. (>o% <.01nrn, 76% <.OJnn, 12fr <.o6nm,

r20 / 515
N122 / 281

v9 / 576 297
N112 / 299 B6e

2% <.1]nn; 50 counts).

W}I 17509 CR: R7066

T20
Nl 12

T1g
N1 12

T19
N1 12

501 1 58
265 720

/ +gz
/ 251

/ +gz
/ 255

/ +tl gaz

/ 24o 5o5

LOC: Moawhango Tunnel

Grey argitlite / fine-sand-greywacke tectonic mix.
Sinil-ar to 17505.

vuv 17514 l'OC: Drill-Core ll/€-285 (ez.zn)

tectonic mix.Grey argillite / fine-sand-greywacke
Sinilar to 17503.

vuu 1751' LOC: Drill-Core MS-117 3z.An)

vur{ 17511 LOC: Dril1-Core DM7-126 (eg.em)

Grey argillite / rnediun-sand greywacke
tectonic nix.

241
810

a+l
810

Grey argillite / fine-santl-greyracke tectonic nix.
ZOft- quartz + calcite veins (not included).

r20
Nl22



vuI{
FIELD

L7828
R214

L75L2
A!r2-8

L7826 L7829
R2O9A B22LA

L7824 L75L7
R207A R3-117

L7502 L75L6
R7041C Pt

17830
R2218

sio?
Tlo;
1126g

iliaor'
ugo
CaO
Na?o
Kod

ie?'

70.06
0.46

L4.52
3 .66
0.05
1.07
1.38
3.01
3 .15
0 .10
2.28

73.61
0.39
2.7 5
3 .14
0.05
1.01
1.15
3.07
2.37
0.09
2.L2

71.00
0.40

14.18
2.96
0.04
1.02
1.34
4.25
2.50
0.08
1.98

70.87
0.43

14 .13
3.2L
0.06
0.95
1.33
3.97
2.62
0.11
2.O7

74.6L
0.32

12 .18
2.06
0.04
0 .60
2.09
3.76
L.74
0.09
2.27

7L.O7
0.42

13 .99
2.93
0.07
0.84
L.24
4.L2
2.88
0.10
2.09

7L.46
0.48
4.89
2.86
0.02
0 .82
1.08
4.6L
1 .86
0.09
1 .98

72.93 6s.98
0.33 0.55

L2.95 15.95
3.sr. 4.59
0.05 0.06
l'10 1.50
1.38 L.73
2.20 2.66
2.80 3.57
0.08 0.12
2.42 3.04

Total* 100.23 99.48 99.98 99.O2 99.83 99 .19 98 .92 99.51 99.75

Ba
Ce
Cr
Cu
Ga
La
Mn
Nb
Ni
Pb
Rb
Sc
Sr
Th
Ti
U

v
Y
Zn
Zr

52L 450
45 36
30 24
96

16 13
19 L7

374 25L
87

L25
23 22

LZg 96
76

209 240
13 11

2547 2LL6
3.5 2.4
62 45
23 L7
76 52

184 L79

935
35
22

6
L7
13

324
7

7

24
94

4
247

11
2L72
2.O

48
19
56

190

62L
40
25

6
L4
zo

454
I
8

25
104

7

314
13

2432
3.4

50
22
58

196

327
33
19

5
10
15

284
5
5

19
7L

5
293

10
1 758

<2
34
L7
44

151

1356
57
22

6
L7
27

518
9
5

25
97

6
23r

15
2266
4.4

45
24
49

195

347
32
28
I

16
L7

272
8
9

19
80

5
282

L2
2506
4.7

60
2L
47

L94

452
36
23

9
13
14

428
7

11
26

L20
5

2L7
1t
22

3.4
42
15
60

154

624
54
37
13
20
25

502
11
19
36

150
10

248
15

3160
4.3

78
27

r42
204

K/Na
K/Rb

Rb/Sr
I

1 .05 0.77
203 205

0.62 0.40
.71058 .70962

0 .59
222

0.38
.70922

0.66
208

0.33
.70908

o.46
204

0.70
246

0.40
L92

L.27
L94

1.34
198

0.24 0.42
.70867 .7092r

o .29 0 .55 0 .60
.7 0924 .7 LO7 4 . 71086



-272-

===================== ====================================================
RANGIPO TORIESSE SUITE INTERMEDIATES

= = = = = = = = = == = = = === = B = = == == = = = = == = = = ==- == = = = == = -- = = = = = = = = = = = = = = == = = = = = = = = == =

LoC: Drill-Core R214 (l17.zn)wtJ 17828

vu}I 1 751 2

vulr 17829

vu}r 17810

r20
N112

r20
N112

501 1 58
26' 720

158
720

Grey, sheared silty-greyracke.
ZOf, quartz + calcite veins (not included ).

LOC: Drill-Core AIr{2-8 (ll.z^1 r20 / ,o1 992
N122 / 270 538

Grey, silty-greyracke. 1rlnn quartz.+
calcite veins (not inclutled ). (ffUl).

========= =====--=--============================--================= ==== =====
RANGIPO TORIESSE SUITE GREYWACKES

=== ======== =============== ===== ====== ============ === ======= ======== = = == = =

Wil 1?826 LOC: DriLl-Core R2O9 (180.?n)

Grey, foliated fine-greynact<e (74% (.01nn,
z% <.olnn, 28% (.06nm, 141r' <.13nm, 187.' < .ZJmm,

4% <.5nnl' 5o counts).

/ >ot
/ 265

/ >ot 158
/ zs> tzo

/ zot
/ z6j

/ aot
1 265

/ 494
/ 261

/ 5@ 167
/ 264 725

Grey, foliated fine-sand-greyracke.
ZOfl quartz + calcite veins (not included).

IOC: Drill-Core R221 (eg.gn)

LoC: Drill-Core R221 (gl.ln)

T20
N1 12

T20
N1 12

158
720

Grey, foliated fine-santl-greywacke (289l (.01 nn,
12% <.0Jnrn, 22il <.O6wt, 2o1l (.'lJrnrn, 14f, <.25ntrr
4% <.5nni 50 counts. Sinilar to 17826.

vuI,I 17824 LOC: Dril1-Core R2O? (+a.n)

Grey-brown fine-mediurn-sand greywacke. Irloderately
foliated. Srown oxychlorite is nain secondary phase.

vulll 1 751 7 LOC: Drill-Core RJ 3Z.l)
Green, laminated fine/mettium-sand-greSrwacke.
Prominent cleavage.

VUW 1?502 CR: R7042 LOC: Moawhango Tunnel

Grey, fine/mediurn-sancl-grelrraeke.
10% qz-ce vei.ns. Fron sane sample as 17501.

VUw 1?516 LoC: Drill-Core Pl (75.zn1

Grey, massive fine/nedium-sand-gre;rraeke.

r20 / 501 158
N112 / 265 72O

T20
N1 12

T20
N122

T20
N1 12

158

720

019
589



vuw
FIELD

17825
R2O7B

L7832
D},L}B

L782L
R7064

L7822
R7064

L7843
R3853

L7844
R3855

17 845
R3855

L7846 L7847
R3857 N20

slo,
Tio:
Itz6r
i'iao"
tlgO
Ca0
Na'ro
Kr6

le?'

68.60
o,46

L4.97
3.72
0.06
r..13
1.80
3 .99
2.6L
0.21
2.L9

70.10
o.47

L4.74
3.47
0.05
L.23
0.83
4.49
2.44
0.10
1.83

s8.96
L.97

12 .39
9.92
0.37
2.34
4.93
r_.65
2.36
0.48
4.40

46,99
3.20

L4.57
L4.64
0.51
3.r.0
6.48
L.73
2.27
L ,59
4.67

58.64
0.88

r.9 .70
7 .4L
0,07
1 .98
o.47
L.27
3.72
0.1.1
5 .50

59 .59
0.88

19.68
6.47
0.08
1 .89
o.42
1 .66
3.72
0.13
5.24

59.65
0.85

18 .99
6.94
0.09
2.01
0.54
1.63
3.38
0. r4
5.s4

59.00 70.47
0.84 0.42

19.50 13.83
7.00 3.19
0.12 0.03
2.O0 I .13
0 ,54 2.55
L.50 3.40
3.60 1.11
0.12 0.10
5.54 3 .53

Total* 99.6s 99.25 99.40 99.42 100.20 99.86 99.8 100.35 101.03

Ba
Ce
Cr
Cu
Ga
La
Dln

Nb
Ni
Pb
Rb
Sc
Sr
Th
Ti
U

V

Y
Zn
Zr

477 633
42 50
33 26
77

L7 1.6

20 26
4L9 369

77
10 t5
26 ZL

106 79
78

294 303
13 10

2608 2735
r..6 2.0
62 66
26 22
64 79

190 163

648
85
13

906
22
40

279L
65
t9
L2
94
L7

289
7

10873
1.3
161

59
156
472

709
TT7

18
79
28
54

3858
68
28
L2
88
24

301
6

17369
3.7
140

75
200
455

537
59
85
26
25
25

520
14
34
19

190
L7
64
18

5411
3.2
L76

31
LzL
r45

660
66
86
25
26
26

519
t4
34
24

L82
16
79
L7

5323
3.2
L76

32
L24
151

6L6
74
85
2L
25
29

753
L4
35
29

169
15

L2L
18

526L
2.9
181

32
133
L47

626
68
87
27
26
26

1055
14
36
28

1.78
16

L25
18

5348
2.7
181

26
1.35
r.43

267
32
32

7
I5
14

342
6

13
18
43
10

272
I

2455
1.1

58
L7
51

LL4

K/Na
K/Rb

nb/Sr
I

0.65 0.54 I .43 I .31
205 256 209 2r4

0.36 0.26 0.32 0.29
.70930 .70820 .70877 .70880

2.98 2.30
.73324 .727 66

2.O7 2.40
L66 168

1 .40 L .42 .16
.72L09 .72L92 .7LL73

2.92
163

2.24
170

.32
2L3
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=-===E== ============================== -===========e============= ======= ==

NANCIPO TORIESSE SUITE GREYI{ACKES

=-===================E= =======-====================- ============= == ======

vug 17825 LOC: Drill_Core R2Orf (G+.On) ,t20 / ,o1 158
N112 / 265 720

Grey, massive necliun/fine-sand-greyracke.

LoC: Drill-Core DlfJ-119 Q5.5n)wrr 17832

Grey, massive nediun-sand-gre5macke.

====================================-== ============-==== =================
RANCIPO TORLESSE SUITE IIIETABASITBS

====== ======== == =============g===== ============================= =========

vurr 1 ?821 CR: R7064 l,OC: lloarhango Tunnel ,!20 / 511 120
N122 / 277 578

tight green volcanoclastic sedinent.
Clast fron '17822.

]Wll 17822 CR: R7054 L0C: lloawhango Tunnel

Green, shearecl netabasite with lOnm clasts.
Plagioclase + quartz + chlorite relicts in
inileterninable clay-rich natrir.

T20
Nl22

r20
N122

s26
N1 57

47t 962
240 

'O5

511 120
277 678

193
773

============= ======== == ======= ===== ==== =============== ============== === = =

OTAKI FORKS TORLESSE SUITE
================= ===== = = == == == ===== ==== == === = = ============ = == == = == = = = = = = =

yv]f. 17841 CRz fl1851 LOC: East of Pukehinau Stn. 526 / 969 784
N157 / 718 764

Dark grey, moderately-indurated argillite.

vui,I 17844 CR: R1855 LOC: East of, Pukehinau Stra. 526 / 969 784
N157 / 778 764

Dark grey, moderately-indurated argillite.
Slmilar to 17847.

WI*I 17845 CR: R1856 LOC: East of Pukehinau Strn. 526 / 969 784
N157 / 758 764

Dark grey, moderately-induratetl argillite.
Sinilar to 17847.

wu 17846 CR: R5857 LOC: Otaki River s26 / 957 191
N157 / 736 777

Dark grey, moclerately-indurated argillite.
Sinilar to 17843.

VUW 17847 CR: N20 LOC: Otaki River

Speckletl Brelfr noderately indurated feltlspathic
gre5rwacke.

/ got
/ra



vuIJ
FIELD

17833 L7834 L7842
B4A B4B B2IT

17838 17839 17835
BzD BzE D2A

t7836 17841 L7837 17840
B2B RzG R2C B2F

slo, 63 . 13 60 .63
Tro; 0.91 0.92
A116? 15.1r 15.82
Feioir 5.68 6.75
Hn6' 0.09 0.12
Hgo 2.L2 2.54
CaO 3.70 3.89
NarO 4.2O 4.19
Kr6 L,79 ;.78
Plo. 0.20 0.21
L6r', 2.81 2.88

50.t2 58.7s
0.E5 1.03

L7.25 L6.42
6.07 8.32
0.09 0.L2
2.56 2.70
3.22 3.91
4.69 3.63
L.92 1.95
0.18 0.22
2.78 2.71

60,26 60.09
o.94 0.99

15.59 15.93
7 .96 7.10
0.11 0 . r0
2.65 2.69
3.52 4.02
3.84 3.20
1 .75 2 .2L
o.22 0.21
2.92 3.20

62.80 61.56 62.L4 60.99
0.80 0.84 0.72 0.76

r.5 .05 t 5.49 15.70 16.09
6.55 6.38 5.25 5.50
0.10 0.10 0.0E 0.09
2.44 2.L9 1.90 r.94
3.7L 4.70 6.02 6.78
2.86 2.40 L.44 r.16
2.18 2.44 2.47 2.36
0.18 0.19 0.13 0.12
3.07 1.46 3.90 3.95

Totalr 99.73 99.25 99.34 99 .34 99.03 99.05 99.40 99.35 99.28 99.51

Ba
Ce

Cr
Cu
Ga
La
Hn
Nb
Nt
Pb
Rb
Sc
Sr
Th
Tt
U

v
Y
Zn
Zr

384
37
25
26
15
l4

749
6
9

I5
49
15

380
7.5

5288
2.5
r39

22
84

158

651
44
36
33
18
l9

957
5

l5
16
51
18

567
E.9

6r L4
2.6
178

25
98

183

430
44
32
29
16
20

959
6

13
13
47
17

419
6.9

5587
2.5
163

24
87

158

568
42
44
33
18
19

992
5

18
20
66
l9

526
9.0

5851
2.O
171

25
94

169

567
38
34
30
19
L7

842
5

13
15
69
15

443
8.2

47 66
2.2
140

2L
82

153

556
50
36
27
20
22

787
7

15
L4
88
L7

343
8.9

8985
2.2
143

25
83

156

340
45
39
3l-
23
2L

701
8

l5
22

107
L7

210
11 .4
4404
2.5
L26

25
92

183

3r6
47
41
31
22
22

715
7

L4
29

101
18

223
11.4
4636
2.2
138

25
91

187

351 484
37 35
24 26
27 34
19 18
16 16

906 835
65

10 t3
L7 L7
50 55
L7 17

387 585
7.4 7.L

5374 5081
2.5 2.L
141 r49
24 20
90 83

L72 L45

K/Na
K/Rb

0.43 0.42 0.41
303 295 290

0.54 0.46
320 3L2

0.69 0.76 t.02
277 260 230

1.72 2.03
L92 193

Rb/sr 0.13 0.13 0.09 0.09 0.11 0.r3 0. 16 0.26 0.51 0.45
I .705r5 .70523 .70528 .70499 .70519 .70561 .70548 .7063r 70845 .70825
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===4===============================================================-=====

MNGIPO }TAIPAPA SUITE

=E======E==============================t===== ============== ========== ====

wv 17817 loc: Drill-Core 84 (t:t.+n) slg / 261 j21
N111 / ggA ago

Grey, massive, well-indurated rnediun-sand
grefracke. 1-2mn volcanic clasts (eemn)-

vulr 17814 LOC: Drill-Core 34 (175.2n)

Grey, nassive, sell-intlurateal necliun-sand
grey*acke. Sinil-ar to 17873.

vUU 1?842 LoC: Drill-Core B2 (96-6n)

Grey, nassive, relI-indurated nediun-sand
gre;rwacke. Sinilar to 17817.

wu 1?818 LoC: Drill-Core B2 (89.9n)

s1g / 251 121
N111 / gga ago

s19 / 244 3o3
N111 / 9go AtO

s19 / 244 1O1
N111 / 9eO AtO

s19 / 244 101
N't11 / 9eo eZO

s19 / 244
N111 / geO

whl 17819 LoC: Dritl-Core 82 (89.On)

Grey, nassi-ve reIl-indurated greywacke.
Sirnilar to 17818.

wt.l 17815 LOC: Dri1l-Core 82 (>l.Or)

Grey, massive well-indurated greywacke-breccia.
Cl-asts > 2nrn 15%.

VUW 17816 LoC: Drill-Core 82 (rc.2t)

Grey, massive well-indurated gre;rwacke-breccia.
Sinilar io 17835.

vui{ 17841 LOC: Drill-Core B2 (eg.On)

Grey, nassive well-indurated gre5rwacke.
Clasts ) Znn 15%.

Grey, nasgive well-indurated greyracke-breccia.
Clasts ) 2nn 60%.

101
870

s1g
N11 1

/ 244
/ geo

101
870

178t7

Dark

1 7840

Dark

LOC:

greyr massive

Drill-Core 82

well-indurated

Drill-Core B2

re11-indurated

(ee.+n)

andesitic c1ast.

(eg.on)

andesitic clast.

s19 / 244 7O1
N111 / g8O 87O

s19 / 244
N111 / gAO

s19 / 244 307
N111 / geOAlO

301
870

greJrr masslve



llr-tt-rt-

vuul
FIELD

I7850 17853
89 D2

L7852 17851 L7854
c9B c9A D21

17848 17855 17857
A2A DI,l3 AI{4

L7849 17856
A2B FT-l

sto, 61.65
rlo; 0.71
Atr6" 15 .55
re;oir 5.59
HnO - 0.08
ugO 2.I7
CaO 1.66
NarO 2.39
K"6 2.64
Pio. o. I r
t6t" 7,L9

65.82 63.45
o.62 0.76

14.43 15.73
4.62 6.6r
0.06 0.05
1.82 1.16
1.56 0.83
2.79 1.90
2 ,39 2.73
0.11 0.08
5.52 6.45

70.50 69.94
0.55 0.56

13.99 13.75
4.L2 3.76
0.03 0.06
1.04 r.26
1.16 1.60
2.3r 2.76
2.30 2.L7
0 .01 0 .08
3.7 4 3 .80

72,2t 78.25
0.52 0.31

L2.79 9.99
3.48 2.94
0.04 0.03
0.99 0.78
L.79 0.79
2.69 2.h5
r.93 1.E4
0.09 0.05
3.2L 2.33

56.22 38.52 55.26
0.26 0.35 0.51
E.03 7 .55 11 .63
2.67 2.81 3.80
0.24 0.15 0.16
1.02 L.27 t.52

14.98 25.20 11.90
1.91 L.76 2.42
r.37 1.08 1.89
0.06 0.13 0.r2

L2.99 20,91 10.55

Total* 99.20 99.72 99 .47 99.36 99.23 99.67 99.25 99.34 99.30 99.84

Ba
Ce

Cr
Cu
Ga
La
Hr
Nb
Ni
Pb
Rb
Sc
Sr
Th
Ti

474
47
63
16
I9
19

583
9

25
2L

105
14

242
L2

4183
2.7
116

25
80

t92

455
43
59
ll

L7
20

533
I

23
18
96
10

242
t2

37L9
3.1

94
23
IL

200

427
40
5l
I

l6
20

412
7

15
I5
82
t0

263
II

3355
3.2

82
2I
54

195

384
43
40

7

13
20

435
6

14
11
72

9
263

9

3095
1.9

87
18
51

148

353
22
31

4
l1
L2

226
4

10
16
67

5

L7L
6

1911
1.3

53
L2
47
77

267
26
25

4
9

l3
2LOZ

4

13
I

49
L2

39r
5

r57 4
L.2

4Z
II
3Z
67

228
26
23

7

8
L2

t24L
3
I
9

4l
18

434
6

2087
2.0

55
1I
32

L42

365
4A
53

9
t5
L7

L437
7

20
L2
74
15

293
9

2940
r.8

79
20
53

r50

U
v
Y
Zn
Zt

528 459
47 43
59 39
248
19 15
13 24

277 272
96

16 L4
46 16

r15 97
r.4 9

L52 2r1
L2 10

4924 3442
2.5 2.L
178 87
19 23
66 59

184 188

r/ua
K/Rb

1.10 0.86 r.44 1.00
208 207 L97 196

o.79 0.72 0.75 0.72 0.61 0.78
2r9 221 227 ?.30 2L9 2L3

0.31 o.27 0.39 0.13 0.09 0.25
.70830 .70765 .70902 .70830 707s3 .70840

Rb/Sr 0.44 0.40 0.76 0.46
r .70881 .70910 .70983 .70861



-)7q-e2 /

================E=====-===E====-========== ===============================

RANGIPO TERTIARY SUITE
==========================-========== ====================================

Wl,l 17850 L,OC: Drill-Core 89 (ZqJ) T1 0

N1 12

Grey, nassive, weakly-indurated micaceous
fine-sandstone. Sparse foraniniferal fossils.

vw 17851 LOC: Drill-Core D2 (48.5) T19
N1 12

/ lot 556
/ o4o 97o

/ l>+ qoe
/ o97 989

/ Ya +oo
/ o9o 980

/ Ya +oo
/ o9o 98O

/ z>+ qoe

/ o97 989

/ 2t5 291
/ gaa a>t

/ +ae gto
/ 27i 51t

/ 434 989
/ 197 575

/ zll zgt
/ 968 857

/ 18o 975
/ 920 510

Grey, nassive, weakly-inclurated micaeeous
fine-sandstone. Carbonaceous natter 5fi.

vulu' 17852 LOC: Drill-Core C9 (?1.5)

Brown/green, nassive, poorly-indurated nicaceous
fine-sandstone.

vui' 17851 LOC: Drill-Core C9 (?0.4)

Grey /green, nass5-ve, poorly-induratecl nicaceous
fine-sandstone.

Whr 17854 L0C: Drill-Core D21 (+e.Z;

Grey, nassive, poorly-indurated nicaceous
fine-nediun sandstone.

vulr 17848 LOC: Drill'Core A2 (zt.+)

micaceousBrown, nassive, poorly-indurated
fine-mediun sandstone.

vuhr 1 7855 LOC: Drill_Core DMI_1 1 6 (t t .g)

Brown, massive, poorly-indurated micaceous
nedium sandstone.

WW 1?85? LOC: Dril1-Core AM4-1 (lZ.O)

Grey, nassive, wel-l-induratetl fine-nediun
sandstone. Bryozoan, molluscan fossils 10F.

VUhr 1?849 LoC: Drill-Core A2 (fO.l)

Grey, nassive, well-indurated fine-nediun
santlstone. Molluscan fossils 1O-7O%.

vuhl 1 7856

Grey, nagsive, weakly-indurated nicaceous
fine-nediun sandstone. tr'oraniniferal fossils

Tlg
N112

T1g
Nl 12

T19
N1 12

s1g
N111

T20
N122

r20
N122

s19
N11'l

s20
N1 21

107g.



-216-
-3=tE-===================E3===============-=============E======-=E== =====

RAtrCIPO TERTIARY SUITE
-=-================= ====,-EE ===t==-===== 

E ==t- =====4 ======== ===EE== == -= === =

VUW 1?858 tr00: Drill-Core Alt4-l 06.J)

Fine-congl-onerate rith 5-15ruu rountled gre;macke
aud quartzite clasts.

w$ 178s9 LOC: DriLl-Core DID-I15 (15.8)

820
N122

4t4 989
197 551

/

Fine-conglomerate rith tO-5Onn angular
gre;nracke elagts, Molluscan fossils 20fr.

r20 / 468 970
N122 / 255 515

T20 / 500 992
fi122 / 259 558

vnhl 17850 LOC: Dri1l-Core DV2-2 (2r.5)

Mediuu-conglonerate rith 20-5OEn rounded
sandstone elasts.
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L2.2t TAVAS

Lavas of Ruapehu and nearby vents are listetl by Fornation, and described

according to the classificati_on in Chapter 4.52

TIPE 1: plagioclase and plagiocLase-pyroxene lavas.

TYPE 2: plagioclase accunulative lavas.

TYPE r: pyroxene-plagioclase lavas.

TYPE 4: pyroxene-rieh lavas.

TYPE 5: olivine-pyroxene lavas (olivine anttesites).

TYPE 6: hybrid lavas (olivine anclesites).

Most sanpLes contain plagiocrase and/or pyroxene glomerocrysts and

crustal xenoliths.

Descriptions and major elenent analyses of Ruapehu, lfainarino, pukeonake,

Hauhungatahi and Ohakune lavas are by W.R.Hackett.

All trace elenents anrl sr isotopic conpositions are new.

l{g* = Mg number.

Descriptions and najor element analyses of high-alunina basalt and Red

Crater basalt sanples are by Dr.J.if.Cole.



-====================================--=========-==============================
L4924 L4925

x15 X16

============================================================-==================

vut{

FIELD

L4765 L4747

A39 IL2O

L4737 14762 L474L

A8 t36 A13

55.55 56.05 57 .03
0.65 0.65 0.65

t7 .84 L7 .27 L7 .28
2.5L 4.L2 2.9L
s.65 3.98 5.27
0.12 0.11 0 -13
4.6t 4,6L 4.35
7 .sL 7 .5L 7.38
3.14 3.00 3.r7
o.75 0.85 0.66
0.09 0.11 0.09
1.33 1.51 0.83

260 258 188

.1914
38 49 43

72 58 35

2L 18 L9

.139
1086 958 LO27

<2<22
25 30 24

1055
20 23 L7

22 27 26

248 265 225
222

3841 331-8 3821
<2 <z <2

210 L86 210
1.9 20 19

90 58 76

63 7L 59

L4922 L4923

x13 X14

sio?
Tio:
A1r6?

;:e';
MnO

tlgO
CaO
Naro
Kr'o

le?'

53.73 55.37
0.70 0.66

17 .47 L7 .76
3.45 2.63
5 .1,1. 5 .61
0.14 0.12
5.37 4.58
8.50 8.03
2.94 2.83
o.74 0.74
0 .10 0 .09
1 .51 l. .34

227 206
L7 L7
81 52
7L 53
20 18
10 1r

1238 1017
<22
36 22
25

22 22
32 24

2L6 2L6
z2

4191 3394
<2 <2

253 186
L9 18
91 75
63 66

54.53 55.23
0.76 0.75

L7.52 r1.20
3.49 1.98
4.66 6.37
0.13 0.14
5.04 4.93
8.50 8.64
2.6L 2.59
0.8s 0.93
0.10 0.10
1.51 0.89

243 23O
.23

72 72
57 5s
20 22
. 15
. 1.087

<2 <z
30 29
77

25 27
.33

220 230
33
. 4265

<2 <2

242 24O
22 25
86 83
69 69

56,32 56.4L
0.73 0.68

17.55 16.84
2.2L 2.L4
5.66 5.70
o.l2 0.11
4 .45 5 .19
7 .99 8.06
2.86 2.84
1.08 1.02
0.10 0.10
0.63 0.64

Total*99.89gg.54100.34].00.3399.5599.3399.7599.3299.69

Ba
Ce
Cr
Cu
Ga
La
Mn
Nb
Ni
Pb
Rb

)rr Sc
Sr
Th
T1
U

v
Y
Zn
Zr

59
53
22.

<2
24

7

34

292 268

141
62
L7

<2
64

7
31

237 226
33
<2 <2

226 225
25 2L
75 74
75 75

58 55 55

285 285 313
56 54

306 323
58 56

298 285
55

266

o.r-43 0.1.39
.70531 .70523

59
270Mg*

K/Rb

Rb/sr 0.100 0.100 0.080 0'086 o'075 0'112 0'118

r .70507 .70506 .70518 '70504 '70483 '70s18 '70520

==============-===================a============================================
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================ === =========== ==== ===== ========== =============== == = = == == =

TE HERENGA FORMATION IAVAS

==========g=========================================================== 
===

VUII 14765 IOC: PINNACIE RIDGE (TALUS BTOCK)

Intergranular' TYPE 1 basic andesite.
Sparse olivine phenocrysts alterecl to chlorite.

\LIt 14747 IOC: UIIAKAPAPANUT GoRGE (r'eVl FtoW)

Porphyritic, TYPE 1 basie anclesite.

vur,- 14777 LOC: TE HERENGA RrDGE (UVl FroW)

Porphyritic, TTPE 1 basic andesite.
Plagioclase glomerocrysts to 2mm (E"PMA - 14718).

vuv 14762 LOC: PTNNACLE RrDGE (IAVA FLOti)

Finely porphyritic, ffPE 1 basic andesite.

VUII 14741 LOC: ARETE N0RTH 0F WHMAPAPAIITMLTET
(t lvl Ftoti)

Porphyritic, TYPE 1 2-pyroxene acid antlesite.

vu}I 14924 r,Oc: WHANGAEHU GORGE (r,lVl FroW)

Strongly porphyriti-c, TYPE 1 basic andesite.
Abundant plagioclase & pyroxene-spinel
glonerocrysts to Jnm.

\UW 14925 I,OC: T.IHANGAEHU GORGE (],AVA TIOW)

Strongly porphyritic, TYPE 1 basic andesite.
Olivine to 2mn and olivine gabbro nodules to Jnn.

T20
Nl 12

T20
N1 12

T20
N1 12

717 148
061 707

112 154
059 708

3O7 161
050 718

,18 175
a65 691

,120 /
N122 /

s20
N1 12

147
704

/ 294
/ o1e

====== ====== ============ === ====== ==== == ========== ======== ======== == ======

SAHIANOA FORMATION TAVAS

===== ======== ============ ===== = ==== ============ == ===== ============= ======

vu$ 14922 [OC: WHANGAEHU GORGE (TUTT IAVA FI,OW) T20
N1 22

Strongly porphyritic, TYPE 1 basie andesite.
Olivine phenocrysts.

wu 14923 LoC: I{HANGAEHU GoRGE (gnUeDCnUSTED BoMB T2O

FROM TUFF BRECCIA) N122
Porphyritic, TYPE 1 basic andesite.
Contains olivi-ne and sparse plagioelase glonerocrysts.

/ t55 094
/ 106 544

/ 356 094
/ 106 644

r20 / 157 094
N122 / 1O7 644

T20
Nl22

/ 157 094
/ 1o7 644



===============================================================================

vw1490914908L4gL4L4g211491114913149001490].L4928

FIELD 9814XLz11 13L2X50

=============================================E=================================

Total* gg .47 1OO.O2 100.18 gg .52 lOO '08 99 '65 Loo '54 100 '13 99 '83

si0,)
T10;

llz6g
i.30,
l{nO
Mgo
CaO
Naro
K,r6

ie?'

Ba
Ce
Cr
Cu
Ga
La
lln
Nb
Ni
Pb
Rb
Sc
Sr
Th
Ti
U

v
Y
Zn
Zr

56.19 56.s8 57 .45 57.58
0.66 0.66 0.66 0.67

17.35 L6.76 t7 .75 L7.98
2.37 z.sL 2.49 1.q3
i .gt 4.95 4 -o2 4 '60
0 .11 0 .13 0 .09 0 .10

4.98 5.24 4.31 4.36
8 .09 8 .17 7 .83 7 .92

3.04 3.05 3.29 3.14
o.7g 0.92 1.11 1.13
0.09 0.09 0.12 0.12
i.ir* o.7o o.64 0.51

279 256 320 306

'27
103 L24 L24 112

55 66 73 41

': ':
. 856

<2<23<2
56 48 59 54

56139
20 27 34 35

'26
282 276 305 308

4<234
. 4018

<z <2 <2 <2

2L8 }LO 190 190

r.8 20 19 2r
7s 73 68 64

68 68 86 81

57 .55 57 .78
0.68 0.68

20.27 20.39
2.30 1 .68
3.37 3.54
0.08 0.06
2.08 2.L8
7 .93 8.09
3.s9 3.s7
L.24 L.24
0.11 0.13
0.55 0.40

57 .77 58.11 58.15
0.70 0.70 0.68

19.65 L9.73 19.55
3 .51 1 .81 2 -06
2.34 3.86 3.80
0.08 0.07 0.08
2.O7 z,LL 2 -24
7.38 7.52 7.23
3.95 3.80 3.74
1 .20 L .22 1 .18
0.1.3 0.12 0-r2
0.96 0.71 0 -92

302 294 296
26 22
15 15 16

60 64 36
21 2L 19

13 L2
764 740

2<24
20 20 L6

678
35 35 37

22 22
313 3L7 316

45s
4073 3943

<2 <2 2.2
168 195 L79
L7 2L 22
67 43 65
88 91 93

317 316

36 36
59 60
t:

<2 <z
27 26
76

39 38

34;
5

<2

L67
zo
63
95

34i
3

<2

r68
20
61
94

Mg* 60

K/Rb 327

Rb/sr 0.071
r .7O49L

60
28L

59
272

60
273

45 48
262 273

44
282

45 45
288 265

0.098 0.111 0.112 0.114
.70496 .70500 .705l-2 -70529

0.111 0.113 0.110 0.117
.70524 .70529 -70529 .70519

============-_==============--================= 
==================================
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======================== ==================g==============================

TAHIANOA FORMATION ],AVAS
== =========== == ========== ==== === === == ==== = = ======= === = == ======== = == == = = ==

vul{ 14909 Loc: WHANCAEHU coRcE (],Avl Ftottr)

Finely porphyritic, fiPE 1 basic andesite.

vur{ 14908 toc: I{}TANGAXHU GORGE (UVn rrcl,J)

Porphyritic, TYPE 1 2-pyrorene basic andesite.

vuy 14914 Loc: UITANGAEHU cORcE (UVe FIOhr)

Strongly porphyritic, rypE 1 acid andesite.
Abundant plagioclase / plagioclase-pyroxene
glonerocrysts to 2nrn.

vuv 14921 tOc: ifiIANcAEHU GORCE (UVl rrcI{)

Strongly porphyritic, TYPE 1 acid andesite.
Abundant plagioclase / plagioclase-pyroxene
glonerocrysts to ?nn.

wI.I 1491r toc: I{HANGAEHU GORGE (lqVl rtol.I)

Strongly porphyritic, TYPE 2 acid andesite.
Abundant plagioclase gloneroerysts to ,rnr.

VI$II 14917 ],OC: WHANGAEHU CORGE (UVA FrcW)

Strongly porphyritie, TYPE 2 acid andesite.
Abundant plagioclase glonerocrysts to ,no,.

vur{ 14900 rOc: RrDGE BETWEEN UAHTANOA AND
I{HANGAEHU VALLEYS (UVl FIOW)

Porphyritic, TYPE 2 acid andesite.
Abundant plagioclase glornerocrysts to 4nn.

VUitI 14901 LOC: RIDGE BETWEEN WAHIANOA AND
}IHANGAEHU VATLEYS (UVl Ftohl)

Porphyritic, TYPE 2 acid andesite.

WII 14928 LOC: RIDGE BETITEEN WAHIANOA AND
wHANGAEHU VATLEYS (UVl 3r0u)

Porphyritic, TIPE 2 acid andesite.
Abundant plagioclase glonerocrysts to 4rnn.

r20 / 357
N122 / 1O7

r2o / 157
N122 / 1O7

T20
N122

o91
641

o93
645

/ ne ogl
/ toa sq+

/ t56 094
/ 106 644

/ 357 094
/ 107 644

/ ve og+
/ toe a++

/ 144 094
/ o95 644

T20
Nl22

r2c
Nl22

T20
N122

T20
Nl22

T20
Nl22

T20
N122

/ ruq ogq
/ o95 644

/ t+t og+
/ o94 644



=====================E-=-=t========EEE=-================================E

vur.l 14906 14904 14873 L6719 r672L L4867 14866 L47z'2

FIELD 6 5A 1fl0 I{1 W3 M5

===== == = === 
g== 

=== ========= == ======== ===== ==-3= = = == = = ======= ======= ==== = ==

s10''
Tro:
A1r6?

I:a.'
MnO
Mgo
CaO
Na?o
Kod

il?'

I{4M4

57 ,94
o.74

L7 .07
1 .84
5.39
0.11
3 .98
7.O5
2.95
1 .40
0 .12
1.16

58.25
o.75

r7.10
I .71
5.40
0.10
3.92
6.97
2.95
L.44
0 .12
r..04

58 .61
0.70

t6.77
L.46
4.75
0.09
4.36
6.77
3.01
I .68
0.12
1.43

60.7s
o.72

L7 .69
1.91
4.43
0.08
2.55
5 .96
3 .58
1.59
0 .13
0.35

59.47 60.34
0.6s 0.77

17.86 15.17
2.L5 I .15
4.54 4.85
0.09 0.07
2.99 5.31
6.66 6 .13
3.62 3.2L
L.22 L .99
0.10 0.16
0.39 0.59

61.07 6L.O2
0.70 0.57

15.13 15.63
1.15 t.92
4.45 3.76
0.08 0.06
5.37 4.69
s.88 6.44
3.24 3.35
2.L2 L.64
0.15 0.13
0.41 0.54

Total* 100.03 99.30 99.60 98.80 99.14 99.18 99 .56 99 .7 6

Ba
Ce
Cr
Cu
Ga
La
ltn
Nb
Ni
Pb
Rb
Sc
Sr
Th
Ti
U

v
Y
Zn
Zr

342

4r
32
r.9

328

51
37
19

332

83
26
19

3.i
L73

24
7L

L28

328
26
23
32
19
13

851
5

L7
7

4L
25

237
4

3558
<2

153
22
67
96

455
35

2L2
37
19
18

777
1

68
13
87
23

244
10

4834
<2

L77
20
63

L63

10 204
38 59
18 18

389 432

248
5

<2
L73

24
72

119

', 
67;

65
79 L7
11 8
93 59

'L7226 351
85
. 3333

<2 2.0
r-40 138
22 t8
57 55

159 108

353

106
79
18

<;
1.9

1t_

48

5
L7
13
56

:
2

20
10
49

5
34
13
68

268
7

27L
6

<2
204

2L
78

106

27;
6

<2
196

22
73

108

l.[g*
K/Rb

Rb/sr
I

s4 54
239 242

o ,L79 0.183
.70566 .70567

60 49 66
205 246 191

o.254 0.L74 0.356
.70561 .70s48 .70549

47 67
234 191

60
233

o.228 0.411 0.166
.70ss4 .70547 .70490

================== ==================================-====================
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=======g===============-====E===============4======-================= ====

I{AHIANOA I'ORI{ATION LAVAS
=========E===lE-A==== -========= === = ====== ==== ========= == =================

wu 14905 Loc: slf RrI,I ITHANGAEHU GoRCE (LAVA ItoH)
(untnnr,rns 1?904)

Porphyritic, TIPE 1 acid antlesite.

vuw 14904 roc: su RrM IIHANGAEI{U coRcE (uvl rr0$)

WU

Porphyritic, TIPE 1 acid andesite.
0livine pheuocrysts.

14873 L0C: GIRDTESTONE PEAK (LAVA Ftohl)

Porphyritic, ffPE 'l acid andesite.
Abuntlant feklspathic renoliths.

16719 toC: UAHTANOA VALLET (IAVA FIoS)

Strongly porphyritic, TYPE 1 aeid andesite.
Gabbroic nodules.

16721 LoC: UAHTANoA VAttEY (IAVA FtOhI)

Strongly porphyritic, TYPE , acid andesite.
Olivine phenocrysts antl abundant gabbroic
nodules to 4mn.

T20
Nl22

r20
N122

/ y0 0gl
/ o97 645

/ 145 09t
/ o97 543

/ ltt 086
/ 060 5t6

/ 1le oaa
/ oe9 azz

/ n> aat
/ oe6 621

/ Ta ooz
/ o55 611

/ tta oas
/ 061 615

/ Yt oee
/ o78 624

T20
N122

T20
N122

T20
N122

vul{ 14857 LoC: SoUTH RUAPEHU (r'lVl

Porphyritic, IYPE 1 acid andesite

WW 14866 L0C: SoUTH RUAPEHU (tAVl

Porphyritic, TYPE 5 acid andesite'

FroI{)

(npua).

FLOW)

T20
N122

T20
Nl22

T20
Nl22

wv 16722 LoC: WAHTANoA VALTEY (LAVA II0IJ)

Porphyritic, ffPE 4 acid andesite.
Abundant gabbroic nodules,



==a--==8===================t===========-==============================-=-===:=

t====E==========-==================g====-========g=================ttE=========

wI{

FIELD

14855

Ll0

52 .08
0.66

15.53
2.69
6.32
0.16
8.71.
9.60
2.58
0 .58
0.09
0.75

148s9

L2L

53.14
0.68

L7 .05
3.27
5.60
0 .13
6.66
8.79
2.77
0.68
0.10
0.88

14860

L22

53.42
0.68

L6.92
2.55
6.00
0.14
6,92
9.05
2.88
o.67
0.09
o.44

14858

L20

53.44
0.69

15.96
2.82
5.84
0 .12
6.65
8.85
2.83
0.68
0.r.0
0.79

L4822

E7

52.95
0.68

16.84
2.95
5.30
0.13
6.99
8.77
2.67
0.65
0 .10
L.72

14850

L6

55.40
0.77

17.35
2.30
5.50
0.12
4.99
8.09
2.92
1.11
0 .12
1.09

L48L2

E3

57 .13
0 .66

15.51
2.70
4.84
0.16
5 .91
8.07
2 .83
1.20
0 .10
0.65

14883 14811

N3 E2

57.09 57 .4L
0.68 0 .6s

15.38 15.36
L.62 z.ZL
5.30 5.01
0.11 0.17
6.93 6.07
7.48 8.15
2.70 2.87
1.39 1.20
0.1r. 0.1-0
0.96 0.56

slo,
Tlo:
A1?61

x:e';
UnO

Mgo
CaO
Na?o
Kr6

la?'

Total* 1,00.03 99.76 99 .80 100,47 100.53 100.04 99.91 100.06 100.62

Ba
Ce
Cr
Cu
Ga
La
Mn
Nb
Ni
Pb
Rb
Sc
Sr
Th
Ti
U

v
Y
Zn
Zr

185
L2

380
77
16

6
t277

<2
L42

2
11
35

20L
<2

4286
<2

25L
18
85
50

237

22;
<2

<2
267

20
86
60

220

1-44
61
a:

<2
61

5
L7

2L6
3

<2
263

20
86
56

237
L4

140
49
18
L1

LzL2
2

51
3

18
32

2L9
<2

4L59
<2

258
20
83
58

404
2L

225
48
20
13

1 165
4

82
7

16
30

227
4

4499
<2

236
2L
83
77

313
20

L32
54
19

8
1001

2
49
I

34
26

251
4

4298
<2

2L6
2l
74
84

298

2L5
59
19

1028
4

72
8

39
26

336
4

4203
<2

209
2L
77
93

331
26

286
34
18
L4

927
4

110
8

54
26

250
7

4318
<2

189
19
68

114

294

23L
60
L7

1052
3

73
7

40
25

334
5

4LLz
<2

207
20
73
90

L2;
50
t:

3

57
3

L7

Mg*
K/Rb

Rb/sr
I

68
445

0.054 0.076 0.079 0.081
.70490 .70503 .70505 .70507

63 68
253 zLL

0.070 0.136 0.117 0.2r7 0.L19
.7oso3 .70529 .70495 .70532 .70502

62 64
334 327

63 65 58
315 342 270

6s
250

===============================================================================
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================ ======= ==== == ===== == = = ==============E====================

IIANGAI{HERO FORIUATION I,AVAS
=========E=====E=== =========== = ==== == ========= === = ============== ===== === =

VUW 14855 LOC: EAST SIDE UNNAI,IED STREAM ABOVE FATLS
(stnnplr-Drpprrc IAVA Fror{)

Light-grey TYPE 1 basatt.
Olivine and augite phenocrysts to lrnm +

ninor orthopyrorene phenocrysts (UpUl).

WI{ 14859 lOC: BLUFF SOUTH OI' TAI{A IrIBR LAVA I'IEID
(rAvA Frotr)

Porphyritic TYPE 1 basic andesite.
Olivine and jacketted orthopyroxene phenocrysts +
internally sieved plagioelase to 1nm.

WW 14860 LOC: BLUFF SOUTH OF TAMA I'[BR IAVA FIELD

T20
Nl 12

r20
Nl 't2

165
715

/ llo
/ oet

(slm r,AvA pr,oll As 14e59) ntre
Porphyritie TIPE 1 basic andesite. O1ivine +
clinopyroxene phenocr?sts +

plagioclase-pyroxene glonerocrysts to 7nm.

VUII 14858 lOC: BIUFF SOUTH OF IAI,IA MBR IAVA I'IELD T2O(uvl Flort Burorr 14859 ) nr I z
Porphyritic TYPE 1 basic and.esite. O1i.vine +

clinopyroxene phenocrysts +

plagioclase-pyroxene glomerocrysts to 5nn.

vtJtr 14822 t0c: pINNACIE RIDGE (IAVA FIOU) I2O
(uttconronuABty ovERrrES TE HERENGA trm.) rttz

Porphyritic TfPE 1 basie andesite.
Olivine phenocrysts.

VUW 14850 LOC: NORTH RUAPEHU (LAVN FLoW)

Porphyritic TYPE I basic anctesite (UpUl).
ilinor plagioclase-pyroxene glonerocrysts to 4nn.

vui{ 14812 L0c: NoRTH RUAPEHU (tAVl FtOy)
(umnnlrns 1481, )

Porphyritic TYPE 4 aeicl andesite.
Abundant plagioclase-pyxoxene glornerocrysts to Jrn.

VUW 1488' LOC: MANGATURUTURU VA],IEY (i,AVI rtOW)

Porphyritic TIPE J acid andesite.
Olivine phenocrysts.

T20

T20
N1 22

176
690

/ Jl> ve
/ oet tts

/ tl> 158
/ o83 715

/ r> tza
/ oal rs

/ lzt 154
/ o59 721

/Ye
/ o99

/ lzt
/orc

/ 274 1O1

/ o17 650

/ J27 170
/ otg ttg

rr2a

Nl22
169
718

s20
N122

14811 t0c: NoRTH RUAPEHU (UVA rrcl{)
(umgnT,rns 14812)

Porphyritic TYPE 4 acid andesite.
Abundant plagioclase-pyroxene glonerocrysts.

T20
Nl 22



========= == ==== == ======3==t=== ====== === =---= = ====== 
4= === = === === === ===== ===

vuw L4844 14846 14880 14884 L4871 14879

FIELD Ml7 N4 M8, M16

==========================E========= 
-===-====-=======E=1=-.=-=====t==t===

L3L1

sio,
Tro;
11zbl
i!6ou
!,1n0

Mgo
CaO
Na?o
Kod

ia?'

57 .86
0.68

L7 .42
1.84
5.12
0.09
4.L4
6.95
3 .17
1.19
0.09
1.20

58 .13
0.58

13 .51
2.9L
3.79
0.10
8.38
7.06
2 .90
1.45
0 .11
0.82

58.35
0.68

15.02
1.88
4.72
0.09
6.65
6.99
2.94
r-.s9
0.13
0.71

58.50
0.63

14.09
1.82
4.59
0.12
7 .87
6.89
2.75
1.55
0 .12
o,72

58.70
0 .63

14.19
r..55
4.89
0.10
7 ,37
6.78
2.79
1.56
0.13
1.05

57.03
0.69

17 .01
1 .80
5.L7
0 .10
4.62
7 .44
3.04
1 .19
0 .10
1.56

Total* 100.38 gg .76 gg '64 lOO '56 99 '55 99 '7O

Ba
Ce
Cr
Cu
Ga
La
Mn
Nb
N1
Pb
Rb
Sc
Sr
Th
Tt
U

v
t
Zn
Zx

310
23
92
56
18
13

950
2

35
8

37
25

250
3

3841
<2

195
20
74
93

459
24
59
68
19
13

850
3

37
7

38
25

237
3

3794
<2

186
23
87
94

281
34

491
70
15
2L

967
4

L29
6

49
28

290
6

3484
<2

168
L7
73

110

342
25

325
35
t7
11

851.
6

101
I

66
22

232
6

4055
2.0
L7t

19
62

L29

327
27

426
82
L7
L7

904
3

r32
L2
59
26

283
6

3840
<2

r73
19
66

117

327

379
32
t:

6
111

9

60

282
8

<2
169

19
7L

L27

!19*
K/Rb

Rb/Sr
I

0 .147
.70554

0.159
.70s78

73
246

0 .169
.70482

59
198

o.287
.70524

73
220

o.206
.70481

0.21.3
.70484

59
269

56
262

7L
2L6

=====================================================-====4==============
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I{ANCAI{HERO FORMATION TAVAS
=================================================== ==========E===========

wl{ 14844 Loc: NoRTH RUApE}rU (UVl lrotl)

Porphyritic TYPE I aeid andesite.
Abundant plagioclase / clinopyroxene glonerocrysts
to 2mn + ninor 2-pyroxene renoliths.

14845 L0c: NoRTH RUAPTX{U (UtVl, IrcLr)

Porphyritic TYPE 1 acid andesite. Olivine
phenocrysts + pyroxene glonerocrysts to Jnn +
ninor jacketted orthopyroxene + spinel-rich xenoliths.

14880 L0C: NW SIDE GIRDIESTOI{E PEAK
(pluc-r,rrg BoDy)

TYPE 6 acid andesite. Olivine, jacketed pyroxene,
fritted plagioclase phenocrysts + dunite
nodules to Jom with orthopyroxene coronas (npUl).

vuy 14884 tOc: IIANGATURUTURU VAtrEy (r,lvl FtoI{)

Porphyritic TYPE 1 acid andesite.

VUII 14871 L0C: SADDIE BETI{EEN GIRDLESTONE pk. AND
RUAPEHU SU}TIIIIT (UVI FLOI{)

TIPE 5 acid andesite. 0livine, jaeketed pyroxene
phenocrysts + ninor dunite nodules to 6mn +
olivine xenocrysts with orthopyroxene coronas.

r20
Nl22

/yovq
/ o97 688

/ 545 174
/ o97 688

/ yq oeg
/ os7 617

/ 275 1O2
/ ote s>o

r20 / 711 094
N122 / O52 542

/ 111 094
/ osz o+z

T20
N122

r20
N122

s20
N122

VUW 14879 LOC: SADDLE BETTIEEN GIRDLESTONE pk. AND T2O
RUAPEHU SUUMTT (VBnrrcar, BREccrA DYKE) N122

TYPE 5 acid andesite. Olivine, jacketed pyroxene,
fritted plagioclase phenocrysts +
plagioclase-pyroxene glonerocrysts .



=========================-===============================================

vuw 14882 14886 14885 14889 L4829 14813

FIELD

-======== ==========================-===-=-===============================

J1N8N5N2 E4

sio,
T10;

i*:a
llnO
Mgo
CaO
Na?o
K"6

il?'

59.32
o.75

15.39
1.41
4.90
0.07
5.76
6.56
2.86
L.73
0 .14
0.86

61.02
0.78

16 .66
L.64
4.30
0.07
3 .19
s.84
3,47
r. .95
0 .17
0.66

51.80
0.79

16.39
1.03
4.79
0.07
3 .14
5.80
3.25
2.O4
o.L7
0.49

63.t4 t

0.80
L6.62
1.48
3.7L
0.06
2.23
4.gz t1

3.3s
.?:73
0.20
0.61

63.34
0.84

15.31
2.05
3 .19
0.04
3.11
4.74
3.O2
3.01
0 .15
o.97

63.46
0.81

15.89
1.43
3.67
0 .12
2 .50
4.64
3.31
2.83
0.14
0 .94

Total* 99.38 100.26 99.23 99.44 100 .19 99.97

Ba
Ce
Cr
Cu
Ga
La
lln
Nb
Ni
Pb
Rb
Sc
Sr
Th
Tt
U

v
Y
zh
Zx

388
20

240
29
16
11

815
5

81
10
73
22

222
7

47L8
<2

L76
19
63

L42

418
36
5t
37
20
19

753
7

26
L4
81
L9

2s3
9

4726
<2

t62
26
69

158

410
30
65
34
19
L7

746
5

25
13
84
18

256
9

4606
2.O
161

27
69

161

527
43
31
27
18
20

62L
8

20

)4_ _-120 
!

13
260

11
4363
2.5
lr5

25
55

201

535
34

113
44
19
2L

590
6

48
t7

L32
18

2L5
13

4636
4.1
151

24
54

226

530
40
69
46
20
18

623
4

32
17

115
16

228
L2

4607
3.0
136

2L
60

199

Mg*
r/nt

nb/sr
I

0 .328
.70534

54
199

0.321
.70554

0.330
.70552

o.464
.7057 4

0.615
.70545

0.506
.70583

48
188

54
20r

56
189

66
L97

52
204

======== ======= ======= -=== == == == ========= == == === == == == == === ====== ========
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IHNCAW}MRO FOruIATION ],AVAS
====-==E======-==============E=====E===================== ============= = ==

wr{ 14882 Loc: !{ANGATURUTURU VALtEy (UVl Ftol{)

Porahyritic TIPE I acid andesite.

wll 14886 toc: I{Ar{GAtURUTURU VAttEy (UVl rtol{)

Porphyritic ITPE 1 acitl andegite.
llinor tro-pyroxene xenoliths.

vurd 14885 I,oc: !{ANGATURUTURU VAttEy (UV,l FLOhr)

Porphyritie TI?E 1 aeicl andesite.
Pyroxenite nodules to 4nn.

vuhl 14889 Loc: IIANGATURUTURU VAIIEY (r,lV.l FIo$)

Porphyritic fIPE 1 dacite.

Wg 14829 LOC: RIDGE CREST S0IIIH OF UHAKRpAPATTTI
STREAII (UVe FtOLr)

Porphyriti-o TYPE J dacite.
Quartzose renoliths (rypn QXa) to 4cn.

VUW 1481] ],OC: NORTH RUAPEHU (i,NVA PIOW)

Porphyritie TTPE 1 dacite. Abundant plagioclase +
pyroxene glonerocrysts to 4nn (npu.l - 149,l4).

szo / 274 1O1

N122 / O17 649

s20 / 275 101
N122 / 018 651

szo / 275 1O2
N122 / O1S 550

szo / 277 1O5
N122 / 016 653

szo / 277 1r9
N122 / 020 588

T20 / 125 156
N122 / 076 715



E========='=='-=================-======E========================-====-====t===

vuw L4785 L4784 L4782

FIELD 86 85 83

14781 14801 L4828 14804 14839 L7886

E8 G4 K1G N112A

========= =========================!=-==========E===========================-===

G182

sro,
Tr0;
tlz6s
ilao'
!{nO
Mgo
CaO
Naro
Kr6

la?'

56.76
o.67

16.81
r.68
5.51
0.12
4.95
7 .69
3 .31
L.37
0 .12
o.77

57 .20
0.68

L6.77
2.L2
5.06
0.11
4.90
7 .67
3.15
1.35
0.13
0.62

59.28
o,72

L7.O2
2.03
4.75
0 .16
3.29
6.54
3.23
L.73
0.11
0,89

59.20
0.86

17.06
2.22
4.39
0.13
3.05
6.L4
3.41
1.84
0.13
L.32

59.72
0.73

16.60
1.37
4.93
0.09
3.78
6.46
3.26
1 .81
0 .17
0.83

s8.25 58.59
0.67 0.67

16.86 16.80
L.76 l-.69
4.95 4.94
0.11 0.10
4.38 4.4r
6.93 6.91
3.54 3.39
1.60 1.56
0.13 0.14
0.58 0.55

63.51 65.92
0.78 0.62

15.16 15.46
1.41 0.21
3.63 3.65
0.06 0.05
2.92 2.2L
4.9L 4.08
3.24 3,27
3 .00 2.92
0.16 0.12
0.99 L.23

Total* 100.48 99.82 100.04 100.29 100.50 100.53 100.19 99 .57 99.01

Ba
Ce
Cr
Cu
Ga
La
Mn
Nb
Ni
Pb
Rb
Sc
Sr
Th
Ti
u
v
Y
Zn
Zr

343
22
74
47
19
L2

925
<2
40
I

51
22

299
5

4051
<2

L92
18
72
98

334
27
76
61
18
15

938
3

42
L0
50
24

299
6

4057
<2

196
20
73
97

87;
3

35
L2
60
20

285
6

3882
<2

L77
20
7L

LL7

367

75
56
19

878
2

32
1-3

59
19

280
5

4015
<2

L77
20
72

116

374

88;
6

L4
13
69
19

248
5

4L70
<2

170
23
75

L26

442

L7
47
20

855
5

22
L2
65
19

270
7

5235
2,3
193

25
77

151

4r3
33
53
22
19
T7

803
6

24
t5
73
19

293
10

4180
2.3
L64
23
67

139

514
42
97
29
19
22

576
6

33
18

137
r4

2L5
L4

4373
3.7
L32

26
55

2L3

502
37
50
49
18
zl

499
6

22
20

t22
11

207
l1

2903
2.4

93
25
40

L76

358

69
44
ZL

30
23
20

Mg*
K/Rb

Rb/sr
I

60 60
224 223

0.170 0.168
.70524 ,7A523

58 59
220 2L9

0.211 0.21.1
.70536 .70530

50 56
234 206

o.24L O.248
. .70584

56 55
L82 199

0.635 0.587
.70542 .7062

51
207

0.280
.70585

================== =============================================================
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============= ============== ==== ==========-==== == ====== == == ===== == ======= =
I{HAKAPAPA I'ORIIIATION TAVAS

============= ============== === = ==== ==== ==== === ==== == == ============= ======

1478, L,OC: ROAD [0 Ii'IEADS WAIL ROPE TOhI

(uvl Flot.l ABovE 14?84)
Porphyritic TYPE 1 acitl andesite.
Clinopyroxene / pyroxene-plagioclase
glonerocrysts to 3nrn.

14784 L0C: ROAD T0 IIIEADS TAII ROPE T0If
(mvl Frou Bgror{ 14?85)

Porphyritic TYPE 1 acitl andesite.
Clinopyro xene / pyroxene-plagioclase
glonerocrysts to 1nn.

VUhI 14?82 ],OC: I'II{AKAPAPAIITI TAAIIHEAD (UVI FLOT{)

T20
N112

/ ltt tr4
/oyrca

/ tog t>z
/ o55 709

/ 295 181

/ o3B 717

/ 294
/ o19

/ lot o54
/ oso ato

/ zgg gaz

/ o54 485

/ 261 172
/ ooz rca

/ ts tat
/ 106 719

T20
N1 12

s20
Nl12

WTT

vuhr

Porphyritic TYPE 1 acitl andesite.
abundant pyroxene / pyroxene-plagioclase
glonerocrysts to lnm.

14781 LOC: QUARRI NEAR ROAD T0 I{HAKAPAPA
SKTFTELD (LOWsSr LAVA Ftor)

Porphyritic TYPE 1 acid andesite.
abundant pyroxene / pyroxene-plagioclase
glonerocrysts to 2nn.

'l48ol LoC: SOUTH RUAPEHU (UVl FIOW NEAR

VENT OF RANGATAUA }IS,IBER)
Porphyritic TYPE 1 acid andesite.

s20
N1 12

174
710

T20
N122

N112 / O11 7e7

w}J 14804 LOC: KARrOr (nanClrlUA MEI{BER IAVA FLOW) SZO

N122
Strongly porphyritic TIPE 1 acid andesite.
Abundant pyroxene-plagioclase glonerocrysts to Jnn.

vu}l 14828 LOC: TAWHAT FALI,S (UVA rtoli)

Nearly aphyric TTPE 1 acid andesite.

VUI,I 14819 LOC: WHAKAPAPAITI SUSPENSION BRIDCE
(TucT, GLASSY AUTOBRECcIATED I,AVA

Finely porphyritic TYPE I clacite'

vu}I 'l?885 Loc: N0RTH RUAPEHU (tn' r'lOlr SLOCK)

llicroperlitic TYPE 1 clacite. Abundant quartzose
renoliths (rvpn QXa) to zcn (wul, - 1?887).

s20
Frohl) N112

T20
N'|12



a--r!t--rt-rtt--t-r-trtr

vttrf 14815 14816 14817

FIELD f,4A TI5 H6

14809 L4798

H4 F4

14795 2447L

Fl 2447L

L4825 14848 14826

u7-1 E7 fl7-2

I.rr-----t-!!-.l-lr-t!!-t

s10.
T10;

1126r

ISot
llnO
ugo
Ca0
NarO
Krd

ft?'

54.36 55.50
0.54 0.56

14 .75 rs.04
1.99 2.78
5 .58 5 .O7
0.11 o.tl
8.82 7.Is
8.74 9.48
2.00 2.22
0.38 0.61
0.07 0.08
2,42 1.14

55.93 s6.98
0.59 0.50

15.28 L3.75
2.99 1.41
4.90 5.74
0.19 0.16
5.18 5.72
8.57 9.O7
2.23 2.7L
0.68 0.78
0 .07 0 ,12
2.L2 0.70

56.60 56.72
0.53 0.54

14.45 14.85
2.10 2.74
6.05 5.2r
0.19 0.19
7 .05 6.49
9.02 8.98
2.31 2.47
0.66 0.69
0.07 0.06
0.73 0.8r

57.08 56.34
0.59 0.71

14.72 L4.72
1.73 r.21
5.74 5.70
0.14 0.09
6.88 8.01
9.28 7 .23
2.49 2.92
0.87 r.36
0.09 0.r3
0 .14 L .32

56.64 s6.99
0.69 0.68

14.20 14.40
t.67 L.23
5.50 5.73
o.r5 0.12
8.58 8.80
7.2L 7 ,21
2.73 2.64
L.44 1.38
0. ll 0. 12
0.83 0.45

Totalr 99.36 99.46 100.65 100.71 100.09 100.36 99.48 99.70 100.40 99.46

Ba
Ce
Cr
Cu
Ga
La
Hn
Nb
N1
Pb
Rb
Sc
Sr
th
Tt
U

v
Y
Zn
Zr

L28
t3

342
80
18
11

229

100;
4

22
2

20
24

501
3

3706
<2

L99
18
51
69

140

265
102

18

I 135
3

49
5

16
31

346
3

3277
2.O
224

L7
74
62

t44
15

r92
89
t6

5

I121
3

39
6

l6
29

390
3

3447
<2

226
l5
76
65

214
30

276
97
LT

tl
I 119

4
38

4
30
32

640
5

3720
<2

201
l5
78
90

344

494
93
t:

355
29

507
96
16
15

940
5

237
8

49
2r

277
6

4437
2.2
18r
t8
7L

115

320

572
79

6
2L4

I
54

283
6

<2
t82

2L
68

LL2

148
64
16

L77 183

234 195
64 59
15 L7

3
88

2
8

569
3

<2

190
13
61
52

LO74
2

39
6

14
30

463
2

3742
<2

226
I7
72
60

r07;
2

34
7

16
27

46'l
3

3693
<2

2L5
20
73
68

i
171

L2
56

284
8

<2
186

2L
68

119

Mg*
K/Rb

72 67
4L7 353

63
359

0.034
.7042L

63 65
333 335

0.039 0.o47
.70420 .70438

64 66 7L
351 243 20L

73
2L2

72
246

0.042 0.o47 0.198 0.176 0.192
.7 0436 :l|tttto .7 047I .70480 .70483

nb/sr 0.013 0.031
r .70419 .70424

L

!-======t-=ltltra=====



_245_

LAVAS OF NEARBY VENTS

VULI 14815 LOC: RAIIWAY CUTTING 200n NE 0F St.H/w.4
ovERpAss (nnua) (rlocr FRou rArus)

Intergranular TYPE 5 basic andesite. Clinopyroxene
glomerocrysts to 4rnn, minor zeolite in groundmass.

VUI{ 14815 LOC: IIEAR SUMI'TIT HAUHUNCATAHI (NNi,OT+

LAVA FLoI{ 14809 )
fntergranular TYPE 5 basic andesite. Clinopyroxene
glonerocrysts to }nm + olivine phenocrysts (npMA).

VUW 1 4817 l'OC: SUI'{I,IIT HAU}IUNGATAHI

Intergranular TYPE 5 acid andesite.
Sinilar to 14815

WI{ 14809 LOC: PEAK T0 SE 0F HAUHUNGATAHI
(uva rmil)

Intergranular TYPE 5 aeid andesite.
Similar to 1 481 6

Vt]i{ 14798 LOC: 0UTTINC 0N I00P ROAD 0F OHAKUNE

LAKES SCENTC RESERVE (rVnOCUSrrC)
Hyalopilitie TIPE 5 acid andesite. Olivine
phenocrysts + pyroxene-olivine glonerocrysts
to 4mm (urul).

wrl 14795 LOC: QUAXRY NEAR RAITWAY YARDS OHAKUNE
(lnttsn, uNoxrDrsuD BtocK)

Pilotaxitic TYPE 5 acid andesite. Olivine
phenocrysts + pyroxene-olivine glomerocrysts

s20 / 165
N'r1 1 / AgA

szo / 212 165
N111 / 9+t Te

s2o / 211 166
N111 / 947 719

szo / 212 165
Nlr1 / gqe tte

s20 / 149 919
N1 21 / 887 468

s20
N1 21

155
706

/ 175 976
/ gts >tt

to 4stn.

FLo}i) T19
N1 12

/ 360 245
/ toe eto

vlry 24471 LOC: SUI'TMIT O3 PUKEKAIKIORE (I,IVI

Porphyritic TYPE 5 acid andesite.
Olivine phenocrysts.

VULI 14825 LOC: CUTTING 0N St.H/v.47
(purnon.qxE tAvA Flolt)

Porphyritic TYPE 6 acid andesite. Similar to 14848.

UU 14848 LOC: MAHUIA RAPIDS NEAR St.H/y.47
(puxeoNlrE LAVA rtotl)

Porphyritic TIPE 5 acid antleslte. Large forsteritic
olivine xenocrysts + rare dunite nodules to 5mn +

jacketed pyroxene phenocrysts (EPI{A).

WW 14826 LOC: CUTTING 0N St.H/w.47
(puxsowmE rAVA Frotrt)

Porphyritic TYPE 5 acid anilesite. Similar to 14a25.

r19 / 308
N112 / O49

s19 / 268
N112 / OO7

s19 / 297 7a1
N112 / or8 B7o

124
895

255
819



-246-

The following trelve Ngaunrhoe 1954 ].gva sanples rere collected fron

different flows erupted on different days. All are TYPE 1 basic andesites

rith jackettetl olivine phenocrysts and abundant xenoriths (nainly

vitrified and quartz-rich types; c.f. Chapter 5). sanple localities are

given in Fie.4.2 and the analyses are ordered tenporally:

DATEVt[t, YARD METRIC

29240

29242

29243

29249

29250

29239

2924L

29245

29248

2924/4

29247

29246

Jtrs 4 1954

JLhtE 30 1.954

Jtlw 30 1954

JthtE 30 1954

JUG 30 19s4

JILY 14 1954

J|LY 14 1954

JILY 14 1954

JrLy 14 1954

JI,LY 29 1954

Atrit6T 18 1954

SEPIEMBER 16 1954

NLrz / L19 820

NLL? / 116 817

NLL? / 115 816

NLL2 / 106 818

NLtz / 103 8L8

NLL? / t20 82L

NLL? / 116 818

NtLz / 114 813

NLL? / 10e 812

N112 / r.1_5 814

NLt? / 109 812

NLL? / LL4 8r2

TLg / 370 253

TLg / 367 251

TLg / 366 2s0

TLg I 358 252

TLg / 3s5 252

Tls / 37r 2V

Tl9 / 367 252

Tr9 / 365 247

TLg / 361 24!6

T79 I 366 24tB

TLg / 361 24S

Ttg / 365 246



'=========-============================-=================g=======B=======

vuw 29240 29242 29250 29239

NC-l! NC-12
FIELD NC-2 NC-4

====-========E====================-=-=======4==========-'=============4==

sto,
Tlo;
llzdg
lbot
lin0
ugo
CaO
Na"o
K'-o

li?'

Total* 100.77 gg .66 99 '66 100 '50 100 '46 98 '62

208
z5
99
39
20
16

LzL6
5

27
1.0

37
28

243
4

4443
0.9
225

22
92
93

29243 29249

NC-5 NC-l

55.58
0.74

16.55
3.29
s.27
0.15
5.2L
8.27
3.L2
1 .14
0.17
0.28

55.95
0.75

L6.29
2.63
6.O2
0.15
5.L2
8.42
3.03
t.r2
0 .17
0.09

55.78
o.75

16.40
2.L3
6.51
0 .15
5.1.5
8.32
3.15
1.L8
0 .16
0.06

55.76
a.75

L6.46
2.87
5.61-
0.15
5.26
8.25
3.10
1.15
0.16
o,24

55.82
0 .75

16.51
2.35
6.10
0 .15
5.20
8.25
3 .12
1.r.3
0.17
0.19

55.84
o.77

L6.74
L.72
6 .58
0 .15
5.22
8,27
3.04
1..19
0 .15
0.05

Ba
Ce
Cr
Cu
Ga
La
ltn
Nb
Nt
Pb
Rb
Sc
Sr
Th
T1
U

v
Y
Zn
Zr

2L7
28

109
38
18
15

L226
5

28
8

37
29

245
3

4609
0.0
218

24
88
94

207
24

L04
43
19
10

1 199
5

30
6

37
28

250
3

442L
0.5
222

?4
90
93

209
24

103
t+L

18
11

I 186
5

30
6

37
28

25L
4

4385
0.9
220

24
88
94

22L
24
93
39
1.9

1L
1183

3

28
8

38
29

246
4

4588
2,O
224

23
89
96

208
29
89
41
zo
10

1 154
2

28
8

37
26

249
4

4342
0.8
2L3

24
89
95

Mg*
K/Rb

Rb/Sr
I

57
2s3

0.1.53

56
250

0.149

56
267

0 .146

57
255

0.148
.70551

57
266

0.154

57
249

0.156



_247_

== === = = == ==== ======== === == == =========== =-============= ======= == == ======= =

vul{

FIELD

29241

NC-7

56.O9
o.74

15.49
,.o2
5.49
0.15
5.O2
8.24
1.ot
1 .15
0.17
o.17

29245

I[C-7

55.92
o.74

15.55
2.41
6.O7
0.15
5.09
B.2t
1.11
1 .17
0.16
0.15

29248

NC-1 0

56.O4
o.74

16,59
2.O1
6.43
0.1 5
5.13
8.29
3.O9
1 .11
0.16
0.02

29244

NC-6

55.O9
o.75

16.55
2.06
6.54
o.15
5.06
8.24
7.12
1 .12
0.15
0.11

29247

NC-g

56.18
o.74

15.41
2.17
6.29
o.15
5.O8
8.25
1.O7
1.16
0.17
0.08

29246

55.O7
o.74

16.45
2.42
5.97
0.1 5
5.19
8.25
5.11
1 .12
0.15
o.15

NC-B

======= ================ ================================E============ == ===

si0^
TiO;

izazz
ItIn0
l,Ig0
Ca0
Naro
Kr6

ii?'

Total* 10r.14 100.51 1 00.79 140.27 1 00.59 1 00.81

Ba
4€-
Cr
Cu
Ga
Ia
Mn

+Ib
Ni
Pb
Rb
Sn

Sr
-+b-
-Ti

-U
v

Y
Zn
Zr

213
25

109
78
18
11

1191
4

28
n
I

<R

29
248

4
4125
o.5
218
24
BB

91

221
25
94
40
20
16

1174
6

27
I

t9
27

245
5

4474
1.0
220

22
87
94

201
25

96
42
20

9
1 187

1
7o

7
38
2A

251
tr

4442
1.0
222
2t
91

96

225
24
95
42
19
13

1141
5

27
8

t8
2Q

244
3

4581
0.5
216
24
87
94

219
24

103
40
18
14

1182
7

17
I

78
?n

24'
5

4509
0,9
221
24
91

95

21t
24

104
44
IY
10

117 4
4

28
tv
19
29

250
6

4474
2.O
222

21
89
98

Mg*
K/Rb

Rb/Sr
I

55
253

o.157

57
211

o.157

57
242

o.151

56
246

o..155

)o
251

0.1 56

57
2t9

o.156

=== ===== ======== === ================ == === ====================== = ==========



================-===============E==========================================:==

vuw 22"996 Z2gg7 22gg3 22gg4 
"'.rr, 

22ggL 22998 11965 L7439

FIELD K-T AT 0-K BL TAR ROTO ONG R-C WArlt

sr0?
Tio:
!'16t
i3o'
UnO
Mgo
CaO
Na2O
Krd

li?'

48.92 49.46
o.97 1.15

L7 .20 L7 .23
LO.42 11 .18
0.00 0.00
0.15 0.17
6 .97 5 .81

L2.O7 10.81
2.20 2.95
0.33 0.63
0.11 0.L5
0.40 0.21

50 . r.1

1.31
16 .88
10.67
0.00
0. L8
6.24

r.0 .57
3.08
0.40
0.21
0.10

50.00
L .10

17.11
r.0.56
0.00
0.18
5.81

10.51
2.68
0.50
0 .14
1.16

50 .63
0.83

L7 .L7
LO.42
0.00
0.17
6.L7

11.34
2.L2
0.55
0 .10
0.25

51..98
0 .78

L7 .35
9.36
0.00
0 .17
5.86

11 .1.6

2.26
o.72
0.08
0.04

50 .15
1.08

1.5.58
r0.06
0.00
0.18
9.27

10.32
2.49
0.54
o.24

-0.17

52.45 52.26
o.73 0.47

L5.29 L2.70
9.92 1.95
0.00 6 .59
0.17 0.16
7.67 13.17

10.29 9.61
2,4L L.64
o.57 0.43
0.08 0.05
0 .08 0 .70

Total* 99.30 100.03 99 .7 6 100 .86 100 .86 100 .06 99.15 98.79 99.60

Ba
Ce
Cr
Cu
Ga
La
ltn
Nb
Ni
Pb
Rb
Sc
Sr
Th
T1
U

v
Y
Za
Zx

94
L7

L20
33
18
I

1395
<2
39

3
I

39
344

2

6244
<z

244
20
76
56

L29
18
44
47
18

6
1509

<2
29

4
L4
37

348
3

7L44
<2

252
25
84
84

;
r4

4
15
40

318
2

<2
256

19
94
82

:
70
39
t:

<2
30

3
19
33

359
3

<2
237

19
82
83

34
550

53
20
16

5
160

<2
10
33

330
2

<2
220

25
83

L25

137
L2

281
73
15

6
L373

<2
63

2
zo
36

278
2

4494
<2

27L
2L
84
68

L22
11

1037
85
13

5

<2
341

3
15

342
3

<2
226

13
76
48

171 145
19 27
66 37
32 42
z0 19
413

1,559 1505
<24
23 33
32

148
38 3L

370 347
2<2

7883 9199
<2 <2

315 286
28 30
9s 90

LO? L47

L7
55
25
18

7

Mg*
K/Rb

Rb/sr
I

55
375

58
442

58
311

0.047

59
3L2

0.054

68
469

0.029

51
373

56
304

64 77
287 242

0.070 0.044
.70462 .7045s

.o22 0.038 0.022
.70442 .70446 .70392

0.041
.7044L

===========-=============== ================================================== ==
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============================================ =======-=====================
BASALTS OF THE TAIIPO VOICANIC ZONE

-===-=============== -======== E=================== ======= = = == =============

WV 22996 L0C: K-TRIG PUNATEKAHI TAUPO
(uvl Ftou)

Porphyritic, vesicular high-alunina basalt.
Plagioclase + augite phenocrysts; olivine
replaced (nrul).

WV 22997 LOC: JOHNSON'S ROAD NEAR ATIAI,IURI
(uvl Ftou)

Porphyritic, ves5-cu1ar high-alunina basalt.
Finer-grained but sinilar to 22996.

WV 22991 lOC: TATUA ORAKEI KORAKO
(uva Frolr)

Intergranular, highly vesicular high-alunina basalt.
Olivine phenocrysts, augite renocrysts (UpUA).

'ww zzgg4 LOC: BEN tor{oND RoaD TAltpo
(uvl Ftoit)

Porphyritic, vesicular high-alunina basalt.
Olivine replaced. Similar to 22996.

WW 21717 LOC: SOUTH OF RUATAHIA TARAWEM (DYKE)

Nearly aphyric higb-alunina basalt.
Plagioclase nicrophenocrysts' rare xenocrysts.

VUll 22991 LOC: ROTOKAWAU IAI(E R0TOAruA

Porphyritic, vesicular high-alunina basalt.
Similar to 22997.

./vuw 22998 LOC: WATT'S QUARRY ONGAROTO

Intergranular lon-alunina basalt. Olivine phenocrysts
chrorni.an spinel inclusions (npUl).

VUW 11965 L0C: RED CRATER TONGARIRO

Porphyritic low-alunina basalt. Olivine + augite
+ labradorite phenocrysts, plagioclase + pyroxene
glonerocrysts in black hyalopilitic natrix (gp}'IA).

r' VUtl 17419 LOC: WAIMRINO RIVER SE TAUPO

Olivine quartz tholeiite. Sorsteritic olivine
with chronian spinel inclusions in hyalopilitie
matrix of bytonnite + hypersthene + augite (npUl).

u18 / 777 784
N94 / 504 412

u16 / 824 185
N85 / 586 854

v17 / 795 949
N94 / 552 594

r17 / 667 871
N91 / 425 505

y16 / 17O
N77 / 967

v16/-
N76/-

244
928

r17 / 663 079
N84 / 414 712

Tlq
N112

272
841

/nn/ t+e

/ 644
/ +t+

T1g
N1 12

382
969
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42.5t XENOIITHS

HOST - host lavas a?e given in Appendix2.2 or in Hackett (tggf).

TI{' l{AH' }IANG etc. indicates inclusion in unnamed lavas fron

Ruapehu (abbreviations are those given in Table 4.1).

Ft0AT - xenolith not clerivetl from outcrop lava (ineludes those collected

fron Jwikau Menber pyroclasti_cs).

xenolith glze is given in brackets af,ter general descripti.on,

Classification and orcler of presentation is that fol-lored in Chapter !.



vuI{

FIELD

L7 452

FXT-1

58.00
0.68

L5.46
5 .9s
0.00
0.19
2.11

10.13
2.39
2.38
0.18
2.30

u898

240r.3b

69.60
0.56

L4.78
4,7L
0.00
0.05
1.58
0.27
3.75
L.74
0 .14
2.56

L7897

24OL3a

70.44
o.42

11.93
4 .15
0.00
0 .07
L.32
3 .16
3.00
L.42
0.08
3.76

17429 L7428

Nll2-C ARGXEN

17895 L7896

NX-1 lu(- 9

sio?
Tlo;
11zbr

il8o'
MnO
Mgo
CaO
Naro
Kr6

l[?'

63 .88
o.77

L6.73
1.01
4.4L
0.07
1.69
2.L6
3.08
2.56
0.16
3 .14

67 .79
0.59

L6.96
0.80
3.29
0.06
1.30
0 .96
4.39
3.05
0.13
0.44

47 .46 52.97
0.39 0.39

10.13 r.1 .46
5.22 3.45
0.00 0.00
0.31 0 .24
1 .17 0.87

34.62 29.42
0.07 0.33
0.06 0.08
0.15 0.28
0.17 0.25

Total* 100.36 100 .81 98.92 99.73 99.30 99,46 99.45

Ba
Ce
Cr
Cu
Ga
La
lln
Nb
Ni
Pb
Rb
Sc
Sr
Th
T1
U

v
Y
Zn
Zt

s67
59
73

236
L7
26

1580
8

30
9

68
26

336
11

4036
4.L
180

26
150
L69

649
59
58
19
18
26

642
10
20
23

110
I4

207
l3

4406
<2

L27
27
75

186

548
49
43

8
22
26

426
10
L4
25

L29
8

L7L
13

3L29
2.3

79
25
58

242

296
50
48
18
L7
26

374
9

16
2L
82

9
115

1.1

3376
2.L

87
18
85

184

289
43
38
L7
L4
23

6L4
6

L4
18
63

8
225

10
2502
2.6

69
19
79

119

222
4

<2

z;
42

100

1158
10

't1

L2

:
7

11

6
19

4
2

3
20
<2

2

2

27
70

188

K/Rb

nb/sr
I

292 201

0.201 0.530
.70931 .7LO56

196

0.754
.7L246

L77

0.703
.7L4L7

187

0.280
.70949

295 318

0.008 0.002
.7As07
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uppgR cRusrAr xENoLrrHs (rvpe ucx)
========================== =========== = =============== ====== ==== ===== ==== =

VUII 17452 HOST: 14795 l,OC: OHAKUNE S2O
Nl2'l

Orange-brown porcellanite (ZOXIOXZOnn).
Rounded quartz + oligoelase-andesine + ferrosilite
in altered natrix (of above) (gPuA).

li.ldll 17429 }IOST: 3L0AT L0C: ITIKAU ![EI'EER AIRFAIL? T20
Nl 12

Cataclastised seni-schist. Quartz + albite +

chlorite + nuscovite + epidote'

VUW 17428 II0ST: I'I0AT LOC: IWIKAU IIIEIi{BER AIRFAIL? T20
N112

Grey, foliatecl seni-schist (t5Oxt20r50nrn).
Relict graded bedtling. Sinilar to 17429 (EPn R).

/ nr gta
/ 9zo >to

/ n> tat
/ 106 719

/ ts+
/ 115

/ lgl zat
/ 147 851

VUW
CR

/ 355 252
/ 1o5 B1B

147
715

VUW 17898 HOST: FIOAT LOC: TONGARIRO

Grey, foliated seni-schist (z5xloxlOrnn).
Sinilar to 17429.

VUW 17897 HOST: I'IOAT LOC: NORTH CRATER TONGAIIRO T19
N1 12

Grey, foliatecl seni-schist (eOraOxlOnn). Sinilar to
17429. Quartz + calcite vein (1 .5nn) (not inclurled).

T20
N1 12

17895 HOST: FIOAT LOC: TONGAXIRO
,b963
Grey-brown calcsilicate schist (45x15x1 Onn).
Nenatobfastic texture of ferro-salite +

wollastonite (EPI,{A).

vul{ 17896 HOST: 29250 LOC: NCAURUHOE

ifhite-b1ack speekled calcsilicate schist

T20
N112

T19
N1 12

(t5x5x5nrn). Nenatoblastic texture of anorthite +

wollastonite + sphene (npUl). Contact sharp and regular.



================-a==============E=== 
=====-==================-============

vut{

FIELD

= = = = = = = = = = = = = = == = = == = = = =

L7465 L7470 L747L L7472 L7469 L7462 L7474 L746L

Nx.7NX-13aNx-13bNX-13cNx-rzNx-At{x-15Nx.3
==== ===============- :===========

sto?
T10;

Itz6g
i!ao'
MnO

Mgo
Ca0
Na?o
Kr6

il?'

61.90
0.82

18.95
5.9s
0.00
0.05
1.94
1.33
2.52
5.25
0.r.7
0.87

70.85
o.44

12.09
3.L7
0.00
0.05
0,94
6.95
2.67
2.28
0.10
0.20

70.82
0 .5s

L5.23
3 .54
0.00
0.05
1.23
1.59
3.32
2.98
0.1.1
0.34

63 .9s
0.06
2.67
r..91
0.00
0 .16
0.48

29.43
o.49
0.28
0.00
0.30

71.90
0.50

t5.27
3.69
0.00
0.03
L.42
0 .60
3 .19
2.78
0 .12
0.24

73.73
o.46

L4.20
3.s3
0.00
0.04
1.13
0.78
2.80
2.72
0.r.0
o.26

73.77 74.37
o .47 0.43

13 .83 L2.97
4.03 2.79
0.00 0 .00
0.04 0.06
L.26 1 .14
o .77 2.27
2.6L 3.27
2.70 2.10
0.10 0.10
0.16 0 .24

Total* gg.2g100.00100.0599.2a99.9499.1699.6399.10

Ba
Ce
Cr
Cu
Ga
La
Mn
Nb
N1
Pb
Rb
Sc
Sr
Th
Tt
U

v
Y
Za
Zr

678
66
55
37
23
29

538
t0
2L
26

181
13

r.34
L7

464L
4.L
r.13

31.
88

zLZ

352
39
38
46
r3
19

52L
7

L2
L9
96
L2

397
10

2551
2.1

61
t_9

54
203

470
50
45
32
l_6

25
350

8
L2
24

130
9

211
13

3L47
2.2

73
23
60

24L

40
9
9

22
2
6

L284
<2
13

3

l1
17

988
3

436
<2
13
10
34
36

536
52
40

tzL
19
26

383
I

L2
25

L24
8

159
L2

2947
<2
72
23
81

222

4L9
43
3L
25
18
16

276
7

9
20

1L3
7

166
11

2532.
2.9

64
19
58

171

4L4 449
42 43
35 37
48 20
L7 15
19 18

311 423
65

108
26 47

115 77
97

L46 347
L2 10

2836 2468
2.2 2.8
72 56

19 L7
67 85

L7t 187

K/Rb

Rb/Sr
I

24L 198

1.352 0.242
.71L90 .70946

191 zLL 187

0.615 0.011 0 .778
.7L097 .70839 .71200

200 194 226

0.682 0.793 0.223
.7LL45 .71058 .70858

===================================================================-====
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============= ==== == ============ -========= ====== ================== ========
VITRIFIED XENOIITHS - TYPE VXa NGAURUHOE 1954

=============================== =================== ==== ==== === ============

vtJv 17465 HOST: 29250 LOC: NGAURUHOE

Grey punice with contorted white banding
(A5firtlomn). wirite segregations = quartz +

hypersthene + silica-rich glass; tlark segregations =
cordierite + silica-poor glass +- quartz.
Also pleonaste + ilnenits + pyrite (npMA).

WI{ 1?470 H0ST: 29250 LOC: NGAURUH0E

cR P16858

T1g
N112

Tlq
Nl12

17465.

T19
N112

119
Nl 12

T19
N112

T1g
N112

T1g
N1 12

vul1I
CR

Light-grey, banded purnice with large white vein
(aOx5ox5Onrn). Conposition of bantling sinilar to

17471 HOST: 29250 LOC: NGAURUHOE

P1 5868
Pumi-ceous part of 17470.

HOST: 29250 LOC: NGAURUHOEvvlt 17472
cR P16858

Vein separate fron 17470. Granoblastic quartz +

wollastonite + anorthite.

WIII 17469 H0ST: 292rO
cR P15867

LOC: NGAURUHOE

Light-grey, banded pumice (gOxSOxSOnm).

Conposition of banding sinilar to 17465.
Sharp, irregular contact.

wrr 17462 292rO tOC: NGAURUHOE

Light-grey, nostly honogeneous pumice (5Ox5Ox5Onn).

Quartz + cordierite + silica-rich glass +

pleonaste (Upt'm). Sharp, irregular contact.

\lt\t 17474
cR P1 6874

HOST: 29254 LOC: NGAURUHOE

/ t>s
/ 1o5

/ 355
/ 1o3

/ 755
/ 107

252
818

/ tsz
/ 1o7

1)t
818

252
818

Dark, contorted segregations (ttt). Minor veining.

Light-grey, nostly honogeneous punice (6Ox4Oxe5nn). \
SiniLar to 17462. lnn reaction zone at contact? G?mh).

vuli 1 7451 29254

Light-grey, banded puni-ce
sinilar to 17462. Sharp,

LOC: NGAURUHOE

(4OxlOxtOmn). Conposition
irregular contact (E?rnA),

T19
N1 12

1r5 252
1O' 818

155 252
101 818

555 252
10, 818

155 252
10, 871

252
81B



==================================E=======-==============================

vulr L74s3 L7435 L7475 L7473 L7464 L7466 L7467 L7460

FIELD PPX-I H7x'21 PPX-4 NX-14 Nx-6 M(-8a NX-8b Nx-2

==============-=====================.--==*=-==========================:=

s10,'
Tto;
1126s

TfuO,
I'lnO
Mgo
CaO
Na?o
Kob

'J?'

72.25
o.42

13 .17
3 .14
0.00
0.03
1.03
L.l7
3 .10
2.L9
0.10
3 .14

72.80
0.41

L2.94
o.47
2.47
0.02
0 .95
1.08
3.L2
2.L4
0.08
3.25

74.94
0.38

11.80
2.84
0.00
0.04
0.88
0.78
2.87
2.2L
0.07
2.94

7L.64
o.22

17.O4
2.L9
0.00
0,04
0.66
4 .10
2.00
L,67
0.10
0.09

72.O2
0.2L

16.05
2.37
0.00
o.L2
o.77
3.74
2.r.5
1 .82
0.09
0.39

73.54
0.2L

L6.L7
2.L7
0.00
0.09
0. s8
3.40
L.47
r.73
0.09
0.30

73.55 74.05
0.21 0.19

r-6.14 16.11
2.34 2.01
0.00 0.00
0.09 0.09
0.65 0.61
3.25 3.04
r.67 1.69
1.56 L.62
0.09 0.09
0.21 0.25

Total* 99.39 98.81 100.00 99.29 99.5s 99.32 99.88 100.28

Ba
Ce
Cr
Cu
Ga
La
lln
Nb
Nt
Pb
Rb
Sc
Sr
Th
Tt
U

v
Y
Zn
2r

405 368
37 40
32 27
9L2

15 15
L7 L4

270 275
55

10 10
16 16
85 81
86

207 202
109

2456 2322
2.5 <2
56 53
18 18
55 51

r97 L94

307
36
27

1I
L2
16

247
5
7

18
7T

6
r.80

9

21065
2.2
46
1.6

47
200

268
26

7
4

t7
13

445
5
2

50
55

5
554

7

121 I
<2
18
L4
64

LL4

268
29

9
r.9
L7
10

885
4
6

95
74

5
369

6
1157

<2
1.9

t4
103
r.02

346
31

2
10
16
L2

842
4

<2
61
61_

4
479

7

1 198
<2
15
13
60

100

32L
26

6
16
L7
L2

868
5
3

61
58

4
466

7

LL92
<2
15
13
62

104

368
28

6
15
L7
11

807
5

<2
52
60

5
479

7

1139
<2
L4
13
53

103

K/Rb

Rb/Sr
I

2L4 219

0.411 0.402
.70945 .70952

26L 25L 204 235 224 223

0.392 0.100 0.201 o,L27 0 .L24 0.126
.70929 .70720 .70633 .70701 .70687 .70698

=========================================================================
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========= ================================================ ================
VITRIFIED XENOIITHS - TYPE VXa PIIKEONAKE

E= ==== == E == ===== = == == ===== ==== ===== ==== ==== = === == === ==== == ====== ===== === =

VVrt 17411 HOST: 14824 LOC: PIKEONAKE SC0RIA C0NE

Light-grey, honogeneous pumiee (ZOxZOxZOnrn).
Quartz + glass + cord.ierite + pleonaste.

vurt 17435 HOST: 14824 LOC: PUKEONAKE SOORIA CONE

Light-grey, homogeneous punice (4Ort 5x1Onn).
Siuilar to 17457.

VU\I 17475 HOST: 14824 L0C: PIKEONAKE SCORIA CONE

Light-grey, honogeneous prrm-i ss (4OxrOxZOnn).
Sinilar to 17457 (gpMA).

VUlt 1747, HOST: 29250 LOC: NGAURUHOE
cR P1 6871

Light-grey, saccharoidal punice (50x4Ox40rnm)
rith conspicuous blue-cordierites. Quartz +

cordierite + Iabradorite + glass + pleonaste +

titanonagnetite (E"PMA ) .

W\I 17454 HOST: 29250 IOC: NGAURUHOE

Light-grey, pumice ('tooxgoxzomn). similar to
17471. Contact sharp.

vuw 17465/67 HoST: 29250 LoC: NGAURUHOE

Light-grey, brittle punice (tOOxSOxlOnn).
Similar to 1747j. 17466 is oxidised outer rind

VUW 17460 HOST: 29250 LOC: NGAURUHOE

Light-grey, brittle punice (6Ox4Ox5Omn).
Sinilar to 17471 (errr,rfl).

r19 / 518 256
N112 / 062 821

r19 / t18 256
N112 / 062 821

v9 / 118
N112 / 062

256
821

==== ==== ================== = ===== === ==== ================== ======== == == ====
VITRIFIED XENOLITHS . TTPE VXb NGAURUHOE I954

== ======= ====== ========= = ========== ============= = ==================== ====

T1g
N112

T1g
Nl12

rtl oLIJ

N1 12

\2rnm/.

T19
N112

155 252
10, 818

755 252
105 818

155 252
105 B't8

252
8't8

/ 155
/ 101



==================-=======-========g-gEg===============-E=======r========

t7482 L7485

Bl0Xd 810x1

====================a===E===g=======a=====-a===-=======Eg=E!======gE==---

vuf

FIELD

17480

BlOXa

59.56
0.84

r8.47
5.16
0.00
0.17
r.84
8.75
2.90
0 .94
0.29
0.84

L7 494

BI(Ga

6L.46
o.52

L6.87
4.66
0.00
o.25
1.12

13.30
0.33
0.02
o.24
0.98

L749L

BXGb

74.30
0.49

L3.25
2.28
0.00
0.10
0.83
5 .18
2.07
o.34
0 .10
0.82

L7492

BXGc

69.86
0.53

13.59
3.7L
0.00
0.18
1.07
9.16
0.58
0.06
0.15
0.85

64.87 71.00
0.71 0.56

L6.32 13.61
5.59 4.L9
0.00 0.00
0.12 0.06
1.73 L.24
s.97 4.40
3.17 2.18
0.54 0.86
0.30 0.18
0.43 L.46

L7463 L7436

NX-5 FXQ

84.82 97 .78
0.01 0.00
8.82 0.78
0.63 0.10
0.00 0.30
0.01 0.01
0.L0 0.16
3.81 0.31
1.11 0.19
0.17 0.07
0.04 0.00
o.23 0.00

si0,
Tr0;
l1z6s
llao'
MnO

Mgo
GaO

Na?o
K"6

;a?'

Total* 99.83 99 .63 99.45 99.43 99.22 99.57 100.29 98.63

Ba
Ce
Cr
Cu
Ga

La
Mn
Nb
Ni
Pb
Rb
Sc
Sr
Th
T1
U

v
Y
Zn
Zr

611
54
48
72
22
24

L275
11
20
13
47
18

7L4
L4

4922
3.4
115

27
69

224

31
45
31
3r
15
2L

L273
7

6
4

<2
L2

605
11

2992
2.0

69
2L
44

223

333
52
39
L3
20
23

9s0
9

13
20

4
14

608
L2

3902
3.2
105
26

779
199

L74
38
33
46
r.5
L7

534
7

8
10
42
11

260
8

3L79
2.O

82
16
51

135

13
4
6

16
4

<2
98
<2
<2

6
4

<2
204

<2
78
<2

5
<2

7

8

10 139
4L 32
28 26
33 30
20 13
18 16

L942 693
85
83
313

<26
L2 l0

666 s53
88

3144 2426
2.7 <2
70 74
L7 L5
73 37

L94 199

3

5
4

56
<2
<2

L32
<2

<z
9
3

<2
26
<2
45
<2

16
<2
28
<2

K/Rb

nb/Sr
I

r.66 208 488

0.066 0.001 0.010
. .70703 .70696

4L5 L252 169 379 226

0.002 0.006 0.153 0.01.8 0.100
. .70639 .70890 .70801 .70611

================================================-========================
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QUARTZ-RICH XENOLITHS (TYPE QX)

vu}I 1 ?4Bo 728 139
079 688

Brown/white banded sehist (Z5xzSxzrnn) (ryps QXa).
Assenblage 1: biotite + plagioelase; assenblage 2:
quartz + plagioclase; clinopyroxene-rich zone between.

VUW 17490-92 HOST: FI0AT lOC: II'IIKAU I'IEI,IBER AIRIAIL T20
N122

Green/grey /vh)"te saccharoiclal gneiss (50x50x50nn)
(rypp Qxa). Assenblage 'l (tZ+go): quartz + anorthite +

ferrosalite + sphene; assenblage 2 (17491): anilesine +

orthopyroxene + alnancline garnet + glass +

ilnenite (gpUA). Hhole rock = 17492.

VUIII 17482 HOST: FLOAT LOC: II{IKAU l,lEIttsER AIRFALI I2O
N122

Red/green/white bancled schlst (45xZOrtOrun)
(ffpg QXa). Sinilar to 17492 but less well-developed
associations (gPl,lA).

vuhl 17485 128 119
079 588

Brown/rhite contorted banded gneiss (6Ox5Ox4Onn)
(rrpg Qxa). Assemblage 1: quartz + anorthite + salite +

ilnenite + henatite + sphene; assemblage 2: andesine +

biotite + aLnandi-ne garnet; quartz-rich areas (npMA).

Yvrr 17467 29250 t0C: NGAURUHOE T1g
N112

t{hite coarse-grainecl quartzite (?O*45x+Orr).
Unstrainetl granular quartz. Sna1l areas of anorthite +

hypersthetls + glass. Oxidised contact (rru) (ufuA).

wrr 17456 14795 OHAKUNE RAILWAY QUARRY S2O / 171
N121 / gtt

i{hite coarse-grained. quartzite (Z5xl5r1 5nrn)
(nypn QXb). Nenatoblastic texture of strained,
interlobate quartz. Reactive contact.

wv 17455 FIOAT I}fIKAU I'MI'JtsER AIRFALL rza / 128
N121 / gtt

I*rite coarse-grained quartzite (fffn QXb).
Sinilar to 17416. Minor opaques.

VUIJ 1789, HOST: 14795 LOC: OHAKUNE RAIIJI{AY QUARRY

White fine-grained (.t -.lnn) quartzite
(TIpn QXb). Strainecl, granular, cracked quartz with
mattetl areas of anorthite + salite + g1ass.

whl 17899 29250 NGAURUHOE r19 / 155 252
N112 / 105 818

lfhite coarse-grained quartzite (ffpE QXb).
Unstrained granular quartz.

HOST: FLOAT LOC: II{IKAU MEUBER AIRI'ALL T20
Nl22

HOST: FL0AT LOC: IWIKAU ITGMBER AIRFAII T2O
Nl22

s20
N1 21

728 179
079 688

528 159
079 588

/ ls> z>z
/ tw ata

981
?lo

1t9
516

/ tlt 981

/ gr ji6



vIJW

FIELD

L7468

NX-l1

L74L6

A14-X

58.74
1.08

18 .18
2.s3
3.72
0.14
2.08
8.11
o.47
0.09
o.26
4.36

L7 493

BX-20

86.94
0.08
2.96
2.13
0.00
1.28
0.6s
4.40
0.01
0.04
0.06
1.20

17488

BloXU

94.L2
0.07
L.76
1,68
0.00
0.26
0.37
0.38
0.09
0 .12
0.01
0.90

L7 498

N(-T{S

79.09
0.07

L2.27
o.74
0.00
0.03
0.20
0.45
6.27
0.19
0.02
o.42

====================E======-===============

sio.
TLO;

1126s
Ilzog
MnO
Mgo
CaO
NarO
Kr6

il?'

98.83
0.01
0.30
0.13
0.00
0.01
0.01
0 .15
0.05
0.07
0.00
0 .19

Total* 100.35 LOO.72 100.30 99.99 100.05

Ba
Ce
Cr
Cu
Ga
La
Un
Nb
Nt
Pb
Rb
Sc
Sr
Th
Ti
U

v
Y
Za
Zt

2
5
2
3

<2
2

37
<2
<2
<2

3
<2

6
<z
92
<2

3
2
2
3

326
55
32

230
18
2L

11.86
I

15
18

4
23

336
L2

6206
<2

L7L
37
86

290

193
39

3
61

5
L2

I r128
<2
57

2
3
I

223
4

479
<2
31
16
47
3t

50
2L

7

16
3
5

L94L
2

24
<2

5
2

39
2

392
<2
11

8
18
25

24
9
I

18
5
5

80
<2

3
t2

2
2

168
<2

405
<2
13

2
13
29

K/Rb

nb/sr
I

206

0.459

L76

0.013
.70608

103

0.014
.7077 4

188

0.137

786

0 .012



_254_

===-===-===================================t========================= ====
QUARTZ-RICH XM{OIITHS (TYPE QX)

===================================================================== ====

Wl{ 17885 HOST: 14824 tOC: pIKEONAKE SCORIA CONE Tj9
Nl 12

White, coarse-grained quartzite (ffpf aXb).
Unstrai.ned granular quartz with areas of broken
grains + anorthite + augitrs + glass. Reaction rin
of silica-rich glass + augite (frr1 (epMA).

Vurt 17459 HOST: 14824 IOC: PUKEON.AI(E SOORTA CONE T19
Nl12

I{hite, eoarse-grained quartzite (ffpn aXb).
Etched, clouded, strained granular quartz.

VW 17476 HOST: 14785 LOC: ROAD TO UEADS I{ALI T0I{ T2O
N112l{hite, coarse-grained quartzite (rypg QXb).

Mildly strained interlobate quartz rith areas of
anorthite + wollastonite intergrowth (2x5nn) (mUl).

T19
N112

718 256
062 821

518 256
062 821

111 154
457 708

252
818

148
705

128 1r9
079 588

V]Il{ 17468 HOST: 29250 tOC: NGAURUHOE

White nassive, saccharoidal quartzite (TypE QXc)
(lZOXeOXOOmn). Crumbly aggregation of rock crystal.

/ 755
/ 1o3

/ 292
/ ols

VUW 17415 HOST: TH LOC: IIHAKAPAPAIITI VAIIET S20
N1 12

Dark-grey, fine-grained foliated netasiltstone
(fypg qxa) (t4ox5Oxzorn). Quartz + plagioclase
segregations in nicrocrystalline groundmass
(+ cllnopyroxene) (epuA). slarp, regular contact.

VUW 17488 HOST: FIOAT LOCr IIIIKAU lIn{BER AIRFAIT

Light-brown, saccharoidal quartzite (TYen QXe)
(ZOxl5xlOrnn). Unstrained, interlobate granular
quartz with interstitial plagioclase + nanganoan
ferrohypersthene + titanonagnetite (npIiIA).

VWI 17493 HOST: WHAK ],OCr UIIAKAPAPA SKII'IEID

GTey / white saccharoidal schist (ffpE QXe)(Zlxl5x5nn). Unstrained., granular quartz with
interstitial anorthite + nanganoan-ferroan-
rollastonite + nanganoan-ferrosalite + sphene (up}IA).

VUt{ 1?498 HOST: FIOAT tOC: WHAKAPAPANUI STREAI'{ tz|
N112

Thite quartzite (4Or4OrrOnn) (fypn axf). partially
nylonitised texture of strained quartz + albite.
Minor ferro-augite + olivine + titanona€petite +
pleonaste (gpMA). Sharp, irregular eontaet.

r2o /
N122 /

r20
N122

71O 15O
058 699

512 154
059 708



-========= 
========== ========gE==3====

vrm 17483 L7484 L742s

FIELD B1OXF B1OXG B1OXH

=======2===============-=====t===t==B=

st0^
Tlo:
A1r6?

;:a'i
f[nO
trg0
CaO
Naco
K"6

'"[?'

46.64
1.11

27 .25
9.35
0.00
0.11
2.87
2.39
3.24
2.80
o.22
3.75

48.55
L.72

25.4r
7.25
0.00
0.06
2.64
7.s6
3.56
L.47
0.34
1.19

49.55
1.07

25.34
2.97
4.29
0.1.2
2.98
4.22
4.53
3.74
o.26
0.68

Total* 99.62 99.O2 99.r1

Ba
Ce
Cr
Cu
Ga
La
lfn
Nb
N1
Pb
Rb
Sc
Sr
Th
Tt
U

v
Y
Zrt
Zr

1093
83
92
47
41
36

869
18
33
43

138
23

430
24

7053
5.3
209

35
L73
274

587
76

106
15
36
34

554
20
23
LZ
48
25

604
24

10278
4.7
248

30
174
361

1.709
78
59
30
38
32

754
15
24
25

L44
r.9

708
23

7111-
4.8
L79

31
116
289

K/Rb

nb/sr
I

168

o.322
.7LLL?

256

0.079
.706L6

2L6

0.203
.70662

=-=== ==== ========================== ===



_255_

======= ====== E===============E 
=================-== =======================

QUARTZ-POOR XENOI,ITHS - TIPE QPXA
======================== E====E==================== 

==== ===================

vul{ 1748' II0ST: FIOAT L0C: IUIKAU II{HUBER AIRI'ALI T20 / 528 119
N122 / O?9 588

Grey gneiss (t0x5r5nn). Fine].y segregated and
foliatecl. Assemblage 1 = oligoclase + sanidine
(+corundwn); assenblage 2 = biotite + pleonaste
titanonagnetite + glass (Uem).

wl{ 17484 H0ST: FI0AT LOC: fmKAU lmt[BER AIRFALL T20 / 128 139
N122 / 079 58S

Grey gaeiss (e5xlOXlOmrn). Plagioclase +
hypersthens + pleonaste. Sinilar to 1749j.

vv:d 17425 HOST: FL0AT L0C: IIdIKAU ltEr{BER AIRFATL r2o / 328 179
N122 / o79 5e8

Grey gneiss (t20X8OX25nn). Finely segregated and
foliatetl. Assenblage 1 = oligoelase + sanidine(* silLin"nite); assenbl"g. i = biotite + aluuinoug
hypersthens + pleonaste + ihnenite (gpUA). Quartz veins.



======-===========g====E=====3==t==r-==g=E==========-=

vIIW

FIELD

L74L9

B6XA

48.74
1.45

25.25
4.96
2.90
0.07
2.49
8.75
3.57
o.57
o.20
0.81

t7 4L5

AlL-X

50 .16
1.09

24.93
1.30
5.7L
0.07
2.4L
8.48
4.22
0.23
o.L2
1.03

L7443

TIJ(.8

50.33
1.16

24.35
8.67
0.00
0.09
2.89
6.59
4,34
0.90
o,22
0.20

17497

AX-9

50.68
0.96

24.6L
7.34
0.00
0.06
2.42
8.43
3.74
o.24
0.10
1 .18

L7440

BRr-l6

52.58
0 .9r.

23.96
5.84
0.00
0.07
2.49
9.34
3 .60
0.71
0 .12
0.13

17418 L7 458

B3XA BGX-4
===============================t*=-=t========3=t-========================

sio,
Tro;
llzog
i3o'
l{nO
Mgo
CaO
Naro
K"6

ilg'

48 .99
1.r_9

24.60
4.7L
2.90
0.06
2.55
9.72
2.87
0.51
0.21
L.44

49.L7
0 .96

2s.42
7 ,33
0.00
0.09
2.79
7.93
3.66
0.84
0 .17
1.39

Total* 100.03 99.99 99.83 99.57 98.79 98.96 99.84

Ba
Ce

Cr
Cu
Ga
La
Un
Nb
Ni
Pb
Rb
Sc
Sr
Th
T1
U

v
Y

Zn
Zr

783

73
38
36

628
I3
26
13
16
23

896
24

7864
4.0
22L

30
92

473

55;
7

36
4

t5
20

548
9

682L
2.4
231

19
L24
187

319
4L
80
96
34
r.9

s35
I

23
3

<2
22

475
10

6088
<2

203
16

L2L
L47

878
84
87
74
41
4L

726
16
32
T7
18
23

s45
16

69A4
4.8
208

28
188
220

292
32
73
87
31
I7

s86
6

22
4
2

2L
448

6
5649

<2
208

13
113
LZ6

310
37
61
58
27
16

460
6

2L
6

20
13

534
I

49LL
<2

L64
L4
62

L29

234

94
28
37

574
50
85
42
35
25

589
7

32
7

26
L6

524
10

573
2.2
208

18
L44
237

Mg*
K/Rb

Rb/Sr
I

0.017
.70570

43
254

o.029
.70647

0.050
.70755

42
2L25

0.002
.70723

44
405

0.034
.70800

47
264

42
304

44 50
956 289

0.005 0.038
.70702 .70633

========= ================================================================



-256-

QUARTZ-PooR XENoTTTHS - fiPE QPXb

VUri 17419 HOST: 14785 L0C: ROAD T0 UEADS WALL T0li T2O
N112

Grey vesicular nenatoblastic hornfels
(l5x6Ox7Onn). l,abradorite (clouded near contact) +

hyperstheas + pleonaste + titanonagnetite (fpm).
Mafie minerals in subparallel layers.
Contact sharp, regular rith cloucling (1nn).

VUU 17418 HOST: 14782 LOC: I{I{AKAPAPAIITI TRAILHEAD S2O
N'|12

Grey vesicular hornfels
Sinilar to 17419.

VUItr 17458 HOS[: WHAK LOC: SOUTH RUAPEHU? T20
N122

0rey vesicular hornfels (tOtlOrlOnn). Pleonaste
rith corundun core (Upul). S:-nitar to 17419.

VUW 17415 H0ST: TH LOC: IfHAKAPAPAIITMIIEY S20
N1 12

Grey vesicular hornfels (tOxtOxlOnn). Contains
Contains vugs nith plagioclase (sodic rin) +

hypersthene + alacitic glass (npru).

]d.ldll 1744, H0S1: IIHAK L0C: I0I{ER TAMA LAKE r20
N't 12

Grey, banded hornfels with 1nn nafic
segregations (lSxZOxlOrnn). Sinllar to 17419

VUl{ 17497 HOST: TH LOC: WHMAPAPAIITI s20
N112

Light-grey vesicular hornfels
Soxz>xlZ). sinilar to 1?415 (EPmn).

VUW 1?440 H0ST: IflIAK LOC: BEIOY "TOP 0 BRUCE"

Ligtrt-grey vesicular hornfels (t 5xt 5r5rrn).
Highly clouded plagioclase. Sinilar to 17419.

VUhI '17444 HOST: tlI{AK L0C: SOUTH RUAPEHU

Light-grey vesicular hornfels
Labradorite + hypersthene + titanomagnetite +
pale brorn silica-rich glass (UpUl).

WW 17894 HOST: l{AH IOC: WHANGAEHU GORGE?

light-grey hornfels. Relict almaadine garnet
garnet + cordierite. Sinilar to 17419 (E?IIA)'

(EPrv\R).

VAILEY

/ ltt 1r4
/ o57 7o8

/ zgz Bt
/ ot8 717

/ 294 i47
/ ot1 704

/ v5 19i
/ o97 755

/ 294 i47
/orcrcq

/ 297 161

/orctn

/ tot a64
/ ol.o ato

s20
N1 12

120
N122

r20
N122



===============-=====gEE-=t===========r-====g=--=E5=======E====g==-= 
=====

vIIW

FIELD

L7487

BlOXL

40.49
1.70

25.97
L3.24
0.00
o.26
4.49
5.2L
2.L5
4 .18
0.11
1 .94

L7 489

BlOXN

L7 457

B3X-L

L7447

ru(c

L7423 17410

B10XB I{X-4

s10?
T10;

1lzor
ilEo'
llnO
uso
CaO
Na?o
Kr6

il?'

42.L2
1 .40

26.04
8 .15
3.54
o.26
3.90
5.53
2.66
4.09
0.09
L.97

36.2L
4.33

20,23
6.40

13.75
0.54
8 .96
5.70
r..30
0.62
0.30
1.43

41.83
3 .63

20.08
11.37
0.00
0 .16
8.01
9.08
L.67
1 .94
0.77
L.22

4L.97
2.06

22.54
15.86
0.00
o.27
5.89
I .91
1.55
0.44
0 .11
0.1"5

44,72
2.86

19.51
LL.92
0.00
0.36
8.12
9 .60
L.52
0.33
0.45
0.37

Total* 99.14 100.00 100.00 99.O7 100.00 99.16

Ba
Ce
Cr
Cu
Ga
La
lfn
Nb
Ni
Pb
Rb
Sc
Sr
Th
Ti
U

v
Y
Zn
Zt

881
15

625
169

27
6

2047
3

L22
31

184
51

284
2

10105
<2

44L
22

237
93

991
16

53r-
L32
26

3
2036

3
L07

31
169
5t

27L
<2

946s
<2

443
18

202
77

360
53

163
269
30
L7

4440
18
79
32
40
73

342
<2

28303
<2

564
60

286
236

590
68

195
38
24
33

1404
58

128
I

87
32

503
4

23427
<2

235
34

102
29L

L62
L7

852
487
26

8
1980

4
81

4
19
62

233
2

L2554
2.4
391

30
196

79

29L
5h

2A2
26
24
2L

2769
32
95

5
15
44

223
4

L7 577
2.9
366

34
116
201

K/Rb

nb/sr
I

189

0.646

201

0.623
.71000

130

0.r.15
.70830

185

0.173
a

L97

0.079
.7070L

181

0.068
.70722
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== == = = ============================= ==== ====== = ======== ======= ======== === =
QUARTZ-PooR XEN0TTTHS (rrPE QPX)

====== == ==== = ==== ======= ==== ============= ===== ======== ==== === ==-===== ====

VUW 1 7487 H0ST: FLOAT L0C: IWIKAU MEMBER AIRI'AII T2O
Nl22

Grey-purple gneiss (fffn QpXc) (tOXExlnrn).
Contorted bands and lenticular masses of plagioclase
+ biotite + pleonaste + nj_nor titanonagnetite + ilnenite.

lJ.l0ltl 17421 HOST: FLOAT LOC: II{IKAU }[E}IBER AIRF.ALI T20
N122

/ lza vg
/ ol9 aaa

/nerg
/orcsee^

/ ls> otz
/ o85 622

/navg
/ o79 6ffi

/ zgt tat
/orctn

/ rg oga
/ 1o9 646

/ rg oga
/ 1o9 546

Grey-purple gneiss (rfpn Qpxc) (zOxeOxtOnn).
Sinilar to 17487 (fpul).

VUW 17410 HOST: WAH LOC: UAHIANOA VAttEf r20
N122

9."y, fine-grained spinel-rich schist (ffpn QpXd)
(6Ox4Oxt5nrn). Bytownite-anorthite + pleonaste +
hypersthene + ninor biotite + olivine (epU,t).

WI+I 17489 HOST: FIOAT ],OC: IWIKAU IImUBER AIRFAIT T2o
N122

9r"y, fine-grained spinel-rich sehist (ryfg QpXd)(ZOxl0x5). Zoneil labradorite-bytorni.te + hypersthene
+ biotite + titanonagnetite + ilnenit" (Uptrn).

vvlt 17457 HOsr: 147e2 r,oc: ltHAKApApArr[r TRATTHEAD s2o
Nl12

Grey, fine-grained, inhonogeneous spinel-rich
schist (ffpn Qpxa) (SOxtOxTomm). Vesj.cular.
Similar to 1741O. Sharp, regular contact.

WW 17447 HOST: IIAH LOC: ShI RrM hTHANGAEHU eORcE rZO
Nl22

9""y, fine-grained, vesicular spinel-rich schist
(rypn Qpxd ) (t oxt oxlOnn). sinirar to 1?410.
Sharp, regular contact.

WW 17888 HOST: I,IAH L0C: Sg RIM hTHANGAEHU GORGE T2O
N122

9."y, fine-grained., granular spinel-rich schist
(TYPE QPXd) (ZSxlQx5nn). trytownite + otj_vine +
hypersthene + titanonagnetite (mUa).

WW 17892 HOST: TH LOC: TJNKNOWN

9""y, fine-grained, granular spinel-rich schist
(ffpU QPXd) (Z5xlOx5nn). plagioclase + otivine +
hypersthene + titanonagnetite (EPMA).
Augite-rich reaction rin.



=========E=====E=E===A===E-34==A==t=---==-==-====================-=======

vuw L7499 L7444 L7496 L7 486

BlOXJ

L7446 L74T3

FIELD MX-13 TLX-10 1T.X-5 MX-l XX

t=============-=======EE=-E=-E-=====-=a=='--E====E== ===E===EE============

s10,,
Tlo:
A1r61

;:3'5
llnO
ugo
CaO
Naro
K"6

ri?'

51 .89
0.66

t7 .65
9.20
0.00
0.21
7.79
9.78
2.22
o.22
0 .10
0.02

56.72
0.80

L7.32
1..28
6.39
0 .13
4.69
7 .98
2.7 6
L.44
0 .14
0.07

56 .89
0.64

17.09
8.62
0.00
0.14
4.64
7 .7L
3.05
0.84
0.08
0.05

58.50
0.65

16.63
4.78
0.00
0.07
6.67
5.32
4 .15
0.71
0.11
2.L7

60.83
0.65

L8.47
6.27
0.00
0.05
6.06
3.29
2.25
1.09
0.05
0.74

49.16
0.34

19.18
1.04
6.54
0.11
7.3L
8.63
2.29
0 .15
0.01
4.99

Total* 99.70 98.46 99.67 98 .91 99.43 99.82

Ba
Ce
Cr
Cu
Ga
La
Mn
Nb
N1
Pb
Rb
Sc
Sr
Th
Ti
U

v
Y
Za
Zr

160
19

259
14
20

5
1695

3
70

6
4

3L
299

5
4048
2.6
290

20
100

99

300

38
16
L9

202
L7
55
40
zo

8
LLz6

<2
27

3
20
29

225
3

3141
<2

2L7
18
82
6I

274
20

103
16
19

7

613
3

22
I

31
24

272
7

3829
<2

178
2L
36

11.5

332
19
65
24
L4

6
345

<2
10
11
39
27

111
2

3829
<2

23L
18
53
74

89
9

L42
33
19

3
1138

0
49
<2

4
29

244
2

2001
<2

227
10
67
16

:
3

13
7

53
25

266
6

3
257

22
84

112

Mg*
K/Rb

Rb/Sr
I

66
469

0.013 0.201

56
356

0.087 0.115

67
296

69
23L

77
187

57
224

0.354
.70529

0.017
.70547

================================================================:========



-25e-
============================================================= ======== ====

rcNEous xENor,rrHS (rrpu rx)
================================== ==== ======== ========== ========== ====== =

WII 17499 HOST: I{ANG LOC: SOUTH RUAPEHU T20
Nl22

Grey porphyritic andesite (TOxZOrlOnn). Retiet
plagioclase phenocrysts in pilotaxitic groundmass.
Irregular, sharp contact.

WU 17444 HOST: FLOAT L0C: LOIIER TAilA IAKE

Grey porphyritic andesite. plagioclase +
pyroxene phenocrysts in pilotaxitic groundnass.

17496 H0ST: FIOAT LOC: LOIfER TAUA IAKE T20
I{112

Grey porphyritie andesite (t5Oxt5Or5onn).
Plagioclase + pyroxene phenocrysts in
pilotaxiti.c groundmess .

WU 17485 H0ST: FI0AT tOC: IWTKAU MEITtsER ArnFAIt T2O
N122

Brown, speckled highly altered andesite
(25xl5x'lOnln). netict plagioclase phenocrysts
in brown, transluscent natrix.

T20
N112

/ l+s tg>
/ 097 755

/ l+> tgs
/ ogz tss

/nerg
/ orc oaa

t20 / 159 096
N122 / 1O9 646

/ ttt 194
/ o59 717

WhI 17446 HOST: MANG LOC: SOUTH RUAPEIIU

Brown, highly aLtered lava. No reliet texture
visible - nay have been cunulate.

VVYI 17411 HQST: IIAH l0C: S RII',! WHANQAEI{U cORcE

White, speckled noduLe (t 5xt 5x.l Onn). Corroded,
Corroded, bent and broken labradorite + augite +
hypersthene + il_nenite + titanornagnetite (npMA).
Mlnor alteration - could be pyroclastic.

VUW 17426 HOST: FLOAT LOC: IIHAKAPApANUI STREATvI

Orange-white, speckled nodule (55x5Ox5Omrn).
Fine-grained quartz sinter + racliating needles
natroalunite + ninor rltite (gpMn).

T20
N122

T20
Nl12



vuw L7426 L7427 17500

FIELD BXA Gl-X 15-X

========================g===== 
g===a======ttar-============

sto,
Tio:
Alo6"

;:3';
ItnO
I.{gO

CaO
Naro
K"d

ilg'

L7+?-r L74L2

hrx-2 r{4-X

45.01
0.46

2L.44
0.00
0.00
0.00
0.09
0 .12
4.55
1.70
0.09

26.L9

50.01
0.20

20.26
1.45
5.81
0 .14
8.20

11.84
1.51
o.29
0.03
0.00

51.91
0.56

10.16
L2.07
0.00
o.22

L4.L7
9.11
L.24
0.48
0.05

-0.23

54.60
0.45

L2.95
8.26
0.00
0.15

LO.22
8.82
r-.83
o.72
0.05
1.71

56.38
o.42

15.65
1.43
6.5s
0 .13
8.92
5.81
2.55
0.94
0.08
0.90

Total* 98.55 98.50 99.03 99.56 99.90

<2
119

I
80
16

Ba
Ce
Cr
Cu
Ga
La
l{n
Nb
NT
Pb
Rb
Sc
Sr
Th
Tt
u
v
Y
Zn
Zr

r_14
10

L28
3
5
6

10
<z

2
3

10
6

134
<2

2338
<2
90
<2

3
39

80

214
95
15

287

L29
T4

LO46
55
I2

5
I 789

<2
245

6
13
56

119
2

3613
<z

303
r6

106
38

L76
tz

442
97
14
11

1169
<2

L44
9

24
36

227
4

2849
<2

207
L4
75
61

254
15

334
53
L7

5
r.159

<2
95

7

33
22

297
5

2562
2.6
L45

9
74
66

5;
6

10

ug*
K/Rb

Rb/Sr
I

100
1453

o.o72
.70535

0.035
.70599

0 .111
.70565

74
247

0 .107
.70507

0 .111
.70553

7L
238

73
306

7L
244
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TAI\,NEOUS Xm{0LITHS (rypn IX - CUIIUUTE ltOlUr,BS)
============== ============ = = = ====== = == == =-======== == = ===== ===== == = = === = ==

V]JII 17427 HOST: 14801 LOC: SOUTH RUAPEHU \2O
N1 22

Norite nodule with hypidionorphic granular texture
(slieht netamorphic overprint). Bytornite + augite +

bronzite. llinor horublende + basaltie glass +

pyrrhotite (EPUA).

WW 17418 HOST: 14824 [0C: PIJKEONAKE SCORIA 0ONE T19
N1 12

Nori-te nodule rith hypiclionorphic granular terture
(slight netanorphic overprint). Labradorite +

augite + hypersthene + pleonaste (replacernent) +

dacitic glass (E'PUA ) .

vul{ 17500 HOST: 14915 LOC: S RII{ UHANGAEI{U G0RGE T20
N122

Pyroxenite noclule sith reaction rin of deconposing
hornblencle (Zr*SxZOnm). Core = hypersthene-bronzite +

augite; rin = hornblende + augite + plagioclase +

titanonagnetite (EnUl) .

VUI,I 17451 HOST: IfitAK L0C: WHAKAPAPA SKIFIELD T2O
Nl22

Proxenite nodule sinilar to core of 1 75OO

]WrtI 17456 HOST: l{AH LOC: SW RII{ hIHANGAEHU GORGE T20
Nl22

Pyroxenite nodule. Augite + interstitial
hypersthen" + plagioclase + titanonagnetite +

basaltic glass (npru). Contact sharp, regu1ar..
Spinel-ri-ch & felilspathic xenolith included.

Vllrl 17417 HOST: l{AH LOC: UAHIANOA VAILEf T20
N1 22

Gabbroic noclule. Plagioclase + augite +

bronzite + interstitial basaltic glass.

yUlI 17412 HOST: 16722 LOC: UAHIANOA VAILET

Gabbroic nodule (lOxZOxZOnn). ltagioclase +

augite + bronzite + interstitial basaltic g1ass.
Sinilar to 17899.

vuIil 17890 HOST:. 14824 L0C: PIJKEONAKE SCORIA CONE T19
Nl12

Dunite nodules. Dominantly forsteritic olivine +

minor chronian spinel + bronzite (npUl).

vuhr 1 7891 HOST: 14824 LOC: PUKEONAKE SCORIA CONE T19
N112

Harzburgite nodule. tr'orsteritic olivine +

bronzite + minor plagioclase + augite +

chronian spinel + basaltic gIass.

/ lot 064
/ o5o 610

/ lra z>s
/ o52 821

/ lze ogz
/ 1a8 645

/ 512 145
/ o58 699

T20
N1 22

/ rg oga
/ tog o+o

/ T5 a72
/ oa.: ozz

/ nl osa
/ o78 624

/ ya zse
/ 062 821

/ Ye z>a
/ osz at
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vur{17430L742417411L744LL742L|7442L74L4L748LL742o

FIELDBI(-10B10xEI{x-5BRx-17B6xDTIJ(-I N(A BL0XC B6XC

E========================================4===================-=================

s10,'
Tro:
Alo'0'.

;:3';
UnO
Mgo
Ca0
Na?o
Krd

il?'

47 .6L
r,.36

17.90
3 .13
6.08
0 .13
6 .59

1,3 .15
2.OO
o.23
0.1.8
1.40

48.02
1.50

16 .61
L.73

10 .93
o.29
8.52
9.14
r.46
0.10
0.05
1.41

51.58
0.57

L2.9L
1.41
7.69
0.15

13.89
7.92
L.64
0.13
0.08
1.78

5L.92
o.62

15.15
10.15
0.00
0.19
9.54
9.92
L.79
0.26
0.06
0.16

53.08
0.52

15.00
0.93
7 .27
0.19

10.21
8.76
2.53
o.26
0.08
o.92

52.74
0.55

13.66
8.96
0.00
0.14

L2.72
8.77
r..59
0.34
0.09
0.20

s3 .83
0.50

13.43
0.89
6.96
0.12

12.83
6.66
L.79
o.76
0.04
L.94

53.45 54.23
0.68 0.43

r.5.82 10.66
9 .89 L.Z8
0.00 5.80
0.19 0.18
8.62 L2.76
7 .65 10.15
2.36 2 .10
0.49 0.33
0.09 0.07
0.51 0.77

--.---.-:
Total*100.45100.0699.83100.281'00.7799.99100.1299.8599.79

Ba
Ce
Cr
Cu
Ga
La
lln
Nb
Nt
Pb
Rb
Sc
Sr
Th
Tt
u
v
Y
Zn
Zr

L25 7l L46
15 13 16

268 242 L046
67 L4 28

18 15 15

11 34
1199 2154 l-330

5<23
7L 99 395
463
624

48 40 36

373 210 186

<222
7861 866s 3369

<2 <2 <2

273 374 196
23 L2 15

67 106 89
66 31 52

L32 141 170 114

10 11 16 14

798 673 460 820

23 42 63 35

13 13 16 L2

377LL
r.068 1.136 1558 L432

2<23<2
292 334 LzL 257

797<2.
1043199
31 31 34 43

300 329 266 L75

223<2
3454 29s5 4Lr7 256L
2.L <2 <2 <2

204 182 236 181

15 16 L4 13

84 78 107 83

54 47 53 42

r.07 L29
9

445 627
24 24
L6 L7
2.

L433 1213
2<2

130 173
3<2
64

31 26
249 230

2<2
3524 3108

<2 <2

244 199
15 14
87 78
37 35

us* 61 59 77 69 73 77 78 67 77

K/Rb 301 517 308 335 52L 2go L46 2L8 311

Rb/Sr
I

0.017
.70680

0.008 0.019 0.026 0.018 o'032 0'131 0'070 0'050

.70654.70647.70592.70627.70568.70820.70554.7054L

===============================================================================
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================================================================ =========
META-IGNEOUS XENOTITHS - TYPE MIXa (coarse)

vuhr 1 7410 HOST: WHAK LOC: }JHAKAPAPA SKIFIEID T20
N122

Coarse-grained pyroxene hornfels with strong
foliation (TOxSOxrOnn). Labradorite + hypersthene +

titanonagoetite + ilmenite + apatils + glass (crowdeal
rith (1 nicron nicrolites of augitef (UptU).

VUW 17424 HOST: F],OAT LOC: IWIKAU II'IEIIIBER AIRFAI,I T2O
N122

Strongly nenatoblastic pyrorene hornfels
(+OXZOXZOnTn). lytownlte + hypersthene + augi-te +

ilnenite (nPua).

WW 17411 HOST: ifAII LOC: IIAHIAN0A VALIET

Coarse-grained pyroxene horrofeLs (t 5xt5x1onn).
Plagioclase + coarsely poikiloblastic pyroxene.
Slightly alteretl?

whr 17441 HOST: UHAK ],OC: BRUCE ROAD s20
Nl12

Coarse-grained pyroxene hornfeLs (t 5xt 5r1Onn).
Labradorite + coarsely poikiloblastic hypersthene +

augite + ilnenits (UfUl).

VUW 17421 HOST: 14785 LOC: ROAD T0 I{EADS WAIL TOU T2O
N112

Coarse-grainecl pyroxeDe hornfels (SSxq>tl5rr ).
Labraclorite-bytownite + coarsely poikiloblastic
hypersthene + augite + ilnenite (BPMA).
Similar to 17441. Sharp, regular contaet.

VUV 17442 HOST: WHAK L0C: TAMA LAKES

Coarse-grained pyroxene hornfels (eOrrOrt5nn).
Bytownite + coarsely poikiloblastic bronzite +

augite + chromian spinel + ihaenite (npru).
Plagioclase has a relict trachytic texture?
Sharp, regular contaet.

VUW 17414 HOST: I'I0AT LOC: WHAKAPAPAIUI STREAM

Coarse-grainecl, nortared textured pyrorene hornfels
(tOOxt00x100nn). Hiehry bent and altered labradorite
coarsely poikiloblastic hypersthene + augite +

chronian spinel + ilnenite + minor quartz (npMA).

T20
N122

71O 15O
o58 699

t28 159
079 588

314 066
o85 522

295 161
ot8 717

111 154
o57 708

r20 / 145
N112 / O91

,r2o / 3oo
N112 / O47

T2O / 328 119
N122 / 079 688

195
755

184
745

vul|I 1 7481 HOST: FLOAT I,OC: IUIKAU MEMBER AIRI,AI.,I

Coarse-grained pyroxene hornfels (ZOxt0x5nn).
Plagiocla"e + poikiloblastic pyroxene.
Sinilar to 17441,



-=====t== ======================-==g=======E=E=========================:=

r74g4 L7454 L74L7 L7478 17449 L7448 11495 17450

Bxru(-l BGX-z B5X-A B5X-1 Mr-z lfr-3 EXIS-2 MX-II

====================-=============================-===========1=========E

vtJW

FIELD

si0^
Tio;

*l'i'
::A"3
UnO

ugo
CaO
Naro
K"6

li?'

52.10
0.69

L4.L7
9.56
0.00
0 .15

10.48
9.76
2.r5
o.22
0.08
0.38

Total*gg.z4l0o.11gg.7|98.9999.5899.6499.8499.69

53.85 54.05
0.64 0.54

L5.74 13.08
9 .04 2.L7
0.00 7 .78
0.18 0.21
7 .64 10.01
9.34 7 .79
2.72 2,O9
0.51 0.72
0.10 0.05
0.00 1.25

r49 L79
7.

206 482
44 80
18
2.

L266<2 <z
89 117
910

L4 26
3L

249 23L
3

3877
<2

236 2L6
18 15
84 97

50 45

54.28 56.50
0.46 0.64

13.51 14.58
10.75 8.37
0.00 0.00
0.20 0.16

1.0.34 7 .77
7.s8 8.35
2.L2 2.54
0.60 0.38
0.06 0.06

-0.16 0.38

L62 163
t2 26

503 555
88 20
13 18
010

1700 11.82
22

116 46
38

209
33 28

248 368
Z7

29L3 3693
<2 3.s

203 222
Lz 18

104 81
38 63

57.65 58.98 59.15
0.54 0.62 0.65
L4.37 17 .63 18.29

7 .86 8.01 7 .40
o.o0 0.00 0.00
0.18 0.11 0.14
6.81 3.86 3.47
8.11 6.53 7.47

3 .1.9 2.58 2.05
0.67 0.23 0.22
0.1.0 0.03 0.10
o.27 1.17 0-80

25L 228 90
L7 L2 L4

367 25 18

r.8 29 7

L7 20 L7

46<2
LL62 985 1084

222
80 15 12

611 8

1426
26 24 2L

372 259 245

235
3oo2 3826 3853

<22<2
Lg7 zo4 2O7

14 L2 19

83 93 86

57 66 61

Ba
Ce
Cr
Cu
Ga
La
Mn
Nb
Ni
Pb
Rb
Sc
Sr
Th
Ti
U

v
Y
Zn
Zr

1.10
8

558
80
16

4
1368

2

r47
6
5

36
242

2
4207

<2
266

18
77
59

Mg*
K/Rb

Rb/sr
I

72 66
367 306

o .021 0.055 0.113 0.082 0 '023 0 '037
. .70533 .70533 '70569 '70564

68 69
230 247

68 67
367 406

53 52
908 315

0.008 0.024
. .70696

===============:=========================================--===============
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============g-==============-=====3======================== ==============

ITIETA-IGNEOUS XENOLITHS - TYPE MIXa (coarse)
=========--=====E======== =A================E==================== ====== ===

wri 17420

Coarse-grained pyroxene hornfels (Z>x+Zxl5nn) .
Andesine + coarsely poikiloblastic hypersthene +

augite + ilnenite (Pt'n). Sinilar to 17441 .

======================= ================ == ========== ============ == ====== =
II{ETA-IGNEOUS XENoIITHS - TrpE IrlIXb (internediate)

====== ========= ========= ====== ==E= ======E==================== ====== = =====

vvv 17494 HOST: IfHAK LOC: UIIAj(APAPA SKIFIELD r20 / 710 150
N122 / o5B 699

Coarse/nedium-grained pyroxene hornfels
(t5rt5x'lonrn). Plagioclase + poikiloblastic
pyroxene + ilmenite,

\urr 17454 HOST: IIIIAK LOC: SOUTH RUAPEHU T20
N122

Pyroxene hornfels. Labraclorite-bytownite + sieved
hypersthene + augite (BPI'U).

HOST: 14785 lOC: ROAD T0 IIEADS IfALL [0U T20
Nl 12

tl1 154
o57 708

155
709

TOW T20
N1 12

+

Tow r20
N1 12

vull 17417 HOS[:14784 ],OC: ROAD TO I'MADS l{AtI

honrfers (z5xzoxzOnn).
terture with plagioclase
irregular.

LOC: ROAD T0 MEADS 1{AII

hornfels (zSxzoxzourn) .

LOC: UNKNOIIN

Mecliun-grainetl pyroxene
Hypidionorphic -granu lar
pyroxene. Contact sharp,

/ tog
/ o55

/ tog
/ o55

vut{ 17478 HOST: 14784

Mediun-graineil pyroxene
Sinilar to 17417.

vuhl 17449 HOST: II{ANG

155
709

r20 / 510 lro
N122 / 058 599

Mediun-grained pyroxene hornfels (Z5xeOxeO n).
Andesine-labradori'6s + poikiloblastic hypersthene +

augite + ilnenite + ninor apatite + quartz (gpUA).

vulr 1744e HOST: MANG LOC: UNKNOWN

llediun-grained pyroxene hornfels (Z5xZOxZOnrn).
Sinilar to 17449.

vur{ 17495 HOST: WI{AK LOC: }J}IAKAPAPA SKISIELD

Brorn, poorly foliated fine-grained hornfels.
Plagioclase + pyroxene + quartz.

vulf 1 7450 HOST: MANG LOC: UNKNOIfN

Orey, fine-grained hornfels with relict porphyritic
texture. Labraclorite-anorthite + hypersthene +

ilnenite (EPMA).



===tB====--======Et===-E=E-=!a======-l=tE-t=E-======-E===

vuw L747s L743L 17422 L7433 L7432 L7434

FIELD B5X-B BX-22 BXWS U7X-1 BX-24 T5-X

============a=====B=========t-=-======-===!=====-t-= 
g====

slo,
Tlo;
llzdg
i,iao'
MnO

Mgo
Ca0
Na"0
Kr6

la?'

50.05
0.72

19.43
10.61
0.00
0.21
7 .90
7 .75
2.32
o.27
0.09
0.40

53.94
0 .59

19.06
L.73
6.87
0.12
5.49
7.2L
3.33
0.54
o .13
0.73

54.4L
0.69

16.98
2.05
6.00
0.17
5.02
9.L2
3.57
0.66
0 .11
0 .98

56.82 57.64 52.10
0.55 0.61 0.45

16.81 18.64 18.61
o .57 1 .31 O.94
7 .O2 5.67 4.39
0.15 0.10 0.08
5.32 3.86 2.06
9 .91 7 .29 6 .14
1 .21 2.20 3.72
0.09 0.50 0.50
0.09 0.10 0.10
I .21 1 .83 0.65

TOTAL* 98.88 99 .57 100.14 100.02 ]-oo.27 99.89

Ba
Ce
Cr
Cu
Ga
La
Mn
Nb
Ni
Pb
Rb
Sc
Sr
Th
Ti
U

v
Y
Zn
Zt

280
24

311
67
2L

8
161.5

5
73

5
5

32
392

3
43s3

<2
232

L4
226
116

L73
L4
43
77
19

6
1145

I
L2

6
16
20

379
2

3363
<2

182
11
79
37

54

99
33
20

25
19

353

25
30
23

97

84
52
19

L223
I

19
9

t7
27

4L2
3

1193
<2

245
l8
82
56

L204 9L7
o2

357
6L2

<2 55
24 2L

L94 809
<2 <2

3060 3498
<2 <2

201 L97
16 L4
73 74
51 69

0
2

L2
3

362
4

<2

1;
59
83

Mg*
K/Rb

63
492

58 57
277 319

0.043 0.041
.7060L .70650

0.007 0.067 0.008
.70711 .70866 .70579

60
532

54 45
76 1480

Rb/Sr
I

0.012

=========================================================
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= === ====== ======= === ====== = ==-======= ============ = ====== ==== ==== = == = =====
I4ETA-ICIilEOUS XENOLITHS - TIPE MIXe (Tine)

=== === ======= ===== ============= ======= ===== === ================= === == == == =

VUV 17479 HOST: 14784 LOC: ROAD T0 I'IEADS UAII rOW

Grey, honogeneous fine-grained pyroxene hornfels.
Dominantly plagioclase + pyroxene.

VUI{ 17411 HOST: WHAI( LOC: IfiIAKAPAPA SKIFIETD

Grey, homogeneous fine-grained hornfels
(lOrrOxtOnn). Doninantly plagioclase + pyrorene.

VIIU 17422 HOST: I'LOAT LOC: UIIAKAPAPAI{UI STREAI,I

Grey, honogeneous fine-grained hornfels
(lOx4rxSrnn). Andesine-labradorite + hypersthene +

pigeonite (overgronth on hypersthene) + augite +

titanomagnetite + rninor apatite + interstitial
glass (urru).

VVI'I 17453 HOST: I,IANG LOC: SOUTH RUAPEHU

Grey, honogeneous fine-grained hornfels
(lOx+5xl5nn). nytownite-anorthite + hypersthene +

augite + ilnenits + euartu (PPUA).
Sharp, regular contact.

Vurt 17432 HOST: tJiIAK LOC: WHAKAPAPA SKIFIEID

Brorn, poorly foliated fine-grained hornfels
(tOOxeOx5Onn). l,abradorite + hypersthene + quartz

VUltl 17414 HOST: MANG LOC: SI,I RII,'I CRATER IAKE

Light-brown-grey, honogeneous fine-grained
hornfels (7Ox45x35rnn). craphic texture of
plagioclase + pyroxene + quartz.
Sharp, regular contact.

T20
N'112

/ log t>>
/ o55 7o9

/ ltz 145
/ o58 599

/ loo tu
/ o41 747

/ tos ogz
/ o>z s+o

/ ltz/ oze

/ 706 1oo

/ or5 648

T20
N122

T20
N1'12

T20
Nl22

rr20

N122

(trrvrR).

T.20
N122

145
699
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APPENDIX 1: EIECTRON PROBE IIIICROANALYSES

********,********ltt**********,*****,*****.**************************r**f **l*****

Analytical nethods are detailed in Chapter 2.1.

Analyses are ordered according to VIII{ catalogue number.

ol

cPx

wo11

pig

opx

p1

ks

glass

mes

bio

chl

nus

hb

gecl

preh

epid

ap

ha1

sph

cord

siI1

cor

ent

ilm

rut

hen

tnt

ersp

pleon

olivine

clinopyroxene

wollastoaite

pigeonite

orthopyroxene

plagioclase

alkali felclspar

glass

nesostasis

biotite

chLorite

nuscovite

hornblende

gedrite

prehnite

epidote

apatite

halite

sphene

corclierite

sillinanite

corundum

garnet

ilmenite

rutile

henatite

titanomagneti.te

chronian spinel

pleonaste

LOC: c=core; r=rirn; g=groundmass

ASSOC: nineral associations described in

ANAL: nunber of analyses i.e. 1= single

sinilar analyses etc.

analysis notes.

analysis; m2= nean of two

All pyroxene analyses recalculated for Tel+ stochionetrically.

- indicates not analysed; .OO intlicates below detection linit.

Fe*=FeJ*+Fe2**ir[n.



WW: 11965 FIELD: R-C

FORUATION: RED CRATER (TONGARIRO)

LITEOLOGY: LOW-ALUMINA BASALT

-======================================-=I=--======3===:=======================

IiINERAL oL ol cPx cPx pl pl

::
n2 1

===E============== =========-=-========-tr=tatrt-t--tE==-EE-==='=======E========

:
n2

toc
ASSOC
AI{AI

oPx

c
1

1

cpx

c
I
1

:
1

:
1

p1

:
1

:
1

slo,
T10;

tlzdg
!teor
ilao,
Mn0
Mgo
Nlo
Ca0
Naro
Krb
T-otal

39.6s 38.78
.00 .00
.00 .00
.00 .00
.00 .00

15.57 20.78
.13 .64

44.76 40.45
.10 .00
.18 .2L
.00 .00
.00 .00

100.39 100,86

5r..99 53.51
.23 .15

2.25 1 .54
.00 .00

L.97 .94
4.18 7 .90
.35 .27

L6.79 L8.97
.00 .00

21 .10 L6.73
.20 .15
.00 .00

99,06 100.16

53.45 51.34
.L4 ,00

1.03 29.99
.00 .00
.00 .00

19.69 .72
.49 .00

23.07 .20
.00 .00

1.21 L4.26
.00 3.36
.00 .L7

99 .08 l-00.04

50.81 49 .O4
.00 .00

30.44 31.48
.00 .00
.00 .00
.94 .83
.00 .00
.20 .20
.00 .00

L4.22 15.71
3.25 2.82
.09 .00

99.95 100.08

51 .50
.50

3.77
.23

L.23
5.56

.23
16.03

.00
21.05

.r6

.00
r.00.26

oxygens

st
Ti
A1
Cr
r-3*
iIz*
l{n
Mg
N1
Ca
Na
K

Total-

.995 .994

.000 .000

.000 .000

.000 .000

.000 .000

.327 .446

.003 .014
r.674 L.545
.oo2 .000
.005 .006
.000 .000
.000 .000

3,006 3.006

1,89
.01
..16
.01
.03
.L7
.01
.88
.00
.83
.01
.00

4.00

I .91.
.01
.10
.00
.06
.13
.0L
.93
.00
.84
.01
.00

4.00

r.95
.00
.07
.00
.03
.24
.01

1.03
.00
.66
.01
.00

4.00

1.99
.00
.05
.00
.00
.61
.02

1.28
.00
.05
.00
.00

4.00

2.34
.00

1.51
.00
.00
.03
,00
.01
.00
.70
.30
.01

5.00

2.32
.00

L.64
.00
.00
.04
.00
.01
.00
.70
.29
.01

5.01

2.25
.00

1.70
.00
.00
.03
.00
.01
.00
.77
.25
.00

5.01

endnember unite

An
Ab
Or
Ca

tte
Fe*
Z Iln

43.08
45.58
11 .34

42.7L
47 .32

9.97

33.35
52,60
14.05

69.84
29.L7

.99
2.46

65.42
32.L2

70.82 75.82
28.69 24.L8

:o' :oo-.25 
.ro

83.34 76.84
16 .41 22.86

Z Usp
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VUIf: 11965 FIELD: R-C
FORT4ATION: RED CRATER (rOnCmrnO)
IITHOL0GY: LO}I-ALUMINA BASALT

== == = == == ============ == = == == ========== === ==== = = ====== == =

IIIINERAI epr# pI p1 cpx opx cpx+

L0c
ASS0C
ANAT

tlpt I't 1

r
1

a
I

c
I
't

c
7
1

c
2
1

===============================--===-B==================

si0^
Tio:

^\61crlolz
t.|oi
FeO '
lIn0
us0
Ni0
Ca0
Naro
Kr0
T-ota1

50.53
.00

,o.25
.00
.00
.50
.00
.19
.oo

14.71
1.o5

a.f

99.55

,2.O5
.21

azn
.00

1.t7
10.40

.44
1r.51

.00
20.24

-74
.00

99.97

50.15 55.25
1.10 .00
3.to 28.24
,00 .00

1.15 .oo
9.O2 .40
.48 .00

15.99 .O0
.00 .00

1e.27 11 .O7

.67 5.19

.00 .27
1OO.53 10O.54

52.66 49.57
.00 .51
.77 4.75
.00 .52
.00 4.1522.11 

'.38.59 .OO
21 .'t1 15.56

.o0 .00
1 .05 21 .76
.00 .21
.o0 .00

98.49 100.42

oxygens

Si
Ti
A1
Cr

ZL
Te)'
tr'e2*
It'ln

Irlg
Ni
Ca
Na
K

Total

1 .e7
.01
.15

.09

.28

.02

.78

.00
n7

.05

.00
4.00

2.48
.00

1 .50
.00
.00
.02
.00
.oo
.00
.51

An

.01
5.01

2.12
.00

1.64
.00
.00
.02
.00
.01
.00
n7

.27

.01
5.00

1.95
.ol
.05
.oo
.04
.t7
.01
.76
.00
.81
.ot
.00

4.00

1.99 1 .81
.00 .o2
.ot .21
.00 .01
.00 .12
.71 .1 0
.o2 .00

1.19 .85
.00 .00
.04 .85
.00 .o2
.00 .00

J.98 4.OO

endnember units

An - 52.37
Ab - 46.55
0r - 'l .28
Ca 38.49
Me 40.96
tr'e* 20.55
fr ttn
I usp

2.19 44.2+
60.79 41.99
17 .O2 11 .77

NOTES: Xenoerysts in basalt.
# exsolution fron p1; + rim around glonerocryst.

72.15
26.57

:"
41 .75
78.78
19.47



VUW: L4738 FIELD: A9 #

FORI'IATION: TE IIERENGA (RUAPEHU)

LITI{OLOGY: fiPE 1 BASIC A!{DESITE

ta=================a=============4=======-=======================================

MTNERAL cpx cpx cpx opx opx pl pt pl- tmt

LOCcrgcrcrgg
ASSOC
ANAI111111111
================g=================-E='==3E=====-==-=g===============-====.===-===

sio'51.5650.7051.1252.755?.7648.8648.2355.59.00
;io] '- -.1,, .47 -42 .20 '2s '00 '00 '00 12 '0e
ii;A. z.i,t 3.70 1.45 t.o7 t.ls 31 .78 3r .75 27 .52 2.37

crloi .00 .00 .00 'oo '00 '00 'oo '00 '90
Feioi .88 3.24 1.q5 'oo '29 '00 '00 '00 41- '08
Fe6. 8.8i i'.oo L2.76 17:t6 16.si .81 .76 1.21 3e'67

Drno .2a .27 .41 '32 '37 'oo '00 '00 '2r
uso 14.35 14 '27 14 '16 24 '2L 25 '66 '00 'OO '00 1'37

Nro .oo .00 .00 'oo '00 '00 '00 '00 '00

Cao19.9i20.1916.901.681.5116.09L6.L710.98.00
Na?o .38 .40 .31 .oo '00 2 '32 2 '13 5 '28 '00
K^6 .OO .oo .oo .oo '00 '05 '07 '29 '00
r6tat 98.88 r00.84 99.36 ge.ig ss.56 99:ii ss'L2 100'87 97 '69

-ri.t-- ; ---:-----;- ;- :-------:-------:-------:-- -'
sl 1.93 1.87 1.94 1'95 1'95 2 '25 2 '23 2 '50 '000

Tr .01 -01 .01 '01 '0L '00 '00 '00 '346

A1 .11 .16 .07 '07 '05 L'72 1'73 r'46 '105

Cr^. .00 '00 '00 'OO '00 '00 '00 '00 'O27

;;:i .03 .oe .0s .00 'ol '00 '00 '00 1 '175

FeL- .28 .24 .4L '55 '51 '03 '03 '05 L '26L

lrn .di .ol .oi '0L 'oi '00 'oo '00 '007

Mg .80 .7g '80 1'34 1'40 'Oo '00 '00 '078

Ni .00 .oo .00 'oo '00 '00 '00 '00 '000

Ca .80 .80 ' 69 '07 ' 06 '7 
g 

' 80 ' 53 '000

Na .03 .03 'OZ 'OO '00 '21 '19 '46 '000

K .00 .00 .00 '00 '00 'oo '00 'o2 '000

i::::---- T: Ti 19: - 199 ---133----199----1-1i----l:i1----l:913

::9:*::-:1T---
An 79'04 80'46 52'58

Ab 20 '66 19 '14 45 '73

or '30 '40 1'69

Ca 4L .g4 4L .64 35 '05 3 '41 2 '98
us 4L.g4 40.97 40 '92 68 '30 70 '54
rI* L6 .Lz L7 .39 24.03 z8 '29 26 '48
7 TLm

:=u=J:========l========]===== ==l=======]======= l=======l=======]= ======l--======:33

NOTES: Analysis by W.R'Hackett; /l sanple sinilar to 17437 '
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VUY: 14798 FIELD: F4
FOR}IATIO!{: 0HAKUNE

LITH0LOGY: TYPE 5 ACID ATIDESITE

t--t -t=-!r

I,III{ERAL 01 ol cpr cpr cpr oPx

r-r!rr!!=!-r-r-!-!!--rt-:ar-!E--3t!-!t=rtrt-tta-3-t!E--tt-r:at

si0^
T; NZ

;;-e..-rw7
crloi
;:s"
Un0
Irte0
Ni0
Ca0

I"zoKzo
T-ota1

40.75 40.63 51.8 53.98 
'0.65 

55.75 
'5,65 

52.51 49-55 51-25
.oo .oo .15 .'l 1 .46 .14 .14 ,21 .OO .OO

.oo .oo 1.51 r.r1 1.15 1.58 .74 1,71 
'1.72 

29.81
.oo .oo .17 .28 .2t .27 .OO .00 .oo .o0
.oo .00 .00 .36 .42 .OO .64 2.97 .OO .OO

12.4A E.B5 6.47 5.69 lo.8l 12.00 12.15 12.47 .A2 -95
.17 .17 .26 .16 .25 .21 .22 .rA .00 .oo

47 .29 45.58 17 .It 17 .86 15.74 29.11 29.31 26.53 .11 -13
.oo .09 .00 .00 .00 .oo .00 .00 .oo .0o
.1r .15 2O.l | 20.27 15.18 ,| .51 ,| .60 2.15 15.27 15-79
.oo .oo .19 .21 .19 .00 .oo .00 2.37 1.19
.oo .oo .00 .oo .00 .00 .oo .00 .o7 .10

1OO.80 100.4? gg.8t 100.0' 98.1O 1OO.l9 lOO.47 98.97 99.93 99.O2

L0c
ASS0C
ANAL

:::
rt1I

cr
tl

opx oPr

:1
tl

p1

c

I

pl

a
-l

't

oxygens

si
Ti
A1
Cr?rFe/'
Fe2*
Mn
Mg

Ni
Ca

Na
X

TotaI

1.002 r.OO9 1.98
.000 .ooo .oo
.000 .oo0 .o?
.ooo .oo0 .01
.oo0 .oo0 .o0
.257 .288 .20
.oo4 .o04 .o1

1 .713 1 .686 .94
.000 .002 .oo
.o0l .oo4 .79
.oo0 .ooo .01
.o00 .oo0 .00

2.999 2.991 4.O1

1.97
.o0
.05
.01
.01

.01

.97

.70

.02

.00
4.OO

1.92
.01
.14
.ol
.01
.14
.ol
.89
.o0
.66
.01
.oo

4.00

1.97
.oo
.06
.00
.oo
.16
.01

1 .54
.00
rUA

.01

.oo
4.01

1.97
,oo
.03
.00

'56
.01

1.55
.00
.06
.oo
.00

4.00

1 .92
.01
.07
.oo
.08
.1e
.01

1.45
.00
.08
.oo
.00

4.00

2.27 2.2'
.00 .oo

1 .71 1 .5'l
.00 .oo
.oo .00
.o, .o4
.oo .00
.ol .ol
.oo .00
.75 .58
.21 .24
.oo .o1

4.98 4.98

endnenber units

An
Ab
0r
Ca

l{g
Fer
S Itn
f usp

=========== 
*=tltEtiElE

NOTE: Analysis by tl.R.Hackett.

: : : : 
"l".iilz'.ii.r5 .2O 40.91 40.58 34.59 2.92 3.06 4.19

86.?8 85.O? 48,47 49.74 46.56 ?8.60 77.67 72.11
13.O7 14.73 10.62 9.68 18.95 18.48 19.27 21.5O



VUW: 14814 FIELD: E5 /l
FORI'{ATION: }'IANGAW}IER0 (RUAPEHU )
LITtrOLOGY: IYPE 1 DACITE

=======E= ================E=E=!==-===At====-E==E================qs========

oPx

==E======-========'3======Eg===============3=-=I-==B-E=4===-'I-========I=

MINERAL cPx

LOC c
ASSOC
ANAL 1

slo, 52.20
rlo; .63
A1?6? 2.44
criol .00
relol .00
Fe6 " LO.22
MnO .23
!1g0 14.11
Nto .00
CaO L9.42
NarO .33K"6 .oo
T-otal 99.58

51 .40 53.72
.70 .28

2.96 .87
.00 .00
.00 .00

10.87 20.60
.37 .47

15 .03 23.47
.00 .00

L7 .36 1.33
,24 .00
.00 .00

98.93 100.74

pI tnt

:2
11

5!..62 .L4
.00 L9.42

30.00 L.44
.00 .00
.00 28.35
.93 45.90
.00 .40
.00 1.46
.00 .00

13.11 .10
3.51 .00
.25 .00

99.42 97 .2L

:
I

:
1

:
1

g

1

p1

:
1

52.11
.50

1.82
.00
.00

10 .14
.31

14.43
.00

20.44
.29
.00

100.04

53.23
.2L
.95
.00
.83

L9.72
.50

23.45
.00

1.43
.00
.00

t 00.32

53.3L
.00

29.30
.00
.00
.56
.00
.00
.00

11.76
4.40

.2L
99.s4

oxygens

st
Ti
A1
cr^ .

FeJ+
F"2*
l{n
Mg
Nt
Ca
Na
K
Total

r_.95
.02
.11
.00
.00
.32
.01
.79
.00
.78
.02
.00

4.00

1.95
.01
.08
.00
.00
.3r
.01
.79
.00
.81
.02
.00

3.99

1.93
.02
.13
.00
.00
.34
.01
.84
.00
.70
.02
.00

3.99

L.97
.01
.04
.00
.00
.63
.02

1.28
.00
.05
.00
.00

4.00

1.95
.01
.04
.00
.02
.61
.02

L.29
.00
.06
.00
.00

4.00

2.43
.00

L.57
.00
.00
.02
.00
.00
.00
.57
.39
.01

4.99

2.35
.00

1.61
.00
.00
.04
.00
.00
.00
.69
.31
.02

5.O2

.005

.s56

.065

.000

.8r2
L.462

.013

.083

.000

.004

.000

.000
3.000

endmember unlts

An
Ab
Or
Ca 41.13 42.02
Ms 41.61 4L.24
Fe* L7 .26 L6.74
Z Iln
% Uep

36.89 2.62
44.43 64.75
18.58 32.63

58.89
39.88
L.23

2.86
64.64
32.50 :

67.92
30.60

'-o'

.580

===-======================================-==============================
NOTES: Analysis by W.R.Hackett; // sanple slnilar to 14813'
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VU}I: 14816 FIELD: H5
FONMATION: HAUHUNGATAHI
LITH0IOGY: TIPE 5 BASIC AI{DESITE

====== =========== ====== E ============ === ======= ==== ====== === == ==== ======= =IIIINERAL 01 ol opx pl p1 p1 crsp#

r0c
ASSOC

ANAL

c

1

52.60
.18

2 .14
.r1

1 .ro
4.91

.22
17.97

.00
19.57

.18

.00
99.56

r

1

49.15
.o0

,2.17
.00
.oo
.74
.00
.00
.o0

15.84
2.14

.05
1 00.29

40.85 40.47.oo '.oo
.00 .00
.00 .00
.00 .00

12 .62 18. 1 5
.20 .27

46.86 42.62
.11 .00
.10 .14
.00 .00
.00 .00

100.74 101 .65

c

I

55.58 46.8t
.15 .O0

1.45 11.45
.22 .O0
.oo .00

12.40 .67
.27 .OO

27.86 .It
.00 .00

1 .77 17.71
.oo 1 .21
.00 .00

99.70 100.01

-o1
1'l

51 .5A .00
'oo '5110.22 11 .O7
.00 47.28
'oo 9.71

I .01 18.76
.00 .00
.17 9.14.oo .00

14.01 .00
7.41 .O0
.12 .00

100.54 95.67

c

I

r

1

e

n2
==============================-E=================================-==== 

===si0^
Ti0:

i:,:22

#e,;
Mn0
11g0

Ni0
Ca0
Na^o
K16
Tbtal

oxygens

Si
Ti
A1
Cr

7LTe)'
Fe2*
ItIn
Mg
Ni
Ca
Na
K

total

1.91
.01
.09
.01
.44
.t)
.01
.98
.00
.77
.01
.00

4.00

1 .98

.06

.01

.00
7'7

.01
1.48

.00

.07

.00

.00
5.98

2.16
.00

1 .42
.00
.oo
n?

.00

.00

.87

.11

.o0
5.00

2.25
.oo

1.73
.00
,oo
n?

.00

.00
,00
.78
.21
.00

5.00

1 .006 1.O12
.000 .000
.000 .000
.000 .000
.o00 .o00
.25o .179
.004 .006

1 .720 I .5Ae
.002 .000
.00, .004
.000 .000
.000 .000

2.995 2.989

2.54 .000
.00 .017

1.62 .445
.oo 1.279
.00 .25o
.o4 .517
.oo .000
'01 '476.00 .000
.58 .000
.10 .000
.ol .000

5 .O0 l.o0o
endrnenber units

An
Ab
0r
Ca
Mg
tr'e*
f, tt^
S usp

-.15 -.21 
19.48

86 .56 80.52 50.r1
,t 

_rt 
19.47 

'O_O'

89'10
1o'90

?tr?). ))
76.85
19.62 

:

78.70 69.31
20.99 29.97

zt .ra\.)t .lv

.105
===== ==== ============= === ======================== ============== = = = = ======
NOTE: Analysis by W.R.Hackett; # inclusion in olivine.



VUI|: 14629 FIBLD: Jl
FoRilATION: ItANGAWIIERO (RUAPEIIU )
LITHOLOGY: CPE 3 DACITE

I.IINERAL

LOC

pl

s

o1 ol cPx cPx

r

.000 .000 .00

.29L .408 .20

.003 .005 .01

.0r1 .007 .00

.000 .000 .78

.000 .000 .03

.000 .000 .00 .00
3.002 2.991 4.00 3.99

.29 .04 .03 .oo .00 .00 .00

.01 .69 .76 .53 .O2 .o2 .03
.02 .01 .00 .00 .00

.00 .00 .00

.oo .oo .oo .oo .00 .00 .00

oPx

c

oPx

r

OPI

I

pI

c

pl

r
ASSOC

ANALI1I11I111I
-!l:!tl-r-r-l-t-=t-lt- 

3t-"'-ttt'-3E-tr'rl'!!rttt"r"ri'!'rt-rt-drt_ttt'-!

39.g239.6252,g552.1048,7650.9252.6455'0953'7155'22
.00 .00 .62 .64 .2't .13 .35 '00 '00 '00
.oo .oo z.Lg 2.36 5.54 1.r3 3.30 27 's3 28'99 28'16
.oo .o0 .45 .00 .00 .oo .oo '00 '00 '00
.oo .00 .00 .00 L.47 -97 .OO '00 '00 '00

13.96 Ls.21 6.ii g.io 2i.75 23.76 L7.24 '54 '55 '56
.14 .23 .2r .27 .00 .64 .42 .00 '00 '00

45.83 41.39 16.58 L4.78 20.55 19.80 24.O5 '00 '00 'o0
.55 .33 .00 .00 .00 .00 .oo '00 '00 '00
.00 .oo 19.90 19.83 .15 1.03 1.28 10'70 11'9r 11'25

.00 .00 .40 .30 .oo .oo .00 5 '00 4 '52 4 '96

.00 .00 .oo .00 .oo .00 .oo '47 '35 '47
too.4o 100.80 ee.i3 gs.i4 98.49 98.38 99.28 99.33 100.03 100'67

oxygens4466666888

s1o,
Tto;
Itz6r
!tzor
llao'
!lnO
Hgo
Nlo
CaO
NarO
Kr6
T6tal

st
T1
A1
Cr
Fe3*
Fe2*
Hn

.995 1.005 r.94 1.94 1.84 L.97 1.94 2'52 2'43 2'48

.ooo .000 .02 .o2 .01 .oo .01 '00 'oo '00

.ooo .oo0 .10 .10 .25 .05 .r3 1 '46 r '55 1 '49

.oo0 .000 .01 .00 .00 .oo .00 '00 '00 '00

Ug L.7OZ 1 -556 .91
.82 .00
.79 r.16.16 1.13 L.32

N1
Ca
Na
K

An
Ab
0r

.02

.00 .44
.03

.40 .43
.02

.01 .04 .05

.00 .00 .00
.52 .58 .54

0 .00
9 4.00

.00 .00

.00 4.00.oo 3.99 4 .99 5 .00 4.99
.00

TotaIlOEal J.vv4 ."rL

endneober unlt.s

52.90 58.09 54.26
44.35 39.90 43.33

2 .7 5 z.OL 2.4L

Ca
}|g
Fe*
Z lln

41.19
47 .76
r1.05

85.27 79.L3
t4.73 20.87

arloe r.ro
42.58 61 .15
16.34 35.69

2 .rL 2.67
57 .01 68.93
40.88 28.40

I Usp
-tr==tttE'-

NOTE: Analyals bY I{.R-HacketE.
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VUY: 14848 FIELD: H7
FORIIATION: PUKEONAKE
LITI0LOGY: IIPE 6 ACID AI{DESIIE

rr-==-t!!---!:3!:-tr-g c=-r---r:--

I,IINERAL ol o1 cpx cpr cpr opr opx

rgcr

pl p1 pl

:::
a1 11n2 n2 nJ n2

crc

llm2

L0c
ASS0C
ANAL

si0^
Tio:
Ar)67

i::si
FeO -
ltn0
uso
Ni0
Ca0
Na2O
r(^0
ftotar

41 .22 40.40 51.01 51.44 52.53 51.76 55.08 57.17 5r.58 5r.47.oo .0o .41 .45 .60 .25 .29 .00 .00 .00.oo .oo 2.24 2.0O 2.19 1.56 1 .51 27.42 10.63 28.39.oo .00 .24 .16 .t8 .1 I .05 .OO .OO .OO

-.qq .oo .o7 .oo t.o8 .oo .oo .oo .oo
6 .o5 12 .52 8.82 6 .87 7 .O' t 8.2r 1 4 .57 .+g .48

.00

.69.oo .14 .16 .19 .19 .2A .tO
51 .r8 46 .71 1 5 .04 17 .29 1 6 .77 2t .82 26 .r5

.oo .00 .oo

.06 .15 .19.62 .43 .00 .oo .oo .04 .00 .00 .oo .oo.o8 .14 19.16 18.85 19.54 .t.91 1.90 t0.95 tr.?O 12.28.oo .0o .15 .25 .29 .04 .oo 4.74 1.40 4,12.oo .00 .oo .00 .oo .oo .oo .48 .20 .2799.15 10O.14 t00.52 99.71 1OO.5O 99.98 1OO.22 tO.r.l1 100.14 99.4j

oxySens

si
Ti
A1
Cr
leJ*
Fe2*
l.tn
Mg

Ni
Ca
Na
K
Total

1.96
.01
.09

.oo

.21

.01

.9'

.oo

.(+

.02

.oo
4.OO

1.91

tr}
.01
.03
.22
.01
.92
.oo
'l'f

.02

.00
4.00

1.97
.o1
.o7
.oo

-56
.01

t .l0
nn

.08

.00

.oo
4.00

1.98

.oo

.44

.o'l
1.41

.00

.08

.oo

.o0
4.O0

2.54

1 .44
,00
.o0
.02
.o0
.00
.00
.)z
.41
.01

4.96

1 .OO1 r .002 1 .94
.oo0 .ooo .01
.000 .ooo .10
.000 .ooo .o.l
.000 .000 .o0
.121 .255 .27
.000 .005 .Ol

1.860 1.726 .8?
.012 .OOg .OO
.002 .004 .76.ooo .ooo .o5.oo0 .000 .00

2.998 2.999 4.OO

2.34 2.44
.00 .00

1 .64 1.5t.oo .o0
.00 .00
.o2 .o3
.00 .oo
.0r .ol
.oo .o0
.67 .60
.lo .17
.01 .o2

4.99 5.00

endmenber units

An
Ab
0r
Ca

ilg
Fer
I trn
I uep
--l----E-=- 

===r-G==E:-

N0TES: Analysis by H.R.Hackett.

Ito -.zo 
39.14 58,7i 39.589r.74 86.88 46.17 49.40 47.216.16 12.92 14.49 11.8? 't1.21

54.56 68.45 51 .67
42.52 tO.53 35.72
2.81 1.22 t.5l

1.85 1.88
66.85 72.92
29.2921.20:::



VW: 14848 FI'ELD: H7

FORIIATION: PIIKEONAKE

LITEOLOGYT IYPE 5 ACID AIIDESITE

:iFE== = = == === = =-== ====== == ===== 
a = =

UINERAL tnt crEP crsP

LOC
ASSOC
AI{AL
--=-c-=== =====-=1==== =====t==E===

:
1

:
1

:
1

sloo
Tro;
A1^0o
CrloI
.AJFAt I

UnO

Mgo
Nro
CaO
Naro
Kr6
T6ta1.

.28
13.48

'81
.00

38 .93
41.51

.31

.55

.00

.15

.00

.00
96.O2

.24 .00
L.62 .44
6.52 9.9s
49.78 51.58
8.82 7 .01

29.59 19.81
.00 .00

3 .37 8.78
.00 .00
.00 .00
.00 .00
,00 .00

99.94 97 .57

oxygens

si
T1
A1
Cr
tr'.3*
FeZt
Iln
Hg
N1
Ca
Na
K
Total

.011

.397

.037

.000
L.L47
1.360

.010

.o32

.000

.006

.000

.000
3.000

.009 .000

.043 .011

.272 .401
1.389 1.39/l
.235 .183
.874 .564
.000 .000
.178 .447
.000 .000
.000 .000
.000 .000
.000 .000

3.000 3.000

endmember unlts

An
Ab
Or
Ca
Ug
Fe*
I lln
Z Usp .408 .711 .428

t=E==========E===================



-258-

VUY: 1485O FIELD: L6
F0R}iATI0lr: M.[NCAYHERO (nUlpSHU)
LITH0I0GY: TYPE I BASIC .AIDESITE

===- =-=E-ri-=!:3-=tttE -Ert_-_rE==rr:=_-_!__=_

UINERAL 01 o1 cpx cpx opx opr pI

rcrcrcc
- opr ol

ln2lt1r.21mz

c

't

L0c
ASSOC

AI{AL

40.78 40.61 51 .72
.oo .oo .54
.oo .0o 2.9e
.oo .00 .00
.oo .0o .4612,47 12.97 8.82
.14 .13 .21

46 .57 45 .52 14 .44
.15 .25 .oO
.12 .17 20,13
.oo .00 .t8

.25 .r8 .50 .00
f4.o4 24.5' 22.99 .OO

pI tnt# crap+

.o0 .3t .oo.oo t.az t o,o8.o5 .oo
.oo .oo

!r ! rrr--!!ta-!!a !t!-!r!-r-rt!= -- t-t-t r-- =tr
si0^
,ni nZ

;i;6"
crloi
reroi
FeO'
lln0
t{e0
Ni0
Ca0
l{a.O
K-5
ftotst

51.41 5J.t5 51.20 51.55 50.89 .06 .OO
.57 .21 .29 .00 .OO 9,68 .55

2.95 1 .96 1 .59 70.14 51 .O4 4.71 16.91
.00 .00 .oo .oo .oo .50 45.71
.oo .00 .oo .00 .oo 44.45 6.6210.06 18.t8 t9.6O .48 .62 55.42 19.5t

.oo .00 .oo .oo .00
19.72 1.48 1.70 14.20 14.81

.28 .00 .oo t.fi 2.9, .oo .00

.00 .oo .oo .1 I .10 .00 .00
99.28 10O.Og 99.97 100.00 t0O.4t 98.24 99.40

orygens

si
Ti.
l1iI

Fel*
FeZ*
l{n
Ug
l{i
Ca

Na
K

Total

1 .OO5 1.O12
.000 .000
.000 .ooo
.000 .o00
.000 .ooo
.257 .270
.001 .ool

1.715 1.690
.oo7 .0o5
.00] .005
.ooo .000
.000 .oo0

2.990 2.985

1 .92

l?

.28

.01

.80

.o0

.80
nz

.00
4.00

1.92
.02

la

.00

.oo

.12

.01

.79

.oo

.79

.o0
4.OO

1 .94
.01
.09

.oo

.56

174

.00

.06

.00

4.00

1.97
.o1
.07
.oo
.oo
.60
.02

1.25
.oo
.07
.oo
.o0

4.00

2.t4
.00

1 .54
.oo
.00
.02
.00

.00
,69
.27

4.97

2.11
.00

1.66
.00
.00
.02
.oo
.00
.00
. tz
.25
.01

4.98

.oo2 .000

.259 .o1,

.205 .644

.115 1.158
1,2t8 .161
1.Ogt .528
.010 .000
.002 .ooo
.1 66 .4e6
.ooo .oo0
.ooo .ooo
.000 .000

l.0oo l.ooo

endrnenber units

An
Ab
0r
Ca .15 .25 42.29 41.69 2.96 3.44
lle 85.75 85.91 42.18 41.27 68.11 64.77
Fer 17.1o 11.U 15.51 t7.04 28.91 11.79
F ttn
S usp

71.16 7J.O8
2A.22 26.t2

'-u' :to

.to6 ,514
-==a!--Er-- ===E===-=-============ !:--=r-t=-3-

NOTES: Analyais by fl,R.Hackett.
# inclusion in opr; + inclusion in oI.



WW: 14855 FIELD: L10
FORI{ATION: I{ANGAI|UERo (RUAPEUU)

LITHOLOGY : LO}I-AIUIfINA BASALT

tr--lt-rrrt lt---=!ltr---ll=!taalr-lr--r----t-r""tr-t!"=-t!=tt!-r'--rr!t.._'

MINER-AL oI oI cP: cPx opx oPx pl pl tnt crepf

LOC
ASSOC

ANAL

:
I

:
1

:
I

:
I

c
o1
02

:
DA

r

n2

:
E3

c

n2

:
I

-r-rttr-arf t--l-tt--E-

slo.
Tro:
':-2"3
llz9r
l=2u3

HnO
Hgo
Nro
CaO

NsrO
Kr0
T6tal

40.90 39.53 51.14 52.55 53.21 55.24 50.67 48.70 .10 '06
.oo .00 .45 .31 .2L .21 .OO .00 12 '83 '55
.06 .00 3.67 2.25 1.82 1.03 29.86 31-82 '86 10'58

.oo .00 .22 .27 .03 .13 .00 .00 '10 49 '36

.00 .oo r.00 .32 L.27 .OO .00 .00 40.04 l0 '00
lo:ti 1e.33 7.9s 8.21 16.11 13.89 .66 -66 40'25 18'01

.13 .28 .18 .r7 .33 .29 .00 .00 '38 '00
46,97 40.84 L4.77 L5.82 25.34 27.56 .11 .14 '60 10'31

.34 .OO .OO .06 .03 .00 .00 .00 .10 '13

.15 .L7 19.93 19.83 1.70 .24 L4,34 16.28 '22 '00

.00 .00 .33 .24 .OO .00 3.24 2-28 '00 '00

.00 .00 .00 .oo .00 .oo -09 .06 '00 '00
gg .46 100.15 99.68 100.04 100.05 roo.59 98.97 99.94 95.50 99.10

.000 .000 .01

.000 .000 .16

.000 .000 .01

.000 .000 .03

.226 .413 .25

.003 .006 .01
1.733 r.556 .82
.007 .000 .00
.004 .005 .79
.000 .000 .o2

.01 .01 .00 .00

.10 .08 .04 1.62 L.72

.87 L.37 L.47 .01 .01

oxyten84466668844
1 .013 r .0lo I .90 1 .93 1 .93 t .96 2.34 2.24 .004 .000

.380 .014

.040 .419
.00 .oo .00 .00 .003 1.298

sl
Tt
A1
Cr

Mg
}{t
Ca
Na
K

.01

Pe3+
Fe2*
Mn

.01

.01

.25

.01

.00 .00

.79 .07

.02 .00

.00 .00

.09 .7 |

.04 .00 .00 .00 1.189 .254

.49 .42 .03 .03 1.324 .499

.0r .01 .00 .00 .013 .000
.035 .512

.00 .003 .004

.80 .009 .000
.00 .29 .ZO

Total
.000 .000 .00 .o0

2.986 2,990 4 .00 4.00.00 4.00 4.oO 5.01 5 .00 3.000 3.000
.00 .00 .01 .00

endneuber unlta

- 70.85 79.67
- 28.66 19.94
- .49 .39

4.34
74.O4
2L.62

'388 '294
t=--==t-t=

NOTE: Analysls by l{.R.I{ackett; # lnclualon ln o1'

.000 .000

.000 .000

An
Ab
0r
Ca
U8
Fe*
Z lln
Z Uep

-.20 -.25

88.19 78.59
11.61 21.16

aolss l.re
45 .L4 69.49
L4.27 27 .L3

4L.79
43.05
15.16



-269-
VUIf:14e67 FIETD: M5

FoxltATION: UAIIIANoA (nUmnrU;
IITHOLOGY: TYPE 1 ACID ANDESITE

====== === ==== ==== = == = == ==== ===== = ====== ==== ===== = = ==== == == ==E === = === =====

II{INERAI

t0c
ASS0C
ANAL

cpx piC opx opx opx pl pI tnt
gcrgcrE

111n2 1'l 1

:
1

=== =====================t==== ===E=================== =========== === === ====
si0^
Tio:
tr16z

2'7oi.r'ee0q
FeO '
Ii{n0
Mgo
Ni0
Ca0
Naro
Kr0
T-ota1

51 .67
.41

1.05
.00

1.61
13.35

.49
14.22

.00
1 7.00

.26

.00
1 00.08

51 .25
.29
.55
.o0
.9'

24.65
.t I

17.40
.00

4.O1
.00
.00

99.85

51.19
.16

1 .31
.00
.oo

16.10
.31

25.59
.o0

1.31
.00
.00

98.17

5?.OO 52.12.r, .27
1 .O2 .97
.00 .00
.00 't.77

22.47 21 .O5
.58 .52

20.65 21 .72
.00 .00

1.59 1.75
.00 .00
.00 .00

98.65 100.18

57.41 51.79 .10
.oo .00 15.74

2A.28 28.86 1.65
.00 .00 .36
.o0 .o0 15.75.64 .88 43.72
.00 .o0 .44
.oo .00 .gl
.00 .00 .00'

12.21 11 .57 .00
4.69 4.86 .O0
.21 .27 .00

100.44 100.19 98.27

oxygens

Si
Ti
A1
Cr?aTe/'
Fe2*
Mn

Mg
Ni
Ca

Na
K

TotaI

1.94
.01
.05
.00
ntr

-42
.02
.80
.00
.69
.vz
.00

4.00

1.96
.01
.o,
.oo

(\7

.79

.01
oe

.00

.17

.00
4.00

1.97
.00
.06
.00
.00
.50
.01

r .4l
.00
.05
.00
.00

4.00

1 .96
.01
.05
.oo
.00
,71
.02

1 .17
.00
.09
.00
.00

4.00

1.94
.01
,04
.00
ntr

.66

.02
1.21

.00

.00

.oo
4.00

2.41
.00

1.56
.oo
.00
.02
.00
.00
.00
.59
.41
.01

5.01

2.47 .004
.00 .449

1.54 .O74
.o0 .011
.00 1 .010
.o7 1.186
.o0 .014
.00 .o52
r\n n,.\r\.vv .VVV

.56 .OO0

.47 .000

.01 .000
5 .oo l.ooo

endnember units

An
Ab
0r
Ca
Mg
Fe*
% tt^
S usp

: : : zi,iZ lTn 
_

14.89 8.25 2.64 4.28 1.54
40.57 49.58 71 .17 58.84 60.1t
24.54 42.o7 25 .99 75 .88 16 .11

.479

================================ ===== == ========================== ========
NOTES: Analysis by W.R.Hackett.



WI{: 14880 FIELD: M17

FORI,|ATION: UANCAWHERO (RUAPEHU)

LIT'ITOLOGY: ljPE 6 ACID ANDESITE

-r!!-rttrti-lrrtltgtt!ttttllttl"'lr"r

HII{ERAL o1 ol cpx cpr oPx oPx

c r

oPx

I

tlt-tart!

craP

c

182 1111
Jt=!t-rttttil"tlt-tl-rttll'-t-ril

53.43 56.45 56.94 52.80 53.84 .00
.L2 .14 .10 .00 .00 .15

r.46 I .41 1.23 28.90 28.2L 4.37
.00 55.68
.00 10.40

L7.72 9.08 6.26 .72 .70 16.95
.31 .I7 .14 .00 .00 .00

24.52 31 .03 33.49 .00 .00 9.84
.00 .06 .00 .00 .00 .11

L,77 1.90 r.62 L2.76 11.82 .00

.oo .oo .00 3.86 4.39 .00

.00 .00 .00 .35 .41 .00
99.83 rOO.54 r00.71 99.39 99.37 97.70

pl' Pl

crLOC
ASSOC

AilAL

::
ll

:
I

:
t

sl0,
Tlo;
*zds
YIz9t
;;a"3
Hno
ilgo
Nro
CaO
Na?o
Kr6
T6tal

41.56 40.80
.00 .00
.00 .00
.00 .00
.00 .00

7 .67 9.23
.00 .20

50.40 49.97
.24 .19
.07 ,13
.00 .00
.00 .00

99.94 100.52

51.00 52.64
.83 .28

2 .2'l I .5r
.14 .00

L.44 1.94
9.25 5.20
.25 .23

14.88 L7 .96
.00 .00

18.52 L9.32
.42 .22
.00 .00

99.00 99.30

.30 .81 .00

.00 .L2 .00
,20
.30

::re:::------1-------i-------:--- ----2-------:-------:- ------2-------1-------:-------:---
1 .008 .gg4 L.gz r.93 I .95 r.97 1.96 2 '4L 2 '46 .000

.004.00 .00 .00
.05 r.56 1.52

.000 .000 .02 .0t

.o0o .000 .10 .o7

.000 .000 .00 .00 .01 .01 .o2 .00

.00

.06
.00
.06

.00st
T1
A1
Cr
F*3*
F"2*

.000 .o00 .04 .05 .or .00 .o0 .00
.54 .27
.01 .01

.07 .07 .06

.00 .00 .00

.r8 .03

.01 .00

.52 .187

.00 1.531

.00 .27 4

.03 .49r

.00 .000

.00 .510

.00 ,003

.58 .000

.39 .000

.156 .188 ,29 .16
l{n .OO0 .004 .01 .01

r.822 1.814 .84
.005 .004 .00

.99 r.34 1.6r L.72

.00 .00 .00 .00 .00
.00

Mg
Nt
Ca .002 .003 .75 .76
Na .OO0 .000 .03 .02
K
Tocal 2

.63

.34

.000 .0oo .00 .00 .00 .00 .00 'oz 'sz 'uuu

.gg3 3.007 4.00 4.OO 4 .OO 4.00 4.00 5 '00 4 '99 3 '000
.02 .000.02

endmenber unlts

An
Ab
0r
Ca
Hg
Fe*
Z Iln

.ro .r, re.zg relzr
92.04 90.3r 43 .35 50.08

7 .86 9.54 17.86 11.21

63.32
34.65
2.03

3.62 3.05
82.23 87 .43
14.15 9.52

3.54
67 .73
28.'13

5E.38
39.19
,:t

.092

NOTES: Analyels by Lt.R.llackett.



-270-

VUlt: 1?410 FIELD: l{X-4
FORMATION: I{AHIANOA (NUAPEHU)

LITH0LOGY: IIIPE QPXd XEN0LITH

============================================================= ===========
opx pI pI bio pleon cpx opx

ccc

nJm51

c

I

====================85=====Et-===================================

IITINERAI

t0c
ASSOC

g::===

si0^
^t 

n1

l i"eAtcOz
crlo4
teloi
FeD -
I,[n0
Meo
Ca0
Naro
K16
Tbtal

oI

c
1

1

c
1

1ri
c

n1

55.84
.o0
.00
.00
.00

32.91
1 .15

29.51
.00
.oo
.oo

99.52

48.71
.00

,1 .87
.00
.00
.45
.00
.00

15.15
2.76

.27
99.20

t8.14
5,gg

1t.58
.o0
.00

8.5?
.oo

18.O1
.00
.85

9.14
95.58

.08
1.24

51 .t9
.00

10.99
25.Ot

.66
10.04

.00

.00

.00
99.4J

50.09 44.58
.42 .OO

3.60 55.77
.oo .00
.67 .00

25.19 .2O
1.09 .00

19.78 .05
.56 19.25
.oo .49
.00 ,oo

99.40 100.15

50.97 51 .54
.18 .71

1.75 .60
.00 .o0
.00 .00

15.31 25.9O
.98 1.08

11 .47 17 .89
18,59 1.69

.1' .O0

.o0 .00
99.14 99.o1

oxygens 22

Si
Ti
A1
Cr?+
tr'e/'
tr'e2*
Ir{n

Mg
Ca
Na
K
Total

.991

.oo0

.oo0

.000

.o00

.761

.o27
1 .220

.000

.000

.000
2.999

1.89
.01
.16
.00
.02
.74
.04

1 .12
.02
.00
.00

4.01

2.O5
.00

1.94
.00
.00
.01
.00
n.t

.95

.04

.00
5.OO

2.25
.00

1.71
.00
.00
.02
,00
.00
.75
.25
.02

5.O2

5.51
.76

2.34
.00
.00

1 .05
.00

7.89
.00
.24

1.71
15.54

.oo2

.o25
1.710

.oo0

.211

.591

.016

.422

.000

.000

.000
l.oo0

1 .96 1.99
.01 .01
.o5 .o1
.00 .00
.00 .oo
.49 .84
.o1 .44
.66 1.O5
.77 .o7
.o1 .00
.00 .00

1.99 4.01

endmenber units

An
Ab
0r
Ca

Mg

Fe*
% ttn
S usp

loo
60.76
59.24

- 95.50 74.01
- 4.40 24.41
- .00 1.58

1.19
57.91
40.90 :

- .oo
- 78.74
- 2.26

- 19.12 5.56
- 71 ,74 52.21
- 26.92 44.23

.519

NOTES: Association 1: coexisting pyroxenes at edge of xenolith
(probably host ).



VUW: L74L3 FIELD: XX

FORMATION: I{AEIAI'IOA (RUAPEEU )
LITUOLOGY: ltPE Ix XENOIITH (PYROCTASTIC?)

============================-==E=====tE===='====-============-==

I'{INERAL CPX OPX

LOCcc
ASSOC 1 -
AI{AL 1 M5

opxil pl pl Lln tmt

:
t

52.09 52.2L 52.63 54.37
.54 .29 .31 .00

L.73 .96 .91 27 .66
.00 .00 .00 .00

t .71 L.74 .68 .00
9.05 L9.94 20.47 .38
.31 .54 .40 .00

14 .72 22 .55 22.55 .10
20 .22 L.57 L.67 11 .20

.27 .00 .00 5.09

.00 .00 .00 ,22
100.64 99.80 99 .62 99 .O2

.00 .13
46.26 15.31

.3L 3.07

.00 1.s3
13 .17 32.22
34.81 40.61

.30 .28
3 .64 2.43
.00 .00
.00 .00
.00 .00

98.49 9s.58

:
1

:
1

:
I

c
I
1

===================================EEE==-'=='-a8=EE==-'-'=E==:=

sto,
Tr0;
A1?6?

9'ioi
i.lao'
Mn0
Mgo
CaO
Naro
K"6
t6ta1

53.65
.00

29.36
.00
.00
.38
.00
.08

12.13
4.59

.L8
100.37

oxygens 6

si
Tt
A1
Cr
Fe3*
r"2+
MD

Mg
Ca
Na
K
Total

t.91 1.95
.o2 .01.
.08 .04
.00 .00
.05 .05
.28 .62
.01 .o2
.81 L.25
.80 .06
.02 .00
.00 .00

4.00 4.00

1.96 2.48 2.4L
.01 .00 .00
.04 1.49 1.56
.00 .00 ,00
.o2 .00 .00

.000 .005

.871 .440

.009 .138

.000 .046

.249 .926

.729 L.297

.006 .009

.136 .138

.64

.01
r.z5

.07

.00

.00

.01

.00

.01

.))

.02

.00

.01

.59
.45 .40
.01 .01
.00 5.004.00 5.00 .00

.000 .000
2.000 3.000

endrnember units

An
Ab
Or
Ca
Mg
Fe*
Z Iln
Z Usp

3.37
62.95
33.68

54.55 58.96
44 .L7 40.04
1.28 1..00

.865
.506

==============--=================================================
NOTE: /l exsol-ution blebs tn cpx (assoclatlon l)'

41.05 3.L4
4L.62 62.52
L7 .33 34.34



- 271

VUW: 17414 FIELD: AIA
FORII'IATION: TE IIEREITCI (NUIPUTTU )
IITHOIOGY: TYPE IIIXA XENOI,ITH

=================================================================
MINERAL cpx cpx opx opx pl iln crsp

IOCcccccec
ASSOC

ANAL1111n311
E-===============================================================

si0^
m.: nZ
,- 1at n':-2v3
T:? A_
:-2v1

"'!ao'
Mn0
Meo
Ni0
Ca0
Na"0
K16
T-otal

,2.88 53.24
.17 .t1
.62 .69
.oo .00

1.O3 1.O0
7 .27 5.78
.25 .17

15.53 15.87
.00 .00

21 .54 22,50
.13 .1 9
.00 .00

99.42 99.75

5t.55 51.89
.27 .OO
.71 28.80
,00 .00

1.16 .OO17.4t .21
.t2 .oo

25.50 .05
.00 .00
.90 11 .51

.00 4.88

.00 .11
99.9? 99.45

57.74
.19
.76
.00
.22

20.17
.57

27.44
.00

1 .00
.00
.00

99.81

.07
50.66

.1'l
1.18
3.95

t9.15
.32

,.46
.00
.00
.00
.00

98.90

.09

.35
9.88

52.87
5.26

25.t8
.00

6.51
.55
.08
.00

99.97

orygens

si
Ti
A1
c".,
Pe)'
Te2*
Mn
Mg

Ni
Ca
Na
K

TotaI

1 .95
.01
.07
.oo
.o5
.23
.01
,95

.85

.01

.00
4.00

1.96
.01
.o1
.00
.07
.18
.01
.BB

.89

.o1

.00
4.00

1 .97
.01
.o7
.oo

n.,t

.63

.02
1.29

.00

.o4

nn

4.00

1 .95
.01
.ot
.o0
.07
q?

,01
1.r9

.00

.00
4.00

2.45
.00

1 .54
.00
.00
n,l

.o0

.55
,41
.02

5.00

.002 .ooJ

.948 .009

.oot .196

.o21 1,42O

.o7 4 .1 60
,815 .654
.o07 .o00
.128 .310
.ooo .015
.000 .00,
.000 .000
.000 .000

2.000 1.000

endnenber units

An
Ab
0r
Ca

Mg
Fe*
% ttn
S usp

43.28
47.41
11.29

45.o7
44.r7
10.56

zlor
65.12
72.87

f.ts
69.50
28.75

55.29
42.91
t,uo

.950
.475



VUW: 17415 FIELD: All-X
FORMATION: TE HERENGA (RUAPEHU)

LITITOLOGY: IYPE QPXb XENOLITII

=======================================-=================
UINERAL oPx opx pl tmt pleon

LOC
ASS0C
ANAI
===============:== ======================t========E=== ===

c
1

n4

cc
11
n9 1

c
1

n3

c
I
n3

c
1

1

sio,
Tio;
A12-01

9';oi

"kot
MnO

l,[gO
CaO

Naro
Kr0
T-ota1

52.L7 49 .57 56.24 .10 .06 .05
.28 .43 .09 L2.29 13.23 .97

3.11 6.19 27.45 11.15 5.80 52.L2
.00 .oo .00 .00 .00 .00

L.74 3.47 .00 33 .36 35 .90 Lz,?q
rO.Zr V+.At .35 36.87 38 '99 2L '56

.42 .51 .00 .32 .38 .27

2s.6L 24.69 .oo 4.50 3.09 12.51
.27 .23 9.80 .00 .00 .00

.00 .00 5.99 -00 .00 -00

.00 .00 .13 .00 .00 .00
99.81 gg .96 1oo.os 98 .s9 98 .45 99 .7 6

oxygens 66

st
Ti
A1
Cr
ro3t
ilz*
l.{n
Mg
Ca
Na
K
Total

1 .90 l-.81 2.53 .004 .oo2 -001
.01 .01 .00 .325 .362 .020
.13 .27 L.46 .462 -29L 1-701
.00 .00
.05 .10
.49 .45
.01 .o2 .00

1.39 1.34 .00

.00 .000 .000 .000

.00 .881 .982 .256

.01 1.082 1.185 ,499
.010 .012 .006
.236 .L67 .516

.47

.52
.01
.00
.00

.01

.00

.00
.000 .000 .000

4.00 4.00
.01 .000 ,000 .000

5.00 3.000 3.000 3.000

endmember units

An
Ab
Or
Ca

Mg
Fe*
% t:rm
Z Usp

-.46

71..15
28.39

47 .LL
52 .1"0

.79
.47

70 "06
,, 

_0, : .478 .453 .371

========= =====================E==========================

NOTES: AssocLation 1: main area of xenollth



- ata -

YUIr 1?415 tr'IELD: A1 l-X
X'ORI{ATION: TE HERENCA (nUfSHU)
LIBH0LOGI: TIPE QPXb XENOLITH

UIilERAI, oPr opr

cr
22
1l

L0c
ASSoC
ANAI

opr pI pl Pl glass iln tnt

ccclccc
2222222
rttllll

Mt: r -r -r c -- -== == E== !E t gral lttt--- -=-tE!- r E a E !! t t-a r

53.15 5O.lO 49.34 
'5.43 

56.51 65-14 75-05 .OO .10
.21 .48 .55 .OO .OO .00 .95 44.74 9.99
.89 5.15 6.98 27.51 27.17 22.25 1t.2O .tO l.8O
.00 .oo .oo .oo .oo .oo .o0 .oo .46

1.22 2.64 3.2O .OO .00 .00 .OO 15.66 44.1118.f5 15.il 14.97 .45 .t7 .58 .e5 t.U 16.98
.46 .50 .t6 .OO .00 .OO .00 .61 .47

24.07 25.02 24.57 .O7 .0O .0O .2O t.24 1.96
't.75 .29 .27 10.48 9,61 4.21 .r5 .OO .OO

.00 .00 .oo 5.74 6.14 8.70 .99 .OO .00

.oo .00 .oo .27 .2t .76 2.12 .OO .OO

99.91 99.49 lOO.25 99.97 100.05 99.47 91.69 98.19 97.87

si0^
Tio:

i":22
teioi
FeO -
l,ln0
Iso
Ca0
Naro
Kr-0
T-otal

oxygens

2.42
.oo

1.r7
.oo
.oo
.01
.oo
.oo
.20
.75
.04

4.99

si
Ti
A1
Cr
treJ*
FeZ*
}ln
llg
Ca
Na
K

lotal

1.95
.01
.04
.o0
.03
.56
.ol

1.12
.07

.00
4.00

1 .84
.01
.22
.00

n.'l

.46

.02
1.t6

.0,|

.00

.oo
4.00

1.79
.02
-to
.o0
.09
.46
.ol

1.11
.ot
.oo
.oo

4.00

2.50
.00

1 .46
.oo
.oo
.02
.oo

.51

.50

.02
5.02

2.54
.00

1.44
.oo
.00
.ol
.oo
.o0
.46
.54

5.00

.000 .0o4

.846 .242

.oo9 .158

.ooo .014

.297 1.246
,71' 1.15r
.o1l .or 5
.122 .1 10
.ooo .000
.000 .oo0
.ooo .000

2.OOO t.OOO

endnember units

An
Ab
0r
Ca ,.46
ilg 65.15 ?0.82 7o.2?
Fe* 30.59 2a.6t 29,20
I rtn
i usp

49.71 45 .80 20.25
48.74 

'2 
,91 75.43

1 .55 1 .29 4.11

.840
- .119

iE*r=Er==== ==e=========E===3r=rtt--E=r--!M =======-=3-!ttr

N0TE: Aseociation 2: vug containi.ng euhedlral ninerals anil glass.



VUWi 17416 FIELD: A14X

FORMATION: TE HERENGA (RUAPEHU)

LITf,OLOGY: fYPE qxd XENOLITII

E====-==== =====E=====E======1==

I{INERAL oPx Pl Pl

LOC
ASSOC
AI{AL
== ==== = ==== ===== ==== === 

g==E 
= ====

:
1

:
1

:
1

slo^
TLO:
A1r6?

i:esl
ltn0
ugo
CaO
Na?o
K,0
16tat

50.70 49.24 46.66
.20 .00 .00
.53 31.70 33.95
.oo .00 .00
.51 .00 .00

ze.8A .44 .43
.93 .00 .00

15.53 .06 .00
r.2! 14.83 L7.62
.00 2.73 1.84
.oo .L7 .00

99,57 99.17 100.50

oxygens

st
T1
A1
Cr
r-3*
iIz*
lln
Mg
Ca
Na
K
Total

L.97
.01
.02
.00
.02
.94
.03
.96
.05
.00
.00

4.00

2.27 2.L4
.00 .00

L.72 1.84
.00 .00
.00 .00
.02 .oz
.00 .00
.00 .00
.73 .87
.24 .16
.01 .00

4.99 5.03

endmember units

An
Ab
Or
Ca
Mg
Fe*
Z rln
Z Usp

2.55
48.00
49.45

7 4 .24 84.08
24.75 L5.92
1.01 .00

==t=======-..=================E===



_277_

VUII: 17419 FIELD: B5X-A
FORMATION: ITHAKAPAPA (RUAPEHU)
LITHOLOCY: TYPE QPxb XENOIITH

I{INERAI opx p1 pI p1 tnt pleon

l0c
ASSOC

ANAT

c

nj

49.08
.65

7.22
.00

1.42
17.21

'42
2r.12

'41
,oo
,00

99.75

m2

c

n2

c
I

1

c
1

1

c

m)
= == =g============= =============== ===g=====E========== === =

si02
Ti0^-

iI:22
neloi
FeO -
Mn0
ueo
Ca0
Naro
Krlo
T-ota1

52.59 49.70
.00 .00

29.44 72.16
.00 .00
,oo .00.41 .48
.00 .00
,08 .o7

12.r7 15 .O2

4.39 1.14.23 .14
99.49 100.71

.05 .14
11.65 1.r5
11 .40 49.86

.00 .00
,4.80 14 .18
16.69 22.15

.00 .72
4.57 12.20
.00 .o5
.00 .00
.00 .00

100.22 gg .12

55.15
.11

28.24
,00
.o0
't2
.oo
.00

11 .22
5.27

1'l
100.70

oxygens

si
Ti
A1
c"=*
Te)'
!e2*
l,ln
Mg
Ca
Na
K
fotal

1 .78
.42
.51
.00
.09
.40
.01

1.17
.02
.00
.00

4.00

2.4o
.00

1 .5e
.00
.oo
.02
.00
.01
.60
.59
.01

5.Ol

2.26
.00

1 .72
.00
.00
.02
.00
.01
.71
.28
.01

5.O1

2.48
.oo

1 .50
.00
.o0
.01
.o0
.oo
.54
.46
.02

5.01

.002 .004

.506 .028

.47O 1.47e

.000 .000

.915 .297
1 .O72 .516
.000 .008
.216 .508
.ooo .000
.000 .oo?
.000 .000

,.000 1.000

endmember units

An
Ab
0r
Ca
ItIg
Fe*
% ttn
f, usp

- 60.26 72.11
- 18.45 27.10
- 1.29 .79
.85

72.75
26'9o

52.94
45.002.06 : :

-- 
.}w -.4i4

== == ================== ======= = = ================= = ==== == ==
NOTES: Association 1: light/dark areas in cloucled grain.



WW: L7420 FIELD: B6XC

FORilATION: IIHAKAPAPA (RUAPEEU)

LITHOLOCI: IYPE MIXa XENOTITH

B==E=-=-========== ==============

UINERAL cPx oPx Pl

E=====================-========-

52.60 53.88 56.79
.61 .00 .00

1,81 .37 27 .O4

.L7 .10 .00
L.29 .76 .00
6.70 L7 .87 .4L
.19 .55 .00

L5.76 25.25 .00
20.7L .79 9.88

.42 .00 5.84

.00 .00 .39
100.25 99.57 100.3s

oxygens

s10^
TTO;

tlzor
!tzog
ilao'
UnO

:
I

:
1

:
I

LOC
ASSOC
AI{AL

l.tgO
Ca0
Naro
Krd
T6tal

S1
Ti
A1

-3+.Fe
n-2*re
Mn
Mg
Ca
Na
K
Total

1.93
.02
.08
.01
.04
.2L
.01
.86
.81
.03
.00

4.00

1 .98 2.55
.00 .00
.02 1.43
.00 .00
,02 .00
.55 .O2
.o2 .00

1.38 .00
,03 .48
.00 .51
.00 .o2

4 .00 5.01

endmember units

An
Ab
Or
Ca
ug
Fe*
Z ILn
Z Usp

47 .26

- : 'l:i3
42.36 1.55
44.80 69.L2
14.84 29.33 :

===============EE===============

NOTES: Analysis bY W.R.Eackett.



======= = = ====-======================= == == ====== === == == ==== === ====

VUlf: 17421 FIEID: B5XD
FORMATION: WHAKAPAPA (RUAPEHU)
LTTHOTOGY: TIPE MIXa XENOLITH

-274-

opx pl

cc

11

52.62 55.49
.1O .00

1.50 27,68
.00 .o0
.58 .00

20.88 .57
.5O .00

22.24 .O8
1 .65 10.'15
.oo 5.71
.00 .31

1OO.39 1O0.17

======================================-=-================== === ===

It{INERAI

I,0c
ASS0C
ANAt

cpx cpx

ec

n6 1

52.87 51 .o2
.4O .50

1.47 2.57
.41 .O0

1.04 2.696.56 g.g4
.14 .13

15. r O 11.74
22.18 19.4O

.71 .41

.00 .o0
lOO.tg 100.?0

p1

c

1

p1 iln

cc

m12 n4

48.99 57.OO .08
.oo .oo 50.18

72.11 29.6a .24
.o0 .00 1.26
.00 .o0 5.87.63 .55 38.13
.00 .00 .31
.oo .08 ,.Bo

15.74 12.86 .00
2.59 4.29 .OO
.o7 .15 .00

1 0o.'f 2 1oo .61 gg .e7

si0^
Tio:

^\67crlo4

#e';
Mn0
I{e0
CaO

Naro
Krlo
Tbtal

oxygens

Si
Ti
A1
CrZLFe/'
Fe2*
Mn

Mg
Ca

Na
K
Total

1.96
.01
.06
.01
A7

.20

.00

.81

.88

.02

.00
4.00

1 .90
.02
.11
.00
.08

71

.01

.78

.03

.00
4.00

1.94
.01
.07
.00
.02
.65
.02

1.22

.00

.00
4.00

2-5o
.00

1.47
.00
.00
.02
.00
.01
.52
-46
.02

5.00

2.24
.00

1.73
.o0
.00
.02
.00
.00

Frr-,
.l I

.21

.oo
4.99

2.19 .002
.oo .927

1.5e .OO7
.00 .o25
.00 .109
.o2 .784
.00 .oo7
.01 .119
.62 .OOO

.38 .OO0
,01 .000

5.0r 2.000

endmember units

An
Ab
0r
Ca

Mg
tr'e*
f, rrn
S usp

45.14
42.12
12.74

+o.oe
19.46
20.45

7.14
62.15
74.51

52.O8
46.12

1 .80

-

76.74
22.86

:40

:

61 .96
17.15

:ue

:
.940

==== = === ========== ========E === ====== ====== ============= ==== ===== =



VUW: L7422 FIELD: BXWS

FORMATION : I{IIAKAPAPA (RUAPEHU )
LITIIOLOCY: IYPE MIXc XENOLITII

-E========================i=================E====a========3=-====

UINERAL cPx opx ptg Pl pl glass tmE

LOCccccccc
ASSOC

:*========-1=======1-====--9=======1=-=====:=====-=:--==-==l-==
slo^ 51 .83 52.L6 5l-.64 55.50 57 .o2 75.49 .14
Tro: 36 .23 .27 .oo .oo .90 L6.75
A1^6" 1 .48 .76 .44 27 .38 26 -37 L2.23 1'.41
crioi .oo .oo .oo .oo .oo .oo .36
reiol 1.16 .zr .s9 .oo .oo .oo 34 -2L
r.6-r ti:3i 24.34 25.2r .69 .89 .83 43 '86
MnO .2L .48 .64 .00 '00 '00 '41
t{go 13.66 2o.O4 17 .43 .00 '00 '06 1'54
clo L9.27 1.58 3.71 10.94 9 -77 .46 '00
Naoo .36 .oo .o7 5 -22 5.o7 2.57 .oo
K^6 -oo .oo .oo .35 .40 5.76 .oo
r6[ar gg.lO 99.80 100.00 100.08 100.52 98.30 98.68

oxygens 6 6

si
T1
A1
Cr
no3*
iIz*
lln
llg
Ga

Na
K
TotaI

1.94
.01
.07
.00
.03
.36
.01
.77
.78
.03
.00

4.00

L.97
.01
.03
.00
.01
.77
.02

1.13
.06
.00
.00

4.00

L.97
.01
.02
.00
.02
.81
.02
.99
.15
.01
.00

4.00

.005

.47 4

.063

.0L1

.969
L.379

.013

.086

.000

.000

.000
3.000

2.5L 2.56
1.40 .00
r.46 r .40
.00 .00
.00 .00
.03 .03
.00 .00
.00 .00
.53 .47
.46 .s3
.o2 .O2

5.01 5.01

endmenber unLts

An
Ab
0r
Ca
ng
Fe*
Z Iln
7. Uep

+olos
39.48
20.47

3.22
56.94
39 .84

7.63
49.95
42.42

52.63 45.99
45.56 5L,76
r .91 2 .25

.495

=====-=== ========================================================



_275_

VUU: 17421 FIELD: B10XB
I'ORIITATTON: I{}IAKAPAPI (NUAPSHU)
LITHOL0CY: fIPE QPXe XENOLITH

====== == ==== ==== ======== ===== == = ======= ========== = === = === ===============
II{INERAI p1 pl

r0c
ASS0C
ANAt

bio ilm hen ile# tnt pleon

c r c

11n3n211mjn2

e
I

c
I

c
1

e
't

================EE ==================E= =========== === ======= == = =- ====== ==
si0^
Tio:

^r'6^c"7o4

#e';
IIINO

u80
CaO

Naro
Krb
T-otal

,7.47 45.61
.00 .00

70.19 74.64
.00 .00
.00 .00
.78 .21
.00 .00
.00 .o0

12.17 17 .74
4.97 1 .56
.56 .16

101 .74 99.94

71.09 .27
4.52 51 .91

18.20 .15
.00 .00
.00 .47

21 .80 41 .00
.55 

'.788.40 1.79
.o0 .00
.54 .00

9.27 .00
96.47 98.99

.27 .1 1

.41 45.e5
1.42 5.66
.00 .28

95.00 .00
.00 79.59
.29 2.91
.20 2.88
.17 .00
.oo .00
.00 .00

97.72 97.10

'18 '59
11 .81 .74

7 .O9 55.18
.00 .79

,7.22 5.49
40,74 12.61

.48 .98
1 .25 4.99
.o0 .00
.oo .00
.00 .00

98.79 98.99

oxygens

Si
Ti
A1
Cr

ZL
Te)'
Te2*
MD

Mg
Ca
Na
K
Total

2.39
.00

1 .59
.00
.00
.01
.00
.00
.58
.43
n?

5.o1

2.1A
.00

1.88
.00
.00
.01
.oo
.00
.88
.14
.01

5.O2

5.o9
'52

3.to
.00

2.81
.09

1.91
.o0
.to

1.82
15.72

.007 .007

.985 .008

.005 .o45

.000 .000

.o09 1.922

.8r4 .000

.o72 .007

.067 .008

.oo0 .004

.oo0 .000

.000 .000
2.000 2.000

.007 .01 1

.326 .007

.307 1.870

.000 .018
1.028 .O75
1.249 .78:2
.015 .O24
.068 .211
.ooo .000
.000 .ooo
.oo0 .000

,.000 t.000

endmember units

An
Ab
0r
Ca
Mg
Fe*
% ttn
/ usp

55.74 85.79
41.20 13.63
7'06 :9u n., - 

-
.VV

79.99
50.01

- ootr- .JJ)

.436 .796
= ====== ======= ========= = = = ======= = == == ========== = = == ======= ==== = ==== = = ===
NOTES: # interface between coexisti.ng ilnenite and titanomagnetite.



LOC
ASSOC
AIIAL

WW: L7424 FIELD: B10XE

FORI'|ATION: WMKAPAPA (RUAIEI{U)

LITEOLOGY: lltPE MIXa XENOLITII

=======E=======-=======-=g-a-========E-==gB========================-=====

DTINERAL cPx cPx oPx oPx pI- p1 Pl lln

::::
1111

=='=====-=========================-t----=Eg-=1.-r'a=-====-='='=EE-==I-===

51 .15 sl .17 5L .79 51 .68 48.28 46 .3r 46.L9 .00
.38 .42 .26 .28 .00 .00 '00 48 '30

L.74 L.67 1.10 L.26 33.11 33-50 34.28 .16
.00 .00 .00 .00 .00 .00 .00 .24

L.22 .91. .25 .84 .00 .00 .00 8.33
ri:io 12.09 24.53 23.80 .37 .22 -32 36.30

.31 .28 .59 .53 .00 .00 .00 .57

13 .20 L2 .84 19.63 20.20 .00 .00 .00 3 .68
19.99 19.60 1.61 1.33 L6,28 16.73 L7.46 .00

.20 .26 .00 .oo 2.30 1.89 L.29 .00

.00 .00 .oo .00 .06 .00 .00 .00
gg .rt gg .24 gg .76 99 .92 100.40 98.65 99 ,54 97 .58

:
I

:
1

:
1

:
I

slo,
Tro;
A1?6.{

9'ioi
iiEo'
MnO

Mgo
CaO
Na"O
K"-o
t6tal

oxygenE

s1
Ti
A1
Cr
tr'e3f
F.2*
lln
llg
Ca
Na
K
Total

1.96
.01
.05
.00
.01
.78
.02

1 .10
,07
.00
.00

4.00

1.95
.01
.06
.00
.02
.75
.02

1.14
.05
.00
.00

4.00

2.20
.00

1.78
.00
.00
.01
.00
.00
.80
.20
.00

4.99

2.L6
.00

1.84
.00
.00
.01
.00
.00
.83
.17
.00

5.01

2.L3
.00

1.87
.00
.00
.01
.00
.00
.86
.L2
.00

4.99

.000

.916

.005

.005

.158

.766

.012

.138

.000

.000

.000
2.000

1.93 L.94
.01 .01
.08 .08
.00 .00
.04 .03
.35 .39
.01 .01
.7 5 .73
.81 .7 9
.o2 .o2
.00 .00

4.00 4.00

endmember units

An
Ab
Or
Ca
lrg
Fe*
Z Iln
Z Usp

3 .28 2.72
56.09 57.31
40.63 39 ,97

41.51
38 .19
20.30

4L.04
37 .39
2L.57

79.16
20.34

:30

:

83.07
16 .93

:oo

:

88.25
11 .75

:oo

.9L4

=========================================================================



-276-
VUYt 17425 FIELD: BIOIH
FOR}TAIIONI YHAKAPAPA (NUIPE'HU )
LITH0LOGI: EIPE QPXa XEIIOLITH

-!E-AttGEIIt==!!rra-tc===E==--t3t t!rtr-I-!rrEt=3Er--tr---rat!G---rr!r-

I{INERAL opx

LOC c
ASS0C
AIIAL g3

pl ks biot eill iln pleonpt pl

cc
ll

c

I

ccccc
-t-l

n1O u9 n3 1 d5

si0^
Ti0:
AL167
crloi

l:e't
lln0
xso
Ca0
Na^o
K"6
Tbtal

45.74 60.92 58.18 59.97.20 .oo .oo .oo
8.06 24.46 26.A1 25.40
.00 .oo .00 .00

1.05 .OO .OO .0024.24 .0O .OO .15
.9t .oo .00 .oo

14.31 .OO .00 .OO
.15 6.05 8.r5 7.01
.oo 7.24 5.13 6.92
.oo 1.5r .83 1.26

98. 58 1 OO . '18 I O0 .rO | 0O.71

54 .69 14.7? 34.55 . t 1

.oo 5.o8 .oo 51.42
19.41 17.85 65.4' .15

.00 .oo .oo .oo

.00 .0o .50 r.95.oo 17.15 .0O 41.r1

.oo .r5 .00 1.14

.00 11 ,21 .O't 2.08

.50 .00 .00 .00
1,12 .54 .13 .O0
1r.69 9.04 .00 .OO
99.41 95.81 lOO.58 98.16

.o7

.zt
55.51

.oo
6.09

to.o2
.t4

6.55
.oo
.oo
.oo

99.99

oxySens

Si
Ti
A1
Cr
FeJ*
Fe2*
lln
Mg
Ca

Na

K
Total

r .78
.01
.37
.oo
.01
.91
na
AA

.01

.00

4.00

2.71
.oo

1.28
.oo
.oo
.o0
.oo
.00
.29

c.7

.UY

5.00

2.60
.00

1.41
.oo
.oo
.oo
.o0
.00
.40
q?

4.99

2.57
.00

1.37
.oo
.oo
.01
.00
.00
??

.60

5.OO

2.96
.oo

1 .O5
.oo
.00
.00
.oo
.oo
.01
.24
.68

5.OO

5.22
.58

1.16
.oo
.00

2.16
.02

2.51

.19
1 .74

t c ta

.91

.oo
2.08

.oo

.oo

.o'l

.00
,00
.oo
nt

.oo
Al"]?

.001

.975

.oo5

.ooo

.o37

.472

.o29

.078

.ooo

.o00

.000
2.OOO

.oa2

.005
1.454

.oo0
l?n

.724

.008

.276

.000

.ooo

.000
l.ooo

enclnenber units

An
Ab

Ca
Ue
Fe*
lru
F usp

- 28.47 40.8? 
'3.12 

2.49
- 62.51 54.28 59,54 28.15
- 8.55 4 .85 7 .14 69.t6
.t1

45.58
51.99

.oo
51.51
46.17

.980

tG==-!=r-==

NOTES: Association l: sillinranite needles in sanidine.



WW: L7427 FIELD: GIX
FORI,IATION: IIIIAKAPAPA (PJ]A}EIIU)
LITIIOLOGY: IYPE IX XENOLITII

================================
MINERAL cPx oPx Pl

WW: L7428 FIELD: ARGXEN

FORMATION: T{HAKAPAPA (RUAPEIIU)

LITHOLOGY: IYPE UCX XEN0LITH

MINERAL p1

c

1

ch1 hal

c

I
:
1

LOC

ASSOC

AT{AL

c

E3

:
n2

:
n3

LOC
ASSOC
AT.IAT

s10,
Tlo;
A1r6?

9'-zoi
l!60'
l[n0
Mgo
Ca0
Na.ro
K"6
T6tal

50 .98
.53

3.04
.00

2.8L
4.70

.29
L5.27
ZL.4L

.39

.00
99,42

52.70
.24

1.83
.00

2.2L
r_5.03

.82
2s.89

.97

.00

.00
99.69

45 .93
.00

33.93
.00
.00
.20
.00
.00

L7 .78
L.44

.00
99.28

slo^
TLO;

llzog
!tzo:

"!aot
l.lnO
Mgo
CaO
Naro
Kr6
CI
Total

69.01
.22

19.0r.
.00
.00
.38
.00
.00
.34

11.87
3.07

.00
100.80

24.8L 1.37
.00 .00

20.03 .24
.00 .00
.00 .00

32.00 .25
.59 .00

9 .20 .16
.00 .00
.00 63.32tt
.00 .11
.00 59.o2

86.63 L24.47t|

oxygens 28

st
Ti
A1
Cr
Fe3*
Fe2f
Mn
Mg
Ca
Na
K
Total

r.88
.02
.13
.00
.08
.15
.01
.85
.85
.03
.00

4.00

sl
T1
A1
Cr
t'e3*
Fe2*
Mn
Mg
Ca
Na
K
cl
Total

2.99
.01
.97
.00
.00
.01
.00
.00
.02

L.00
.00
.00

5.00

5.51
.00

5.25
.00
.00

5 .95
.11

3.05
.00
.00
.00
.00

19 .87

1 ,91 2.L3
.01 .00
.08 1.85
.00 .00
.06 .00
.46 .01
.03 .00

r..41 ,00
.o4 .88
.00 .13
.00 .00

4.00 5.00

endmember units

An
Ab
Or
Ca
Mg
Fe*
Z Iln
Z Usp
=== ===== ======== = == ========== == =

endmember units

Afl
Ab
Or
Ca
Mg
Fe*
Z Iln
Z Usp
===== = ============ == ====== == =====
NOTE: /l Na as oxide .

L.57
98.43

.00
.00

33.47
66.53

44.L5
43.78
L2.O7

87 .25
L2.75

.00
1 .91

70,73
27 .36 

_



_277_

VUtl: 17430 FIELD: BX10
FORI.IATION: }I}IAKAPAPA (RUAPEHU)
[fTHOI0GY: IIPE MIXa XENO],ITH

==========3================g=============================

II,IINERAI opx p1 p1 glass# ilm tmt

IOCcrcccc
ASS0C
4N4t111111
=E ===== == ==== ====== == ================== ===== ====-===== == =

si0^
Tio:

iI'32

TZE,
l{n0
Mgo
Ca0
Naro
Krlo
CI
Total

55.11 48.61.r2 .00
.98 31 .56
.oo ,00
.00 .00

18.58 .67
.57 .00

24.17 .O8
1 .58 15.77
.o0 2.86
,00 .15
.00 .00

99.21 99.76

52.87 67.OO
.00 1.90

28.94 11 .56
.00 .00
.00 .00
.72 9.56
.00 .00
.10 1.11

12.15 7.71
4.42 4.o4
.27 2.72
.00 .2'l

99.47 97 .71

.00 .10
40.'r 'f lt .20

.57 3.r7

.00 .70
24.95 19.O2
30.81 t7 .82

.21 .59
2.82 1.46
.00 .00
.00 .00
.00 .oo.00 .o0

99.49 98.26

oxygens

si
Ti
A1
Cr
reJ*
Te2*
Mn
Mg
Ca
Na
K

Total

1.95
.01
.04
.o0
.00
.57
.o2

1.77
.07
.00
.00

4.00

2.24
.00

1 .72
.00

.01
nn

.01

.78

.26

.01
trntr

2.41
.00

1.54
.00
.00
.01
.00
.01
.60
.19
.02

5.o2

.000 .004

.756 .16',1

.o17 .155

.o00 .020

.471 1 .084

.646 1 .168

.005 .o12

.105 .1 go

.000 .oo0

.000 .000

.000 .000
2.O00 4.000

endnember units

An
Ab
0r
Ca
Mg
tr'e*
fl ttn
E usp

1.rc
en 4n

29.45

74.76
24.19

Rtr

-

59.62
58.79

,._rn

- ?nR- .lvg

'401
========= == ======= = ========== ===== ============ = ====== == = =
N0TES: # glass crowded with (1 nicron epx?



VIItl: L7433 FIELD: U7x-1'

FORMATION: MANGAWffiRO (RUAPEIIU)

LITBOLOGY: 15PE lllXc XENOLITH

===========--=============================
UINERAL CPX opx pl' lln

t0c
ASSOC
AT.IAL

CC

n4 n4

:
1

VUW: L7432 FIELD: BX-24
FORMATION: IIIIAKAPAPA (RUAPEI{U )
LITEOLOGY: IYPE ltlXc XENOLITE

E=======================

UINEML oPx p1

:
15

-=========!====t======-=

c

n5

c

tLt

LOC
ASS0C
AI'IAT

===2=-==============E===================a

sio^
Tro;
Alcda
c'loi
t:e';
llno
Mgo
CaO
Na'ro
Kr6
T6tal

51.53
,36

L.67
.00
.18

11.10
.28

12.90
20.95

.18

.00
99.25

50.88
.32
.80
.00
.14

26.80
.75

18.15
.94
.00
.00

98.78

47 .90
.00

32.55
.00
.00
,24
.00
.00

16.53
2.2.6

.09
99 "s7

.00
50.14

.10

.00
6,75

37.62
.64

3.83
.00
.00
.00

99.08

slo^
Tlo:
A1r61

9'ioi
iiao,
l{nO
Mgo
CaO

Naro
K"0
rtotaL

51.37 5L.26
.20 .00
.94 30.38
.00 .00

1.01 .00
25.39 .36

.53 .00
19 .56 .00

.64 L3.92

.00 3.54

.00 .28
99.64 99.74

oxygensoxySens

sl
Ti
A1

i-g+
.lz*
Un
Mg
Ca
Na
K
Total

1.95
.01
.08
.00
.01
.35
.01
.73
.85
.01
,00

4.00

r .96
.01
.04
.00
.00
.87
.03

1.05
.04
.00
.00

4.00

2.2L
.00

L.77
.00
.00
.01
.00
.00
.82
.20
.01

5.O2

.000

.935

.003

.000

.L26
,781
.013
.r42
.000
.000
.000

2.000

sl
TT
A1
ft

i":*
i"2+
Mn
Mg
Ca
Na
K
Total

1.95 2.34
.01 .00
.04 L.64
.00 .00
.03 .00
.81 .01
.o2 .00

1.11 .00
.03 .68
.00 .31
.00 .o2

4.00 5.00

endmember unlts
endnember units

An
Ab
Or
Ga

Mg
Fe*
Z I1n
"A Uep

43.73
37 .46
18.81

L.g7
52.82
45.2L

79.79
19.73

:o'

.931

An
Ab
Or
Ca
Mg
Fe*
7" ILm
Z Usp

67 .42
30.99
I .59

1.30
55.77
42.93

=== == === === == == ==== === ==
= = == == = == = = == = = = = = = = = == === = = = = = = = = = = = = = = a



-?78-
VUli: 174tA FIELD: HTX-14
FORII{ATION : PUKE0NAKE

LTTHOTOCY: TYPE rX XENOITTH (CUrui,lrn)

E= !======== == ==E==E=E-==-==g ====E==EEE====E=E- ===

I{INERAI cpx

LOC c
ASSOC

ANAL 1

opx pI glass pleon

c

1

c

't

c

1

c

1

=== = === = EE= EEEE 
==== =E=!E-G ==-- = == = =aEEEE=====E 

gE=

si02 51.45rio; .6,
AI2loa 2.5t
CrrOi .OOrefo{ .9j
FeO' 11.04
tlnO .28
!1g0 15.15
Nio .00
CaO 16.89
NarO .47Kr6 .oo
Tbtat 99.56

62.0' .0O
.97 1 .O2

15.99 fi .5e
.00 .1,
.00 11 .77

4.95 22.70
.12 .16

2.27 l't.52
.00 .26

4.96 .00
1.O9 .00
z.to ,00

94.58 '98.54

52.72
.40

I .59
.11
.00

19.87
.15

23.12
.oo

2.O7
.00
.00

99.rt

54.21
.00

27.99
.00
.00
'46
.00
.10
.o0

11.40
4.16

.16
98.90

oxygens

si
Ti
A1
Cr
FeJ*
Fe2*
I{n
Mg
Ni
Ca
Na
K

Total

1.92
.02
.11
.00
.03
.35
.01
.85
.00
.58
.o,
.00

4.00

1 .95
.01
.07
.00
.00
.58
.01

1 .28
.o0
.08
.o0
.00

5.98

2.48
.00

1.51
.00
.00
.02
.00
.00
.00
,55
.79
.02

4.98

.000

.o22
1 .711

.oo5

.241

.555

.004

.475

.005

.000

.000

.o00
5.000

endmenber units

An
Ab
0r
Ca
Mg
Fe*
fr ttn
S usp

57.78
40.o4

zz-.t+ +lro 2'18 : -
44.27 65.54
72.99 10.26 _ : :

.4t2

NOtES: AnalSi.sis by W.R.Haclrett.



Wl,l: 17439 FIELD: lfAlll
FORHATION : T'AI}IARINO
LITHOLOGY: QUARTZ TIIOLEIITE

rtttr=E==-=tts=r-r!-!l!-t--l-rttrsltEr!r-tt-'r'rE

I{INERAL 01 ol cpx cPx cpx cpx

LOC
ASSOC

ANAL

:
I

:
1

:
I

:
I

:
I

oPx

I
I

l .ol1 I .006 2 .OO L.g4 I .95 r .95 I .98 2 '29
.000 .000 .01
.000 .000 .04
.000 .000 .00
.o00 .o00 .00
.L64 .4rE .40
.oo1 .006 .01

1.803 1.554 1.20
.007 .003 .00
.004 .005 .32
.000 .000 .00

.01 .00 .00

.11 .04 1.68 .478
.00 .00 .o0 .00 1.408

p1 crap#

gc
-ol
11

:
I

slo,
Tlo;
1126r
!tzor
iiEo'
ItnO
HgO
Nr0
CaO
NarO
K"6
16tal

--ttt-t:r-rlrr--ttr-tr"rl!'ltlltr-tt-rtt'ltltttttt-rt-tlrlrllrtttrrt-

41.61 39.50 54.90 51.73 53.27 53.t7 54'65 50'32 '06
.oo .00 .lE .42 .19 .2r '15 '00 '2L
.oo .oo .g2 2.50 2.51 2.6L '90 31 '30 12'86

.00 .04 .00 .13 .51 .30 .00 'o0 56 '44

.oo .00 .oo .68 .oo .04 '00 '00 4 '20
B:ot 19.61 t3.oi 9,1i 5.50 s -e7 L4 '97 '83 11 '64
.05 .30 .3r .24 .15 .10 .35 '00 '00

49.7g 40.g4 22.O9 16.98 16.61 17.44 26'20 '19 14'81

.36 .L7 .00 .00 .00 .oo '00 '00 '13

.14 .19 8.25 16.58 2L.02 20.2L 2'23 1s'09 '00

.o0 .00 .oo .17 .19 .15 '00 2'42 '00

.oo .00 .00 .oo .oo .00 '00 '04 '00
roo:ot 100.75 gg.i, 99.17 99.95 rOO.2o 99,45 100.19 100.35

oxygena

sl
T1
A1

ll'*:2+
lln
HB
N1

K
Total

.01

.11

.00

.02

.01

.11

.002

.005

.100

Ca
!{a

.00 .00 .00 .00
.30 .L7 .18 .45 .03 .JO7

.01 .oo .00 .01 .00 .000

.94 .91 .95 I.42 .01 .697

.oo .oo .oo .00 .00 .003

.66 .82 .79 .09 .7 4 .000
.01 .00 .2L .000.01 .01

.000 .oo0 .00 .oo .oo .00 .00 .00 '000
2.ggo 2.gg2 3.98 4.OO 3.98 4-OO 3.99 4'96 3'000

endnenber unlte

An
Ab
0r
Ca
lr8
Fe*
Z I1n

.20 .25
91.46 78.40
8.34 21.35

34 .16 43.01 40.89
48.61 47 .23 49 .O7

L7 .23 9.76 r0.04

- 77 .64
- 22.15
- ,2L

4.42
7L.97
23.61

rolea
62 .18
2L.14

.37 7

N0TES: Analysls by tJ.R.Hackett; # lncluslon in ollvine'
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VUW: 17441 FIELD: Bnx-17
FoRr{ATroN: IfHAKAPAPA (RUAPEHU)
LITHOLOCY: TIPE IIIXa XENOLrIH

=== = == = == =======E--G=t == = =====a= == = == = E= =

MINERAI, cpx opx pl iln

c

ANAL n2 nj m4 1

a=E ==== =E==E =G===E ==E-=E=- = ==€ =E=E = = = =e==

ccct0c
ass0c

si0^
Tio:
A:-c6z

i:,s1
FeO'
ItIn0
ueo
Ca0
Naro
K16
Tdtal

57.12
.24

1.27
.76
.57

7.42
.00

14.72
22.O1

.40

.oo
1OO.0g

.16
49.24

.00
'52

7.81
17.18

'42
t,B5

.oo

.00

.o0
98.98

52.90 51 .97
.1' ,00
.55 29.21
.00 .00

1 .2' .0019.02 .46
.38 .00

2r.87 .00
1 .lt 12.81
.oo 4'18.oo .2'

99.21 98.88

oxygens

si
Ti
A1
Cr
Fel*
re2*
ItIn
Mg
Ca
Na
K
Total

1.97
.01
.05
.01
.02
.23
.00
.81
.8'l
.03
.00

4.00

1 .98
.oo

1 .59
.00
.00
.02
.o0

.65
i.F7

.01
4.00

2.t9 .O04
.oo .919
.o2 'ooo.00 .006
.04 .145
.59 .773
.01 .009

1.72 .141
.05 .000
.00 .000
.00 .oo0

, .o1 2.000

end.nember units

An
Ab
0r
Ca
Mg
tr'e*
fi ttn
I usp

45.21
42.06
12.77

z.z+
65.94
71 .82

62.O5
55.68,,r,

,920

=====E=========================E=========



VUT{: L7442 FIELD: TIX-I
FORI,IATION: I,IIIAKAPAPA (RUAPEHU)

LITHOLOGY: IYPE MIXA XENOLITH

MINERAL cpx
========================================

1ln

:

ersp craP

c

n4n8n1211

p1

c ::LOC
ASSOC
AI{AI.

:
1

========= ===================E-E=!===================E=EE=

53.08 53.93 s0.06 .o7 .09 .o7
.36 .33 .00 49.34 7 .98 3 -28

l. .08 .91 31 .09 .14 6 .6L 8.08
.L7 .00 .00 .66 3s.21 44 -46

1.10 1.10 .oo 5.95 11 .10 10.2q
5.t 0 14.85 .40 33.83 30.47 26.97
.00 .23 .00 .24 .00 .00

L6 .72 27 .O8 .08 5 .7 4 5 .69 5 .83
2L.84 1.13 L4.49 .L2 .20 .00

.2L .00 3.22 .00 .00 .00

.oo .00 .L2 .00 .00 .00
gg .66 99.56 99 .46 96.09 97 .35 98.89

sio^
Tio:
A1?6?

9r;o;
i'iao,
I'tn0
Mgo
CaO
Na?o
Kr6
T6ta1

oxygens

si
TT
A1
Cr
Fe3*
Fe2*
l,tn
Mg
Ca
Na
K
Total

1.95 r.96
.01 ,01
.05 .04
.00 .00
.03 .03
.16 .45
.00 .01
.92 L.46
.86 .04
.o2 .00
.00 .00

4.00 4.00

2.30
.00

1.68
.00
.00
.02
.00
.01
.7L
.29
.01

5.O2

.002

.993

.004

.0r3

.113

.7L2

.005

.2L5

.003

.000

.000
2.000

.003

.2L4

.278

.990

.298

.907

.000

.302

.009

.000

.000
3.000

.002

.086

.332
L.224

.267

.786

.000

.303
,000
.000
.000

2.000

endmember units

An
Ab
Or
Ca
ng
Fe*
Z Iln
7t lJap

agles z.zL
46.69 73.38
9.46 24.4L

70.99
28.32

.''
.935

.849 .760
===== === === = == === ===== == =-=== == === ==== == = === === ===== =====



-280-
VUU: 17445 FIEID: TLX-8
FORIIIATIoN: THAKAPAPA (RUAPEHU)

LITHOLOGI: IYPE QPXb XENOLITH

================= =========== == == === ========== ================ ====
IIIINERAL opx opx p1 pI ilm tnt pleon

1

========EE===E===EE===========E====E-EE====EE==E===========

r0c
ASSOC

g*==
si0^
m: azttu2

^t2ozcr"oi
selolz
TeO -
l,In0
ueo
Ca0
Naro
Kro
T-otaI

c

1

e

'l

c

m/

c

1

c

n2

c

1

51 .00
.18

1.21
.00

1 .gg
18.92

.55
25.2O

.26

.00

.00
99.9t

47.99
.19

5.45
.00

2.49
19.22

.52
21 .18

.18

.00
98.43

56.67
.00

26.95
.00
.00
7n

.00

.00
9.44
5.e4

'52
99.80

59.74
.00

25.37
.00
.00
.29
.00
.o0

7.54
6.60

.85
99.95

.00
48.59

.40

.00
9.97

35 .11
.54

4.00
.o0
.00
.00

99.71

.oo .00
15.59 .t6
8.04 58.41
.o0 .00

10.96 4.48
41 .61 25.69

.77 .+5
7.17 9.92
.00 .00
.00 .o0
.oo .00

99.74 99.32

oxygens

si
Ti
A1
Cr
-z+Ie-
Fe2*
I{rl
I{g
Ca
Na
K
Total

1 .90
.01
.14
.00
.05
.59
.02

1.29
.o1
,oo
.00

4.00

1.81
.01
.29
.o0
.07
.61
.02

1 .19
.o1

,o0
4.00

2.55
.00

1.47
.00
.00
.01
.o0
.o0
.45
.51
.01

4.99

2.65
.00

1 ,13
.o0
.00
.01
.00
.00
.36
.58
.05

4.98

.o00

.902

.o12

.000

.185

.744

.010

.147

.o00

.000

.000
2.000

.oo0 .000

.417 .008

.tJ'7 1.892

.000 .000

.829 .O91
1.238 .590
.011 .011
.158 .405
.o00 .000
.000 .000
.000 .000

5.000 1.000

endmenber units

An
Ab
Or
Ca

Mg
tr'e*
1[ ttn
F USP

-,st

65.71
,7.'18

67 "28
56.t5

45.78
51 .20
,_0,

16.61
58.42
o_r,

.899 .557
=========================================E=======================



WW: L7444 FIELD: G)(

FORMATION: IITTAKAPAPA (RUAPEHU)

LITIIOLOGY: IYPE qPXb XEN0LITH

=-lg==3== =?===============E========-t=E==========

MMERAL oPx pl glass aP trt

===-==============================E===-====E===t=

c

1

:
I

:
1

:
1

LOC
ASSOC
AT{AL

:
1

sio,
Tr0;
Ale6q

9'ioi
i!ao'
MnO

Mgo
CaO
Naro
Kr-o

',i?a'

52.50 56.25
.26 .00

L.66 27 .56
.00 .00
.90 .00

2L.O2 .51
.48 .00

22.85 .00
.60 10.81
.00 4.95
.00 .38
.00 .00

LOO.27 100.45

.51 .11

.00 15.60

.14 1.89

.00 .29

.00 35.37
1.33 40.97
.13 .27
.32 2.45

s3 .96 .07
.00 .00
.00 .00

40.95 .00
97 .34 97 .02

70.95
.80

11,.59
.00
.00

3.16
.00
.43

L.37
2.8L
5.00

.18
96.29

oxygens

sl
Ti
A1
Cr
ro3*
iIz*
ltn
Mg
Ca
Na
K
P

Total-

r.94
.01
.07
.00
.03
.65
.02

L.26
.02
.00
.00
.00

4.00

2.52
.00

t.46
.00
.00
.02
.00
.00
.52
.43
.02
.00

4.97

.04

.00

.01

.00

.00

.09

.00

.04
4.70

.00

.00
2.82
7 .70

.004

.445

.085

.009
1.009
L.299

.009

.138

.003

.000

.000

.000
3.000

endnember unlts

An
Ab
Or
Ca
Mg
Fe*
Z Iln
Z Usp
=================================================
NOTES: Analysls bY W.R.Hackett.

53.45
44.28

.l n1ZtLt
't t1
L.-L

63.82
34.97

.461



- 281

VUI{:17449 FIELD: }D(-2
I'ORI"IATION: }iIANGAWHERO (NU.IPEHU )
IITH0LOGY: fIPE IttIXb XENOLITH

====================================E====E======== ======

MINERAL cpx opx p1 iln opx p1

cASSoC 1 1ANAI, 11111J
=========EE==================E=======================a==

si0^
Tio:
AI26a

l::s1
FeO '
I4n0
Meo
Ca0
Na2o
Krd
T-ota1

51.90
.17

1.O2
.00
.o0

9.58
.27

14.14
21 .62

.tl

.00
100.88

52-91
.00
.68
.oo

1 .54
20.o2

.o)
23.t'

.85

.00

.oo
100.05

55.94
.00

27.97
.00
.00
.11
.00
.00

10.74
5.16

'56
100.08

58.52
.o0

27.15
.00
.00
.20
.oo
.00

9.15
6.12

.60
101 .74

.'f o 51 .49
52.55 .19

.o7 . gB

.61 .oo

.40 1.75
58.90 22.71

.53 .59
4.56 21 .12
.14 .51
.00 .00
,oo .o0

97.57 99.47

oxrygens

si
Ti
A1
Cr

7LFe/'
Fe2*
I'In
Mg
Ca
Na
K
Total

1 .9e
.01
.04
.o0
.00
.30
.01
-lp

.86

.02

.00
4.00

1.97

.01

.00

.04

.oz

.vz
t.zY
.03

.00
4.00

2.51
.00

1 .48
.00
.00
.00
.00

.50
4tr,

.o5
4.97

.ool 1.95 2.58

.988 .01 .o0

.oo2 .04 1.41

.000 .00 .00

.oo8 .o5 .o0

.812 .72 .01

.011 .O2 .00

.162 1.19 .00

.004 .o2 .43

.ooo .00 .52

.00o .00 .o3
2.000 4.00 4.98

endmember units

An
Ab
0r
Ca

Mg
Fe*
% ttn
fi vsp

50.81
45.91
,_ru

45.69
52.e8
3.41_ 1.05

- 59 -46
- 79.49
.996 

: :
========= == = ======= ====== == ======== = ==============E==E ==
NOTES: Association 1: j-n contact zone (probably=host).

44.16 t-.69
40. 1 9 64.21
15.55 74.O8



WI{: L745O FIELD: MX-ll
FORUATION: MANGAWIIERO (RUAPEHU)

LITHOLOGY: IYPE I'fiXb XENOLITII

========= =============E============= 
====4====-===========

HINERAL opx Pl Pl Pl P1 tln

LOCcccccc
ASSOC
AI{ALn6 11111
==E================= === ====-=========-======= ====--a======

50.56 53.67 52.42 48.69 45 '52 '09
.25 .oo .00 .00 '00 51'15

1.38 28.68 29.39 32.O2 34'38 '25
.00 .00 .oo .00 '00 '00

r. .07 .00 .00 .09 '00 4'!0
zj'.it .rra .is .20 -14 39.91

.53 .00 .00 .00 '00 '61
18.09 .00 .oo .00 -00 3 '13

.47 11.80 12.75 15.68 L7 '92 '00

.00 4 .66 4.29 2,42 L '23 '00

.00 .29 -37 - -.?9 '08 'aq
ss:66 ee:56 ss:41 ee.rL ee '27 ee '3e

sio"
Tio:

t'ei
MnO
Mgo
CaO
Na?o
Kr6
T6tal

:ne:::-- 2 ---:-------!------; I-- :-
sl 1.94 2.44 2 '39 2 '25 2 'LL '002
Tl .01 .00 .00 'oo '00 '952
Al .06 1'.54 1'58 ]-'74 1'88 '007
(at .00 .00 '00 '00 '00 '000
FeJ- .03 .oO .Oo .00 .00 .084

rlz* :88 .oz .oL 'oL '01 '826
un .OZ '00 'OO '00 '00 '013

G 1.04 .oo .oo 'oo 'oo '116
Ca .oZ '58 '62 '78 '89 '000
Na .00 '41 '38 '22 '11 '000
K .00 .a2 'o2 '01 '01 '000

i:::l-------i:93----191----l:93----l:11----l:91 -- --1399

::ii:*::-:T---
An 57 '38 61 'OO 77 '27 88 '57
Ab 4L.O2 37 'L5 2L '54 10 '93
or 1 '60 r '85 1 '19 '50
Ca .96
lrg 52.32
rI* 46.72
Z rtrn '955
Z Uep
== == = = = ==== = = = = = = = = = = == == == = = == = = = == == == = = = = == = = = = == = = = ==



-242-
VUI{: 17452 FIEI,D: IXT-1
F0RIIATION: OHAKUNE

TITHOIOCY: TYPE UCX XENOIITH (PORCETIANITE)

MINERAI

t0c
ASS0C
ANA],

pI

c

I

64.55
.00

22'to
.o0
.00
.24
.00
.oo

5.46
5.17
,.08

101 .07

p1 pI cpx

c

1

c

I
I

cpx

c

1

45.2t 41 .79
.32 .47

2.69 7.20
.00 .00
.o0 .00

21 .18 17.74
.56 .40

4.45 5 .24
21 .38 22.11

.47 .29

.o0 .00
96.1e 95.20

c

n2

si02
Ti0:
^- 1ALcoz

l"-i}t
;;6"'
Mn0
ue0
Ca0
Naro
Kr-0
T-otal

55 ,52 60.74
.00 .00

27 .r7 25.61
.00 .00
.00 .oo

1.07 .00
.00 .00
.oo .o0

10.77 7 .60
4.92 5 .t8
.58 2.O1

99.99 99.54

orygens

si
Ti
AI
Cr
Fe1*
Fe2*
l,ln
Mg
Ca
Na
K
Total

2.U
.00

1 .16
.00
.00
.01
.00
.00
.26
.46

1.7

4.90

2.51
.00

1.45
.00
.00
.04
.00
.00
.52
.41
.03

4.98

2.73
.00

1.25
.oo
.oo
.00
.o0
.00
7.1

.47

.tl
4.94

1 .89 1 ,',14
.01 .o2
.11 .35
.o0 .00
.00 .00
.74 .52
.o2 .01
.28 .31
.95 .99
.04 .o2
.00 .00

4.O7 4.08

An
Ab
Or
Ca
Mg
Fe*
% tt^
f usp

28.94
51 .58

'':*'

,2.79
41.77
1.44

:

38.53
49.37
,r_,o

47.92 50.85
11.87 16.75
38.21 12.41

endnember units



WW: L7454 FIELD: BGX-2

FORMATION: WIIAKAPAPA (RUAPEIIU)

LITHOLOCY: IYPE I'TIXb XENOLITII

==================5============g

MINERAL cpx opx pl

::
11

:
1

L0c
ASS0C
AI{AT

sio?
Tlo:
Alc6r
9'ioi
ilao'
MnO

Mgo
CaO

Naro
Krd
TStal

5r..39
.41

2.06
.27

3.52
5.45

.25
15 .19
2L.46

.33

.00
100.33

52.70 50.6s
.22 .00
.96 30.23
.00 .00

2.9L .00
15.90 .75

.43 .00
25.05 .09
1.78 14.00
.00 3.40
.00 .11

99.95 99.23

50.76 50.86
.43 .00

3.36 31.41
.00 .00

3.49 .00
6.11 .53
.32 .00

14.60 .00
20.74 l-3.54

.44 3 .70

.00 .17
100.25 l-00.21

49.79 54.52
.00 .00

33.09 29.58
.00 .00
.00 .00
.58 .6L
.00 .00
.06 .06

L5.L2 Lt .64
2.89 5.10
.05 .18

101.52 101.69

.10
LL.26
2.57

.6L
4r.79
36.38

.43
2.57

.00

.00

.00
95.7L

oxygens

si
Ti
A1
Cr
re3*
Fe2*
Mn
Mg

Ca
Na
K
Total

1.90
.01
.09
.01
.10
.L7
.01
.84
.85
.02
.00

4.00

L.92
.01
.04
.00
.08
.49
.01.

1 .37
.07
.00
.00

4.00

2.33
.00

L.64
.00
.00
.03
.00
.01
.69
.30
.01

5.01

si
T1
A1
Cr
F"3*
F"2*
Mn
Mg
Ca
Na
K
Total

An
Ab
0r
Ca
Mg

Fe*
7" TLm
/6 USp

1.88
.01
.15
.00
.10
.19
.01
.81
.82
.03
.00

4.00

42.74
41.86
r_5.40

2.3L
.00

1.68
.00
.00
.02
.00
.00
.66
.33
.01

5.01

66.27
32.73

'-oo

2.24 2.43
.00 .00

L.76 1.55
.00 .00
.00 .00
.o2 .OZ

.00 .00

.00 .00

.73 .56

.25 .44

.00 .01
5.00 5.01

7 4 .22 55 .34
25,48 43.57

:to 
1.0e

.004

.325

.116

.01e
L.247
1.1q8

.orl4

.r47

.090

.000

.000

endmember units

An
Ab
Or
Ca
ltg
Fe*
Z Il-n
Z Usp

43.32
42.67
14.01

3.47
67 .77
28.76

69 .15
30.25

:'o

VIII{: L7456 FIELD: )o(B

FORMATION: WAllIAl'lOA (RUAPEHU )
LITIIOLOGY: TYPE IX XENOLITH (CUMULATE)

=============================================g==

cpx pl Pl Pl tnt

:
L

:
I

:
1

:
I

:
I

MINERAL

LOC
ASS0C
ANAL

==========
s10^
Tro:
A1^6.

9'iot!eeOt
FeO -
tfno
Mgo
Ca0
Na.o
K16
T6ta1

======================================

oxygens

endmember unlts

========= ===================================



-283-

VUll: 17458 tr'IELD: BGX-4
FONMATION: WHAKAPAPA (RUAPEHU)

LITHOIOCY: TIPE QPXb XENOLITH

- ------E========================g=E====================================

I,IINERAI OPX

c

1

si0^
Tio:
tr.>62

Y.'zv1

"3at,
Mn0
Me0
0a0
Naro
Krlo
T-otal

glass glass# i1rn tnt

cccc

1111

pleon corund

cc
11
'l 1

.15 .00 .oo
15.46 .62 .89
1.7' 56.78 99.79
.47 .OO .00

76.15 B.4t .00
18.58 24.18 .t9

.38 .27 .00
4.57 11.49 .00
.o0 .00 .00
.o0 .o0 .o0
.oo .00 .oogg.60 1o1 .77 1OO.67

pr p1

c

m2

I

m2

r0c
ASS0C
ANAT
== ==== ===== ====E== ============ = == =E====E 

EEE=E=E====EEEE===gE=E==E=E======== == == =

52.r2
'70

,.18
.00

t.41
12.54

.78
27.76

.5'

.00
,00

1 00.54

56.15
.00

27.49
.oo
.oo
'16
.00
.08

9.46
5.95

.48
99.97

57.e2
2.81

10.74
.00
.00

12.92
.2Q

5.15
2.51
2.50
2.00

96.67

.00
48.82

.19

.00
12.94
11 .58

'46
5.52

.t I

.00

.00
1 00.92

52.75 65 .85
.00 1 .r8

29.20 11.51
.00 .00
.00 .00
.24 5.4O
.00 .00
.o7 2.OO

12.55 1,56
4.71 2.45
.27 2.96

99.59 96 .30

oxygens

si
Ti
AI
Cr
-3+Ie-
Fe2*
Mra

Mg
Ca
Na
K
TotaI

1.88
.01
.1t
.00
.09
.18
.01

1 .48
.02

4.00

2.51
.oo

1.46
.oo
.oo
.01
.00

.46

.52
n?

5.O2

2,4O
.00

1.57
.oo
.oo
.01
.00
.01
.60
.42
.Q2

trr\?

.o00

.878

.011

.000

.251

.634

.oog

.232

.005

.000

.000
2.000

.o05 .000

.419 .O17

.158 1.80'

.o17 .OO0

.980 .171
1.162 .545
.o12 .OO5

.251 .462

.ooo .000

.000 .000

.000 .000
1.000 1.000

endmember units

An
Ab
0r
Ca 1.O1
Ms 74.78
Fe* 24.21
% ttn
S usp

45.79 58.46
51.44 40.00
2.77 1.54 

: _

:_
e(tr

.450 .478
===== ==== === = = = = = =E== = = = = = ========== ========================== = E = ====== = = = === == =

NOTE: Association 1: corundun core in pleonaste.
# Contains mierolites of pyroxene.



VUU: 17460 FIELD: MQ
FORI{ATION: NGAURUHOE 1954
LITIIOLOGY: IYPE VXb XENOLITIi

rrr--rtll-E!ttttrr-t=J

MII{ERAL oPx Pl Pl

L0c
ASSOC
AI,IAL

c

;

glaee glaaa glaaef cord

cccc c

pleon

c

1ll11l
=t--t3at-t-38-gt=t=tEa.tEt-=t==sttlrl

52.00 5r.97 51.00 75.03 76-77 83.44 47.63 '20 '00
.33 .00 .00 .28 '41 .32 .00 L7 '7r '35

L.42 29.56 31.00 13.14 L2,75 8.66 33.33 7 '42 50'10
.oo .00 .oo .oo .oo .00 .00 '00 '23

2.6L .oo .oo .oo .oo .00 .00 25 '93 r '28
r; :io :i8 .33 2.ll 2 33 r.74 rl '70 41 '68 23 '34

.44 .00 .oo .L2 .00 .00 .95 .57 '43
24 .L6 .O7 .05 .60 .26 .28 5.72 3 '83 11 '08
2.O2 13.41 13.98 L.77 r.17 .82 .00 '11 'L2
.00 3.61 3 .09 3 .08 2.70 1.20 .I2 '00 '00
.00 .33 .r9 3.10 2.75 2.35 .27 '00 '00gg-.li 99.33 gs.6i gs.zg 99.14 98.81 99.72 97 '45 96'93

.0r .00 .00
Ar .06 1.60 r.67

r

1

c

1

=tEEt-*--!t-!!

sl0,
Tlo:
ltt6r
!tzor
ilao,
HnO
ugo
CaO
Na?o
K"6
T6tal

oxygens6SS-1844

sl L.92 2.38 2.33 - h.94 .007 .000
- .00 .482 .007
- 4.O7 .315 1.954

Cr .00 -00 .00 .00 .00 .005
.706 .027.o7 .00 .00 .00

r.01.01 1.26r .538

Tt

TotaI

.51

.01
l .33

.08

.02

.00

.01

.66

.01

.00

.00

.68

.08

.88

.00

.02

Fe3+
Fe2+
l{n
Mg

Ca
Na
K

.018 .0r0

.206 .455

.00 .32 .27

.00 .o2 .01
4 .00 5.01 4.97

.04 .000 .000
1l .04 3.000 3.000

endmenber unlrs

An
Ab
0r
Ca
US

Fe*
Z lln

- 66.10 70.75
- 32.00 28.11
- r.90 1.14

4.04
66.40
29.56 : : : : :

::-
44.60
55.40

- .626 .956t Usp - 'o4Q "tvZ Usp

N0TES: # near quarta 8ra1n.
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VUll: 1 7461 FIELD: NX-l
FORMATION: NGAURUH)E 1954
LITHOI0GY: TIPE VXa XENOLTTH

E=============E====g==== 
==========aE=EE==E====E================== ====E===MINERAL opx pl glass glass glass# cord+ cord i1n

L0c
ASSOC

AI{AI

c

1

62.29
.oo

22.75
.oo
.oo
.21
.00
.00

4.79
9.14

.81
99.99

c
I

1

c
1

1

c

ml
-qz
11

75.64 80.9e
.19 .27

12.88 9.28
.00 .00
.00 .002.11 1 .30
.00 .00
.51 .rt
.54 .34

7.84 7.15
7.22 2.55

99 .27 98. 1B

r
a
I

48.9e 49,95.oo .oo
74.OO 77.5O

.00 .00

.00 .006.57 5.34

.00 .00
9.94 10 .1 7
.00 .10
.21 .OO
.22 .00

99.88 99.06

E===E=======E=E=== 
======E=- =========E=Ee=====E t==B=E================= 

====
si0^
Tj.o;
A1rb.

i:;zi
Mn0
Meo
Ca0
Naro
Krd
T-ota1

52.42
.09

2.O1
.00
.00

2r.o2

1 9.80
.05
.00
.oo

99.75

72.r1
.41

11.91
.00
.00

5.OO
.00
.86

Fltr

4.44
2.97

98.99

.00
52.22

Aa

.88
7.17

16.15
.78

5.85
.oo
.o0
.o0

99.O5

orygens 1818

si
T1
A1
Cr
re7*
-2+-F'e-

Mn

Mg
Ca
Na
K
TotaL

1 .96
.00
.09
.00
.00
.79
.01

1.11
.00

.00
5.98

2.79
.oo

1 .21
.00
.00
.01
.00
.00
.23
.79
.05

5.O4

4.91 5.O2 .000
.00 .o0 .957

4.Ot t .97 .Q12
.00 .00 .o17
.00 .00 .058
.55 .45 .776
.00 .oo .o08

1 .49 1 .52 .212
.00 .00 .000
.04 .00 .000
.ot .00 .000

11 .O7 10 .96 2.000

endnember units

An
Ab
0r
Ca
Mg
Fe*
% ttn
fi usp

l,o
58.1 1

41 .79

21 .50
.74 { O
It.l9

^za+. )L

: : : ;.:gi 11-?i _

'957

================E==e====================t============= ===================
IIOTE: f glass near gz grain; + sieved cordierite in glass (association 1 )



VUI{: L7462 FIELD: NX-4
FORUATION: NGAURIIHOE 1954
IITI{OI,OGY: lltPE VXa XEI{OLITE

t=========E=====E===s==E=--E===--l==a---======s======-==-

I,iINERAL glaes glaes glass cord ll-u rut

L0c
ASSoC
ANAL

:
I

:
I

:
D2

:
1

:
I

:
I

===3========-=========E=====-====-=3-==-s==t-===-===E-tr=

75.86 77.65 79.57 48.18 .10 .80
.10 .34 .36 .10 52.09 96.90

1 3.99 11.90 11.94 33.80 .32 .33
.00 .00 .00 .00 .96 .34

.00

.93

.00

sto^
TLO:

i:i'i
ltnO
ugo
GaO

Naro
Kr6
Tbtal

.00 .00 .00 .00 .00
2.44 L.77 1.91 10.76 41.48

.00

.2L

.2L

.00

.57

.L2

.00 .16 .10

.22 6.66 2.80 .10

.r.8 .00 .06 .00

2.9L 3 .07 3.03 .15 .00 .00
1.86 3.38 1.99 .18 .00 .00

97.85 98.53 99.20 99.99 96.91 99.40

oxygens 18

si
Tt
A1
cr^.
-_J?iP

;^2+
lln
Mg
Ca
Na
K
Total

4.94
.01

4.08
.00
.00
.92
.01

1.02
.00
.03
.02

1r..04

.003

.987

.010

.019

.000

.887

.002

.105

.002

.000

.000
2.015

.011

.97 6

.005

.004

.000

.010

.000

.002

.000

.000

.000
1.008

endmember uoits

An
Ab
Or
Ca

Mg
Fe*
Z lln

.00
52.O7
47 .93

Z Usp



-285-
vuli: 17451 FIEID: NX-5
FORMATI0N: NGAURUHOE 1954
LITHOL0GT: IYPE QXb XENOLITH

-======EE-E=E======BEEE=-s===EEE=E==EE=E

ITTINERAI opx

LOC c
ASSOC

ANAL, 1

si02 52.02Tio; .oo
41205 1.06cr;o; .ooFeloi .oo
FeO ' 26.02
IilnO 1.O7
MgO 18.91
CaO 1.01
Nar0 .O0K^-o .oor6tar 1oo.09

glass glass

cc

1l

75.61 77 .12
.1' .15

12.88 11.9O
.o0 .00
.00 .00

1 .50 1.70
.00 .o0
.51 .50

,.71 3.r7
t.1o 2.tr4
1.54 2,47

99.20 99.11

c

I
= === = ==-=F==E== = = = = E==EEE=EEE==E EE-lEE==

44.e2
.00

t5.85
.00
.00
.00
.@
.00

1 8.20
.56
.00

99.4'

oxygens

si
Ti
A1
Cr
Ie5'
Fe2*
Mn
Mg
Ca
Na
K
Total

1.97
.00
.05
.00
.oo
.83
.05

1 .O7
.04
.00
.00

1.99

2.O7
.00

1.95
.00
.00
.00
.o0
.00
.90
.05
.o0

4.97

endmenber units

An
Ab
0r
Ca
Mg
Fe*
I rrn
I usp

2.08
54.26
41.66

94.74
5.25

.00

E=====E==============EE==EEE==E-===EE B=E



WI{: L7465 FIELD: NX-7
FOR!,IATION: NGAURUHOE 1954
LITHOLOGY: IYPE VXa XENOLITH

==-============ ==========E= ==============E============================E==========

UINERAL

LOC
ASSOC
AIIAL
===================================================g====-===========-=====a=====

opx gLass gLase gJ-ase cord cord cord i1n pleon

c
2
n3

c
2
n4

c
L

n2

c
I
82

c
2
1

c
2
I

c
2
I

c
2
1

c
2
d+

slo^
T10;
Alj6,1

9'ioi
ilao,
l,tnO

ugo
CaO
Naro
Kr6
T6ta1

5L.62
.45

2.L7
.00
.00

26.55
.4L

L7.97
.48
.00
.00

99.65

77 .L7
.2L

L0,64
.00
.00

1.55
.00
.30
,35

r,.87
5.78

97 .87

65 .91
.72

16.36
.00
.00

3.32
.00
.92

1.13
3.05
6.63

98.05

65.04
1.05

17.68
.00
.00

3.96
.00

L.22
1.06
2.22
4.9s

97 .18

48.33
.00

33.33
.00
.00

9 .18
.23

7.80
.00
.00
.15

99.O2

50.20
.00

32.67
.00
.00

6.51
.00

9.20
.00
.08
,6L

99.27

49.99
.00

32.54
.00
.00

6.58
.00

9.87
.00
.L2
.36

98.46

.00 .07
53.80 .47

.00 6L.78

.00 ,66

.00 1.25
38.16 23.L6

.55 .00
4.65 L2.50
.00 .00
.00 .00
.00 .00

97 .L6 99.89

1818oxygens

si
Tt
A1
Cr
ro3*
i'lz*
Mn
Mg
Ca
Na
K
Total

L.97
.01
.10
.00
.00
.85
.00

r.02
.02
.00
.00

3.97

4.97
.00

4.O4
.00
.00
.79
.02

1 .19
.00
.00
.02

11.03

5.08
.00

3.90
.00
.00
.55
.00

1.39
.00
.02
.08

11 .02

5.05
.00

3.88
.00
.00
.56
.00

r .49
.00
.02
.05

11.05

.002

.009
1 .939

.014

.o25

.515

.000

.496

.000

.000

.000
3.000

endmember units

An
Ab
Or
Ca
Mg
Fe*
Z Iln
7 Usp

r.05
53.74
45.2L

.00
59.61
40.39

.oo
71.58
28.42

.00
72.79
27 .2L

.958

==============--== ==============================================================
NOTE: Assoclation 1: quartz-rich segregaEion; 2z quartz-poor segregation'



VUll: 1747, FIELD: NX-14
FOil,IATION: NGAURUH}E 1 954
LITHOI,OGI: TYPE VXb XENOLITH

E===========EEEE===E==E=

IIIINERAL glass corcl

LOCec
ASS0C

ANAI m1 1

EE=E=EE=E=E===E=E=E===E=

-285-

V[II{: 17474 FIELD: NX-15
FORMATION: NGAURUHOE 1954
LITHOLOGY: IYPE VXa XENOLITH

-=======================================
I-iINERAL , glass glaes cord cord

LOCcccc
assoc
AI.IAL n2 B2 L n2

si0^
Tio:
tIe6z

i:;zz
Mn0
Meo
Ca0
Na2O
K16
T-otat

sl0''
Tro;
A126e

f iol
ilao'
MnO

Mgo
Ca0
Na?o
Kr6
T6tal

78.O5 48.51
.00 .00

12.49 14.41
.o0 .00
.00 .00

1 .77 9.08
.0o .25
.23 7.18
.95 .00

2.57 .00
1,40 .OO

99.46 99.45

74.O2 79.85
.87 .00

L4.56 LL.27
.00 .00
.00 .00' 2.s7 L.42
.00 .00
.24 .27
.36 .18

3.37 3.04
3.03 2.35

99.O2 98.38

50.00 48.93
.00 .00

32.84 33.39
.00 .00
.00 .00

7 .27 9.40
.00 .00

9.20 7 .50
.09 .00
.00 .06
.00 .00

99.40 99.28

orvgens 181818 oxygens

Si
Ti
A1
Cr
Tel*
Fe2*
It{n

Mg
Ca
Na
K

Total

4.95
.oo

4.14
.00
.00
.t6
.02

1.09
.00
.oo
.00

10.98

st
T1
AL

i-r+

"Iz*Un
Mg

Ca
Na
K
Total

5.06 5.00
.00 .00

3 .91 4 ,O2
.00 .00
.00 .00
.61 .80
.00 .00

r..39 1.14
.01 .00
.00 .01
.00 .00

10.98 rO.97

endmember units endmember units

An
Ab
Or
Ca
Me
Fe*
% ttn
F usp

loo
57.e7
42.13

An
Ab
Or
Ca
ug
Fe*
Z I1n
Z Usp

-.4s 
loo

68.96 58.72
30.55 4t.28

== ===E === =E = ===== == === = =



WW: L7475 FIELD: PPX-4
FORMATION: PUKEONAKE

LITIIOLOGY: IYPE VXa XENOLITH

=======E=======================3

IiINERAL glass cord cord

LOCccc
ASSOC
AI{AL I I I

WW: L7476 FIELD: B6XQ

FORMATION: I{HAKAPAPA (RUAPEEU)

LITHOLOGY: ITPE Qxb XENOLITH

=-=====3===========-B=========-E

!,IINERAL pl wol-L wol1

LOCccc
ASSOC
AIIAL L tu2 E2

sioo
Tlo;
A126q

9tzog

il8o'
MnO

lrgO
CaO
NaoO
K16
T-otal

74.16
.39

L2.L2
.00
.00

2.74
.00
.55
.74

3.09
3.07

97.06

49.65
.00

33.01
.00
,00

6.42
.00

9.79
.09
.L4
.00

99.10

49.L4
.00

33 .97
.00
.00

7.29
.00

9.22
.08
.L1
.t 1

99.99

slo,
T10;
A1161

9'ioi
i.!ao'
Mn0
Mgo
CaO

Naro
Kr6
T6taL

43.57 50.49 52.01
.00 .00 .00

35.L2 .00 .38
.00 .00 .00
.00 .00 .00
,33 9 ,62 2.22
.00 .83 .44
.00 .23 .04

20.35 38.36 45.27
.13 .00 .00
.00 .00 .00

99.s0 99.53 100.36

oxygens 1818

si
T1
A1
Cr
no3*'rIz*
ltn
Mg
Ca
Na
K
Total

5.03
.00

3.94
.00
.00
.54
.00

1.48
.01
.03
.00

11.03

4.96
.00

4.04
.00
.00
.62
.00

r..39
,01
.02
.01

11.05

si
T1
Al_

Cr
no3*
rIz*
Mn

!tg
Ca
Na
K
Total-

2.O3
.00

1 .93
.00
.00
.01
.00
.00

1.02
.01
.00

5.00

2.00
.00
.00
.00
.00
.32
.03
.01.

1.63
.00
.00

3.99

2.OL
.00
.02
.00
.00
.07
.01
.00

1.87
.00
.00

3 .98

endmember unlts endmernber unlts

An
Ab
Or
Ca
Mg
8e*
Z ILn
% Uap

.44
72.78
26.78

-.40

58.99
30.61

An
Ab
Or
Ca
ug
Fe*
7 TLm
Z Usp

98.83
1.17

:oo

:

81.88 95.51
.70 .10

L7 .42 4.39



_287_

VUW: 17482 FIELD: B10XD
3oRMATroN: IIHAKAPAPA (RUAPEHU)
IITHOIOGY: TYPE QXa XENOLITH

t============E====E====E==EE=B=BE===BE==EE=E==EE=E=E== 
===II{INERAI cpx pl pt pI itm hen

t0c
ASSOC

ANAI,

c

1

50.69 45,OO
.17 .00
.82 t4.21
.00 .00
.o7 .0017.er .11
.85 .OO

9.72 .O0
1 9.89 18.07

.00 1.23

.00 .09
99.58 99.91

ntn41

c

I

e

[tb
BEE=E==EEE=EE=E==EE==EEEE=-EE==E-EEEEE====E=E==E=EE=E=E=E

si0^
m. nZ
i i"z
ilr9t
;;:31
FeO )
!{n0
l{so
Ca0
Na2O
K16
T-otal

47 .91 54.85
.00 .o0

,'f .80 27.85
.00 .00
.00 .00.28 .16
.00 .00
.00 .oo

16.40 11.21
2.15 4.52

' 18 '5298.72 99.12

.oo .25
52.71 .96

.15 .24

.00 .00
1.go 94.42

41 .78 .97
.95 .00

2.54 .1 I
.10 .00
.oo .00
.o0 .00

1 00. 1, 96 .95

oxygens

Si
Ti
A1
Cr7+Fe)'
Te2*
I,In
Mg
Ca

Na
K

Total

1 .97
.01
.04
.00
.oo
.58
.o7
-54
.87
.00
.00

4.00

2.12
.00

1.86
.oo
.00
.01

.00

.89

.11

.01
5.00

2.21
.00

1.74
.00
.00

.00

.82

.19

.01
5.00

2.48
.00

t.)v
.o0
.oo
.01
.o0
.00
.55
.40
nz

4.97

.000 .007

.981 .020

.004 .008

.000 .000

.o34 1.918

.864 .O22

.o20 .000

.o94 .005

.oo7 .000

.000 .000

.000 .000
2.O00 2.000

endmenber units

An
Ab

Ca
Mg

Fe*
% ttn
S usp

qi.gs
27.31
1o.74

98.59
1o'9t

:'o

79.92
19.00

':"

56.O2
40.92

' 

:"' .982 .vz I

=====E=====-=========E ==== =====B== ===E=========== == ==== = =



WW: 17483 FIELD: B10XF

FORMATION: T{IIAI(APAPA (RUAPEHU)

LITHOLOGY: IYPE QPXA XENOLITH

=========================================g===E=====-=====-===============

LINERAL pI ks glass kg# cor blo tut pleon

LOCcccccccc
ASSOCl-1-
Al.IAr11111111
===========================B=======-=========E=-=-====='=-===='==3E===3=

slo,) 6L.66 65.88 64.4t 43.88 '00 34 '07 '14 '00
;L;: "^ :il .oo .25 .oo 'oo 3 '47 8 '55 '2o
Alr6q 25.10 19.49 18.32 52.34 102'13 18'91 8'83 56'06

cr;oi .oo .oo -oo .oo 'oo 'oo 'oo 'oo
Feloi .oo .00 .qo .00 '99 '00 42 'o4 4 '87
Feo - .li :it 4.0; 'i8 'io Lg'tz 38'37 3L'51

ttnO .00 .00 '00 '00 '00 '00 '62 '60
lrg0 .OO .00 '61 '00 '00 9 '29 1'04 5 '58
Cao 6.a2 .36 '39 '15 '00 '10 '00 '00
Naro 7.38 3.69 3.70 2.08 'OO '83 '00 '00
K"6" r .ig Lo .s-? ^Q.?7 6.s-! ^- 'go 8 '60 '00 '00
r6ral 10r .5i lo0:55 e8:06 10;:5i 102 :5t e4 '5e ee '5e. e8 '82

::te:r------!-------:-------:-------:-------- ,; ,: 2

sl 2.7L 2.g7 5 '23 '005 '000
Tl .oo .00 '40 '233 '004

A1 1".30 1.04 3 '43 '377 1'887

Cr .00 .00 '00 '000 '000--'r+ ^; ^^ .00 L.L47 '105e.il .oo .oo
F;2* .01 .01 2.48 1 .153 .7 52

Itn .00 .00 'OO '019 '015
Mg .00 .OO 2 'L3 '056 '237

Ca .28 .02 'OZ '000 '000

Na .63 .32 '25 '000 '000

K .o7 .63 L '69 '000 '000

:::::---- :::: !:66 ----:------ --------------11-2'-----?-?3i---l:939
endmember unlts

An 28.94 1 .86
Ab 64.?L 33.26
o; 6.8s 64.88
Ca '34
t{g 45 '99
Fe* 53 '67
Z Iln
Z tJsp '337 '539
E======== ================== --========================== ===================

NOTES: AssoelatLon 1: corundurn replacing sanldine'
/l corundum lnelusions ln sanidlne?



-288-

VUH: 'l 7485 FIELD: BtOXI
FoRltATl0il: yHAKApApA (nUepSltU)
LITH0L0CY: fIPE QXa XENOLITH

---ar-a!-!r ,-r-c--Ee-,

I{INERAI

ASSOC
AXAL

cPr cPr

cc
ll
1l

sph iln# heo p1 bio gnt gnt

r
I

I

c
2
I

cccccc
| 1 l/sph 1 2 2
1llllr

!- a-r -!rr t- -!a!a--aa-----ata-a --Era- E-E t --!EE

51.94 5r.46 45.52 10.79 .OO 1.09 58.32 14.92 17.96 
'g.t5.14 .14 .00 16.47 5t.60 .00 .00 6.27 .00 .00

.63 .60 15.25 2.41 .09 .13 26.29 t?.to 21.12 21.15.oo .00 .oo .oo .oo .oo .o0 .oo .00 .oo.t5 .0o .0o .0o .oo g8.og .0o .oo .oo .oo11.41 14.58 .21 .53 41 .58 .84 .0O 17.18 27.98 27.87
.00 .00 1.22 .00 .OO .00 5.12 2.9A

.oo 2.48

s10^
ni nc

Are0z

9ioi
r, e20i
FeO -
ltn0
uso
Ca0
NarO
xr6
Tbtal

1.2' .92
9.84 9.r8

22.9O 22.72 19.t1 27.41 .00
.16 .oo 10.9+ 5.84 6.85
.14 8.27 .OO 1.9O 1.73

.15 .l | .78 .00 .O0 .OO 6.16 .51 .OO .OO.oo .00 .00 .00 .oo .00 .sg 9.21 .oo .oo
f 00.61 99.81 100.89 97.61 98.97 100.45 1oO.O9 96.15 100.12 99.93

oxygens 1212

si
Ti
A1

F.J*
Fe2*
Mn
Mg

Ca
Na
K

Tota I

r.98 1.99
.oo .00
n? n?.v/ .v)
.00 .oo
.01 .00
.43 .48
.04 .o3
qA E?. /J

.94 .94

.01 .01.o0 .oo
4.00 4.01

2.O7 4.O9
.00 3.65

f .90 ,1e
.oo .00
.00 .00
.01 .06
.o0 .o0
.00 .00
.95 ).90
.07 .00
.00 .00

5.00 12.AA

.o29 2.61

.000 .oo

.o04 1,39

.000 .oo
1.919 .Oo
.016 .00
.000 .o0
.006 .00
.004 .19
.000 .55
.o00 .o5

2.000 4.99

t.oo 3.06.oo .oo
1.91 1.94
.oo .o0
.oo .00

1 .85 1 .A2
.16 .20
.69 .80
.15 .14.oo .o0.00 .oo

8.O1 7.96

5.23
't1

1.O4
.00
.UU

2.1'
.00

2.44
.oo
tq

1 .'rA

aE na

endnenber units

An
Ab

Ig
Fe+
fi ttn
5 usp

91'21
6.79

.00
47.42 47.64
28.17 26.76
24.2125.60:::

- 19.56
- 55.12
- 5.12

.oo 5.28 4.88
53.16 22.49 26.9q

: : 46.84 't2.26 68.18

e3=c=-1eee. --!Et-cEEC€ EEEEETEEET! e-EeEeC--e-

ll0TES: Association 1: qz + cpx + pl; association Zz qz + pI + bio + gnt.
# ilnenite blebs j.n sphene.



WW: I.7488 FIELD: BIOX}I

F0RMATION: IIHAKAPAPA (RUAPEEU)

LITEOLOGY: IYPE QXe XENOLITH

r====E=-=====t========--=il=t-lB=

opx pl tnt

:
1

:
I

49.33 45.96 .25
.L2 .00 L2.44
.7 5 34 .31 L .77
.00 .00 .00

1 .40 .00 42.26
25.36 .46 38.92
7.35 .00 3.01

L3.72 .00 .59
.00 .00 .22

L.44 L7 .74 .00
.00 1.52 .00
.00 .07 .00

99 .47 100.06 99 .46

oxygens

I,TINERAL

LOC
ASSOC

g*==-=
sio,
Tro;
A126q

9';o;
n-tzog
rEv
ltnO
Mgo
Nio
CaO
Naro
K"6
T6tal

endmember unLts

:
t

st
T1
A1
Cr
l'e3*
Fe2*
Mn
Mg

Nt
Ca
Na
K
Total

.009

.352

.079

.000
1.198
r.226

.096

.033

.007

.000

.000

.000
3.000

1 .96 2.L2
.00 .00
.04 1.86
.00 .00
.o4 .00
.84 .O2
.25 .00
.81 .00
.00 .00
.06 .88
.00 .14
.00 .00

4.00 5 .O2

An
Ab
Or
Ca
Ug
Fe*
Z Iln
Z Usp

86.22
13.39

.39
3.04

40.52

'u-oo-
.361



VUll: 17489 FIELD:
FOR!!ATI0N: I'IHAKAPAPA
IITHOIOCY: fiPE QPXd

I,IINERAI opx

lOC c
ASS0C

ANAL n2

-289-

81 OXN
(nulpsHu)
XENOTITH

pl p1 bio iln tmt

c

4
I

r

1

c

1

=E=EE===EETET==-EEEEEEEE=IE=EEETE€E-EEE 
E=EEBE E'=E1 E1 = ==A-

c

nz
EEEE=EEEEEEEBBEEEEEEEEE=EEEE!EEEGEEEEE-AEEEEEEEEEEEEEEEEE

si02
Ti0;
AI2lOa

iiezl
Mn0
Dlg0
Ca0
Naro
Kr-0
Tbtal

52.94
.27

2.77
.00
,62

15.69
.74

26.11
.45
.o0
.00

99.57

45.68 54.60
.o0 .00

73.62 28.50
.00 .00
.00 .00
.42 .51
.00 .00
.00 .o0

17.27 10,80
1 .66 5.O7
.15 .45

99.80 99 .69

36.12 .O0 .14
6.94 46.19 1t.o7

15.01 .57 6.92
.00 .00 .00
.o0 14.69 56.1412.It 32.15 58.21
.00 .49 .51

15.4e 4.98 1.56
.12 .00 .o0
.9t .oo .oo

8.88 .00 .OO
96.57 99.27 98.75

orygens 22

Si
Ti
A1
Cr
FeJ*
Fe2*
Mn
M.cr'.o
Ca
Na
K
Total

1.92
.01
.12
.00
.02
.48
.02

1.411
.02
.00
.00

4.00

2.15
.00

1.83
.00
.00
.02
.00
.00
.85
.15
.01

5.O1

2.47
.oo

1.52
.00
.00
.01
.00
.00
-52
.44
.o5

4.99

5.26
.75

2.76
.00
.00

1.48
.00

1.16
.02
.26

1.65
15.54

.000

.858

.011

.000

.272

.666

.o'to

.183

.000

.000

.000
2.000

.oo5

.155

.294

.ooo

.985
1 .157

.015

.191

.000

.ooo

.000
1.o00

enclmember units

An
Ab
0r
Ca

Me
I'e*
% ttn
f; usp

luz
72.60
26.51

a4.46
14 .65

:ue

:

52.e8
44.50
2.62

:

-,41

69.14
70.45 lu+u -

, AA- .++2.
EE=EEEEEE=EE=EE=E=======EEE=EE==EEEEEE==EEEEE=Ag=E=E==EEE



c
I
n9

LOC

ASSOC
ANAI

WI{: L749O FIELD: BXGa

FORI,IATICN: I{HAKAPAPA (RUAPEHU)

tITIlOt0GY: IYPE QXa XENOLITII

===========-==-============3====g================================

UINERAL cpx tlo#

'=======-========E=================='=E=E=====-==============3==

45.37 30.63 .30
.00 35.98 46.02

34.29 1.09 .15
.00 .00 .00
.00 ,00 4.83
.25 .34 36.93
.00 .00 2.13
.00 .00 .96

L7 .57 27 .80 .74
1.58 .00 .00
.06 .00 .00

99 .L2 95 .84 92.06

sPh

c
I
1

plp1

c
1

n9

c
1

1

c
L

1

c
l_

I

cpx

c
I
1

sto?
T10;

1126g
!tzog
i30,
iln0
ugo
CaO
Naro
Ko6
T6taL

50.28 49.90 51.58 44.82
.13 .00 .00 .00
.63 .40 .58 35.58
.00 .00 .20 .00
.L7 .53 .2L .00

16.05 18.37 14.63 .28
1.11 1.20 .86 .00
6.77 5.29 9.27 .00

22.25 23.93 23.L6 18.58
.10 .00 .00 .94
.00 .00 .00 .07

99.50 99.62 100.49 100.37

oxygens

sl
Ti
A1
Cr
Fe3*
tre2*
Mn
Dtg

Ca
Na
K
Total.

L.97
.00
.03
.00
.01
.60
.04
.40
.94
.01
.00

4.00

1.98
.00
.02
.00
.02
.61
.04
.31

r,02
.00
.00

4.00

L.97
.00
.03
,01
.01
.47
.03
.53
.95
.00
.00

4.00

2.06
.00

1.93
.00
.00
.01
.00
.00
.92
.08
.00

5.00

2.11
.00

r.88
.00
.00
.01
.00
.00
.88
.L4
.00

5.O2

4.L6
3.67

.L7

.00

.00

.04

.00

.00
4.O4

.00

.00
12.08

.008

.939

.005

.000

.099

.839

.o49

.039

.022

.000

.000
2.000

endmember unLts

An
Ab
Or
Ca
Mg
Fe*
Z Ilrn
Z Usp

47 .60
20.13
32.L7

solgr
15 .71
33.36

47 .7g
26.63
25.58

9t.25
8.35

:40

-

85.70
13 .91

_t,

NOTES: AssociatLon I z qz * pL f cpx; /l inclusion in sphene.



-290-
VU}I: 17491 tr'IELD: BXcb
I'oru{ATIoN: }Jt{AKApApA (RUAPEHU)
I,ITHOIOGY: TYPE QXa XENOIITH

=EEE=EEEE EEEE EEE E 
==-EE=E=EEE=EEE==-EE=E EBEE=EEEE====-E 

== -EEEE= E E

IITINERAI opx pl glass gnt iln pleon# ged#

ANAL
EBE=E=EE=EEEEEEE=-E=EEEEEEEEEGEE=EEEGEGEE-ITE=E=-E=-EEEEE=E=EEE=

L0c
ASSOC

c
2
I

c
1
1

c
3
I

c
t
1

c
2
1

c
1
1

c
z
,|

si0^
,lr;6z

il;E^
2'7oz
IZaol
Mn0
ueo
Ca0

I"ro
^roCI
Total

7r.21
'31

13.67
.00
.00

2'4o
.00
.15
.12

7.72
6.32

.09
99.80

77.76
.o0

21 .87
.oo
.00

29.90
.84

7.78
,90
.oo
.oo
,oo

99.05

.oo
,o.77

.15

.00
2.61

41 .37
'50

2.10
.00
.00
.00
.00

97.46

49.45 61 .Ol
.18 .OO

4.52 24.86
.00 .00
.00 .0027.59 .26
.28 .O0

17.27 ,00
.22 5.20
.00 7.47
.00 1.o5
.00 .00

99.51 100.85

.1 1 43 .77

.14 .00
52.o1 9.56

.00 .00
7.4' .001r.86 72.77
.16 .92

7.71 11 .77
.oo .20
.00 .o0
.00 .o0.00 .o0

97.84 98.59

orygens 12

Si
Ti
A1
Cr

7LFe/'
Fe2*
Mn
Mg
Ca
Na
K
Total

1 .90
.ul
.20
.00

.89

.ut

.99
rrl

.00

.00
4.01

2.70
.00

1-1o
.00
.00
.01

.oo

.29

.64

.06
qnn

5.94
.00

4.06
.00
.00

7.94
.11

1 .Bt
'ttr

.00

.00
15.O7

.0o0 .oo7 7.00

.972 .008 .00

.o05 1.811 1.80

.oo0 .000 .oo

.050 .165 .00

.882 .817 4.31

.011 .009 .17

.080 .164 2.A1
,ooo .000 .o1
.000 .oo0 .00
.oo0 .000 .oo

2.000 1.000 16.10

endmenber units

An
Ab
Or
Ca
Mg
tr'e*
% ttn
F usp

- 29.58_ 64.49
- 5.9'
'48

52.22
47.70 

: -

2.52
1o.29
67.19

-.47

78.46
E,t i.l

- :9'4 -.476 
-

==E=EE=E============EE EEt=E-E==E=tE=€EEEE-E==EE=--EE=-=AE==g====

NOTES: Association 2i qz + pI + opx + gnt + glass.
# breakdown of cordierite inclusion i_n garnet.



VTIW: 17493 FIELD: BX-20
FORMATION: IIEAKAPAPA (RUAPEHU)

LITHOLOGY: IYPE QXe XEN0LITE

3t E Z=================t=-=l---tta=B-r===-=

li ii'lERAJ, pl cpx woll sph

Ll.)tJ

ASSOC
ANAL

::::
tc,zu.2D31

42.84 51.00 49.30 30.17
.oo .15 .00 36.13

35.96 .61 .00 2.o5
.00 .00 '00 .00
.oo .L7 L.77 .00
.33 11.12 6.87 .57
.00 3.46 8.30 .66
.oo 8.89 1 .31 .00

20.00 23 .92 32.27 27 .07

.11 .00 .00 .00

.00 .00 .00 .00
99.24 99.32 99.82 96.65

====-===-EE3==s====-=t-t!-lr--=E=E=-==--

slo"
Tro;
Ale61

9'ioi

"!aot
l[n0
lrgO
CaO
Naro
Kr6
t6tat

20oxygens

sl
Tt
A1
Cr
tre3r
Fe2*
Un
Mg
Ca
Na
K
Total

2.00
.00

1.98
.00
.00
.01
.00
.00

1.00
.01
.00

5.00

1.98
.00
.03
.00
.01
.36
.11
.51

1.00
.00
.00

4.00

L.97
.00
.00
,00
.05
.23
.28
.08

1.39
.00
.00

4.00

4.O7
3.66

.33

.00

.00

.06

.08

.00
3.91

.00

.00
12.11

eodmember unl.te

An
Ab
Or
Ca
!a
Fe*
Z Ilu
Z Usp

99.01
.99

:00 50.03
25.84
24.L3

68.28
3.85

,r_r,

E==E===E==========================E=====



- 291

VUI{: 17497 3IE],D: AX-9
FOruIATION: TE HERENGA (RUAPEHU)

I,ITHOLOGY: TYPE QPXb XENOIITH

-EE=EEEEEE=EEE=EEEEE=EEEEE-E =-=GEEEEE -B==EEE=EEEEEE=EAEEEEEEEEEE=

I{INERAL

t0c
ASS0C
ANAT

iln tnt tmt

c

1

c

1

c

1

si0^,rio;
Al26q

i;es
Mn0
I,IgO

CaO

N82O
Rrlo
Tbtal

52.O4
4'7

7.o9
.oo
.54

18.07
-40

24.r1
'70
.00
.00

99.34

51 .54 56.97
.00 .o0

29.95 25.61
.00 .00
.00 .00
.57 .51
.00 .00
.05 .05

11.57 8.94
3.98 6.75
.10 .21

99.87 99.46

55.41
.00

27.82
.00
.00
'46
.00
.o0

10.47
5.74

.11
1 00.01

,o8 .'t7
44.74 11 .90

.47 2.41

.@ .22
16.24 41.11
17.14 18.75

.53 .47
5.67 2.O7
.09 .00
.00 .00
.00 .00

98.96 99.05

.09
12 .80
1 0.55

.00
,7.93
tr.o7

.34
5,91

.00

.00

.00
98.58

opx pI p1

ccc

mj11

p1

rrg

oxygens

si
Ti
A1
Cr

7L
Ea/'

Fel*
IIn
Mg
Ca
Na
K
Total

I .91
.01
.13
.oo
.02
.56
.0'l

1.15
.01

.00
4.00

2.15
.00

1 .51
.00
.oo
.02
.00
.00
.55
.55
.01

5.01

2.57
,00

1.42
.00
.00
.01
.00
.00
.47
.20
.01

5.00

2.5o
.00

1 .48
.00
.00
.02
.00
.00
.51

nl
tr n,l

.002

.879

.014

.000

.7O'

.691

.o11

.116

.002

.000

.000
2,000

.005 .001

.134 .315

.106 .474

.007 .000
1.2O9 .889
1.209 1.O21
.015 .0'ro
.115 .30e
.000 .000
.000 .000
.000 ,000

1.O00 ,.000

endrnember unlts

An
Ab
0r
Ca
Me
Fe*
% ttn
$ usp

-.62

69.77
74.O5

65.O7
14.34

-,,

41.26
55.54
,_rt

49.85
49.46

.,' .813
.151 .461

EEE= E EEEEE==-==84- -EE=EE EE EEEE4==EElE E=-EEBEE=EEE=-E=B= E-E=E-E EE E



WW: L7498 FIELD: NffS
FORMATION: TE HERENGA (RUAPEIIU)

LITHOLOGY: IYPE QXf XENOLITII

==-===E=========-====E=E=====-===-=======E=========e=======

MINERAL o1 cPx Pl PLll lln tmt ? Pleon

==EIf==t=======-====================================t====================

LOC
ASSOC
AI{At

:
1

:
1

:
1

:
1

:
1

:
I

c
I
I

c
L
I

sio,
Tio;
Ale61

f ioi

"3ot
MnO

Mgo
Ca0
Na?o
Kr6
T-otal.

35.14
.00
.00
.00
.00

40.75
.62

23.38
.00
.00
.00

99.89

51 .94
.2L
.24
.84

I .15
13.05

.31
12.55
18.35

.65

.00
99.28

68.29
.00

19.45
.00
.00
.00
.00
.00
.24

LL.52
.31

99 .81

59.45
.00

25.t6
.00
.00
.00
.00
.00

6.87
8.02

.19
99.69

.00
33 .84
4.r.0

.00

.00
47.82

.00

.65

.00

.00

.00
88.48

.00
7 .33
L.82

.00
47 .L4
34.L6

.00

.85

.00

.00

.00
91.30

25.82 .L2
.00 .00

L7 .L7 54.94
.00 .00
.00 7 .83

41.5r. 28.49
.47 .35

14.60 7 .68
.00 .00
.00 .00
.00 .00

99.57 99.47

oxygens

sl
T1
A1

I-s+
rIz*
I'{n
Mg
Ca
Na
K
Total

1.006
.000
.000
.000
.000
.976
.015
.997
,000
.000
.000

2.994

I .98
.01
.01
.03
.03
.42
.01
.7L
.75
.05
.00

4.00

.000

.7L4

.136

.000

.436

.687

.000

.027

.000

.000

.000
2.000

.000

.227

.088

.000
1.458
L.r75

.000

.052

.000

.000

.000
3.000

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.003

.000
L.827

.000

.L66

.672

.008

.323

.000

.000

.000
3.000

2.99 2.66
.00 .00

1.01 1.33
.00 .00
.00 .00
,00 .00
.00 .00
.00 .00
.0L .33
.98 .70
.o2 .01

5.01 5.03

endmember unLts

An
Ab
0r
Ca
Mg
Fe*
7( I-Lm
Z Usp

.00
50 .15
49.85

re.sr
35.62
24.87

1.09 31.82
97 .22 67 .L2
1.69 1.06

.7 63
.240

======================================================================= ==

NOTES: Assoclation 1: breakdown products; // bLebs in plagloclse.



-292-
VUW: 175OO FIEID: 15X
tr'oRI,tATIoN: UAHIANoA (nUmrrU)
rrTHotoGY: TIpE IX XENoITTH (CUMUIATE)

-=EE=E=EEEEEEE=EEE-==--EEEEETBEGEEE==EEEEEE=E=ETE-E=EEE==EE=E-=EEEE=E EEB

MINERAI cpx cPx opx pI cpx cpx tnt
r0c
ASSOC

ANAT
EEEEBEEEEBEEE-=E-=B=EEGGE=BE!EEEGEEEEEEEEEEGE=I=E=---EE=E-==GEEEE=-E EEEE

c
1

a
I

c
I
I

r
I

'l

hb

c
2
m2

c
I

q
I

c
z
1

r
L
1

c
z
1

si0^
Ti0:

tI:22

#e,t
IIlNO

Meo
Ca0
Naro
K16
Tbtal

49.97 
'1 

.97 5t.ro.46 .31 .Oo
5 .23 3.O8 .74
.00 .oo .o0

2.79 2.Og 1 .526.14 6.60 17 .O5
.18 .22 .51

1 4.85 14 .5O 25 .69
20.23 21 .57 .47

.7O .46 .oo

.oo .o0 .o0
100.11 1OO.80 99.49

42.41 50 .14
1.Bl .00

't5.lz t1 .18
.oo .00
.00 .o0

10.?0 .59
.oo ,00

14.50 .00
11 .O2 11.79
t.o5 3.65.50 .17

96 .71 99.51

50.27 47 .75 .'r0
1.46 2.18 2.r8
3.57 9.61 1.97
.oo .00 .oo

5.51 5.74 58.692.71 t.2O 27 .74
.00 .o0 .48

15.95 12.53 5.16
21 .85 2O.2O .25

.50 .66 .00

.00 .00 .00
99.91 98.08 94.51

oxygens 22

qi

Ti
A1
CrZr
Tel
tr e2*
Mn
Mg
Ca
Na
K
Total

1.85
.ol
.27
.UU
.oB
.19
.01
.82
.80
.vz

4.00

1 .91
.01
.13
.00
.05
.20
.01
.BO
.85
.03
.00

4.00

2 -3o
.00

1.69
.00

.02

.00

.00

.68
z7
n,r

5.O2

1 .85
.04
.16
.00
1n

.08

.00
Q.-l

.85

.04

.00
4.00

1 .96 5.94.oo .19
.o3 2.19
.00 .00
.04 .00
.52 1.27
.o2 .00

1 .41 t.06
.o2 1.67
.oo .84
.00 .09

4.00 15 .24

1 .66 .004
.07 .068
.43 .176
.oo .oo0
.16 1.680
.10 ,'142
.00 .o't6
.71 .104
.42 .010
.o5 .oo0
.00 .000

4.oo 1.000

endmember units

An
Ab
0r
Ca

Mg
Fe*
fi rtn
% usp

qzltt
43.21
14.48

44.43
41 .55
14.01

66.91
t2.oB

._99
qq.go
45.64
1 9.40

45.75
19.46
14.79

ntrR

.gz 27.87
70.o7 51 .01
28.94 21 .12

EE= EEEE=EEEEE E= E=EE AE EEE=-EEEE=E=E EEE=EE=EE===IE-=---E=E-EGE 
=EEE = =E EEE -= E

NOTES: Association 1: core of xenolith; Zz reaction rin.



VIIW: 17512 FIELD: A!{2-8
PORMATION: MI{GIPO TORLESSE SUITE
LITEOLOGT: GBEYIIACKE

I'{INEML pl p1

LOCccc
ASSoC

g*======-1=======13==-=='l-=

slo" 68 .88 68.75 50.43
Tlo; .oo .00 .88
Alo6q t g.g3 20.L4 33 .13crioi .oo .oo .oo
Feloi .oo .00 .00
Fe6', .00 .00 3.90
ltnO '00 .00 .Lz
DfgO .00 .00 1.93
CaO .00 .34 .00
Naro 11.84 LL.72 .18
K,0 .oo .oo 5.37
r'otal 100.65 100.95 95 .94

oxygens 22

st
Tt
A1
Cr
o-3f
iIz*
ltn
Mg

Ca
Na
K
Total

2.99
.00

1.02
.00
.00
.00
.00
.00
.00
.99
.00

5,00

2.97
.00

1.03
.00
.00
.00
.00
.00
.02
.98
.00

5.00

6.s0
.09

5.04
.00
.00
.42
.01
.37
.00
.05
.88

13.36

endmember unlts

An 100.00 98.40
Ab 0.00 1.60
Or 0.00 0.00
Ca
la
Fe*
Z ILn
ft tJag



_291_

VUrt: 17811 I'IELD: B4A
FOMATION: RANCIPO TAIPAPA SUITE
LITHOL0GY: CREYWACKE

-GE-!i-3--t------.CG-e E--eEEaeeEE t--r---!rE-

}iII{ERAL p} p1 pl p1 ke chl nus hb preh epid

cL0c
ASS0C

:::.
si0^
Tio:
trt6z
-' aVz
F"lol
IEV

I{n0
Ite0
Ca0
Na2O
Kri
T6tel

g,2njn2l

e

mj

ccc

1nin4

cc

n6 'l

--r---- r-aG-G a aaa-3-r --a !-rtr- - --

68.72 66.5a 64.78 67.91 64.90 28.09 51 .97 48.48 42.68 57.54.00 .oo .oo .00 .oo 2.40 .08 .4' .OO .OO19.24 20.21 21.64 22.26 17.99 14.86 26.77 7.29 22.23 21.54.oo .oo .oo .00 .00 .oo .oo .oo .oo .oo.00 .oo .00.00 .26 .15
.oo .00 .oo .oo .00 .oo .oo.26 .22 27.92 1.48 10.75 2.5O 11.61.00 .oo .0o .0o .0o .50 .oB .?2 .OO .OO.oo .00 .oo .o0 .oo 10.65 1.24 15.45 .rO .oo.o5 .9o 2.77 4.07 .01 .90 1.17 12.2A 25.75 23.19

12.15 1'r .'tO 9.e2 g.ot .48 .OO .51 1 ,Ot .oo .oo
_ .90 .r5 .27 .84 1r.76 1.16 8.9r .15 .OO .OO100.21 99.40 99.43 100.15 99.16 86.48 94.41 95.1O 91.86 96:08

oxygena 12

si
Ti
A1
Cr
FeJ*
Ee2*
Un
Mg
Ca
Na
K

Total

? r}r\

.o0

.99

.UU

.00

.o0

.00
1n?

.00
5.O2

2.94
.00

1 .05
.00
.oo

.00

.oo

.04

.95
n)

5.01

2.87
.o0

1.11
.00
.00
.01
.00

t?

.84

.02
5.OO

2.41

t.t6
.00

.01

.00

.00

.19
.7'7

.05
Enl

t.o1 6.17 5.ge
.oo .40 .01
.99 1.85 4.24
,00 .00 .00
.00 .o0 .oo
.01 5.13 .39
.0o .o9 .o1
.00 3.49 .25
.00 .21 .20
.06 .00 .11
.94 .13 1.53

5.Or 19.67 13.74

5.79 6.05 2.97
.05 .oo .o0

1 .2O 1.72 2.2O
.o0 .oo .o0
.oo .00 .00

1 .26 .1o .77
.ot .oo .00

3.27 .O2 .OO
1.84 4.OO 1.99
.28 .00 .o0
.o3 .00 .00

t4.'t1 '14.o9 7 .91

enclmember units

An .29 1.96 15.j1 t9.05 .oo
Ab 99.71 94 .06 84.85 76 ,21 4.410r .0o t .98 2.Oz 4.74 9i.i9ca - 2.1a - 29.01 92.66 72.oaMe - lg.og - jo.76 6.8, .ooFe* - |,B. j't - zo .24 .49 27 .92I ttn
F usp
E--a:-Ear---E€!---G----rr-ra-----E---a--rE!-!-€-ra---G-rra-s--GG-E



WW: 17885 FIELD: PQX-I

FORMATION: PUKEONAKE

LITHOLOCY: IYPE QXb XENOLITII

-======== = === ==== =======4===t=4========= -=== 
g=t===== ====

UINERAL cPx Pl glase glase cPx mes

LOCcccccc
ASSOCrlL234
ANAL111n3r'2n'2
=Et====== ===================-====================E======

si0,
Tlo:
*z6z
!tzot
i!ao'
MnO

ugo
CaO
Na?o
K"6
c1
Total

50.83 44.58 68.26 72.OL
.L7 .00 .63 .63
.68 35.95 10.64 10.0L
.00 .00 .00 .00
.44 .00 .00 .q9

L4:zz .oo 4.64 4.o4
.79 .OO .00 .00

7 .86 .00 .74 .61
23 .7 5 19 .11 2.38 L -7L

.26 .68 2.9L 2.89

.09 .00 2.97 3 -25

.00 .00 .09 .00
99.09 100.32 93.26 95.14

52.97 65.01
.L7 1.14
.51 L2.22
.00 .00

2.2L .00
7.44 7 .33
.33 .20

16.41 1.26
19.59 3.65

.30 4.84

.00 1.36

.00 .10
99.31 97 .LL

oxygens6S6-

s1
Ti
A1
Cr^.
tloJf

i'Iz*
Un
ug
Qa
Na
K
TotaI

1.98 2.05
.01 .00
.03 1.95
.00 .00
.01 .00
.47 .00
.03 .00
.46 .00
.99 .94
.o2 .06
.00 .00

4.00 5.00

1.96
.01
.02
.00
.06
.23
.01
.91
.78
.02
.00

4.00

endmenber units

An 93.92
Ab 6 'oB
0r .00
Ca 50.82 39 '15
G 23.3s 45 '60
i!* zS .7s r-5.2s

Z t1n
Z Usp
=========================== =============================
NOTES: Associatlon 1: broken area of xenofith;

2: contact zone; 3: cPx reactlon rlm;
4: host lava.



-294_
Vtllf: 17887 FIELD: N112} #
FORITIATION: W}IAKAPAPA (RUAPEHU)
LITHOLOGY: TIPE 1 DACITE

G-== EE E= - EEC-CEEEGE EEEE E EE E E -= =EGEE--GB EBE- IE==B--EGE-EE-

I{INERAt

r0c
ASSOC

ANAI

cpx opx

r
'l

opx

r

n2

50.77 54.80
.24 .OO
.94 28.56
.oo .o0
.00 .o029.57 .40
.60 .o0

15.89 .00
.00 .00

1 .78 11 .27

'oo 5.18
'oo '3799.t' 100.18

-p1
11

c

m2

pl pl iln+

c

1

EGEGBEEG-EEEGECBEB=EEEIE=---EA3EE-EBG-':-E..-EIGEE-EE--EE

si0^
Tio:
Ar..67
Crloa
E"|01
FeO -
lln0
Mgo
Ni0
Ca0
Na"O
Krd
Total

51 .25
.40

1 .26
.00
.87

11.21
'72

1 1'9e
.00

19.91
.27
.00

99.45

51 .r8
a.a

1.18
.00

1,22
2r.50

'50
20.08

.00
1.r5

.00

.00
99.70

58.59' .00
.00 48.81

25.49 .14
.oo .o0
.00 5.17.74 41 .88
.oo .47
.00 2.o5
.o0 ,00

8.27 .16
6.56 .00
.64 .OO

99.65 98.56

oxygens

Si
Ti
A1
Cr
tr'e7+
tr'e2*
It,In

Mg
Ni
Ca
Na
K

TotaI

1 .95
.01
.05
.00
.02

'42
.01
.bd
.00
.82
.uz
.00

4.00

1.94
.01
.05
.00
.04
.75
oWL

1.11
.00
.06
,00
.00

4.00

1 -9e

.04

.00

.00
'96
.02
'Yz
.00
.05
.00
.o0

1.99

2.47
.00

1 .51
.oo
.oo
.02
.o0
.00
.00
.54
.4'
.02

5.01

2.6J .ooo
.00 .925

1.55 .004
.00 .000
.00 .146
.01 .814
.oo .010
,00 .o77
.00 .000
.40 .004
.55 .000
.o4 .o00

4.98 2.OOO

endmenber units

An
Ab
vI

Ca 41 .77
Mg 74.92
3e* 23.15
% ttn
% usp

1.11 z.g>
55.97 47.00
59 ,96 50.05

53.49
44.44
,_o,

40.12
56.11
,_r,

.921

-=E=--G=--TE===EEE E=EEE=TAC-===-T-=-BgES=EEBG=EGEEEE=E=E=

NOTES: Analysis by lI.R.Hackett.
# sanple sinilar to 1?8?6 i + incLusion in pl.



VUW: 178S8 FIELD: )Oil#

FORI,|ATION: I{AIIIA}IOA (RUAPEIIU )
LITHOLOGY: TtlPE QPXd XENOTITH

-r--t-=t!t=tt:--'E=--r_=t=t=Et"tllttlttl

UINERAL o1 oPx pl tot

VUH: 17890 FIELD: llTX-6#
FORIIATI0N: PUKEONAKE

LITHOLOGY: TYPE It( XENOLI11|

-rtt"ttlt=

UINERAL 01 81438 creP

LOCccc
ASSOC

ANAL111
=rr===tt-3-t-==rtltrt-

LOCcccc
ASSOC

ANAL I n7 n3 E4

---s-t--=r= '==5====3==

slo,}
Tro;
lrz6r
!tzo:
il6o,
HnO
Hgo
CaO
Naro
Kr6
T-ota1

.18
11.07
4.04

,62
4r .93
38.40

.30
2.04

.00

.00

.00
98.58

s10,
T10;

!126rurrOl

;:s';
l{nO
HBo
Nt0
CaO
Na'o
K,6
t'otaL

41.15
.00
.00
.00
.00

10.26
.o0

47 .58
.31
.tz
.00
.00

99.42

37 .35 5l .70 45 -27

.00 .28 .00

.oo 2.33 35.01

.oo .00 .00

.oo 1.71 .00
21.99 18.03 .57

.35 .59 .00
37 .44 23.59 .00

.o7 1.09 18.14

.00 .00 1.38

.00 .00 .00
99.34 99.32 100.37

53.56 .00
,97 .51

18.14 11 .03
.00 53.32
.00 6.74

6.r2 16.33
.L2 .00

4.40 11.44
.o0 .22

8.82 .00

4.46 .00
2.O4 .00

98.63 99 .59

oxySenE oxygens

sl
T1
AI

31,*
-Iz+IC

Mn
l{g
Ca
Na
K
Total

si
T1
A1
Cr
o-3*
iIz*
}{n
Ug
N1

Ca
Na
K
Total

1.0r5
.000
.000
.000
.000
.2L2
.000

r.749
.006
.003
.000
.000

2.985

.000

.013

.425
1.382

.166

.448

.000

.560

.006

.000

.000

.000
3.000

.989 L.92

.000 .01

.000 .10

.000 .00

.000 .05

.531 .56

.008 .o2
1.478 r.30
.002 .04
.000 .00
.000 .00

3.01r 4.00

2.08 .007
.00 .309

1.90 .L77
.00 .018
.00 1.173
.o2 1.194
.00 .009
.00 .113
.90 .000
.L2 .000
.00 .000

5.O2 3.000

endnember unlte
endmenber unlts

An
Ab
Or
Ca
l{g
Fe*
Z lln
Z Usp

.r5
89.09
10.76

.443r=Er=tr=--t -= =,===t= =======ttt==--=-=tlt=

NOTES: # lnclualon ln cunulate nodule'

87 .83
L2.17

.00
.10 2.23

73.24 56.09
26.66 3r.68

- .358

An
Ab
0r
Ca
ttg
Fe*
7 IIn
Z Usp
t=-======tt

NOTES: AnalYsls bY W'R'Hackett'
f slullar to PDX-I



_295_

VUI{: 17894 FrELD: Xc
I'ORI'{ATION: WAHIANOA (NUAPNTU;

LITHOIOGY: TIPE QPXb XENOLITH

-== --== -==-- -EB-=-EG=--- --- --G3-E -EEG E- -3-E -E= -- G= E- = e --=G --- G==3eG-===G-

MINERAL opx

IOC e
ASSOC

ANAL 1

pl

c

,|

cord gnt gnt iln pleon

ccrcc
-11

11111

sj-0^
TiO^Z
A:-267
CrrOi

#e,t
Itln0
ueo
Ca0
Na2O
Krlo
TbtaI

47 .79 46.55
.21 .26

7.60 5.14
.00 .00

1.44 1.44
t2.35 28.22

.48 .tO
11.59 14.50

.21 .15

.00 .25

.00 .00
99.58 97.92

51 .11 48,09
.00 .00

21.55 72.76
.00 .00
.00 .00
,14 9.77
.o0 .t1
.00 8.1 6

5.27 .10
8.05 .00
1.25 .00

99.67 98.99

17.69 .O0 .00
.'ro 48.56 .74

21 .14 .16 51 .15
,o0 .41 2.94
.00 6.80 ,.98

t1 .39 40.54 70.O4
.88 .31 .12

7.11 1.58 6.42
.77 .00 .00
.00 .o0 .oo
.o0 .oo .00

99.50 98.15 97.59

17.90
.tl

21 .71

'40
.oo

32.OO
.79

7.21
.74
.00
.o0

'l 00.50

oxygens 12121B

Si
Ti
A1
Cr
Fe5*
Fe2*
l,ln
Mg
Ca

Na
K

Total

1.88
.01
.17
.00
.04

1 .O7
.02
.80
.01
.00
.oo

4.00

1.87
.01
.29
.00
.04
.91
.01
.86
.01
.02
.00

4.00

2.74
.oo

1.25

.00

.01

.00

.00

.25

.70
A1

5.O2

4.96
.oo

3.98
.00
.00
.84
.01

1.25

.00

.00
11 .05

2.97
.ol

1.97
n?

2.10
.05
.84
.06
.00

en?

2.98
.01

1.99
.00
.oo

2.O8
.06
.84
.07
.00
.00

B.O7

.000

.929

.oo5

.oo8

.1to

.861

.007

.050

.o00

.oo0

.o00
2.000

.ooo

.016
1.768

.058

.111

.774

.005

.280

.000

.000

.000
,.000

endmember units

An
Ab

Ca

Mg
Fe*
S rrn
I usp

-.49

41 .2e
58.21

-'18

46.41
55.21

24.76
68.1O
6.94

:

-'52

59.23
40.25

7An

27.64
nA 77

7.14
27.64
70.22

072
.728

----G-----E--g---==c-83--€--E GGG -r---- =--tG--=-== -cG=-==--=€==--=- =- -G C G=

NOTES: Analysis by l{.R.Hackett.



:
1

L0c
ASSOC
ANAL

VU!l: 17895 FIELD: NX-l
FORMATION: TONGARIRO

LITEOLOGY: 13PE UCX XENOLITH
(cEr-csrlrcATE)

======= === =========== == =

MINERAI cPx woLl

========================

VIIW: L7896 FIELD: NX-9
FORMATION: NGAIIRUHOE 1954

LITEOLOGY: IYPE UCX XENOLITH (CALCSILICATE)

a======E===E====== =============E========

MINERAL woll Pl PI sPh

==g===t===tt======E==E=t==E==-=B=---====

51.49 42.46 43.82 29 .83
.00 .00 .00 37 -28
.06 36.24 34.44 .85
.00 .00 .00 .00
.34 .00 .00 .00

2.L6 .2L .87 1 .16
.40 .00 .00 .00
.40 .00 .00 .00

45.50 20.L4 19.07 26.95
.00 .00 .54 .00
.00 .00 .00 .00

100.35 99.0s 98.74 96 -O7

oxygens

2.06 4 .06
.00 3.81

1 .91 .L4
.00 .00
.00 .00
.03 .13
.00 .00
.00 .00
.96 3.93
.05 .00
.00 .00

5.01 L2.O7

endmember unlts

c

I

:
1

:
1

LOC

ASSOC
AI{AL

:
1

:
I

sio,
Tio;
A1,,6e
crloi
;:a"
MnO

Mgo
CaO
Naro
K"-o
T'ota1

s10,
T10:
A1,,6"
crio{

;:e"
MnO

ugo
CaO
Na?o
Kr6
T6ta1

50.04 51.05
.00 .00
.50 .00
.00 .00

1.14 1.33
18.36 .84

.81 .44
s.59 .23

23.44 46.3L
.14 .00
.00 .00

1 00.02 100.20

20
oxygenB

St
T1
Al-
Cr
;-3+
iIz*
Un
lrg
Ca
Na
K
TotaI

r. .98
.00
.02
.00
.03
.61
.03
.33
,99
.01
.00

4.00

L.97
.00
.00
.00
.04
.03
.o2
.01

1.93
.00
,00

4.00

si
T1
A1
Cr
F.3*
F.2t
ltn
Mg
Ca
Na
K
Total

2.00
.00
.00
.00
.01,
.07
,01
.02

1.89
.00
.00

4.00

1.99
.00

2.00
.00
.00
.01
.00
.00

1.01
.00
.00

5.01

endnember units

An
Ab
Or
Ca
ltg
Fe*
Z ILn
I Usp

49.87
16.s4
33.69

9s.34
.64

4.O2

An
Ab
Or
Ca
la
Fe*
Z Iln
7" Uep

100.00
.00
.00

94.2L
L.15
4.64

95.14
4 .86

:oo -

= === ===-===1==== = = =============== == = ====
=4======================
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YIJltz 22991 FIELD: 0-K
FORI{ATION: ORAKEI KORAKO

LITHOIOGY: HrGH-AI,UMINA BASATT

-----c=---!----a-=--Gg---3BEaC-Gf-l-------=--- 3--3---C-----GE---1-e-----

MINERAI cpx cpx cpx cpx cpx cpx cpx cpx

L0c
ASSOC

ANAI

1

I

2

I

7

1

4

1

5

1

b

;

I
,|

t-3-=------!!3- ------E---a--l-----af-ff-a------------l--a--E------ =-=E --

si0^
Tio:
Ar167
crlOa

#e';
l{n0
Ii{8p
Ni0
CaO

Naro
Kr-o
Tbtal

49.O4
1 .11

5.94
.00

1.18
5.25

.12
14.81

.00
20.25

.r7

.00
100.27

49.1O 51.15
1.71 .85
6.06 4.40
.o0 .00

2 .11 1 .60
5.38 5.O9
.00 .00

15.2j 15.76
.00 .00

19.95 21 .26
.19 .12
.00 .00

99.55 100.41

50.67 48.78 51 .27
.75 1.47 .83

4.7O 6 ,39 3.77
.00 .00 .17

1 .61 5.65 2.25
5.71 5.24 

'.o2.00 .29 .25
15.22 14.1O 15.7'

.00 .00 .oo
A .A4 20.62 21 .42

.12 .t7 .28

.o0 .o0 .oo
99.52 100.71 100.99

51 .45 50.'11
1 .O7 1 .76
2.32 2.45
.00 .oo

1 .79 1 .85
9.17 1 1.88
.72 .46

14.90 12.59
.oo .00

19.58 17.49
.55 .42
.00 .00

1OO.35 1 00.21

oxygens

Si
Ti
A1
Cr7+Fe/'
Fe2*
Mn

Mg
Ni
va

Na
K

Total

1.81
.o4
,26
.00
.06
.17
.00
.84
.00
.79
.o5
.00

4.00

't .88
.02
.19

.04

.16

.00

.86

.83

.02

4.00

1 .81
.01
.26
.00
.09
.to
n,l

.81

.00

.80

.01

.00
4.00

1.87
.02
.19
.00
.05
.18
.00
.84
.00
.85
.02
.00

4.00

1.78
.u+
.28
.oo
.10
.16
.01
.79

.81

^z
.00

4.00

1 .87
.02
.16
.01
.06
.15
.01

P,A

.oo

.84

.02

4.00

1 .90
.07
.10
.00
.04
.29
nl

.81

.oo

.77

.o3

.oo
4.00

1.91
.44
.09
.00
ntr

.44

.02
-71
.00
.71
n?

.oo
4.00

endnember units

An
Ab
0r
Ca
Mg
Fe*
f, ttn
% usp

42,62 44.06 42.69
45 .20 45 .78 47.44
12.18 10.56 17.87

44.o1 43.48 41.60 79.96 76.81
44.27 41 .99 44.59 42.75 36.90
,, 

_r, 
14.53 

',-U' " _rt 
'u 

_rt
==--------=E-a----a-- ----=*:----G--a----==------=--3--- -3-=---GE= =€ --3-!

NOTES: Zoned elinopyroxene phenocryst - analysis localities given in
acconpanying figure.



VUt{: 22993 FIELD: O-K
FORI,IATION: OR.AKEI XonAKo
LITTTOLOGY: BIGH-ALUUINA BASALT

tEr--rttt-irrgtt-tt==r

HINERAL

LOC
ASSOC

ANAL

o1

:
I

ol

:
I

cpx

:
1

:
t

p1#

:
I

38.88 37.r2 50.44 51.60 50.40 55.99
.00 .oo .75 .90 .00 .00
.00 .00 5.45 2.28 30.27 27.34
.oo .00 .59 .00 .00 .00
.oo . .oo L.52 .50 .00 .00

18 .67 27 .24 5 . 15 9 .23 .54 .85
.26 .54 .00 .26 .00 .00

4r .53 33.94 L5.77 14.83 -15 .L2
.oo .00 .00 .00 .00 .00
.r9 .34 20.4L .19.34 14.31 10.84
.00 .oo .35 .39 3.72 5,52
.oo .00 .00 .00 .10 ,20
.oo .oo .00 .00 .00 '00

99.53 99.18 100.43 99.33 99.34 I00.78

plcPx

:
sz

o1

I
1

cpx glass tot

gcI
I

r-==rtrr-tltrrt-r===t= =ttt=t=-=_=trttt

sl0,
Tro;
l1zdr
!tzol
i!6o,
HnO
n8o
N10
CaO
Na?o
Kr6
CI
Total

33.76 5l .25
.00 .65
.25 1.17
.00 .00
.00 r.89

47.5L 15.61
,72 .58

r7 .13 15.84
.00 .00
.50 12.53
.00 .30
.00 .00
.00 .00

99.87 99.83

69.82 .2r
.40 20.10

11.37 .90
.00 .00
.00 26.06

2.83 46.56
.18 .55
.07 .87
.00 .00
,7 4 .27

3.86 .00
4.84 .00
.53 .00

94.64 95.52

::re:::---- --:-------!-------:--- ----2-------:-------:- ------!-------:-------:------1---
.998 .ggg 1.84 r .92 2.32 2.51 1.005 r.95st

Tt
A1

ll'*
Fe2*
t{n
Ug

,000 .o00 .o2
.000 .000 .24
.000 .000 .o2
.000 .000 .o4
.401 .613 .16
.006 .0r2 .00

i.590 r.362 .85
.000 .000 .o0
.005 .010 .80
.000 .000 .03
.000 .000 .00

.03 .00 .00 .000 .o2

.lo L.64 1.45 .009 .05

.00 .00 .00 .000 .00

.ol .00 .00 .000 .05

.29 .O2 .03 I .183 .49

.01 .00 .00 .018 .O2

.83 .01 .01 ,7 60 .89

.00 .00 .00 .000 .00

.78 .7r .52 .016 .51

.008

.589

.041

.000

.7 64
I .518

.018

.051

.000

.0t l

.000

.000
3.000

Ni
Ca

Na
K

.03 .33

.00 .01
.48 .000 .o2
.01 .000 .00

Total
.VVV .vvv

3.000 2.996 4.OO 4.OO 5.04 5.01 2.99r 4 .00

enduenber unlts

An
Ab
0r
Ca
HS
Fe*
Z llu

.25 .50
79.4t 68.20
20.34 31 .30

42.63
45.83
[l .54

- 67 .9A 51.81
- 31.53 47 .OL

- .57 1.18
40.52
43.24
16.24 : :

.82 25.81
38.44 45.38
60 .7 4 28 .81

- '607
:====E=!=!

Z Usp
rr-==r--ts-

NOTES: # rtu ln contact sirh acld-reslduuu glaes'



-2q7-

VIIU: 22996 FIELD: K-[
FORIIATIOII: K-TRIC
LTTHOLOGT: HICH-ALUIiTII{A BASALT

a!aaa--aaaaaaaaaaaaaaaa-aa----a"""'-"'

I{IIERAL oL# cpr cpx glass

L0c
ASSOC

g1:==.
si0,
,ni n-il-zAr:0q
c"\oi

;:a';
Iitn0
tiN
Ni0
Ca0
!la2c
Krlo
tbtal

pl

r
I

pl

c

1

ccrg
rt11

tEt

:
1

Pf

:
1

t8.'f o 4a.72 52.52 
'1.25 

48.04 5?.57 51.24 79.58 .OO

.oo 1.32 ,16 .89 .OO .OO -OO .50 7 -6
r.r8 5.o, 2.4O 2.21 12.61 29.47 tO-77 10.31 .88
.oo .16 .oo .oo .oo .0o .oo .oo .00
.oo 1.64 1.27 1.53 .OO .oo .oo .oo 50.50

z4:i6 6.ti 't.or 4.90 .7t .91 I .18 .98 29-17
.55 .19 .25 .47 'OO .OO .oO .OO -71

,0.48 14.29 1 ?.88 15.71 '12 .O9 .09 .08 3.98
.oo .oo .oo .oo .00 .oo .00 .00 .00
.5O '20.65 1A.2t 22.41 16,71 12.A5 14.44 .78 .25

.oo .?2 .16 .OO 2.14 4.18 1.55 .86 .00

.oo .oo .oo .oo .00 .11 .27 4.59 _.qq
94:98 gs:1i too:e4 99.tt too.1? 1oo.i8 101.54 97.ta 91.67

orygens

si
Ti
AI
Cr
FeJ*
Fe2*
li{n
Itg
l{i
Ca

Na
K

Total

1.80
.04
.26
.o1
.05
.20
.01
.79
.oo
.42
.02
.00

4.OO

1.9?

.10

.oo

.04

.zz

.01

.97

.00

.tz

.ol

.00
4.00

1 .90
.ot
.to
.oo
.04
iq

.02

.47

.oo

.89

.oo

4.00

2.21

1 .75

.oo

.ot

.oo

.ul

.oo

.80

.21

.oo
5.O2

2.39
.00

1 .58
.00
.00
.04
.00
.ol

.63

.57

.02
5.O4

2.12
.00

1.64
.oo
.oo
.05
.oo
.ot
.oo

.11

.02
5.o5

.000

.212

.041

.ooo
1.493

.962

.o24

.213

.ooo

.105

.ooo

.ooo
,.ooo

endmember units

An
Ab
0r
Ca

ilg
Fe*
i tln

+llag 16.6s 4i.26
42.29 50.O' 44.1O
11.82 13.28 1O.54

79.59 62.O5 68.t1
20.41 16.18 1,O.14

- 1.77 1.55

1=Y::================= ==============-======-====================== ===========:'=22
N0TES: # olivj.ne severely comoded (partial analysis only).



YtJttz 22998 FIELD: ONG

FORMATION: ONGAROTO

LIIEOLOGY : EIGE-ALIIMINA BASALT

================================================================
MINERAL OI.

LOC e
ASSOC 1

AITAL 1

cpx cpx

-E======= =============================EE=========3==E===========

o1 cpx

::
11

:
I

:
1

:
n2

cpx

:
I

s10, 40.31rr0; .00A1"61 .oocxlo\ .00
reioi .oo
Feo - L2.32
MnO .00
Mgo 46.51
Nro .00
CaO .19
Na,O .00K.6 .oo
taotal 99.33

37 .67 50.74
.00 1.00
.00 4.11
.00 .50
.00 2.35

26.62 6.35
.49 .26

35.88 L7 .O7
.00 .00
.16 18.34
.00 .23
.00 .00

100.82 100.95

52.6L 50.63 52.00
.43 1.43 .66

1.87 1.14 2.08
.4L ,00 .35

1 .19 L.22 2.85
6.88 1.2 .30 5.02
.32 .43 .27

18.81 14.33 17 .13
.00 .00 .00

16.95 17 .1 5 L9 .72
.18 .34 .36
.00 .00 .00

99.65 98.98 100.4s

52.72
.50
.77
.00
.68

18.58
.51

2r.95
.00

3.97
.04
.00

99.72

oxygens

si
T1
A1
Cr
Fe3*
tr'e2f
Un
Mg
NT

Ca
Na
K
Total

1.001
.000
.000
.000
.000
.258
.000

L.735
.000
.005
.000
.000

2.999

.994

.000

.000

.000

.000

.587

.011
1.410

.000

.005

.000

.000
3.007

r.85
.03
.18
.02
.07
.19
.01
.93
.00
.72
.02
.00

4.00

1.94
.01
.08
,01
,03
.2L
.01

1.03
.00
.67
.01
.00

4.00

I .93
.04
.05
.00
.04
.39
.01
.81
.00
.70
.03
.00

4.00

1 .91
.02
.09
.00
.08
.15
.01
.94
.00
.77
.03
.00

4.00

L.96
.01
.03
.00
.02
.58
.02

L.22
.00
.16
.00
.00

4.00

endmember units

An
Ab
Or
Ca
Mg

Fe*
Z Iln
% Usp

.25
86.84
12 .91

.25
70.04
29.7L

37 .L9
48 .18
L4.63

34.00
52.45
13.55

35 .81
4L.64
22.55

39.67 7 .95
47 .98 6L.22
L2.35 30.83

==================================== ===================== =======

NOTES: Assoclation 1: olivine wlth chronian splnel'
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VUH: 22998 FIEI,D: ONG

FORIvIATI0N: ONGAR0T0

IITHOI,OGY: HIGH ALUMINA BASAIT

=========================================================
I,IINERAI

t0c
ASSOC

ANAT

si0^
TiO:
A' ZALcOz

9"70t! ezoz
FeO -
Mn0
Ir{e0
Ni0
Ca0
Na2o
Kr-o
CI
Total

pl pI glass neg# tnt

er8s8

1 ; 1 1

76.37
1 .20

17.19
.00
.00

1 .44
.00
.00
.00
.45

1 .05
7.68

'78
97.76

65.09
1 .00

17.2e
.00
.00

1 .86
.00
.09
.00
.54

7.o5
7.20

.57
92.68

crsp

.1O .09
18.46 .72
2.O2 17 .r9
.o0 41 .24

to.17 8.72
46.51 20.98

.46 .14

.82 g.Og

.00 .00

.00 .o0

.00 .00

.00 .00

.00 .00
98.54 98.57

c
1

1m2

50.11
.00

70.77
.00
.o0
-90
.00
,09
.00

14.56
7.+1

,00
.00

99.68

61 .10
.00

23.62
.00
.00
.69
.00
.oo
.00

5.69
7.55

.92

.00
99.55

oxygens

si
Ti
A1
Cr
Te3*
Fe2*
ItIn
Irlg
I\Tiltr

Ca

Na
K

Total

2.70
.00

1 .57
.00
.00
. ual

.00

.01

.00
.71

.11

.o0
5.44

2.74
.00

1.25
.00
.00
.01
.00

.00

.27

.65

.05
4.99

.o04

.523

.ogo

.000

.855
1 .+56

.015

.046

.000

.000

.000

.000
,.o00

.00,

.o18

.678
1 .065

.215

.r7 4

.o04

.445

.ooo

.000

.000

.000
,.000

endnenber units

An
Ab
0r
Ca

Mg

tr'e*
1l ttn
S usp

70.01 27 .86
29.99 66.71

:oo 5.41 : :

.165 .459
=========================================================
NOTES: # contains orthoclase microlites.



VUl{: 29250 FIELD: N54
FOR!'IATION: NGAURUHOE 1954
LITHOLOGY: TYPE L BASIC ANDESITE

tr--t-rr=rr-E=s=r==t-- -!g=tt====t -"Iattt=-==-r

UINERAL o1 o1 cpx cPx oPx oPx pl pl Dea

:::
111

:
I

r

d
:
n4

:
82

:
n4

:
tn.3

LOC
ASSOC

ANAL

sr0,
T10;

1lzbr
!tzo:
ilao,
l{nO
Hgo
Nro
CaO
Na.o
Kr6
T6tal

3E.70 37.97 52.r0 5r.91 52.85 52.36 50.05 5r.83 65.94
.00 .oo .47 .32 .20 .23 .00 .00 2.03
.00 .oo 3.85 2.64 1.47 1.14 31.23 29.89 L2.25
.oo .oo .00 .22 .00 .00 '00 .00 .00
.oo .oo .00 .82 1.51 1.07 .00 .00 .00

19.40 23.01 19.34 6.85 16.38 19.76 .50 ,74 6.47
.22 .55 .44 .L4 .43 .45 .00 .00 .00

42.01 37.92 15.29 t6.5r 24.82 22.63 .08 .11 .25
.oo .oo .00 .o0 .00 .00 .00 .00 .00
.15 ,2L 5.64 19.37 1 .82 1.78 L4.54 13.07 3.23
.oo .00 .65 .25 .00 .00 3 .02 3 -73 2.82
.oo .00 .19 .00 .00 .00 .L2 .18 3.3s

100.48 99.66 97.97 99.03 99.45 99.42 99.62 99.55 96'3t1

oxygens

st
T1
A1
Cr
F.3*
Fe2*
Un
HB

N1
Ca
Na
K
Total

r.98
.01
.L7
.00
.00
.52
.01
.87
.00
.23
.05
.01

3 .95

1 .93
.01
.t2
.01
.02
.2L
.00
.91
.00
.77
.o2
.00

4.00

1.95
.01
.06
.00
.04
.50
.01

I .36
.00
.07
.00
.00

4.00

1 .95
.01
.05
.00
.03
.62
.01

L.26
.00
.07
.00
.00

4.00

.987 .997

.000 .000

.000 .000

.000 .000

.000 .000
,4r4 .505
.005 .007

1.595 1.484
.000 ,000
.004 .006
.000 .000
.000 .000

3.005 2.999

2.29 2.37-
.00 .o0

1.69 r.61
,00 .00
.00 .00
.02 .03
.00 .00
.01 .01
.00 .00
.71 .64
.27 .33
.01 .01

5.00 5.00

endueober unlte

An
Ab
0r
Ca
HS
Fe*
I lln

- 72.33
- 27 .06

65.49
33 .50

'-o'-.zo .ro rrl:r tslss 3.62 3.57 :ut
79.O4 74.L3 50.20 47.3L 68.33 63.22
20 .76 25 .57 t6 .47 L2.74 28.05 33.2L

Z Uep
ttt====t-===t-
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****1,**1..***t'***t****tt******************tt*****.r***********'*****.**.*****.}t,**

APPENDII 4: COI,TPUTER PROGRAU^S

*l.lifrlr*tt*t*t***it*.1*************t****.3.******,t.;******.]r**,r*.*t'**,r,**.r***,*f'*

Conputer prograna rritten for Rb-Sr ieotopic aaalysis are listed here in

fuIl sith aceonpanying erplanatory notes.

A4.1: CAL0ULAIIoI{ oF STnuFsr rnOu Rb/sr luu 87s"/85s"

The prograrn is written for SAS (Statisttcal Analysis Systens).

Variabl.es are fron Hantlbook of frysics and Chenistzy (lltn Ed. ).

DATA RBSR.CIIE}I;
SET DATA.CITEI[;
1,1 =.O068;
LZ-.1 194i
A1=T*L2t
sl -41 +ll+[J+] i
N1 =A1 /51*87.91i4:.
[2=A2,/S1r]B5.gOg4;
N7=t0/51*85 .9089;
N4- | /51*87.9055;
vt1 =M/s1i
t{2 =[1 +l{2+Nr+N4;
vtl45.4678i
Itl4=.2785i
RB SB=RB,/SR;
RBT BG=RB $Rtr4 /vn*vtZ/vt5;
I_sT=1/sRt
DRoP A1 A2 A1 S1 U1

X'ORII'IAT R3 SR R87 85
TABET NB=Eb;
TABEL SB=Sr;

N4 lrt2 W5 ttl4;
6.4;

IABEI RB SR=Rb/Sr;
rABEr R87 86=8?Rb/85Sr;
tABEt t S'=1/Sr;
IA3EI i-=e?sr/eOsr;

PROC SORT;
BY IOC WH;

PROC PRINI ;
BY IOC;
TITTE NAIIOS FOR SR ISOTOPIC AI{ATYSIS;
VAR VUW IOC RB SR RB SR R87 86 I SR I;

N1N2M
5., r_sn



Table A4.1: tr'l.Iu settLnge for Rb and sr leotoplc analysis'

=================E================== 
=============================

CEANNEL ST IA
UASS GAUSS

Sr ID
I'{ASS GAUSS

Rb ID
MASS GAUSS

I
2
3
4
5
6
7

84 .5
85
86
97
88
89
84 .5

841.5
858,8
887.5
916.0
944.5
97 4.5
841.5

84.s
85
86
87
88
84
84 .5

841.5
858.8
887.5
916.0
944.5
830.0
84L.5

84.5 841,5
85 8s8.8
87 916.0
88 944.5

':'' 'o:''

MEASURE TIME 2.5s
DELAY TIME 2.5s

Table L4.22 KEY oPtions
each of the

- llsted are the expected responees for
three Rb-Sr IIAL Programs '

3.0s
3.0e

2.5e
3.0g

;ffi ;T=;;::=;=;;;ilTffi ffi ;;ffi ;;;==============EB=

Sr ID = Sr isotope dllutlon analysls;
Rb ID = Rb isotope dl]-utl'on analysls '
GAUSS = FMU magnetie field reading (+ zkc) '
}IEASIIRETIME=timetornake2TreadingsoflBC
DELAY TIIIE = tlme to switch channels (1.e. to new I'IASS)

and to perforn required calculatLons '

===,--==============--===================================e=========-

COMMAND Sr IA ST ID Rb ID

CarrY On
Enter KEY LooP

Print Runnlng llean
Edlt

Calculate & Prlnt Grand mean

Print Blocks of Ten Scans
Prlnt Final- Eeadlngs

Restart
Go to end of Progran

Calculate Sr (Rb) concentration

0
1

2
3
4
5
6
7

I

00
11

2/5 2

33
44

5
66
77
88
99

================================================================E
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A4.22 SEUI-AUTOI{ATIC DATA ACQUISITION FROIJI }I}TJOB

Programs in INS BASIC (Spedding, 1!81a, 1981b) for seni-autonatic data

acquisition fron MIIITOB (n[S sotid-source nass spectroneter) are based on an

original version designed by E.H.Duckworth and Dr.C.J.D.Adans. fhe progran

listed here is for Sr IA analyais (e.f. Chapter 2.4) anil is ginilar i-n form

to two other prograns for Sr ID antl Rb ID analysis respectively. The nain

features are discussed in Chapter 2.4.2 and further erpanded on in Grahan

( r ger).

s = statenent; FMU = fielcl tremory unit; IBC = ion bean current

Fl[U settinga are given in Table A4.1 and KEY options in Table A4.2.

Co'nments in the program are prefaced by REll or follor a colon.

50 REII{ LAST I'IODIFIED 0l{ 15-12-87
1OO REM Rb-Sr HAI PROGRAM, VERSION 2
150 RH{ STRONTIUM ISOTOPIC COMPOSITION (SR IA) ANAIYSIS
2OO REI{ CREATE IIEADINGS

too DrM x(15),Y(15),C$(lO),lg(:O), : DTMENSToN ARRAYS & STRTNGS

4O0 DATA 1,1 '80,4 : CREATE UPPER BOX

410 RESTORE 4OO

420 G0SriB 5040
4ro GosuB 4050
440 DATA 11 ,1 ,116,6,6,6,5,6,10,10,10r'11,2 : CREATE L0IJER BOX

450 RESTORE 440
460 PRINT 0HR$(27);"Y&"; : CURSOR T0 ROW 5

470 GoSUB 5O4o
480 GoSUB 4100
490 Drlr A(27 ),8(550 ),c (0),D(500)
495 IET Y2=O : SET TOTAT NUI'tsER OF SCANS

5OO PRINT CHR$(27);''H''; : CIIRSOR TO HOITIE

51O FOR M=l T0 10 : PRINT SCREEN HEADINGS

520 PRINT 0HR$(2?);"K" : 0N TELETTPE
5'O NEXT }iI :

550 PRINT cHR$(2?);"c" : CLEAR SOREEN

5BO RHII BEGIN ANAIYSIS
590 PRINT ''READY TO START? - THEN TYPE GO''

500 INPUT I'$ : CIIECK C0RRECT START
610 II F$="G0" THEN 620 : (s590-s615)
515 C0T0 590
620 PRINT CHR$(27);"Y*"; : cURsoR T0 ROI,I 11

6'0 PRINT CHR$(27);''G''; : CLEAR SCREEN BELOW ROW 11

640 REM NONMAIISE FI,AGS
550 LET F1 =0 : AUTO START

550 tET F1=0 : BI,0CKS 0F 10 SCANS



670
?o0
7lo
720
730
740
710
760
770
780
790
840
850
850
8?O
880
e90
900
910
920
9to
940
950
955
950
970

1000
t0'lo
1015
1 020
1 0ro
1 040
1 050
1 060
1070
1 100
1't10
1 120
111o
1 140
I 150
1 200
1210
1220
121o
1240
1250
1260
12gO
11W
111O
172O
11tO
1515
1344
15rO
1350
1170
1775
1585

- 101

LET F4=O
r,ntPur ( 153) =155
mtpur(t 71)=145
IETPUT (fit ) tt
lnrpur(t 7t)=15
LETPUT(tZt 1=14
mrPur(t 71)=11
IF F1 =2 THEN 840
LET tr'1=2
rr csr(r5g)>128 Tr{EN ?lo
G0T0 780
KgT G1

cET BP0KE(7Za+e1=4s
LET Xl =5
LET X2--?
IET 11 =102
LEI Y=27
LET Sl =O

tET S2=O
IET SJ=O
IET T1=O
LET T2=0
tET T'{
REITT BEGIN DATA GilIERATION
LET Y=1

LET X=O
cAi,t(81 ,H)
IF F4{ GOSUB 2'OO
REI'I CHECK ruU CHANNEL NUITIBER = X
IF H<>X THE{ 1OOO

LET A=O
FOR l{=1 T0 V
cArL(82,l(u))
LET A=A+A(U)
NEXT U
LET F2=O
cArr(81,H)
Itr' H=X THEN 1 1 50
LET tr'2=1

G0T0 1110
fI I2=1 THEX{ 1000
LET X=X+l
LET I=X+(x1*(y_1 ) )
i,ET B(I) =rpr(A/v)
IF H2=1 THEN 1 210
cosuB 6000
IF X<X1 THEN 1OOO

fI Y=1 THEN 18OO

RBI CAICULATE INTERPOLATED VAIUES
FOR X=l T0 X1

LET I=X+(Xt*(f_1 ))
Lnr K=B(i)-B(r-x1 )
ror c(x) =s(r-xt )+(r*(xr -x)/xz)
RUI,I SUBTRACT BACKGROUND (CiTMTNT, I )
IF X=1 THEN 1lB0
rEr c(x)=c(x)-c(r )
rr c(x)>O THEN 1rB0
LET C(X) =t
NETT X

REI'{ RB CONTAIIIINATION

KEI
TNITIAI,ISE 8255 CHIPS

PIJT HOID SIGNAL IO}i
START.,FII{U

PROGNAU CONTROI, ON

CHECK AUTO START
(s?50-s790)

INITIAI,ISE KEY REGISTER
ZERO TN SPACE ABOVE DATA
I\IUIIBER OF CHANNELS
IT'II{BER OF CHA}INELS + DUUMT

l{.4x. l{ut[Bm succEsslvE scAl{s
NIJI,IBER OF IBC IIEASI.IREIMNTS

INITIAIISE VARIABLES I.OR
SI'I4S IN II{EAN CAI,CULATION

(s900-s950)

INITIALISE SCAN NU}IBER
II{ITIAIISE CiTAI{NEL NUMBER

OBTAIII FMU CHANNEI, NUI4BER

CI{ECK trOR PROGRAM HAIT

INITIALISE ST'U TOR IBC MEAN

OBIAIN AI'ID SUIII IBC READINGS
(s1 O4O-e1 0?O)

CI{ECK THAT NEXT X AGREES
}IITH F!,IU CHANNET NT]UBER
(s1 1 oo-s1 1 50 )

NEW CHANNEL NUI{BM
ARCUI,IENT FOR ARRAY B(I)
STORE IBC I{EAN IN ARRAY B(I)
CI{ECK I'OR PRINT & PNOCEED
PRTNT IBC I{EAI{
CO}TPLETE THE SCAN

SKIP INTERPOTATION ON SCAN 1

ADD DIFFERENCE BETWEEN IBC
I,IEANS 0F SLICCESSWE SCAI{S
TO THE I'IRST IBC MEAN

: AV0ID DMSION BY ruRO
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1185 IF c(2)<2 THEN 14oo
1l9o LEr c(+) +(+)-(c (z)*.rc>t)
1 

'95 
REM CAI,CUTATE RATIOS

1400 r,ET n=c(5)/c(>)
1410 rEr s=c(4)/c111
1420 LET T=S*((n+.t Ig+)/.zzee)
1470 REM CALCUTATE RUNNING T,IEAN AND STANDARD
1475 REII{ DEVIATI0N 0F RATIOS By SUI,IMING
14BO RM4 THE DIFFERENCE BETWEEN THE I'IRST
1480 REII{ NATIO A}ID EACH SUCCESSIVE RATIO
1500 rr Y<>2 THn{ 1540
1510 LET Q1 =R
1520 IBt Q2=S
15f0 LET Ql=T
1540 tET R1=R-Q1
1550 IET R2=S-Q2
1550 tET Rl=T-Ql
15?0 IET 51=S1+Rl
1580 tET S2=S2+R2
1590 tET SJ=SJ+R]
1600 LET R6=S1 /(y-r )+qt
16io rET n?=s2l(y-t )+Qz
1 620 IET R8=Sll(y-r )*Q,
1640 IET T1=T1+(nt*nl)
1650 LET I2=T,2+(nZ*ne)
1 G50 IET 1'2=12+(pe*R2)
1655 REM RUNNING STANDARD ERRORS
1670 rEr v1 =INT(t W5/ ft-|)*sqn( (
1 580 rEr v2=rNr(r sol/(t_r )*sqn( (
1590 rEr vl=rNr( 1w5/ $-l)*sqn( (
1700 IF H5 =j THEN 1 700
1710 GoSUB 6210
1720 LET '12=\2+1
1 7rO REnr SToRE CURRENT 875r/865r
1740 r,ET D(Y2){
1800 0N F4-47 c0T0 1810, lgOO
'1810 IET Y=Y+1
1815 IETPUT(t?t )=rr
'1820 tET F4=0
1810 rar 3P0r(E(12846 ) --4S
1840 rI Y2>500 THEN 1850
1850 IT Y<Y1 THEN 970
1860 C0T0 6100

: INSIGNIFICANT READING

86Sr/BBSr
87Sr/85Sr
NORMAIISE 875r/86Sr

: SKIP AFTER IST RATIO

: RUNNING I{EAN 85Sr/eeSr
: RUNNING UEA]{ BTSr/85Sr
: RUNNING IIIEAN 8?Sr/E6Sr(N)

OF T}iE I,IEAN
(v-r )*rr -(sr*sr ) )/(t-r ) ) )(r-r 1*1r- (sz*sz) )/(y-1 ) ) )(r-r 1*1r-(sl*s, ) )/(y-r ) ) )

: PRTNT AND PROCEED
: PRINT RUNNING ITIEAI{ AND S,E.
: INCREtrIENT TOTAI,-SCAI NUMBER

NOR}I. IN ARNAY D

: KEY OPTIONS
: INCREI'IENT SCAN NIIMBER
: PROGMM C0NTROL 0F MM50B 0N
: RESET KEf T0 CONTTNUE
: ZERO IN SPACE ABOVE DATE
: A30RT IF EXCEED TOTAL SCAI{S
: COMINUE ANATYSIS
: PRINT RUNNING IIIEAN TO END

: PROGMM CONTROL 0F MMTOB
: CHECK KEY

: PROGMM CONTROI OFF
: PUT HOID SIGNAI HIGH
: PROGMM END

1B9O REM KET OPTIONS IOOP
189t REM 0 = CONTINUE THE ANALYSIS
1892 REII{ 1 = N0 CHANGE
189, REITI 2 = PRINT RUNNING !,IEAN AND S.E.
1894 REl,l J = EDIT
1895 REI'{ 4 = CALCUTATE AND PRTNT GRAND }mAN AND S.E.
1895 REM 5 = 0ALCUTATE AND PRrNT BLocKS oF TEN sUccESSryE RATros
1897 REI'{ 6 = PRINT SAfiPLE INFORMATI0N
1898 REI-{ 7 = START NEI{ BIOCK 0F SCAXS
1899 REM B = D{D PROGFAM
1900 LETPUT(171 )=10
1905 COSUB 25OO
1910 0N T4-47 c0T0 1810,1 g2O,6700,?OOO,8OOO,B5OO,g3OO,50O,t g59
1920 c0T0 1go5
1950 TETPUT(171 )=10
1 960 LETPUT(I 71 ) =6
1980 SToP
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2490 RE'I STJBROUTINE 1 : KET CIiECK
25OO KEI I'4
2510 IF F4=O THEN 2510
2520 LEI BP0KE(,2846 ) =I!4
25'O RETURN

: SCRUTINISE KEY
: CARRY 0N IF KET=O
: KEY IN SPACE A30VE DATE

REII{EIIBER CURSOR POSITION
PRrNT STRING FRor{ (1 ,12)
MASE CUNRENT ROI'I ON SCREEN

RHI{E}IBER CUNRENT POSITION &
RESTORE IORMER POSITION

19co
4000
4005
4010
4O15
4020
4025
4029
4070
4035
4040
4045
4049
4050
4055
4050
4055
4070
4075
4080
40e5
4090
4095
4099
41 00
41 10
4120
41tO
4490
4500
4505
4510
4520

REII{ SUBROUTINE 2: SAMPIE TNFORI,IATION
DATA 1 ,1 , "Rb-St PROJECT" ,25 11, "STRONTTIJU rSOTOPE ASSAY"
DATA 50 ,1 , "DATE ! "r 1 ,2, "SAIrlpIE N0 . : "r 50 12, "ANALyST : 'l
DATA 1rrr"LOCALIfi: "11 ,4,"ROCK IYPE: tf

DATA1,7,"CHANNEL1 2 t 4 5 6"
DATA 1 ,8, "lr[ASS 84.5 e5 g5 87 g8 94.5"
DATA 50,7, "nATros",50 ,g,'g6/gg" r61 ,g ,,.97 /6" ,72 r8 r.,97 /t6N"
BUIT PRINT HEADINCS I.OR UPPER BOX
RESTORE 4OOO
tr'0R tI=1 IO 2
cosuB 4500
NffiT I{
REI'I INPUT SAUPIE INI'ORM.ATION
RESTORE 4OO5
FOR M=1 T0 5
GosuB 4500
PRINT CHR$(2?);"T";
PRINT cHR$(2?) ; "x! " ; Otn$(27) ; "Y"' ; C$
PRrNT CHR$(2?); "tr"';
INPUT A$
PRrNT CI{R$(2?) ; "U" ;A$
NMT M

RETURN
RE}I PRINT HEADINGS IN LOTIE]R BOX
RESTORE 4015
FOR M=1 T0 4
GOSITB 45OO
NEXT M

REM TRANSFER I{EADINGS TO SCREEN
READ X,Y,G$
REU PRINT STRING IROIq INPUT POSITIONS
PRrNT cHR$(2?) ; "x" ;CHR$(tz+x) ; cHR$ (27) ;"y" ; cHR$(12+I) ; G$ ;
RETURN

4990 REM SUBRoUTINE

5000 DATA !,L,1 ,fr
5010 DATA Er" "rE,E
5O2O DATA 9,A,I,5
5oro DATA ),A,=,-
5040 READ P,Q
5050 tr'OR M=1 T0 P

5o5o READ x(u)
5070 NEXT U

5080 FOR M=l T0 Q

5090 READ Y(u)
51OO ND(T M

5110 RESToRE 5000
5120 CoSrrB 5500
5150 FOR M=1 T0 Q

5140 trOR N=1 T0 Y(u)
5150 RESToRE 5010
5150 CoSUB 5500
5170 NEXT N

BOXES FOR SAMPTE INI'OAI{ATION
: GRAPHIC SYI{BOLS
: (s5000-s5010)



51gO IF u=Q EXIT 5210
5190 CoSUB 5500
52OO NHT M

5210 RESToRE 5010
5220 CoSUB 5500
52]O RETURN

5500 READ A$,8$,C$,D$,
5510 PRrNT A$
5520 I'0R 0=1 E0 P

5510 IOR R=l T0 x(0)
5540 PRINT B$
5550 ND(T R

5550 IF 0=P TIIEN 5590
5570 PR]NT C$

5580 C0T0 5500
5590 PRIIilT D$
55OO NEXT O

5510 RETURN

5990
5000
6005
6010
6015
6020
60ro
6040
5050
6050
6190
6200
6210
6220
627O
629a
6too
5110
6t20
6150
5740
6150
6760

6990
7000
701 0
7020
7025
7jto
7040

rI B5<1 T!{EN 7045
IF E5>Y2 THEN 7045
c0T0 7055

?045 PRINT ''INCORRECT
7050 G0T0 7010
7055 rF B5>O THEN 7070
7060 PRrNr cun$(2?);"x
7065 C0T0 1900
7070 X'OR M=35 T0 E5

7075 PRINT ''ANRAY POSN:

7080 PRrNT CHR$(27);"X
7085 LET D(U)=n1s;*-1
?o90 G0T0 71 20
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SCAN NUMBM

IBC IIIEAI{

: PRINT LINE ON TTY

: CI{ECK CORRECT INPUT
: (zoro-To5o)

85>85, B5(1, E5>Y2?"

";CHR$(27);"K" : PRINT IrNE ON TTY

";M AS JI;" EDITED MTIo: ";D(il) AS 111'5;
";CHR$(27);"K" : PRrNT LINE oN TTr

: FIAG RATIO IN ARXAY

nEU SUBROUIINE 4: DATA PRINT
IF X>1 THn[ 501 5
LET H1 =1

PRrNT[H1 ] rrgrr;Y AS 1r;
LET H2=1
PRrNT[H2] "8";B(r) AS 6r;
IF Y>1 THn{ 6060
IT X<X1 THEN 5O5O

PRrNT CHR$(27) ; "X " ;CIIR$ (27) |"K"
RETURN
REM PRINT rBC MEANS & RATToS (r'nOU 2ND SCAN)
PRINT "EE";R AS 1OF5;"E";S AS 10F5;"E";T AS 1OF5;
LET 61=1
PRrNT[ti]] cunS (zl)i"x ";cHRg(2?);"K" : pRrNT rrNE 0N TTy
RETURN
REM PRINT RUNNING MEAN AND STANDARD ERROR
PRINT CHR$(2?) ;"XA" ; "RUNNING MEAN: " i
PRINT R5 AS 11F5;R7 AS 11FI;RB AS 1115;
PRINT CHR$(27);,'X '';CHR$(2J);''K'' : PRTNT LINE ON TTY
PRINT CHR$(2?);"XAD;"STD. IRROR: ";
PRINT V1 AS 11I;V2 AS 11I;lrJ AS 11I;
PRINT cHR$(27);''x '';CHR$(27)i,,K,, : PRINT LINE ON TTY
G0T0 1900

REITI SUBROUTINE 5: EDIT I'ACILITY
PRINT "START/m{D EDIT 3L0CK: INPUT B5,E5 (O,O tO STOP)"
INPUT 85,E5
IF B5>E5 THEN 7045
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7095 NE(T I,T

7100 c0T0 7010

7990 REM suBROurrNE 6: GRAND UEAN cALcuLATroN at{D pRrNT
8000 PRTNT "GRAND ITIEAN CATCUIATTON,,; cHn$(2?) ;"x "; cnR$(27) ;"K"
8010 pRrNT "START/END BLo0K: rNpuT 86,86"
8015 PRINT "Y2: "iY:Z A,S 5I;
8020 rNPUT 86,86
8025 rr' 35>E5 THEN 7045
8or0 rF 86<1 THEN 7045 : OHECK coRREcr rNpur
8015 IF E6>Y2 THEN ?O45 : (eozo-eo5o)
8040 c0T0 8055
8045 PRINT "fNCORRECT INpUT: B5>E5, B5<1 , E5>y2?,
8050 G0T0 8020
8055 PRINT ''BEGINNING: '';86 AS ]I;CHR$ (ZI);''X '';CHR$(2?); "K''
8050 pRrNT " m{D : "185 A,S lr;cHR$(27).'X ';CHR$(27)i"X"
8O80 LET V7=0 : END OF pURcE CHEOK
8090 tET L1=0 : SSIMRIABIES FOR ITIEAN
B1O0 LET P1 =0 : - CALCULATION
81 10 IET f5=O : COUNTER
8120 FOR M=35 T0 E5
81]O IF D(U)<O THEN 8165 : IGNORE FTACGED RATIOS
8115 REI{ l'[EAl{ AliD S.E. CA],CULATION
8140 i,ET Nt =D(M)
8145 IET Kl=D(!,1)-N1
8'l5O IET LI =Ll +K1

8155 LET P'l =P1 +(Xt *Xt )
8160 iAT l,l=fl+1 : INCREMENT COUNTER
8155 r{EfrT }f
8170 LET K6=L1l(rl)*nt : GRAND MEAN
8180 LET Y6=1ffi6/T5*SQR((r5*pr-(r,r*r,t ))/s>): STANDARD ERROR oF rrmA1
8190 II' Y7=Y6 THEN 8150 : E$tD I{I{EN NO I,IORE REMOVED
82OO RE![ PRINT CRAIfD I'MAN AliD STAI{DARD ERROR
8210 PRINT "cnAND MEAN: ";KG AS j1t5i
8220 PRINT CHR$(27);"x ";cHR$(2?);"K" : pRINT LINE 0N TTy
8210 pRiNT "STD. ffiROR: ";D{T(V6 ) AS ter;
8240 PRINT CHR$(27);''X '';CHR$(27)i"K" : PRINT I,INE ON TTY
8250 PRINT "TOTAL N0. SCANS: ',;F5 AS lI;
8260 PRINT gHRg(2?);"x ";CHR$(2?);"K,' : pRrNT LrNE ON TIy
8270 GOSUB 88OO : CALCULATE SKEWNESS
8275 IET V7=V6
8280 REM PUNGE OUTTIMS
8285 IOR !I=85 T0 E5
8290 IF D(Ii{)<O THEN 8]'O : IGNORE I'LACGED RATIOS
8295 IET A5=ABS(K5-D(I'{)) : COttpARE EACH RATrO TO r,mAN
B]OO TET A5=Y6/1E06*SQR(F5)*2.5 . 2.5 * STANDARD DEVIATION
8105 IF A5<45 THEN 8lr0 : IGNORE "c00D,' DATA
8r1o LET D(u)=l(y)*-1 : FIAG ',POOR" DATA
8,15 PnINT ''REII{OVED RATIO: .';I(T.T) AS 11F5;
8120 PRINT "ARRAY POSN: " iZ AS lli
Bl25 PRINT CHR$(2?);"X ";cHR$(27);"K" : pRINT LINE ON TTy8"0 NEXT M

8140 G0T0 8090 : RE-cAl,c. GRAND !4EAN AND s.E.
8150 PRINT "END 0F PURGE" : No MORE RATr0s nEIr{ovED
er60 pRrNT CHR$(27)i"X ";CHR$(2?);"K" : spACE
8170 IF I'r=O THEN Bl90
B]80 RETURN
8r9o c0T0 1900 : RETURN To KEr oprroN roop

8480 RUII SIIBROUTINE 7: CAICUIATE AND PRINT GRAND IIIEAI{ AI{D STANDARD ERROR
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8490 REI,I - 0I SUCCESSIVE BLOCKS 0F 10 RATIOS
8500 pruNT "BLo0KS 0F 10 RAIros";cHR$(27);"x ";cHRg(27);"K"
8510 troR !1=1 To rNT(Y2l10)
B52O IF I{>1 THEN 8560
8525 REM SET SEGINNING AND END 0F BIOCK IN GRAND I'EAN & S.E. CATCUIATION
85,0 REI'{ - IN SI]BROUTINE 5
8515 LET B5=1
8540 IET E6=10
8550 G0T0 8580
8560 tET 85=85+10
8570 LET E6=tri6+'10
8580 LET Fj=1
B59o GOSUB 8055 : BEGIN cnAND MEAN CAI0,
8500 NHT lrt

8610 LET tr"r=O : E{D OF BIOCKS
8520 G0T0 1900 : RETURN T0 KEY OPTION LOOP

8790
8800
8810
8820
88r0
BB46
8850
8860
8870
887'
8880
8885
8880
8BB5
8890
8900
89l 0
8920

9t70 PRrNT cHR$(27) ; "X " ;cHR$ (27) i"K"
9rB0 PRINT "L0CALIIY: "; El$;
9rg0 pRrNT cHR$(27) ; "X " ;CHR$(2?) ; "K"
9400 e0T0 1900

: INITIALISE SUI{S

: IGNORE FLAGCED RATIOS
: SID! THE CUBE 0F THE
: - DEVIATIONS IB.Olt[ THE IiIEAN

: GrVEN IOR THE FIFTH DECIITIAL
: SPACE

: PRINT IINE ON TTY
: SPACE

: PRTNT TINE ON TTI

: PRINT L,INE 0N
: RETIIRN TO KEY

REIU SUMOUTINE 8:
LET 1{1=O

LET 1{2 =0
LET T1=0
FOR M=85 T0 E5
rF D(Ir)<o Tr{EN 88gO
rET 1{1 =(D(}r)-K5)t m5
IET g2=W2+(i{'t**r)

LEr rg5=112 / (F>*(VS*(sqn(r5) ))/1W15
pRrNT CHR$(21) ; "X,, ; CrIR$(2?) ; "K',
pRfNT ,,SKEUNESS= ,,;lf5 AS GF2;
pRrNT CHng(2?) i "X ";CHR$(2?) ; "K"
pRINT cHR$(27) ; "x ";cHR$(2?) ;"K"
RETURN

CA],CULATE SKENIESS OF nATIOS DISTRIBUTION

NEXT I{
REII{ SKEWNESS=STIM OF THE CUBE OI TIIE DEVIATIONS IROII THE MEAN
REU - DIVIDED BT T1IE NT'UBER OF RATIOS
REI.,I - DIVIDED BY THE STAI\IDARD DEVIATION

9290 SUBROUTINE 9: FINAL I{EADINGS
9100 PRINT "Sr IS0TOPIC ANAIYSfS: FINAL STATISTICS";
9r1 0 PR]NT cHR$ (zl) ;"x " ;cHRg(27) ; "K" : PRrNT IINE 0N TTY
9]20 PRINT "INPUT SAI,IPLE INIOR}IATIONI INPUT A$=DATE; B$=ANALIST;''
9lr0 PRINT "fNPUT C$=SAMPLE NUMBER; D$=ROCK fIPE; EI$=IOCAIITY"
9140 PRINT "DATE3 ";A$;" "ANALYST3 ";Bl8;
9t5o PRrNT cHR$ (zl) ;"x ";cHRg(27);"K" : PRINT LINE ON TTY
9160 PRINT "SAIi{PLE NIIMBER: ";C$;" R0CK typE: ";

TTI
LOOP



-107 -
The follouing alterations and addltions to
ln Sr ID progran (VmSfON t).
1190
1 400 r,ET c4=c(6) /c (1)
1410 rBr c?=c(4)/c(z)
1420 rET c8=c(5)/c(l)
14]O REI{ CA],CULATE II{ATRTX DETERIITINAT{TS
1440 G0SU3 9000
1450 LET R=1/c4
1450 LET S=B:/
1470 IE? T=El
1 500

the above progran are included

: 84Sr/85Sr
: 87sr/86Sr
: 885r/865r

: 865r/885r
: 87Sr/85sr (eanple)
: Sr(eanpre)/Sr(sp:.ke)

4'90 REIiT SUMOUTINE 2: HEADINGS
4OOO DATA 1 ,I , ''Rb.Sr PROJECT",25,1 , ''STRONTIUU ISOTOPE DILUTTON"
4005 DATA 5Or1, "DATE 3 "r1 ,2, "S.Al4pLE NO. : "16o12, "ANALYST : rr

4010 DATA 1,J,"LOCALI ff i "r1 ,4,"ROCK TypE : tt

4015DATA't ,7,"CHAIrNEL1 2 3 4 , 6"
4O2O DATA 1,8,"trLASS 84.5 ej S6 gT 88 g4"
4025 DATA 60,7,"RATr0S",5O,8,"85/88 8?/855 Sr(S)/Sr(r)"

9180 REI.{ surROurrNE 10: cAtcutATE MATRTX DETERIITNAI{TS
9190 - (Allnn RUSSELL, 1977)
9200 DATA 1786,.125,.95,.o568,8.17i : 0ONSTANTS (snu rmm z.z)
9210 RESToRE 9200
9220 READ L4,A7,Ag,B4,B8
922J gwt sEE I'IG.2,4 FoR Ir{ATRTX
g2ro r.er n1 =.5f ( (l*c4*(AB_88) ) +(^14*(m+ce) ) _(3a*(la+ce) ) )
9240 rEr D2 =(c4*( (2*Ce)-88) )- (s+*ce)
9250 tEr Dt=(c4*(AB-(2*c8) ) ) *(l+*ce)
9260 LEr 87=((D1./.D1)*c7)-((n21ry7*771 : 8?Sr/85Sr (sanple)
9270 r-ET rt =(n1*( 1 +84+87+18 )) / trr*1 1 +14+g+16 ) ) :' sr (sanp le)/s; (spike )
9280 RETURN

9490 REM flimOuTrilE 122 cArcuLATE AND pRrNT sr 0ONTENT 0r' sAIr{pLE
9500 PRINT "INPUT I{1=I{EIGHT SPIKE/g, }J2=}IEIGHT SAMptE/g"
9510 INPUT W1 ,irr2
9520 PRINT 'XIEIGIT SPIKE = ";U1 AS ?I'5;" g";
9570 PRINT CHR$(27);''X '';CHR$(27);''K'' - i PNrM LINE ON TTY
9540 PRINT "WEIG]IT SAMPLE= ";1,I2 AS 'r-F5i', g,'i
9550 PRINT cHR$(2?);.'X '';cHR$(27);''K'' 

_ 
: PRINT IINE oN TTY

9550 PRINT "fl[PUT Sr CONCENTRATION OI' SPIKE (ue/e),
9570 INPUT A1

9575 REM CALCULATE ST CONCENTRATION IN SAMPIE USTIIG GRAND lmAN vAIuE oT'
9580 REM - Sr (sanple)/Sr(spike)
9090 LET g6=(x6*A1 *rn) /ttz
9600 PRrNT "sr OONOENTRATTON rN sAIr[pLE (oe/e)= ";Ed AS 9F2;
9510 PRINT cHR$(27);"x ";cHR$(2?);"K,' - i pnrwr rrNE oN TTy
9615 REII{ CALCUIATE ANALYTICAL PRECISION AS: 2-SfCI{A ERROR ON DISTRIBUTION
9620 RE},I - OF K5 + ERROR ON SPIKE CONCENTRATTON + ERROR ON TTEIGHTS
9610 rET E7=((V6/1W4*2/K6)*.05)/tWZxnS : ERROR As g 0r Sr 0ONTENT
9640 PRINT " PRECISION = ";ET AS 9F2;
9650 PRINT CHR$(zl);"X ";0HR$(27);"K.' : pRINT IINE 0N TTy
9560 pRrNT cHR$(z?);"x ";cHR$(27);"K,, : SpACE
9570 c0T0 1900 : RETURN TO KEr rogp
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EDIT and GRAI{D ME.AI{ calculations are perforned on anays containing

l747St/$Sr(sanple ) and E1 =Sr(spite)/Sr(sanple ), so requiring the

following changes:

490 Drl,r A(27),8(600), C(6),D(2OO),8(2OO)

1909 REM KEI=5 CAICULATE Sr CONCENTRATTON 0I' SAIiIPIE
1910 0N F4-47 cOTo 1810,1 g2O,57OO,?000,80OO,g5OO,g7OO,5OO,1gr}

7000 pRrNT "aRRAr lypE? r]{pUT D (8?/865) On n (Sr(S)/Sr(r))"
7005 rNPUT D$

7477 rF D$="E" THE{ 7100

7100 FOR M=85 T0 E5
7110 PRINT "ARRAY PoSN: ";M AS JI;" EDfTED ItAIfO: ";E(U) AS 11F5;
7120 PRINT CHR$(2?);"X ";CHR$(2?);"K" : pRINT IINE ON TTy
7110 LET E(u)=n(u)*-t : FLAG nATro ff aRRAy
7140 NUT l,I

SOOO PRINT ''CRAND I{EAN CAICULATION''; CHR$ (ZI) i"X '' ; Ci{R$ (27 ) ; ''K"
8005 pRrNT "ARRAY rrpB? rNpUT D (871865) On n (Sr(S)/Sr(r))"
BO1O INPUT D$
8O12 pRrNr "START/END BIoCK: INpUT 85,86"

8120 IOR M=86 T0 E5
8122 IF D$="E" THEN 8150

1740 tET D(Yz)=5
1750 r,Er E(Y2){

1815 rF Y2>200 THEN 1860

8140 G0T0 81 70
8150 IF E(U)<O THEN 81?O
8152 IE l'{>B THEN 8150
8155 IDT nt =E(Iil)
8150 rET K1=E(M)-Nl
8170 IET L1 =L1+K1

8280 RN,I PURGE OUT],IERS
8285 I'OR M=36 T0 E6
8287 rF D$="8" THEN gr10

8310 IT E(U)<O THEN 8']O
Bt1 2 LEr A5=ABS(K5-n(U) )
851 5 r,ET A6=Y6 / 1806*sQR(35)*2.'
8]18 IF A5<A5 TI{EN 83]O
8722 LEI E(It)=s(M;*-1
8]25 PRINT "REUOVED RATIO: ";E(U) AS 11F5;
Br27 PRINT "ARXAY POSN: ";Z AS 1I;
8r2g PRINT CHR$ (27);"X ";CHR$(2?) ;"K"8ll0 NHT I,I

: ffiCEEDED IIIAX. ALLOI'JED SCA]IS

: IGNORE T'LAGGED RATIOS

ICNORE FLAGGED RATIOS
COI'IPARE EACH RATIO TO IIIEAX

2.5 * STANDARD DEVIATION
IGNORE ''GOOD" DATA
FLAG ''POOR'' DATA

: PRINT TINE ON lTY
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REGRESSION ANALYSIS 0F Rb-Sr fSOTOPIC DATA

This progran nas written by Mr R.M.Renner of the Institute of Statistics

aud Operations Research (ISOR), Victoria University of llellington. It

alloss conputation of the slope antl y-intercept fron x-y pairs representing

the ratiou 87nuP6st 
"oa 

87s"/85st, taking into account errors on both r

and y variables. The principals involvecl in the progran are discussed in

Chapter 2.4.

I cr.,sru (erec ) ,
&TRACE ATT
*SET B],TP BUSY
CJ,OBAI, TXTTJIB CMS]'IB VFORTLIB RND
*FORTYS CRAHAITIO,

TI 10 DISK CO34 DATA A
FI 11 DISK COF4 IISTING A (NECI'},I FB LRECI 111 BLOCK 17'O
FI 5 TERI'TINAI
FI 5 TERMINAL
CTRSCRN

IOAD cnAHArr[05 (Sranr
*SET BI,I? OFF
&EXIT

I cmru, (nain program) ]

tt

C THIS ITERATIVE PROGRAM COMPUTES A SOTMION [O THE 'I.EAST-SQUARES
c cuBlc'As DEFTNED rN DERtr( YoRK'S 1955 pApER (CANADIAII J, pInSrCS)
c rHE DATA ARE READ, IN tr'REEFTELD, rN TIjE Fotto:tdrNe oHDER,
c x, THE MAXTUUIIr ERRoR rN X (58.25r pROBABrtrTy) AS A PERCENTAGE,
c Y, THE rrIAXIIr,tUM mROR Il{ y (58.26% PTBABIIITy) As I pmCENTAcE.
C FIRST, THE PROCRAITI DETERIIIINES ESTI{ATES OF SLOPE B CORRESPONDING TO
c (1) N0 mRoRs rN x, y suBJEcr ro ERRoRs, AND
c (2) N0 ERRoRS rN y, x suBtEcr ro ERRoRS.
C IT THEN IOOKS ALONG AI{ INTERVAL WHICH INCI,IIDES
c THESE Tt{o VAL,UES, FoR SIGN CHANGES IN Y0RK'S 'CUBIC'
c
C URITTEN BY R.I{. RM{NER INSTITIJTE OF STATISTICS AI{D OPMATIONS
c RESEARCH, VTCToRTA UNWERSTTT 0F lIErrLINcToN 1 JULY 1984
c

REAI*1 6 X( 1 OO ), pX ( 1 O0 ), y ( r OO ), py ( I oo ),u ( 1 o0), uJ( ( 1 oo ), vr ( t oo ),
1 XSUI{,YSUII, rS[I]1, A, B, BB,
2ZER0,X3AR,TBAR,SUU1 ,SUI[{2,Su}jrr,SUM4,SUM5,TEST'| ,TEST2,TESTX,DELTA,
lBIr[rD, U ( 1 0O ), V ( 1 0O ), 81, 82, BT,VARA,VARB, S rcA, SrGB, AcE,
4nx(100) 'RI(100)COI{I,ION X, Y, WX, Iff , U, V, W, ZER0, XBAR, y BAR, A, Ir{

ZERO{'00Q+OO

OO1 CONTINUE
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n

c
c
c
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READ (1o,*,END=oo2) x(u),px(u),y(u),pr(u)

COUPUTE RECIPROCAT OI' VARIANCE FROM MROR PMCENI. THIS VA.LUE
BECOI,IES Ti{E WEIGHT ASSOCIATED WITH TI{E APPROPRIATE DATA-VALUE. THEN
IDEAITY, T}iE I{INIMIZED WEICHTED SQUARED DEVIATIONS (YONX EQUATION ?)
mll HAVE A CHI-SQUARE DISTRIBUTToN mrH D.o.F. = (DATA-pOrrtS - Z)

vx(u)= (rool(x(u)*px(r'l)))**e
IIY(u;= (1oo/(r(u)*pr(u)))**z
M=M+1

G0 T0 001
OO2 CONTINUE

M=M-1

DATA Xstnt, Isul'{, }isuM, suul,st tr{2 /5*o.oQ*oo /
D0 O0l f=l,M

XSUM=XSI]M+WY ( I)*X( I)
YSI]M=YSIIM+UT( I )*r( r )
YSUM=i{SUM+ur ( I)

OO] CONTINUE
XBAR=XSUM/WSUI'I
YSAR=YSUl.l/ilSUl,t
D0 004 I=1,M

U(I)=x1I)-*BAR
v(I) =11r)-rmn
srrMl =srilll +ltIY( r )*u( r )*v ( r )
sul{2 =sut{2*I,Ir ( r ) 

*( u ( r ; **2 ;
OO4 CONTINUE

81 =SU}{1 /SVtttZ
cArr cttBrc(81 ,TEST1 )
rRrrE (6,005) gt,tustt

005 roRuAT ( /,10x,Q20. to, 1ox,Q5o.20)

XSUM=ZERO

YSUII=2E30
WSUM=ffiR0
SUM1 =ZER0
SU}{2=ZERO

D0 006 I=1,M
XSUM=XSI]M+I{X ( I ) 

*X ( I )
YSIiM=ISUM+WX ( I ) 

*Y ( I )
TTSUM=USUM+irx ( I )

OO5 CONTINUE
XBAR=XSUM/WSUT'I
YBAR=YSUM/WSUI'I
D0 0O7 I=1 ,Dl

U(r)=x11;-'BAR
v(r) =Y11)-Ymn

SUrrl =SUU1 +1'x( r ) r(v( r ) *e )
sul{2 =srn42*ix ( r)*u( r)*v( r)

OO7 CONTINUE
82=SUM1 /SUttB
cArr 0IJBIC(82,TEST2)
yRrTE (6,008) 82,TEST2

008 FoRMAT (/,10X,Q20.10,10X,Qro.20,2(/))
cAtr oRDER(81,B2)

IF TEsTl ' TEST2 0F OPPOSITE SIGN, TI{EIR PRoDucT rS NEGATIVE

c
n
(,



n

c
c
c
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rF (TEST1 .cT.t.ooQ+r5) TEsTl =TEST1 /1.ooe+tj
rF (TEsr2.cr.r .ooQ+55) msre=rtssr2/l .ooq+75
SUM1 =TESTI *TEST2

rF (st ul .r,T.zERo) co ro 01t

IF SUI,I1 CT ZERO, START TI{E SEARCH ON EITHER SIDE
TESTX 1{IIT IN GNERAT CHAI{CE SIGN OI{ EITHER SIDE

01111=(81 +BZ)/10.O
KOUNT=O

,OO CONTINUE
B'l =81+DELTA
82=B2-DELTA
cArr cuBrc(81,TEsTl )
cAtr cuBrc(B2,TEsr2)
SUlll =TBSTI*TEST2
rF (stul.LT.ZERO) CO rO Ott
KOUNT=KOUNT+1
rr (K0uNr.er.loo) co ro 9999
G0 [0 ]0o

01 1 CONTINUE
p611=(nr -n2)
*1n=(Bt +IJz) /2.O

rF (DErrA.rT,1.OOQ-I4) CO TO 2OO
CALL CUBIC(Bl,TEST1 )
cAtL cuBlc(82,TEST2)
cALr cuBrc (BurD,TESTX)
IF (TESTI .GT.1.00Q+751 TEST1=TF,S[l /1 .OOq+15
rF (TEsr2.cr.1 .ooQ+15) tgstz=tnsrz/t.ooQ+r5
rr (TEsIx.cT.1 .ooQ+15) TESTX=TESTX/1 .ooQ+r5
SUil1 =IEST1 *IESTX
SUll2=TEST2*TESTX
rr (sull1 .L,T.ZER0) ne=ruto
rF ( sulr2. tr, zERo ) 81 =BilrD
c0 T0 011

OT

OF

TNTERVAT (gr,ge)
ROOTS

c

c

2OO CONTINUE
B1=BllID

COMPUTE VARIAI{CES OI' STOPE AI{D INTERCEPT. A],SO COIIIPUTE RESIDUAIS,
THE ERnoR Strll 0F SQUARES (yOnr EQUATToN 7 PAGE 1080), AND Rrr{SrfD

cALr cuBrc(Br,TEsTx)
SIJ}II=ZERO
SUltI2=ZERO

SIIIfJ=ZER0
SUM4=ZERO
SUM5=ZER0
D0 O15 I=1 ,11

sulll =srrM1 + (u (r)*( ( (nl*u( r) ) -v(r) )**2) )
SLM2=SUM2+ (u( r ) 

*(U( r ; **r1,
SUtr5 =ss1"+ (w ( r )*( x( r )**2 ) )
SUM4=SuM4+ w(r)

x AlrD y REsrDuars Rx(r),Ry(r) sEE yoRK pAcE 1084

Rx ( r ) - (85 )*(w (r )/yx ( r) )*(.t+ (s:*x( r) ) -x( r) )nr(r)= (r(r)/w(r))*(A+(rl*x(r))-r(r))

c

c



c
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IITINI!,TISED I{EIGHTED SQUARED DSVIATIONS (RESIDUAIS)

sul{5= suMS+ ( (ttx(r)*(nx( r)*e) ) *('ru(r)*(ny( r)**2; ;,
O15 CONTINI'E

VARB= (sur,fl /Suye) / (u-z)
VARA= Uo*3* ( sUrrtS / SJMa)
srGA= QSQRT(vARA)
srGB= Q5QRT(vARB)
SUM1 =31+1
sqs=(qroc (sulrr ) )/ ( I .42a-05 )

Sul{1 =BJ+l +SICB
sur,r2 =( ( Qrcc (sur,rr ) ) / (1 .42e-oi) ) -lcn
SUIr{r= Sul.f5l(}I_2)
sulrt4= asaRT(sur, )
lrRrTE (6,Ot 6 ) tt,I,SrcA,3r,sreB,AcE,sul{2,suu5,sul{4

015 F0RIr[AT (1X,'
t] 1Xr,
,|
I

2

t
4
5
5
7

lXr'
lXr'
1Xr'

25Xr'
tH0, 24X,'

25x"
1HO, 24Xt',

NIIIIIBER 0F DATA-P0t1115=', f7/
INTERCEpT=, ,F.lg.1O/

lX, ' SIAI{DARD DE'IIIATION 0F INTERCEPT=' , F18.1O/
1I,' sLOPE="F'lg.'10/
1X,' STAI{DARD DEVIATI0N 0F SLOPE=',FlB.10/

ACE (lIIttIoNS YEARS) ="tr'l8.1O/
ERRoR IN ACE (UrU,rOrS yEAnS)="F18.10/

ERROR SUII 0F SQUARES=',tr'18.10/
1X,'R00T lmAN SQUARE WEICHTED DEVIATI0N=',tr'18. 10,2(/),)

wRrrE (t t,ot 7) A,srcA,Br,srcB,AcE,sulr!2,suu5,SuM4,14
01? roRIi{Ar (s(/),26x, 'yoRK: TEAST SQUARES FrrrrNC OF At 1H0, 24X,' INTERCEPT ='

STRAIGHT LINE,/
,F18.10/
,F18.10/
, F1 8.1 0/
, F18. 1 0/
,F1la.1o/
,FlB.1O/
,F't8.1Ol
, F18.'t o/
,r?)

I

2

1
4
5
6

7
t'

STANDARD DEVIATI0N 0F INTFfiCEFT ='
SITOPE ='

STAI{DARD DEVIATION 0F SLOPE ='
AcE (I.trttroNs rEARs) =t

25X,' ERRon IN AGE (UrllrOUS rEARS) ='
1H0, 24X,' RROR 51Jl,t 0F SQUAXES='

25X,, ROOT I'IEAN SQUARE I{EIEHTED DEVIAT]ON='
1H0, 24X,'. NUIvIBffi. 0F DATA POINTS='

501
502

lrRrrE (rr ,rc0)
500 FoRIIIAT( 1 H1,2(/ ),11X,'NUI'tsER 

" 
1 4X,

18X,'r.',|tX,'ERRoR rN y (tr) 
"2(/))DO 5O2 I=1,M

,15X, 'mRoR rN X (tr)"

uRrrE (tt,tot ) r,x(r),px(r),r(r),py(r)
I0RI{AT (t OX, 15 ,5X ,4818.5/)
CONTINUE

COMPUTE THE PENCENTAGE RESIDUAI MRORS

r{RrrB (fi,eoo)
500 F0nMAT ( 1H1 ,2(/ ) ,17X,'NUIIBER', ,1 1X, 'X RESTDUAT,' ,5X , 'X RESIDUAI (fi)' ,

'f 5x,',y RESrDUAL"SX,'y RESTDUAT (fi)' ,2(/))
D0 402 f=1,M

x( r) =(nx( r) /x(r) )* joo
y( r) =(nr( r)/y(r) )*1oo

uRrrB (rr,6or ) r,nx(r),x(r),nt(r),y(r)
501 I0RI'{AT ( 1 0X , 16 ,5X ,4F18 .5 / )

x(r)+nrs(x(r))
Y(r)=Qms(Y(t) )rr (x(r).rr.px(r).mo.y(r).lr.pr(r)) co ro 401
uRrrE (6,400) r

400 ronuAT (1x,'pmcENTAcE RESIDUAI mROR OI' P0INT NU}tsER ,,I2,,
l CMDS SPECII'IED II{AXII{UI{,, /)

c
c



401
402

9999
407
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CONTINUE
CONTII{UE
wRrrg 1a,+ol)
FoRTiIAT (z(/ ) ,25x,'mtD oF pnocnAlu' , )
END

sumourrun omgn(cl ,cz)
REAtil6 Cl, C?,CCrr (o.er.ce) oo ro oo1

CC=Cl
CI =C2
C2=CC

oot coilIn{IrE
RETUNN
END

surnourrils ousrc (n, TEsr)
REAL*I 5 X ( 1 00 ), r ( t OO ), ffi ( 1 OO ), hrr ( I OO ), W ( I OO ), XSU!,I, ISttU,ySUU, A,B,

1 ZERo ,XBAR,YBAR , SltMl , SUll2 , SIIttrJ , Stnt4 , Sul{5 , TESrl , TBST2 , TESIf,K , DELTA,
23$[rD,U(1O0),V(100)

col{lrloN x, y, lrx, lrr, u, v, g, zERo rxBAn, YBAR, A, M

XSUIII=ZERO
YSt]![=ZERO
TSUIl=ZER0
SUll1=ZERO
SUIII2=ZERO
SUlfS=ZERg
SUI[4=ERO
SUil5=ZER0
D0 OOI f =1 ,M

r ( r ) =(vx ( r )*rr ( r ) ) / (( (nt*z) *rr ( r ) ) *m ( r ) )
XSIIM=XSIIM+TT ( I ) 

*11' ;
YSUtl=YSIJlrt+W ( I ) 

*y( I )
l{SuM=WSU}t+W(I)

OO1 COI{TINUE
xBtR=x$IU/USUt't
YBAR=YSIIIIT/WSIITII

A=IBAR-B*XBAR
D0 002 I=1 rM

u(I)=11I)-'BAR
v( I) =11 1;-YBAR
suil1 =srrMl + ( (u ( r )*u (t 17**11 rlfi ( r )
sull2=sllu2* ( (u ( r) **2;*u1 r) *v( r ) )/m( r )
SUIr5 =ss141+s(1)*( u( I )**21
sllM4=sliu4+ ( (r( r ) *y( r ) )**e )/rx( I )
sUM5 =SUID+u(1)*tt( 1)*v( r)

002 oot{TrNuE
Bss r = ( ( B**5 ) 

*suu1 
) - ( 2* ( B*e ) 

*suue ) - ( s*( srJlg- snu4 ) ) *suu5
RETIIRI{
E$D



Table A5.1: ChernLcal composltlons of ldeal minerale used in least equareg
node11lng.

=========== ==============g===========================-===================

SiO2 TtO2 A1203 Fe0 lrg0 CaO Na20 K2O

=====================E=====E=-E==========-==g=====-E======EE--====E======

Fo90
Fo85
Fo80

En80
En70

cPxl
cPx2

An90
An80
An70
An60
Ar50
An40

I'[T0.0
!rT2.5
MT5.O
MT7.5
MT10.0
lfll2 .5
tftl5.0
I'frl7 .5

I{ELTl
UELT2

40.87
40.01
39.19

55.31
54.70

51 .81
51.15

45.68
48.09
50 .54
53.05
55.59
58.19

.00

.00

.00

.00

.00

.00

.00

.00

72.OO
76.00

.00

.00

,00
.00
.00
.00
.00
.00

.00
2.50
5.00
7.50

10.00
L2.50
15.00
17.50

.00

.00

2.3r
2.28

34.95
33.35
31.70
30.01
28.30
26.54

.00

.00

.00

.00

.00

.00

.00

.00

13.50
11.50

9.77
14.35
L8.74

t3.47
L9.62

6.52
10.30

.00

.00

.00

.00

.00

.00

100.00
97 .50
95.00
92.50
90.00
87.50
85.00
82.50

3.50
3.00

49.36
45.64
42.07

30.22
25.68

L6.46
15 .17

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

1.00
2.50

.00 .00

.00 .00

.00 .00

.00 .00

.00 .00

.00 .00

.00 .00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

.00

22.90
21.10

18.25 l. .12 .00
16 .31 2.25 .00
14.35 3.40 .00
12.38 4.56 .00
10.38 5.73 .00
8.36 6.91 .00

.00

.00

.00

.00

.00

.00

.00

.00

.50

.50
3,00 6.00
3.00 3.00

;ffi ;=;==T;;;;f,==1f,f,:r=,=i;=;=i6i==rZ'"i2,;:;;=======================
En = orthopyroxene (80% and 7Ot enstatite);
CPX = cllnopyroxene;
An = plagloclase (902 through 402 anorthl-te);
MT = magnetLte (02 through 17 .5"A TLot)
MELT conpositlons (l-tELTl = K-rLch, lfrtt2 = K-poor)_arg.based on

microprobe analyses of xenoliths (c.f. Table 5'16)'
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it*****l*t*******t********tt****tii*t**t*.ri**ltt******.r,*********,r*****r****

APPUIDIX 5: PHIROGENETIC IIIODELS

*****i*******t*,r,********t**iti*t*|.******,lr**r**.*****i******************t.F**

Each of the following petrogenetic nodels is constructed usiug a set of

systenatic guitlelines. firese are:

RUTE

RUTE

RU],E 5:

RULE 4:

RULE 5:

1:

l2

Major elenents are nornaLisetl volatile-free.

l1n0 ancl P205 are ercluded as major elenente because they are

typically at sueh lor concentratlons that precision is

unacceptably 1ow (note that the behaviour of these eLements is

closely sinilar to that of FeO and Zr respecti.vely).

tr'e is expressed as total FeO.

Fractional crystallieation uses ideal niueral conpositions

(labte A5.1) so as to nore accurately deternine the conposition

of phaees renoved. AIso, suitable "natursl" phenocryst

cornpositions were difficult to seleet owiag to the wide

rangB observed in nost Lavas.

Typically, it is assuned that (at nost ) four mineral-s are

fractionating i.e. plagioclase, olivine or orthopyroxene,

clinopyrorene (augite) and titanonagnetite (nagnetite) (pOnt

fractionation; Cill, 1981). The nodels are restricted in this

way because, in general, the nore phases that are addecl to the

nodel the better the resultant fit. Olivine is assuned to be a

fractionating phase for the nost basic lavas but is replaeed by

orthopyroxene for nore-evolved conpositions.

Best fit models are those for which the sun of the squares of

the residuals (SSR) is mininised, for whieh the fractionating

phases are conpositional-ly reasonable (i.e. conpare well yith

the conpositions of phenocryst cores) and for rhich the total

RULE 5:



Table A5.2: Trace element dletrl.bution coefflclents.

'E-==-=E=t====E=t=---=-=3E-!E----t-tt-Itrl--=:tt-Et

ol opx cPx p1 It

====ts==E=r--=E==-Et==E=--=rt-----3==l---Et-=EE--=-=

Rb

Zt

Sr

Ba

Cr

N1

.01

.01

.01

.01

.08

1.00

12.00*

.02

,02

.10

.03

1.10

3.00

8.00

.02

.02

.25

.08

1.10

10.00#

6.00

.07

.16

.01

1.83

,01

.01

.01

.01

.01

.40

.01

30.00

40.00

10.00

ffi il;Til;;.=;;=rffi ffi ffi :;;;-:=-====
orthopyroxen€i pl = plagl.oclase; ut =
EagBetLte. All values are averages from
Gfll (1981) except # - ninloum value;
* variabte, Kd=(124/WO)-.9
(Hart and Davis, 1978).
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anouat of crystals renoved is eildlar to, and in prop,ortion to,

the phenocryst content of the lava concerned.

RULE 7: Trace elenent Kd values (raU:-e A5.2) are drawn nainly fron the

sunnary in Gill (tg8t , Table 6.1). Many show a wide range of

poseibre values (lanno and Matsui, l97j; rrving, 197j; Arth,

1976), particularly Cr rhich is not well known at present for

calc-alkaline rocks - the Kd of 10 for clinopyrorene-nelt

ie a ninimum value according to Gitl (tget), but application of

it here indicates that it nay be too high for TVC andesites

(Uann, 1987, esti-nates a value of 4.68 for Main Series lavas of

Santorini Voleano Greece which nay be closer to the trre value).

Thus because of uncertai-nty as to the appropri.ate Kd for cr,

large errors of fit for this element are difficult to assess.

Ni Kd for olivine is calculated fron Kd=(124/yIBo)-.! (Hart and

Davis, 1978). As a general guideline, trace elenent nisfits
occur when the error of fit (i.". s unnon) is greater than 20%.

Abbreviations used in individual models are:

P

D

II'IODEL

RESID.

PHASE

vcr fi

fr

BUIK DC

S nnnon

UISI'IT

nd

observed parent magma.

observed daughter nagna.

calculated dauglrter nagma.

residual (o - t'lOnm).

phase renoved (-).or added (*).

reight percentage of phases renoved/added (conpared to p).

percentage of total crystals removed.

bulk distribution coefficient.

percentage difference ((I'IODEI-D) /n).

tr ERROR greater than 2O%? (fns or wO).

not deternined
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In Atr'C moclels, rhere an anouat of partial granitic nelt io added'

elenent contents are calculated with respect to renoved crystals

In POAM fractionation nodefs where sone ninerals are rernoved and

added, trace elenent contents are estinated in tro parte:

1. fron the fractionating phases (using bulk Kd)

2. frrcn the atltled phases (by estinating bulk Kd and "adding" an

from an asgumed parent).

trace

only.

others

anount

The folloring is a tisting of all nodeLs referred to in Chapters { antt 6,

including those appearing as Tables.

A5.1 - Sasalts of Taupo Volcanic Zone; the nodels attenpt to derive

1ow-alunina and high-alunina basalt from tholeiite, and

high-alunina basalt fron low-alunina bagalt by POAM fractionation

(Chapter Q, Part 2) ( 1O rnodets ).

A5.Z - ffPE 1 lavas of Ruapehu ancl Ngaumhoe 1954; the nodels attempt

to derive evolved conpositions from nore basic parents by

assinil-ation and fractional crystalisation (lfC, Taylor, 1980;

De PaoLo, 1981) (Chapter 5.2.1) (10 nodets).

45.3 - ffPE 2 lavas of llahianoa Fornation, Ruapehu; the nodels attenpt

to derive these plagioclase-enriched lavas fron suitable parental

nagnas by AFC or crystal accunulation (Chapter 6.2.2) (tO nodel-s)

A5.4 - TYPE , lavas of Ruapehu; the nodels attenpt to derive these

pyrorene-olivine-enriched lavas fron suitable parental nagnas by

Atr'C or crystal accunulation (Chapter 6.2.1) (20 nodels).

A5.5 - ffPE 4 lavas of Wahianoa and Mangawhero tr'ornations, Ruapehu;

the nodeLs attenpt to derive these nafic-rich, uncontaninated

Iavas by POAM fractionation of suitable parental nagnas

(Chapter 6.2.D (! models).
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45.6 - l.gtE 5 lalrai o fleuhungatahtr O-b'a[uqa artl Pukekaiktoret the

,noilal,p: attenBt to tlerlw these o,l:lttrae 4desttes by P'OAM

frgeti.ota*ioa. of srttabla pareu,tal Dagues (0haltter ,6.2.5)

('11 node,l"E ).,

&5,7 - ffPE 6 trevqF of Ptrkeoaake snil Mangorftero Foroati.onr RunphuS

'the uo,ilels at'teqryt, to dlerlvp tbeae Lybrld levag bg blnazy ni,xlqg

'o,f, ba,sl.,c ,a4d a:cl.dlc gnrents (ebapt,en 6'2.51 (lO nsdela):.



UODEL NO.
PARENT

DAUGIITER
DESCRIPTION

A5.L.L
L7439 (WArlrARrNo BASALT)
148s5 (RUAPEHU BASALT)
POA}I fractlooatLon

s10?
Tto;

lla6'
Mgo
CaO
NarO
*26

Slrlr SQUARES RESID. - '1631

RESID.

+.08
-.02 PHASE
+.16
+.09 Fo90
+.08 cPxl
+.07 An50

-.27 !fr10.0
-.19

CRYSTALS REMOVED

titGTT" Z

-6 .37 67.01
-3.L4 32.99

+15.88 0.00
+2.33 0.00

= 9.512

P

53.0
.5

L2.9
8.5

r.3.3
9.7
L.7

.4

D

52.9
.7

15.8
8.9
8.8
9.8
2.6

.6

MODEL

53.0
.7

15 .9
9.0
8.9
9.8
2.3

.4

Rb
Ba
Zr
Sr
v
Cr
Ni

sto,
Tlo;

ilau'
llgO
Ca0
NarO
*26

P

15
L22

48
342
226

1037
34L

D

11
185

50
201
25L
380
t42

D

53.3
.7

15.s
9.1
7.8

10.5
2.5

.7

+ 54.5
- 27.O
+ 6.0
+ 82.6

4.4
+102.9
+ 23.9

MISFIT

YES
YES

NO

I'IODEL BULK DC Z ERROR

L7 .01
135 .01
s3 .09

377 .03
240 .42
77L 3.97
L76 7.6r

YES
NO

YES
YES

DAUGHTER : 11965
DESCRIPTION : POAI'!

==============================E==========g==========E=====-

I'IODEL NO. : A5 .1 .2
PARENT z L7439 (WAII'{ARINO BASAIT)

(RED CMTER BASALT)
fractlonatlon

===========================g========================-=======

SUM SQUARES RESID. = .1428

RESID.

+.08
+.OO PHASE WGT"A

+.13
+,09 Fo90 -10.57
+.07 cPxl. -.73
+.07 An50 +10.95
-.20 1ff12.5 +2.2L
-.24

CRYSTALS REIt0VED = LL.3O"/

P

53.0
.5

L2.9
8.5

13.3
9.7
L.7

.4

UODEL

53.4
.7

L5.7
9.2
7.9

10.5
2.2

.4

7"

93.55
6.45
0.00
0.00

Rb
Ba
Zx
Sr
v
Cr
Ni

P

15
L22

48
342
226

1037
341

MODEL

L7
L37

54
385
250

MISFIT

NO

NO

YES
YES

NO

YES

YES

20
137

68
278
27L
28L

63

BULK DC Z ERROR

.01 - 15.0

.01 + 0.0

.03 - 20.6

.01 + 38.5

.15 7 .7
967 1.58 +244.L
143 8.25 +L27 .O

========================-======== =



IIODEL NO. :
PAXENT :
DAUCHTER :
DESCRIPTION :

P

sio2 5r.orio; .5
41203 12.9
FeO - 8.5
I'tg0 13.3
CaO 9.7
NarO 1 .7
Kzd .4

-118-
A5.'l .'
174t9 (Vlrurnruo BASALT)
22998 (OrClnOro BASALT)
POAM fractionation

==============================3=======E===E============== ===

D UODEI RESID.

50.9 51 .2 + .29
1.1 1.0 -.14 PHASE

15 .8 15. | +.25
9.2 9.5 + .5O Fo9O
9.4 9.5 + .14 CPXI

10.5 10.6 +.08 Aa70
2.5 ,l .B -.71 t[T17.5
.6 .5 -.21

'rQM %

-r.70 100.o0+.57 0.O0
+20.89 0.00
+4.O5 0.00

SUil SQUARES RESID. = .84tA CRYSTAIS RE!{0VED = ,.7Afr

Rb
Ba
Zr

P

15
122
48

P

si02 51.Orio; .5
A120q 12 ,g
TeO - 8.5
!!so 17.7
CaO 9.7
Naro 1 .7Kzo '4

l,IoDEt BUIK DC r
16 .O1 +

.o1
;
+

+
+

ERROR I,IISFIT

@.0 YES

5O.O YES

7.6
6.4

88.5
61 .1

D

10
nd

125
Sr 542 t o 555 .01
v 226 220 274 .08
Cr 1Or7 55O 1037 1.00
Ni 341 160 258 8.40

NO

NO

YES
YES

I{0DEI N0. | 45.1 .4
PARENT t 17479 (WlrUmrno BASATT)
DAUeHTER -. 22996 (X-rnre BASATT)
DESCRIPTI0N : POAM fractionation

D ITTODEL RESID.

49.9 50.0 +.14
1.0 .9 -.12 PHASE

17 .5 17 .7 +.15
9.6 9.7 +.15 To90
7 .1 7 .2 +.09 CPX1

12.1 12 .4 +.05 An70
2.2 1.9 -.r4 rqr12.5
., .2 -.11

SuIt[ SQUARES RESID. = .2235 CRYSTALS REIIIOVED = 7.a5%

'IGM %

-7.85 100.OO
+15.69 0.00
+51.81 0.00
+8.58 0.O0

Rb
Ba
Zr
Sr
v
Cr
Ni

P

15
122

4B
742
226

10t7
t41

16
112

5z
,71
244

1037
186

YBS
YES
NO

NO

NO

YES

YES

II{ODEI BIILK Dg * ENNON MISI'IT

I
94
55

144
244
120
t9

.o1 +100.0

.01 + 40.4

.01 - 7.1

.01 + 7.9

.08 - 0.0
1 .00 +764.2
8.40 +176.9

====================================-=================== ===



MODEL NO. : A5.1.5
PARENT t L7439 (WAIITARINO BASALT)
DAUGIITER z 22994 (gnN LOUOND ROAD BASALT)
DESCRIPTION : POAII fractlonatLon

-E=========t===============E=t=!==-=-Et--tlg=t=============g

D MODEL RESID.

5L.4 51.5 +.12
1.1 1.3 +.14 PEASE

17 .6 L7 .7 +.13
9.8 9.9 +.08 Fo90
6.0 6.1 +.07 CPXI

10.8 10.9 +.05 An60

2.8 2.4 - .37 lm17 .5
.5 .3 -.22

StM SQUARES RESID. = .2508 CRYSTALS RXMOVED - 1-L'677

P

slo, 53.0rro; .s
A1o6" t2.g
FeO " 8.5
Mgo 13.3
CaO 9.7
Na?O L.7
Kz6 .4

I{GTZ "A

-11 .67 100.00
+.20 0.00

+31.55 0.00
{6.16 0.00

PD

Rb 15 L4

Ba L22 L29
Zr 48 84

MODEL BULK DC Z ERROR I{ISTIT

L7 .01. + 2L.4 fES
138 ,01 + 7.0 No

54 ,01 - 35.7 YES

Sr 342 348 387 .01 + 11 '2 NO

v 226 252 253 .08 + .4 NO

Cr 1037 44 1037 1.00 +2256 '8 YES

Ni 341 29 136 8.40 +359.0 YES

======--============-=======================================

MODEL NO. : 45.1.5
PARENT z 22998 (oNGARoTo BASALT)
DAUGETER t 22996 (K-TRIG BASALT)

DESCRIPTION : POAM fractLonation

======== ====================================================
MODEL RSSID

sio^
Tio:

ila6'
I'tgO

CaO
NarO
*r6

P

50 .9
1.1

15.8
9.2
9.4

10.5
2.5

.6

D

49.9
1.0

L7 .5
9.5
7.L

]-2.3
2.2

.3

49.8
1.0

Ll .4
9.5
7.1

L2.3
2.5

.4

-.11
+..00
-.10
-.09
-.06
-,03
+.30
+.08

PIIASE

Fo90
cPxl
An70

trT7.5

r{crz i[

-3.47 100.00
+1,2.40 0.00
+25.08 0.00
+3.69 0.00

SIru SQUARES RESID. = .1335 CRYSTAIS REMOVED = 3.477"

Rb
Ba
Zr
Sr
v
Cr
Ni

P

10
nd

L25
330
220
550
160

D

8
94
s6

344
244
L20

39

10

r.30
342
227
550

BULK DC Z ERROR UISFIT

.01 + 25.0 YES

.01 +132.1 YES

.01 .6 N0

.08 7.0 NO

1 .00 +358.3 YES

107 L2.40 +L74.4 YES

============================================================



-r19-
l,lODEL N0. I A5.1 .7
PARH{T z 22998 (OrCmoto BASAT,T)
DAUCHTm .. 22994 (gH{ I,OUOND ROAD BASAT,T)
DESCRIPTION : P0AITI fractionation

P

si02 5O.grio; 1.1
A120j 15.e
FeO - 9.2u€0 9.4
CaO 10.5
Narg Z.jKz6 .6

l,IODEt RESID.

51.4 
'1,4 

-.0?
1 .'f 1 .2 +.12

17.5 17.5 -.059.8 9.7 -.076.0 5.9 -.o4
10.8 10.8 -.O2
2.8 2.8 +.05
.5 .5 +.08

PHASE VCM %

Fo90 -7.O7 67.54
cPxl -7.t8 12.46
AnTO +.45 0.0O

wr?.5 +.55 0.00

StlI SQUARES RESID. = .0578 CRISTATS REIIOVED - 1O.41fr

Rb
Ba
Zr
Sr
v
Cr
Ni

10 14
nd 129
125 84
,1o 748
220 252
550 44
160 29

uoDEr BIJLK DC I gnnon UISFIT

11 .01 - 21 .4 YES

157 .09 + 65.'t IEs
161 .o3 + 4.7 NO2t5 .41 - 7.5 N0
412 1.92 +815.4 IES
64 10.32 +12O.'l yES

ITODEI, RESID.

=================================================== ==E==== ==

IIIODEL N0. : A5.1 .B
PARENT z 22998 (Orsclnoro BAsAtr)
DAUGHTER z 21717 (t.lruunn.l, BASATT)
DESCRIPTION : POAtt fractionation

P

sio, 5O.gTio; 1 .1
41204 15.8
FeO - 9.2
I'tg0 9.4
CaO 10.5
Nar0 2.,
Krd '6

51 .6 51 .7 +.1 5
.B 1 .2 +.72

17.5 17.1 -.419.5 9.4 -.1 I6.1 5.1 -.18
1'f .5 11 .2 -.r1
2.2 2.5 +.44
.6 .5 +.07

PHASE WCTtr fr

Fo9O -7.85 51.87
cPxl -2.O5 15.9O
An50 -4.41 tO.21

![T17 .5 - .29 2.02

SUll SQUARES RESID. = .6jO5 CRYSTALS REI,IOVED = 14.59fi

.05

.57
+
+

ERROR II!]SFIT

20.0 N0

76.8 YES
1'l .0 N0

227 .81 - 11.7 N0
418 2.'14 +550.0 yES

5, 7.72 +292.8 YES

P

10
nd

125
3to

D

15
nd
82

t1B

IIIODEI,

12

145
751

BnrK DC fi

.oJRb
Ba
Zr
Sr
v
Cr
l{i

22O 256
55o 55
150 14

=====================================================_===== =



l||E====================-====t-===-3=-=-==-t===lE======='=====

}IODEL NO. :

PARENT :

DAUGTTTER :

DESCRIPTION :

MODEL NO. :

PARENT i
DAUGIITER :

DESCRIPTION :

A5.1.9
22998 (ONGAROTO BASALT)
22993 (ORAKEI.KORAKO BASALT)

OA fractlonatlon

D MODEL RESID.

51.0 51.5 +.45
1.3 1.2 -.11

L7 .2 L7 .4 +.20
9 .8 9.3 - .46
6.4 6.5 +.14

10.8 10.7 -.10
3.1 2.8 -.30
.4 .6 +.18

A5.1.10
14855 (RUAPEITU BASATT)
11965 (RED CRATER BASALT)

POAM fractl"onation

PUASE I{GTU Z

Fo90 -5.89 6L.L2
cPxL -3 .75 38 -88

P

sro, 50.9
rlo; 1.1
A1o6. 15.9
Fe6 " 9.2
uso 9.4
CaO 10.5
NarO 2.5
*26 .5

$Ilr SQUARES RESID. - .6191 CRYSTALS REMOVED' 9'642

P D UODEL BULK DC Z ERROR UISFIT

Rb 10 8 I'l' .01 + 37 '5 YES

Ba nd 145
Zr L25 L47 L37 '10 6'8 No

Sr 330 347 364 '04 + 4 '9 No

v 22O 286 232 .48 - 18'9 No

Cr 55o 37 386 4 '50 +673 '0 YES

Nr 160 33 65 9'91 + 97 '0 YES

E=== ==== = ====- =--= ==========B- ======= ==============3=========

== 1======= ================4==A=========g========== 
======= = 

-

P

sio? 52.9
rr0; .7
Alo6" 15.8
Fe6 " 8.9
t4g0 8.8
CaO 9.8
NarO 2.6
Kz6 .6

D }TODEL RESID.

53.3 53.3 +.A2
.7 .7 -.O2 PHASE I{GTZ 7"

15 .5 15 .5 - -o2- s:I -i.r +:ol Fogo -3.85 45 '26
7.8 7.8 +.00 cPXl +2.22 0'00

10.5 10.4 -.01 An5O '4'52 53'10

2.5 2.5 +.07 lm0.o -.14 1'64
.7 .6 -.05

D UODEL BULK DC Z ERROR MISFIT

.04

.09 +

.02

.98

.53
1..11
6.L4

+
+

11 20
185 L37
48 68

201 278
251 27L
380 281
L42 63

Rb
Ba
Zx
Sr
v
Cr
Ni

L2
201

55
zoL
252
376

90

40.0 YES

46.7 YES
L9.1 NO

27.7 YES

3.3 NO

33.8 rES
42.9 YBS

===============================3==============g============'



-r20-
UODEI N0. . 15.2.1
PAREITT t 14855 (nUmmU BASATT)
DAUeHTm t 29250 (UCIUnWOE rg54 sASrC AI{DESTTE)
DESCRIPTION : P0All fractionation

= ========================== ===t=== ========== ========= == == = ==

si0^
Tio:

I!a6,
uso
Ca0
Naro
Kzo

P

,2.9
.7

15.8
8.9
8.8
9.8
2.5

.6

D

55.5
.g

16.7
8.'
5.2
8.'
J.1
1.2

UODEI RESID.

56.5
.8

15.7
8.'
5.2
8.4
,.2
'l .0

+.O4
+.01 PHASE
+.O2
+.O7 Fo9O
+.02 CPXI
+.01 An70
+.O5 UT?.5
_.19

wcl# fi
-7.65 21.27
-9.44 2e.77

-17.72 41 .75
-2.O5 6.25

Sulrt SQUARES RESID. = .0441 CRYSTALS REIIOVED = 52.85%

Rb
Ba
Zt
Sr
IT
Y

Cr
Ni

P

11

185
50

201
251

,80
142

n

,B
214

95
247
220
100
29

UODET

16
268
72

219
155

- 24.2
- 11.1
- 29.5
- 40.0
- 26.9

.10

.79
2.21

60 ,.61
24 5.42

Bt[,K DC tr ERRon

.04 - ,7,9

.o8 + 25.2

IITISFIT

YES
YES
IES
NO

TES
YES
YES

WGTS

-6.95 27.40
-7.72 1O.52
-9.74 76.92
-1 .11 5.16
+5.46 0.00

25.56

}IODEL N0, z A5 .2.2
PARENT z 14855 (nUApsHU BASAI,T)
DAUGHTER z 29250 (nClUnUnOE 1954 BASIC ANDESTTE)
DESCRIPTION : Af'C (f-rictr nelt)

P

si02 ,2.9rio; .7
4110" 15 .8
FeO ' 8.9
tt{90 8.8
CaO 9.8
NarO 2.6Kzd .6

D II{ODEI

56.5 55.5
.8 .g

16.7 16.7
8.3 8.1
5.2 5.2
B.' 8.4
,.1 1.1
1.2 1.1

RESID.

+,O2

-.OO PHASE
+.01
+.01 tr'o9O
+.Ol CPX1
+.O0 AnTO

-.04 r{T7 .5
-.o2 I,IELTI

StU SQUARES RESID. = .QA23 CRYSTA],S RE}IOVED =

NO

NO

NO

NO

Rb
Ba
Zr
Sr
v
Cr
Ni

P

11

185
50

201
251
,BO
142

n

tB
214

95
247
220
100

29

ERROR

@.5
11.6
51 .6
11.7
12.5
6.0

17.8

I{ISFIT

YES
NO

YB

IIODEI, BUIK DC %

15 .04
241 .07 +

65 .10
219
19'
105

.70
1 .91
5.r9 +

t't 5.97 +

=== ==== == = == ================== = = ====== ======= = == == ===== == = ==



MODEL NO. :
PARENT :
DAUGHTER :
DESCRIPTION :

A5 .2.3
1485s (RUAPEHU BASALT)
29250 (NGAURUUOE 1954 BASrC AlrDESrrE)
AFC (K-poor nelt)

slo,,
Tlo;

ila6'
Mgo
CaO
Naro
Kz6

SUI'i SQUARES RESID. = .O532

RESID.

+.06
..OO PEASE
+.04
+.05 Fo90
+.03 cPxl
+.O2 An80
+.01 !fT7.5
-.2L UELT2

CRYSTALS REMOVED -

P

52.9
.7

15.8
8.9
8.8
9.8
2.6

.6

D

56.5
.8

L6.7
8.3
5.2
8.3
3.1
L.2

MODEL

56.5
.8

L6.7
8.4
5.2
8.4
3.1

.9

YIGTZ ft

-6.40 30.07
-7 .65 35.94
-6.35 29.82
-.89 4 .L7

+6 .31 0.00

2t.297"

P

11
185

50
201
25L
380
L42

D

38
2L4

95
247
220
r.00

29

}TODEL BULK DC Z ERROR MISFIT

Rb
Ba
Zx
Sr
v
Cr
Ni

L4 .03
232 .06
62 .11

222 .58
2L4 L.67
L27 5.57

- 63.2
+ 8.4
- 34.7
- 10.1

2.7
+ 27.O

YES
NO

YES
NO

NO

YES

38 6.55 + 31.0 YES

==========================================E=================

============================================================

MODEL NO.
PARENT
DAUGIITER
DESCRIPTION

P

sto, 53.3
rlo; .7
11"61 15.5
FeO - 9.1
ilgo 7 .8
CaO 10,5
Na2O 2.5*26 .7

A5 .2.4
11965 (RED CRATER BASALT)
29250 (NGAURUHOE 1954 BASrC At{DESrrE)
AFC (K-rich nelt)

D MODEL RXSID.

56.5 56.5 +.02
.8 .8 +.02 PHASE

L6.7 L6.7 +.01
8.3 8.3 +.01 Fo90
5.2 5.2 +,01 CPX2

8.3 8.3 +.00 An80

3 .1 3 .1 -.05 ltT12 .5
L .2 1 .1 -.03 UELT1

SUM SQUARES RESID. = .0043 CRYSTAIS REMOVED =

IIGT"/" "/"

-3.85 L4.54
-L2,69 47 .92
-8.67 32.74

-L.27 4.80
+3 .03 0.00

26.482

Rb
Ba

P

20
L37

68
278
27L
281

63

D

38
zL4

95
247
220
100

29

27
183

89
311
200
46
16

.03

.06

.14

.64
1.98
6.86
5 .5s

MODEL BULK DC 7" ERROR MISFIT

29.O YES
r4.5 NO

6.3 NO

25.9 YES

9.1 NO

54.0 YES
44.8 YES

Zr
Sr
v
Cr
N1

====================================-=======================



- 121

I{ODEL N0. . A5.2.5
PARm r z 17479 (U.trUlnrno BASATT)
DAU0IITffi z 29250. (rclUnUHoE 1954 BAsrC AlrDEsrTE)
DESCRIPTI0N I Atr'C (X-ricfr nelt)

D UODET RESID.

56.5 56.7 +.24
.8 .7 -.04 PHASE

15 .7 16 .8 +.18
8.7 8.5 +,19 Fogo
5.2 5.1 +.12 CpXl
8.3 8.4 +.06 AnBO

t .1 2.7 -.47 wr7 .5
1.2 .9 -.2A ilErr1

SUlr SQUARES RESID. = .4456 CRISTALS RE}iOVED =

P

sio? 51.Orio; .5
4120" 12.9
FeO' 8.5
ltgO 13.5
CaO 9.7
Naro 1 .7Kro '4

IIGM %

-1 4.81 42.r7
-15.14 41.55
-4.72 12.47
-.40 1 .1 6
+.78 0.O0

34.67%

Rb
Ba
Zr
Sr
v
Cr
Ni

P

15

122
48

,42
225

1017
141

D

58
214

95
247
220
100

29

UISI'IT

YES
NO

YES
YES
NO

TES
YES

I,IoDEI BI,LK DC tr ERnoR

2' .O2 - 79.5
184 .Ot - 14.O
70 .12 - 26.7

467 .2'l + 89.1
24O .86 + 9.1
169 5.26 + 59.0
t5 6.77 + 2o.7

============================================================

IIIODEI, NO. :
PARENT :
DAUGHTER :
DESCRIPTION :

P

sio2 57.Orio; .5
A1r0" 12.9tr'e0' 8.5
usO 11.7
CaO 9.7Naro 1 .7Kz6 .4

A5.2.6
17419 (Wmumrno BASATT)
2925a (llclunuxOB 1954 BAsrc AlrDEsrTE)
AFC (f-r:-ctr nelt)

== ===== == ======== ======== ==== == ==== ===== ===== = ======= = ======
D IITODEI RESID.

55.5 56 .7 +.20
.B .7 -.08 PHASE WcrSg %

16.7 17 .O +.15
8.3 8.1 -.0? Fo90 -11.9j 49.97
5.2 5.4 +.18 Cpxl -j3.92 DO.O7
e.5 8.5 +.12
7.t 2.5 -.50
1.2 1 .0 -.12 li,tErrl +5.55 o.oo

Sul,l SQUARES RESID. = .5954 CRYSTALS REI'{OVED = 27.87%

nb
Ba
Zr
Sr
v
Cr
Ni

P

15
122

4B
142
225

1037
,41

247
220
r00

D IiTODEL Bl'tK DC S ENNON UISI'IT

78 21 ,O2 - 44.7 IES
214 158 .O2 - 21 .5 YES
95 64 .15 - 12.6 YES

457 .05 + 89.1 YEs
258 .59 + 17.1 N0
279 

'.50 
+139.0 YES

29 45 7.21 + 55.2 YES
================== ==== =========== == ==E === ================ == =



MODEL NO. . A5 .2.7
PAREM z 22994 (BEN LOMOND ROAD BASALT)

olucnrgn z 29250 (NGAURUEOE 1.954 BASIC AI{DESITE)

DESCRIPTION : AFC (K-rleh nelt; o - oll.vlne)

==E=========-===B==-*E==-=====t-=tEtalEE===========E!-=g=tEE

P

51.4
1.1

L7 .6
9.8
6.0

10.8
2.8

.5

SI,U SQUARES RESID. = .0039 CRYSTALS REI-|OVED = 36'527

st0?
Tro;

*lau'
Mgo
Ca0
Naro
*zd

P

Rb L4
Ba L29
Zx 84
Sr 348
v 252
Cr 44
Nt 29

P

sio? 51.4
rio; 1.1
Atr6" L7 .6
FeO - 9.8
MgO 6.0
GaO 10.8
NarO 2.8Kz6 .s

=E========E======= ======================-=='====-=========-

DTODEL NO. : A5 .2 .8
PARENT z 22994 (BEN LOMOND ROAD BASALT)

olucnrun z 29250 (NGAURUEOE 1954 BASIC AI{DESITE)

DESCRIPTION : AFC (K-rich nelt; O = orthopyroxene)

======E== ====== ============ =================================

sUMSQUARESRESID.=.02SgcRYsTALsREMoVED=4|.9%

D I'IODEL BULK DC Z ERROR MISFIT

24 .05 - 36.8 YES

210 .10 1.9 NO

136 .11 + 43.2 YES

335 1.07 + 35.6 YES

67 3.43 - 69.5 rES
z 6.7L - 98.0 YES

9 3.169 - 69.0 YES

D TIODEL RESID.

56.5 56.4 -.02
.8 .8 +.02 PUASE

L6 .7 15 .6 -.O2
8.3 8.3 -.OZ Fo90
5 .2 5 .2 -.01 cPxl
I .3 8.3 -.01 An70

3.1 3.2 +.05 lfr15.0
L.2 L.2 +.01 UELT1

WGTZ Z

-1.88 5.L4
-9.44 25.86

-21.08 57 .72

-4.L2 11.28
+4 .51 0.00

D UODEL BTII.K DC Z ERROR MISFIT

38
2L4

95
247
220
100

29

22 .05
194 .10
L26 .L2
336 1.08
75 3.68
3 7.16
9 3.7L

- 42.L YES

9.3 NO

+ 32.6 YES

+ 36,0 YES

- 65.9 YES

- 97 .O YES

- 69.0 YES

D UODEL RESID.

56.5 56.4 -.06
.8 .8 +.03 PHASE I{GTZ z

L6.7 16.6 -.04-g.l 8.3 -.06 En80 -3 '86 9 '19
5 .2 5 .2 -.01 CPX1 -9 .78 23 '32
8.3 8.3 -.03 An70 -24 'Or. 57 '25
3.L 3.2 +.L2 MT15.0 -4 .29 10 '23
L.2 L.2 +.01 l'tELTl 4.23 0'00

L4 38
L29 2L4
84 95

348 247
252 220
44 100
29 29

Rb
Ba
Zt
Sr
v
Cr
Nt
-==============-==================== ==========E=============



-722-
l,IODEl N0. 2 A5.2.9
PARm{T z 14855 (nUAPUrU BASATT)
DAUCHTM : 14858 (UANGAI{HERO TOR}IATION BASIC AI{DESITE)
DESCRIPTION : POAM fractionation

================================t===============---E==a=====

P D MODEL RESID.

si0^
TiO;

*:6%
uso
Ca0
Na^o
*16

52.9
.7

15.8
8.9
8.8
9.8
z.o

.5

54.5 54.3
.7 .7

17.2 17.2
8.5 8.5
5.8 6.8
9.0 9.0
2.9 2.9
.7 .7

-.o1
-.ol plrAsp ve$ fr
-.o2
-.01 FogO -4.O5 21.17
-.01 cPxl -7.7' 44.11
-.01 An5O -4.65 26.56
+.04 t[T10.o -'l .o8 5.18
+.O2

SUM SQUARES RESID. = .OO2'l CRYSTALS REII{OVED = 17.51f,

Rb
Ba
Zr
Sr
v
Cr
Ni

P

1't

185
50

201
251
,80
142

1B
277

11
222

D MODEI

58 59
219 220
258 19' z.tA
140 117

51 F1

BIrtK DC f nnnon ursFrr

.o, - 27.8 YES

.o, - 6.7 N0

.14 + 1.7 N0

.52 + 0.5 N0

7.12
6.tz

- 25.2 YES

- 16.4 N0
o.o N0

===== = ====== == ====== ============g== ===E============== ===== ==

UODEI N0. z A5.2.1O
PARWT : 14855 (nUAPBUU BASATT)
DAUGHTER : 14858 (tulrCarrruRo FonuATIoN BASIC A]{DESITE)
DESCRIPTION : Atr'C (tt-rictr nelt)

D l,l0DEL RESfD.

54 .t 54.2 -.10.7 .7 +.O4 PHASE rrcr7./ %17.2 17.0 -,18
8 .5 8 .7 + .25 tr'o90 -7 .25 15 .7 B6.8 5.6 -.12 CPX1 -5 .Bt 54 .22
9.0 8.9 -.08
2.9 2.9 +.O2
.7 .9 +.18 l,lELTl +4.04 0.00

SUI{ SQUARES RESID. = .1567 CRYSTALS REII1OVED = 9.081

P

si02 ,2.9rio; .7
4120j 1 5.8
FeO - 8.9
MsO 8.8
CaO 9.8
Nar0 2.6Kzo .5

Rb
Ba
Zr
Sr
v
Cr
Ni

P

11

185

50
201
25t
780
142

18
2r7

58

D UODEL BUIK DC I nnnon li,trsrrr

- 15.7 YEs

- 14.3 N0

- 6.9 N0+.5N0
-.4N0
+ 55.4 YES
+ t5.t YES

12 .O2
20, .o2
54 .16

219 220 .O5
258 2r7 .74
140 219 6.78

E1 59 B.5e
===============-====================-=======================



I'iODEL NO.
PARENT
DAUGHTER

DESCRIPTION

.L5.2.11
14855 (RUAPEEU BASALT)
14850 (ITANGAWHERO FORMATTON BASrC Al{DESrrE)
AIC (K-rlch nelt)

====================-===t=E=---3-A=t-=E===E!=E-=E=======--==

P D TIODEL RESID.

sio,
Tio;

*1a6'
Mgo
CaO
Naro
Kz6

52.9
.7

15.8
8.9
8.8
9.8
2.6

.6

56.4 56.4
.8 .8

L7 .7 L7.7
7.7 7.7
5.1 5.r.
9.2 8.2
3.0 2.9
l.L L.2

-.01
+.01 PHASE
+.01
-;01 Fo90
-.00 cPxl
+.00 An50

-.05 nr5,0
+.04 }IELTI

CRYSTALS REMOVED

wGT?" Z

-6,50 21.85
-11.10 37 .36
-10.14 34.11
-1 .98 6 .67
+5.11 0.00

- 29.727SIII'{ SQUARES RESID. - -OO42

Rb
Ba
Zt
Sr
v
Cr
Ni

P

11
185

50
20r
25r
380
L42

MODEL BIIIJ( DC Z ERROR I.{ISFIT

34 16 .03
313 257 .06
84 68 .13

25L 227 .66
2L6 L52 2.43
L32 52 6.63
49 26 5.80

- 52.9 YES

- L7.9 NO

- 19.0 NO

9.6 N0

- 29.6 YES

- 60.6 YES

- 46.9 rES
t======== ===============================E==--===============

MODEL NO. z A5 .2.L2
PARENT :
DAUGHTER :

DESCRIPTION :

14855 (RUAPEHU BASATT)
14850 (UANGAWIIERO FORMATTON BASrC Al{DESrrE)
AFC (K-poor melt)

==================================== ===========
RESID.

+.04
+.02 PHASE
+.03+.03 Fo90
+.02 cPxl
+.01 An50

-,04 ur5 .0
-.L2 MELTz

CRYSTALS REI-IOVED

sl0.'
Tlo;

ila6'
Mgo
CaO
Naro
*26

SUn SQUARES F.ESID. = .0200

WGTZ "A

-6.44 20.70
-11.88 38.20
-L0.74 34 .55
-2.O4 6.56
+3.99 0.00

= 3L.l%

P

52.9
.7

15.8
8.9
8.8
9.8
2.6

.5

D

56.4
.8

L7 .7
7.7
5.1
8.2
3.0
1.1

MODEL

56.5
.8

L7 .7
7.7
5.1
8.2
2.9
1.0

Rb
Ba
Zr
Sr
v
Cr
Nt

P

11
185

50
201
25r
380
L42

D

34
313

84
25L
2t6
L32

49

16
252

69
228
L49
46
25

BULK DC U ERROR MISFIT

.03 - 52.9 YES

.o7 - 16.3 NO

.13 - L7.9 NO

.67 - 9.2 N0

2.4L - 31. .0 YES

6.65 - 65.2 YES

5.68 - 49.0 YES

===================================== =======================



-12r-
!{ODEL N0. , 45.2.1,
PARHIT z 14855 (nUpHru BASATT)
DAUCHTER Z 14A44 (T'TA}ICITryNNO IORITTATIOT{ ACID AI{DESITE)
DESCRIPTION : Atr'C (K-rictr nelt)

P

si02 52.9rio; .7
412b3 | 5.9
FeO - 8.9
UgO 8.8
CaO 9.8
Nar0 2.6Kro '5

D UODET RESID.

58., 58.1 +.00
.7 .7 -.04 PI{ASE

17 .4 17.4 -.005.9 5.9 +.0.| Fo85
4.7 4.7 +.00 cPx2
7.5 7.5 +.00 Aa50
t.l ,.1 +.OJ W112.5
1.2 1.2 +.O0 lmlTl

VCM fi

-8.59 19.ro
-14.44 t2.06
-19.51 42.91
-2.58 5.77
+1.98 0.00

45.o2rStlI SQUARES RESID. - .@24 CRYSTAIS REIIoWD =

Rb
Ba
Zr

P

t1
185
50

Sr 2O1
v 251
Cr ,eO
Ni 142

I,IODEI, NO. :
PARENT :
DAUGHTER :
DESCRIPTIOI{ :

P

52.9
.7

15.8
8.9
8.8
9.8
2.5

.6

Ii{ODEI, BTIIK DC f NNNOND

t7
510

97
250
195
92
75

- 45.9
+ ,.5
- 8.5
- 10.0
- 72.8
- 75.o
- 52.9

IITISFIT

TES
NO

NO

NO

YES
YES
TES

58.t 58.5
.7 .'l

17.4 17.4
6.9 6.9
4.7 4.7
'1.5 7.6
,.1 3.1
1.2 1.2

20 .o4
721 .08
85 .11

225 .gl
1r1 2.Og
21 5.7011 5.O5

+.00
+.O5

-.o1
-.00
+.o0
-.o0
+.O7

-.06

l{Grs

-8.74 19.48
-14.46 15.77
-17.59 41 .70
-2.14 5.46
+j.2O 0.00

=============== ======================================= ======

A5 .2.1 4
14855 (nUAPEUU BASATB)
14844 (![ANGAhrr{ER0 roRrrrATION ACrD ANDESITE)
AI'C (t<-poor nelt )

IiIODEt RESID.

si0^
Ti0:

*]a6,
Ite0
Ca0
Na"0
Kzd

P}IASE

Fo85
cPx2
Ar50

I'[T10.0
I'MLT2

StlI SQUARES RESID. = .0O58 CRTSTALS REIIIOVED = 42.81fi

Rb
Ba
Zr
Sr
v
Cr
Ni

P

11

D

t7
185 510
50 9t

201 25O
25t 195
,80 92
142 t5

IIODEI, BIJTK DC

19 .O4
,10 .08
a2 .11

227 .79
141 2.O7
27 

'.7614 5.15

I nnnon ursrrr

- 4A.5 YES
+ o.0 N0

- 11.8 N0

- 9.2 N0

- 27 .7 TES

- 70.7 rES
- 60.0 IES

= = === === = ====== ======= === == = = = ======== === ======== = = ==== === ==



MODEL NO. :45.2.15
PAREM : 14858 (MANGAWHERO

DAUGIITIR t L4844 (UANGAWITERO

DESCRIPTION : AFC (K-rlch nelt)

FORMATION BASIC AI{DESITE)
FORT4ATION ACID AI.iDESITE )

==E==t=========-=====a===========-=================E========

D UODEL RESID.

slo?
Tto;

*lau'
l'1go
CaO
Naro
*26

54 .3 58.3 58 .3 +.00
.7 .7 .7 +.O2 PEASE

L7 .2 L7 ,4 L7 .4 +.01-8.5 6.9 6.9 -.00 Fo85

6.8 4.7 4.7 +.00 cPxz
9.0 7 .6 7 .6 +.00 AD60

2.g 3.1 3.1 -.03 I'lT7'5
.7 1.2 L.2 +.00 MELT1

I{GTZ 7"

-4.85 16.50
-6.88 23.39

-L5.43 52.49
-2,24 7 .62
+3 .84 0.00

I{CTU 7L

-10.74 22.L5
-15.48 31.91
-20.05 41 .33

-2.24 4.6L
+LL.52 0.oo

:g-:3vYl-Yll3:-:-:9919---:Y:lT-y19:::---'-2-!2!-
P D UODET BIILK DC Z ERROR I-IISFIT

Rb
8a
Zt
Sr
v
Cr
Ni.

18 37 25 .04
237 310 325 '09
58 93 80 .10 - 14.0 NO

LLg 250 220 '98 - Lz.O N0

258 195 150 2-56 - 23.1 vES

140 92 29 5.56 - 68.5 YES

51 35 L5 4.35 - 54.3 YES

- 32.4 YES
+ 4.8 NO

-========== ======= ====== ====== = = ================ ======t=====

I'IODEL NO. z l$ .2.16
PARENT : 14855 (RUAPEHU BASALT)

oeucnrrn : 14886 (MANGAI{IIERO FORMATION ACID AI{DESITE)

DESCRIPTION : AFC (K-rtch nelt)

===============E=====e===== ==============================3==

P D I,TODEL RESID.

sio^ 52 .9 61 .8 61 .8 - .03
Tiof .7 .8 .8 +.01 PHASE

Ale6r 15.8 16.9 16.9 -.03
r"6-r -b.g 5.8 5.8 -.03 FoSo

t{so 8.8 3 .2 3.2 - '0L cPxz

Cao 9.8 5.9 5.9 - '01- An70

Na^o 2.6 3.5 3 -6 +-07 urlo 'o
*16 .6 2.o 2.0 +.03 MELTI

:v-:3:l-Tll3:---:9911---:11::i:-yi9:::---!2-'-'-!-
P D }IODEL BULK DC Z ERROR MISFIT

Rb L1 SL ZL .04 - 74 'L YES

Ba 185 418 342 '08 - L8 '2 No

Zr 50 L58 91 '10 - 42'4 YES

Sr 201 253 232 '78 8 '3 No

v 25L L62 L52 L.76 6 '2 NO

Cr 380 51 23 5 '26 - 54 '9 YES

Nr L42 26 I 5.30 - 69 .2 YES

=========-===========g======================================



-724-
IlODEt N0. 2 A5.2,17
PARENT z 14855 (nUAPUttU SASALT)
DAUCHTm. : 14885 (Ul,tlClmmRo FoRI,IATIoN ACID AI{DESTTE)
DESCRIPTI0N : AFC (K-poor nelt)

======E= === =====e= ===EE========E=-=====E = ===g=== =E-E-=E === =E

P

sio, 52.9rio; .7
41263 15.8
FeO - 8.9
l,lg0 8.8
CaO 9.8
l{aro 2.6Kzb .6

IIIODET RBSID.

51 .8 51 .9 +.04
.g .8 +.05

16.9 15.9 +.00
5.8 5.9 +.Q3

1.2 ,.7 +.o2
5.9 5.9 +.01

7.5 5.7 +.15
2.O 1.7 -.t1

PHASE TCM fi
tr'o80 -1 0.89 20.81
cPx2 -15,82 12.14
An70 -22.24 42.50

Irrlo.0 -2.58 4.55
lmlTz +5.18 0.O0

SUll SQUARF.S RESID. = .1245 CRISTALS REUOVED = 52.35%

Rb
Ba
Zr
Sr
v

Ni

P

11

185
50

201
251
,80
142

D

81

418
158
25'
162
51
25

L5.2.18
14858 (UIUCAUUEnO

148e5 (Umcemnno
AFC (X-rictr nelt )

IIIoDEL BULI( DC fi

22 .04
166 .08
n .10

212 ,81
145 1.74
16 5.25
7 5.17

ERROR I'IISFTT

72.8 YES
12.4 N0

18.6 YES
8.t I{0

10.5 ilo
58.5 rES
75.1 rES

UODET NO. :
PARENT :
DAUGHTER :
DESCRIPTION :

FonuATroN BASrC AI{DESTTE)
IORIIIATION ACID A}IDESITE)

P

sio. 54.3Tio: .7
A\67 fi.z
tr'e0 - 8,5
UgO 6.8
CaO 9.0
Naro 2.9Keb .7

UODEI RESID.

SIJIiI SQUARES RESID. = .OOf9

PHASE IICM fr

tr'o80 -7.09 1e.92
cPxz -9.O5 24.14
An70 -'18.91 50.45

r{T7 .5 -2.44 5 .50
IiIEtTl +15.27 0.O0

REIIIOVED = 77.5fr

51 .8 61 .g
.8 .8

16.9 16.9
5.8 5.9
1.2 7.1
5.9 5.9
1.5 t.5
2.O 2.4

+ -o2
-.o2
+.o2
+.o2
+.01
+.01
_.o4
-.o2

CRTSTATS

18
277

5B
219
258
140

51

Rb
Ba
Zr
Sr
v
Cr
Ni

D

B1

418
158
211
162
51
25

I,!oDEI BUIK DC

28 .04
564 .09
89 .09

225 .94
144 2.24
19 5 ,21
9 4.60

f nnnon ursrrr

- 65.4 YES

- 12.9 N0

- 41.7 YES

- 11.1 N0

- 11.1 N0

- 62.7 YES

- 65.4 YF.S

============================================================



E=-====-=======E=-========ttr-===-=-Eg=============-=====r==

MODEL RESID.

UODEL NO. :
PARENT :

DAUGIITER :

DESCRIPTION :

a5.2.L9
14850 (MANGAWTTERo

14886 (r.rANGAwIlERo

AFC (K-rlch nelt;

6r. .8 61,8
.8 .8

16.9 16.9
5.8 5.9
3.2 3.2
5.9 5.9
3.5 3.5
2.O 2.O

FORMATIoN BASrC AI{DESITE)
FORHATION ACID AI{DESITE )
O = oLivlne)

P

SIO^ 56.4rlo: .8
A1o6" L7 .7
FeO " 7.7
l'fgO 5.1
CaO 8.2
NarO 3.0
*26 1.1

Sltl.t SQUARES RESID. - .0017

+.01
+.02 PHASE
+.01
+.01. Fo80
+.00 cPx?
+.00 An80

-.03 lfT7.5
-.01 UELT1

CRYSTALS REMOVEI)

lIGTu 7"

-3.77 L5.25
-5 .36 2L.67

-13.59 54 .99
-2 .00 8.09
+8.67 0.00

= 24.72fl

PD
34 81

313 418
84 L58

25L 253
216 L62
L32 51
49 26

45 .05
405 .09
109 .09
249 r.03
L34 2.68
36 5.56
20 4.13

44.4 YES
NO

' '+q.r+ I|lD
3.1 N0

- 31.0 YES
1.6 NO

-L7.3 NO

- 29.4 YES

- 23.1 YES

NO

NO

MODEL BIILK DC Z ERROR MISFIT

Rb
Ba
Zr
Sr
v
Cr
Nt
=================-====================E=====================

===========================E================================

MODEL RESID.

I'IODEL NO. z I5 .2.2O
PAREM : 14850 (MANGAMIERO

DAUGUTER : 14885 (I'IANGAWHERO

DESCRIPTION : AFC (K-rlch melt;

sto, 56.4 61.8 61.8
rlo; .8 .8 .8
A1n6. 17 .7 16.9 L6.9
Fe6 - 7 .7 5.8 5.8
Mgo 5.1 3.2 3.2
CaO 8.2 5.9 5.9
Naro 3.0 3 .5 3.5
*26 1.1 2.O 2.O

SUM SQUARES RESID. = .0001

FORMATION BASIC AI{DESITE )
FOR}IATION ACID A}IDESITE )
O = orthopyroxene)

-.00
+.01 PEASE ttGT"/'

-.00
-.00 En80 -6.68
-.00 cPx2 -6.06
-.00 An70 -2L.2O
+.00 l,fr10.0 -2.68
+.00 UELTL +3.25

CRYSTALS REIiOVED = 36.621

z

L8.24
16.54
57 .89
7.33
0.00

Rb
Ba
Zr
Sr
v
Cr
Nt

P D MODEL BULK DC Z ERROR MISFIT

34 81 53 .05 - 34.6 YES

313 418 472 .10 + L2.9 NO

84 158 L27 .09 - 19.6 NO

25L 253 242 1.08 4.3 NO

2L6 L6Z 105 2.59 - 35 .2 YES

132 51
49 26

20 5 .1.4

18 3.19
- 60.8 YES

- 30.8 YES

===============-============================================



====-E======================================================

l{ODEl N0. 3

PARU{T :
DAUCI{Tffi 3

DESCRIPTION :

A5.2.21
14e44 (rimUCAWUrnO

14885 (MANCAyHERo

AFC (X-rictr nelt )

61 .8
.8

16.9
5.8
,.2
5.9
3.5
2.O

-325-

I'OR!,IATI0N ACID ANDESITE)
I0RUATToN ACrD AI{DESTTE)

si0^
Ti0:

I!a6,
I{80
Ca0
Naro
Keb

P

,8.7
n

17 .4
6.9
4.7
7.6
t.1
1.2

+.o2
+.01
+.o2
+.O2
+.OO
+.O'l

-.05
-,ot

PHASE

En70
cPxz
AnTO

IifI10.0
IttELTl

REUOIIED

D I{ODEL RBSID.

51 .g
.B

16.9
5.9
5.2
5.9
7.'
1.9

vcM

-5.78 21.71
-4.1 1 16.85

-1r.60 55.82
-.88 3.61+6.o7 0.00

= 24.57f,sttu SQUARES RESID. = .0044 CRYSTAIS

Rb
Ba
Zr
Sr
v
Cr
Ni

P

77
510

91
250
195
92
75

D UODE], BIJTK DC tr ERROR UTSFIT

81 48 .O5 - 5t.1 YES
418 t99 .10 - 4.5 N0
158 12O .09 - 24.1 YES
253 247 1.04 - 2.4 N0
162 158 1.57 + t.7 NO

51 42 7.85 - 17 .6 N0
25 1g 7.28 - 25 .g TES

==== === ==== === ======================== == =============== == = ==

}'IODEL NO. :
PARENT :
DAUGHTER :
DESCRIPTION :

P

si02 52.9rio; .7
41203 15.8
tr'eO - 8.9
ItIgO 8.8
CaO 9.8
Naro 2.6Keb .6

MODET RESID.

45.2.22
14e55 (nUAPULU BASATT)
l4BBg (r'nuemunRo FonMATroN DACTTE)
AFC (t<-rietr nelt)

========= ============================== =====================

SUIiT SQUARES RESID. = .OO2O CRYSTATS REMOVED =

64,O 64.0
.B .8

16.8 15,9
,,1 5.1
2., 2.7
4.9 4.9
1.4 7.4
2.8 2.8

+.01
+.01 PIIASE
+.01
+.01 ToSO
+.01 cPX2
+.0O An60

-.o4 I'[T I 0.0
-.OI II,IEITI

WGTg

-11 .3e 19.76
-t8.ro 71 .78
-2r.24 41.87
-2.56 4.67

+'17.98 0.O0

57.59'.,

Rb
Ba
Zr
Sr
v
Cr
Ni

P

11

185
50

201
251
tga
142

D

120
527
?o1
260
115

71
20

ERNOR I,IISFIT

79.2 YES
22.6 YES

46.1 YES
10.4 N0
15.9 N0
67 .7 YES

75.O IES

IiTODEI BIITK DC fl

25 .04
408 .08
108 .10
271 .87
171 1.76 +

10 5 .21
5 4.98

======== ========== ====================== ====== == = = ======= ===



UODEL NO. , A5 ,2.23
PARENT : 14855 (RU.erEuu BASALT)

OlUCurun : 14889 (ITANGAI|HERO FORMATION DACITE)

DESCRIPTION : Atr'C (X-Poor nelt)
iEg=====E========3tE=========

P

52.9
.7

15.8
8.9
8.8
9.8
2.6

.6

D UODEL RESID.

:g=:3:1Y1=Y113==:==3311===:::::3:-Y3:::--:=33:111 =====-

N0TE: Trace elemente cannot be adequatel-y oodelled because
'tnatt must be removed to produce the best oajors f it '

slo,
T10;

$la6'
Mgo
CaO
Na'ro
*16

64.0
.8

16.8
5.1
2.3
4.9
3.4
2.8

63 .9 -.01
.9 +.04 PtsASE

16.8 -.O2
5.1 -.O2 Fo80
2.3 -.01 CPXz

4 .9 -.01 An60

3.4 +.04 lir12.5
2.7 -.02 llELT2

D MODEL RESID.

tilgTz 7"

-r4.09 14.33
-18.39 18.70
-43.L2 43.86
-4 .25 4.33

-18.46 18.78

========

MODEL NO.
PARENT

DAUGIITER
DESCRIPTION

A5.2.24
14858 (UANCAWHERO FORMATTON BASrC AI{DESTTE)

1"4889 (MANGAI{IIERO TORMATTON DACTTE)

AFC (K-rich nelt)

= = == == = =--== = == == === = = = = =E== == = E ==== = == =

sio,
rroi

lla6,
l{gO
CaO

PHASE ItGT"/"

Na"0
*zo

:g-:3:f l-Y113:---:9919---:Y:l*:-Lry9IP-7-'-'-:22!-
P D }TODEL BULK DC Z ERROR UISFIT

Rb 18 120 28 .04 - 76.7 YES

.08 - 30.6 YESBa 237 527 366
Zr 58 201 89 .10 - 55.7 YES

9.6 NO

+ 24.3 YES

- 48.4 YES

- 60.0 YES

P

54.3
.7

L7 .2
8.5
6.8
9.0
2.9

.7

64.0
.8

16.8
5.1
2.3
4.9
3.4
2.8

63 .9 -.01
.8 -.04

16 .8 -.01
5.1 -.00
2.3 -.00
4 .9 -.00
3.4 +.05
2.8 +.01

Fo80 -7.54 20.01
cPx2 -r0.65 28.27
An70 -17.08 45.3L

MT5.0 -2.42 6-4L
MELT1 +32.L9 0.00

Sr 219
v 258

260 235
115 143

16
I

Cr
Ni

140 31
51 20

.85
2.25
s.60
4.98

= ======= = =--= ==== === ==== ==== == = = =============== === === = ==== = ==



-=== ==a=== ! ============ ==== ============ ======== === === ====== =

I'{ODET NO. :
PARESIT :
DAUCHTER 3

DESCRIPTION i

P

Si02 56.4rio; .BA12ba 17 .7
FeO - 7.7usO 5.1
CaO 8.2
NarO 1.0Kz6 1.1

A5 .2.2'
14850 (il,ANCAWHERO

14889 (UCrClUnnO
AI'C (f-ricfr nelt;

D UODEI,

64.0 54.0
.B .g

15.8 15.9
5'1 5'1
2.1 2.,
4.9 4.9
7.4 3.4
2.8 2.7

-726 -

FonMATIoN BASIC A]IDESTTE)
FORIr{ATI0N DACIIE)
0 = olivine)

RSID.

+.o2
-.04 PrrAsE rcrs fr
+.o2
+ .O2 Fo80 -4.79 14.84
+.oJ cPxz -7 .89 25.66+.01 An70 -15.O8 50.94
-.o5 Ii[T?.5 -2.24 7.56
-.O2 UEITI +24.79 O.0O

SUII SQUARES RESID. = .OO74 CRYSTAI^S REUOVED = 29.66

Rb
Ba
Zr
Sr
v
Cr
Ni_

P

sio" 55.4Tio; .g
A:.16.. fl.7
I'eO ' 7.'7
IiIe0 5.1
CaO 8.2
NarO t.oKzb 1.1

P

,4
,11

B4
25t
216
1t2
t9

D

120
527 431 .O9
201 11' .10
260 255 .95
115 1?4 z.re

11 24 5.84

UODEL BUI,K DC S ENNON UISFIT

4e .04 60.0
- 18.2
- 42.8
- 1.9
+ 7.8
- 22.6
- 25.O

42.8

YES
l{0
YES
NO

NO

IES
IES20 15 4.12

=== ====== === =================== == ======================== =E=

llODEt N0. t A5 .2.26
PARENT : 14850 (I.{ANGAI*HERo FORMATION BASIo ANDEsITE)
DAUGHTEB : 't4889 (tilulelmmRo IORMATIoN DACITE)
DESCRfPTION : Atr'C (X-rictr meLt; O = orthopyroxene)

D II'IODEI RESID.

64,0 61.9 -.04.8 .8 +.01 PHASE yreTid fi15.8 15.8 -.O75.1 5.1 -.o7 EnBO -7.25 19.522.7 2.2 -.O1 CPX2 -7.44 20.07
4.9 4.9 -.O2 An?O -19.77 5r.24
t.4 5.5 +.09 I'IT7.5 -2.58 7.Zz2.8 2.8 +.04 IIEIT1 +2O.O5 O.OO

SUI SQUARES RESID. = .O1JB CRYSTAIS nEMOVED = 77.14fl

P

Rb 14
Ba 111
Zr 84
Sr 25t
v 216

D MODEI, BULK DC

120 53 .05
527 476 .09
201 127 .10
250 251 1,O0
11' 1O5 2.61
71 17 5.48
20 15 1.49

% nnnon ursrrr

- 55.8 YES

- 9.7 N0
- 36.8 YES

- 5.5 N0

- 10.4 t[0
- 45.2 YES

- 25.O YES

Cr
Ni

112
39

/

===== == = == ====== =========== ====== == === ============== = == == = ==



I'iODEL NO. I l$ .2.27
PARENT Z L4844 (MANGAI{IIERO FORMATION ACID A}IDESITE)
DAUGITTER : 14889 (ITANGAWHER0 TORMATION DACITE)
DESCRIPTION : AFC (K-rtch uelt)

i4=!=-==-==tE-8==tl g-=EE==-lE==r-t===-=E=--E3

D }IODEL RESID.

64.0 64.0 +.03
.8 .8 -.02 PHASE

15.8 16.9 +.03
5.1 5.1 +.03 En80
2.3 2.3 +.0L CPX?
4.9 4.9 +.02 An60
3.4 3.3 -.07 !fr5.0
2.8 2.7 - .O2 UELT1

Slll.t SQUARES RESID. - .0097 CRYSTALS REIIOVED '

P

slo^ 58.3
rLo: .7Ale6a L7 .4
FeO - 6.9
Mgo 4.7
CaO 7.6
Naro 3.1
*26 L.2

T{GTZ Z

-5.62 L9.62
-6.68 23.32

-L4.82 51 .71

-1.53 5.35
+22.32 0.00

28.652

P

37
310

93
250
L92

92
35

D

L20
527
20L
250
115

31
20

51
422
L26
252
135
23
15

.05

.09

.L0

.97
2.08
5.07
3.51

UISFIT

YES
NO

YES
NO

NO

YES

UODEL BULK DC Z ERROR

Rb
Ba
Zr
Sr
v
Cr
N1

===========

- 57.5
- 19.9
- 37.3

3.1-
+ L7.4
- 25.8
- 25.O vES

I'{ODEL N0. :
PARENT
DAUGHTER 3

DESCRIPTION :

A5.2.28
14886 (IIANGAWIIERO FORMATION ACID AI,IDESITE)
14889 (ITANGAWTTERO FORI'{ATroN DACTTE)
AFC (K-rlch rnel-t )

======================E-=======-====

D MODEL

slo?
Tio;

*la6,
Mgo
CaO

NarO
*26

SUM SQUARXS RESID. = .OL24

RESID.

+.03
+.01 PHASE

-.03+.01 En70
-.o2 cPxz
+.01 An40
+.06 !fT5.0
-.08 r{ELTl

CRYSTALS REUOVED

P

61.8
.8

r.6.9
5.8
3.2
5.9
3.5
2.O

64 .0
.8

16.8
5.1
2.3
4.9
3.4
2.8

64.O
.8

15 .8
5.1
2.2
4.9
3.5
2.7

IIGTZ Z

-2.34 18.92
-3.L7 25.92
-6.42 52.00
-.4r. 3.36

+11.16 0.00

= L2.34"4

Rb
Ba
Zr
Sr
v
Cr

::==

P

81-

418
158
253
L62
5r
26

D

120
527
201
260
115

31
20

92
47L
178
254
L52

32
19

.05

.09

.10

.98
1.50
4.49
3.40

MODEL BULK DC Z ERROR MISFIT

23.3 YES
10.6 N0
11.4 NO

2,3 N0
32.2 YES
3.1 NO

5.0 NO

I

=============3====3=====-=========:=
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IttODEt N0. z Lr,2.29
PARENT t 14855 (nUmUrU SASAIT)
DAUGHTER Z 14777 (tU HNNUUCA IORUATION BASTC ANDESITE)
DESCRIPTION : P0Al1 fractionation.

r====E====Et=============================== 
==

D !{ODEI RBID.

56 .7 55.7 -.O1
.7 .7 +.01 PHASE

f 8.2 19.2 -.o28.1 8.0 -.O5 FogO
4.7 4.7 -.O2 CPX1

7 .7 'l .7 -.O2 An6O

1.2 1.2 -.00 Ir[T10.0
.8 .9 +.11

$[if SQUARES RESID. = .Q157 CRISTALS REIIIOVED = fr.O5fr

P

si02 52.9Tio; .-lAlr6r 15.8
FeO ' 8.9
Iite0 8.8
CaO 9.8
NarO 2.6Krb .6

VGM fr

-7 .24 19.O'
-14.79 

'7.82-1t.91 16.55
-2.51 5,59

uoDEi, BULK DC f gnnon

17 .04
289 .O7
76 .15

272 .70
124 2.41
25 5.51
17 5.44

- 15.0
+ 11 .2
+ 20.6
_ 6.5
- 19.o
- 11 .6
- 72.O

I,IISF]T

l{0
NO

rEs
NO

Rb
Ba
Zr
Sr
v
Cr
Ni

11 20
185 250
50 67

201 248
251 210
580 38
142 25

YES
YES

TES
==E=======================================================EE

U0DEI N0 . t A5 .2.3O
PARENT : 14855 (nUArnrU BASATT)
DAUGHTER Z 14717 (NB MNMVCA FORMATION BASIC A]{DESITE)
DESCRIPTION : Atr'C (f-rictr nett)

P

si02 ,2'grio; .7
412b3 15 .8
FeO - 8.9
UeO 8.8
CaO 9.8
Naro 2.6Kz6 .5

D IIIODEL RESID.

56.7 56.7 -.00
.7 .7 +.00 PHASE l{ctig fi

18 .2 18 .2 -.008.1 8.1 -.00 FogO -7.67 16.9j
4.7 4.7 -.00 cPxl -14.99 17.04
7.7 7.7 -.00 An50 -16.99 77.45
3.2 ,.2 +.01 1,IT10.0 -2.94 5.47
.8 .B -.00 t{ErTl -2.78 6.1t

StnI SQUARES RESID. = .O001 CRYSTALS REUOVED = 45.j7%
=====-============== ========================================
NOTE: Trace erenents cannot be adequately noderred because

melt nust be renoved to produce the best majors fit.



MODEL NO, ! 45.2.31
PARENT : 14855 (RUAPEEU BASALT)
DAUGHTER z L4737 (TE EERENCA FORI"IATION BASIC AIIDESITE)
DESCRIPTION : AFC (K-Poor nelt)

i=-E-E=Es--a=-=-tE===l=-========-=-====t===t=

D UODEL RESID.

slo^
Tio;

11a6'
Mgo
CaO

Na?o
Kz6

P

52.9
.7

15.8
8.9
8.8
9.8
2.6

.6

P

50 .9
1.1

15.8
9.2
9.4

10.5
2.5

.6

56.7
.7

18.2
8.1
4.7
7.7
3.2

.8

D

56.7
.7

18 .2
8.1
4.7
7.7
3.2

.8

56.7
.6

L8.2
8.1
4.7
7.7
3.2

.8

56.5
.7

L8.2
8.0
4.7
7.6
3.2
1.0

+.00
-.04
+.00
+.01
+.00
+.00
+.01
+.02

-.06
+.03 PHASE

-.05
-.06 Fo90
-.o4 cPxl
-.03 An60
-.01 }fr17 .5
+,Zz

CRYSTALS REUOVED

PUASE I{GTZ

Fo90 -9.67 13.85
cPxl -15.71 22.50
An60 -28.76 41.18

!ff10.0 -4.59 6.57
}|ELT2 -11.10 15.90

:g=:::gl=:T313==I==3331===:::::*:=Y::::=:=13:311======
NOTE: Trace eleuente cannot be adequately uodelled becauee

mett rnust be renoved to produce the best naJore flt.

MODEL N0. z l$.2.32
PARENT z 22998 (ONGAROTO BASALT)
DAUGETER z L4737 (TE HERENGA FORUATIoN BASIC AI{DESITE)
DESCRIPTION : POAI1 fractionatl.on.

==========================================================-
UODEL RESID.

slo,
Tro;

lla6'
Mgo
CaO
Naro
*zO

SIm SQUARES RESID. = .0605

WGTZ

-9 .O2 16.07
-L7 .77 31.66
-24.89 44 .34
-4.45 7 .93

= 56.L3ft

P

10
nd

t25
330
2ZO
550
160

D

zo
250

63
248
210

38
25

22

259
377

52
6
I

.04

.L2

.84
2.7 4
6.50
4.69

+ 10.0

+311.1
+ 52.0
- 75.2
- 84.0
- 68.0

UISFIT

NO

YES
YES
YES
YES
YES

I'TODEL BULK DC Z ERROR

Rb
Ba
Zr
Sr
v
Cr
N1

===-========================= ==============-=========E======



UODEL NO.
PARffT
DAUCHTM
DESCRIPfION

-5n-
Ar.2.77
14e55 (nulpuru gAslr,r)
147ej (wtutclplpA FoRr.rATroN AcrD Npgsrrn)
Alc (r-rictr nelt )

si02
Ti0;

I!a6,
Iitg0
Ca0
[aro
Kzd

P

52.9
.7

15.9
8.9
8.8
9.8
2.6

.5

D

57.5
.7

1'l .1
7.1
5.O
7.8
7.4
1.4

57 .6
a'l

17.1
7.1
5.0
7.8
,.3
1.7

+.04
+.01
+.O5
+,O1
+,01
+.O1

-.o8
_,05

PHASE

Fo80
cPxz
AnTO

lfl15 .0
Ii[EtTl

I{ODEI RESID.

SIJI'T SQUARES RESID. - .0115 cnYsTAls Rm{owD

UCTtr fi

-8.1 1 25.57
-t 1 .01 74.71
-11 .r1 55 .69
-1.28 4.O4
+5.85 0.00

- 51 .71f,

Rb
Ba
Zr
Sr
v
Cr
Ni

IITODET NO.
PARENT
DAUCHTER

DESCRIPTION

si0^
rioi
$1a6,
lIsP
Ca0
Naro
Kzd

P

11

D

51
185 543
50 98

201 299
251 192
380 74
142 40

16 .O'
264 .O7
70 .11

227 .58
198 1.62
7t ,.15
22 5.87

- 58.6
- 25.o
- 28.5
- 24.1
+ ,.1
- 1.4
- 45.o

I'TODET BULK DC S NNNON UISFIT

YES
IES
TES
YES
NO

NO

YES

45.2.34
1196' (nEn Cnlrm
14785 (WrU,rmAPa
Af'C (f-ricrr nelt )

BASA}T)
FOBT'{ATION ACID ANDESITE )

P D I,IODEI

51., 57.6 57.6
nnn. | . | .l

1r.5 17.1 17.1
9.,l 7.1 7.2
7.8 5.0 5.1

10.5 7.9 7.8
2.5 1.4 1.2
.7 1.4 1.t

ucrs

Fo80 -4.23 17.89
cPx2 -15.O7 49.47
AnSO -9.33 30.62

IrlTl 5 .O -1 .Bt 5.O1
IrlELTl +4.57 0.00

REII{OVED = 50.467

RESID.

+.06
-.01
+.O4
+.05
+.o2
+.01

-.1,l
-.o8

STIIIT SQUARES RESID. = .0269 CRYSTATS

P

20
1t7

6B
?78
271
281

61

D

51

743
98

299
192
74
40

28
193

93
,21

.1'

.50

MODEI BUTK DC I BNNON IIISFIT

Rb
Ba
Zr
Sr
v
Cr
Ni

.o7 - 45.1 rES
,05 - 47.7 rES

165 2.16
27 7.49
12 5.67

- 5.1 N0
+ 7.4 I{0
- 14.1 N0

- 51.5 rEs
- 70.0 YBS

======================================================== ===E



}|ODEL N0. : A5.2.35
PARENT : 14855 (RUAPEHU BASALT)

OlUCgr5x : 14781 iWgAtGPAPA FORMATION ACID AI{DESITE)

DESCRIPTION I Atr'C (K-rtch rnelt; O = ollvlne)

i======-========t=E-========g================

sio.
Tlo^4

*1a6,
Mgo
Ca0
Na?o
KzO

P

Rb 11

Ba
Zr
Sr
v
Cr
Ni

PD

52.9 59.3
.7 .7

15.8 17.0
8.9 6.s
8.8 4.5
9.8 7.O
2.6 3.4
.6 1.6

20L
25r
380
L42

230 .84
LOz 2.O9
L2 5.20
11 4. 11

- L7.9 NO

- 42.4 YES

- 84.0 YES

- 65.6 YES

MODEL RESID.

59.3 +.00
.7 +.02 PUASE VIer?. Z

17.0 -.00-6 .5 -.00 Fo80 -9 '03 22 '7 5

4 .5 -.OO CPX2 -13 .34 33 .62

7.0 -.oO An70 -L5.47 38'98
3 .4 -.01 UT12 .5 -1 .85 4 .65
I .6 -.01 l{ELTl +8.34 0.00

D UODEL BULK DC Z ERROR MISFIT

2t+ .04 - 59.3 YES

394 .08 + 7 .4 NO

104 .11 - 10.3 N0

sIDtSQUARESRESID.=.000TCRYSTALSREuovED=39.697"

Rb
Ba
Zt
Sr
v
Cr
Ni

P D MODEL BUI,K DC Z ERROR UISFIT

11 59 L8 .04 - 69.5 YES

185 367 296 .O7 - 19.3 NO

50 116 79 .11 - 57.8 YES

20L 280 229 .74 - L8-2 NO

zsL L77 L69 L.79 4.5 NO

380 75 40 5.45 - 46.7 YES

L42 32 15 5.49 - 53.1 YES

=========================== ============================== ===

lroDEL NO. z A5.2.36
PARENT : 14855 (RUAPEHU BASALT)

oaucHren : 14781 (WHAKAPApA FORMATION ACID AI{DESITE)

DESCRIPTION : AFC (K-rtch nelt; O = orthopyroxene)

a============================

D UODEL RESID.

59.3 59 .2 -.15
.7 .7 +.01 PHASE WGT?" 7"

17.0 16.9 -.10-'6:t - 6.4 -.L2 Enso -15.35 27 '35
4.5 4.4 -.O2 CPX2 -13.15 23 '43
7 .O 6 .g -.06 An70 -24 '78 44 'L4
3.4 3.7 +.24 ltr12 -5 -2.86 5 '09
1.5 1.8 +.19 MELT1 +6.84 0 '00

SIIM SQUARES RESID. = .L442 CRYSTALS REIiOVED = 56 'L4%

P

sLo, 52.9
rLo; .7
Alc6q 15.8
FeO " 8.9
Mgo 8.8
CaO 9.8
NarO 2.5
*26 .6

59
167
r.1 6
280
L77
75
32

r85
50

== ======= === == = === ====-- ============ = = ======================-
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UODEI l{0. . A5.2.17
PARmT z 11g65 (nUD CrurER BASATT)
DAUGHTm : 14?81 (tiHltclplpA rORI,{ATTON ACID A}TDESTTE)
DESCRIPTION : Atr'C (f-rictr nelt )

P

si02 j7.j
rio; .7
A1203 15.'
FeO - 9.1
I{90 ?.8
CaO 1O.5
NarO Z.jKzd -7

I'fODEI RBID.

59.3 59.t,7 .7
17.O 17.0
6.5 6.6
4.5 4.5
7.O 7.0
1.4 t.4
1.5 1.6

+.0'l
+.O2 PHASE IdCt#
+.01
+.01 Fo80 -4.99+.01 CPxz -17.O7+.0O An80 -12.27
-.o7 ![T1 2.5 -2.29..O2 I'TETT1 +?.OB

%

11.65
45.54
,r.54
5.27
o.00

SLJITI SQUARES RBSID. = .OO22 CRYSTAIS REUOVED = 76.56

Rb
Ba
Zr
Sr
v
Cr
Ni

si0^
Tiot
A12Dq
FeO '
II,IEO

Ca0
Naro
K16

P

20
117
58

27e
271
?81

51

D

59
367
115
280
177
7'
12

60.6 60.5
.7 .7

16 .8 15,96.7 5.5
7.8 1.9
6.6 6.5
1.1 5.2
1.8 't .B

PHASE \tffi% 
%

FoSO -1O.18 20.06
cPXz -15.62 30.19
An60 -21.15 45.12

w12.5 -2.40 4.61
l,IElTl +7.19 0.00

uoDEr BI[,K DC s nnnOn ]rrsFrr

71 .O3 - 47.5 YtsS

210 .05 - 42.8 rES
100 .15 - 11.8 N0

t26 .55 + 15.4 I{0
147 2.41 - 19.2 N0
16 '1.7O - 78.7 YES
8 5.48 - 75 .O YES

MODEI N0. z L5.2.78
PARENT I 14855 (NUAPNTU BASAIT)
DAUGHTER : 148O4 (rry.lrAppA FOm{AlrON ACrD ANDESTTE)
DESCRIPTION : AFC (X-rictr nelt)

-------============================================
UODET RESID.P

52.9
r,

15.8
8.9
8.8
9.8
2.6

.6

+.01
+.00
+.02
+.Ol
+.01
+.01

-.06
-.00

Stn{ SQUARES RESID. = .0044 CRYSTALS REI{OVED = 51 .65fl

Rb
Ba
Zr
Sr
v
Cr
Ni

P

11

185
50

201
251
t80
142

D

73
413
179
297
164
57
24

I'IODET BUIK

22 .04
561 .08
96 .10

224 .85
145 1 .74
2A 5.O8
8 4.91

DC f rnnon lrrsFrT

- 59.9 YES

- 12.6 N0

- to.9 YES

- 27.5 YES

- 11.0 N0

- 62.5 YES

- 55.7 YES

============================== ============================= =



MODEL NO. : 45.2.39
PARENT : 11965 (RED CRATER BASALT)

iluciisn : 14804 iwsAKAPAPA F6RMATISN AgID AIIDESITE)

DESCRIPTION : AFC (K-rlch nelt)
t--E===t==-=-===g=======-====

sio?
Tlor-

ila6,
Mgo
CaO
Na?o
Kzd

P

53.3
.7

15.5
9.1
7.8

10.5
2.5

.7

60.6
.7

16.8
6.3
3.8
6.6
3.3
1.8

D MODEL RESID.

60.6 +.00
.7 -.01. PAASE

16.8 +.00
6.3 +.00 Fo80
3,8 +.00 cPx2
6.6 +.00 An70

3.3 +.00 !fr12 .5
r. .8 -.00 UELT1

r{GTz z

-6.13 13.87
-18.37 4L.54
-17 .09 38.64
-2.63 5.95
+8.45 0.00

Strr{ SQUARES BISID. - .0002 CRYSTALS REUOVED = 44'227

Rb
Ba
Zr
Sr
v
Cr
Ni

P

20
L37

68
278
27L
281

63

D

73
413
139
293
L64

53
24

UODEL BULK DC Z ERROR HISFIT

35 .04 - 52.1 YES

235 .07
1r3 .13
323 .74
r30 2.26
10 6.68

- 43.1 N0

- 18.7 NO

+ 10.2 N0

- 20.7 YES

- 81.1 Y-ES

6 5.19 - 75.O YES

========= =========================== ========================

MODEL NO. z l$ .2.40
pannnr : 14785 (WHAKAPAPA FORMATION ACID AI{DESITE)

DAUGTITER : 14804 iWneruppA FORyATI9N ACID AI{DESITE)

DESCRIPTION : AFC (K-rich nelt)

================== ==========================================
D }IODEL RESID.

sio^ 57 .6 60.5 60.6 +.00
Trol .7 .7 .7 -.o2 PHAsE wGT"/'

A1,,6" 17.1 16.8 16.9 +-oz
i.6"' -i-.1 -6:t 6.3 +.01 Enso -6 '50
Mgo 5 .0 3 .8 3 .9 +'Ol cPx2 -8 ' 69

cio 7 .8 6 ,6 6.6 +.oo An5o -28 '82
Na^o 3.4 3.3 3.3 -.03 ur12 '5 -2 '58
*16- 1.4 1.8 1.9 +.01 l'lELTl" -9 '39

:y=:::5-i--Y313==l==33t=t====:::::*:=yi9i'=:==='=?=?21:======
NOTE: Trace elements cannot be adequately nodelled because

mett must be removed to produce the best naJors flt '

7"

11.61
15.52
5r..48
4.60

t6.78



-150-
![ODE], N0. . A5 .t .1
PAXH{T z 14855 (nUeemru BASATT)
DAUGHTm z 14g25 (rtlnr.arol FoRrrrATroN AcID ANDESTTE)
DESCRIPTI0N : AIC (t<-rictr meLt )

=================a-===-=====E===G======================== ===

P

si02 52.9TiO; .7
Al2bj 15.8
FeO - 8.9
ueO 8.8
CaO 9.8
Naro 2.5
Krb '6

D UODEI, RESID.

57.2 57.2 -.01
.7 .7 -.04 PHASE

17.1 17.O -.O27.7 7.7 -.O0 FogO
5.7 5.t -.01 cPxl
8,2 8.2 -.00 Ar50
2.9 1.O +.09 r[T10.0
1 .0 1.0 -.01 tmrTl

iicrtr fr

-7.41 19.65
-11.29 29.97
-15.18 42.9O
-2.94 7.57
+l .10 0.00

,7.72f,SttU SQUARES RESID. = .0108 CRISTALS REII0VED =

Rb
Ba
Zr

Cr
Ni

si0^
Tio:

*:66,
Mgo
Ca0
Na.o
*16

P

11

185
50

780
142

D

51

258
75

zzo
225
141
64

I,IODEL BIitK DC I NNNON UISFIT

Sr 2O1
v 251

II{ODET RESID.

58,7 +.01
.7 +.0O PHASE

20.5 +.01
5 .5 +.0O Fo85
2.1 +.00 cPx.z
8,0 +.00 An50

,,6 -.Oj 1,IT10.0
1.' -.00 }IELT1

YES
NO

NO

NO

YES
TES
YES

YIGM fr

-1O.72 70.22
-16,51 46,61
-6 ,01 16 .96
-2.20 5.21
+4.73 0.00

55.47/'

17 .O4
286 .08
76 .1 'l

220 .81
117 2.51
t2 6.21
20 5.15

- 45.2+ 5.2+ 1.7
- 2.7
- 48.O
- 77.1
- 58.8

============================================================

$ODEI N0. t A5.1.?
PARENT z 14855 (nUmrUU BASA],T)
DAUGHTER z 14911 (nAHrAr{oA Fom{ATroN ACrD ANDBSTTE)
DESCRIPTION : Atr'C (f-rictr nelt)

P

52.9
.I

15.8
8,9
8.8
9.8
2.6

.6

T\

58.7
.7

20.5
5.5
2,1
8.0
t.5
1.1

Su!,I SQUARES RESID. = ,0009 CRYSTAIS REMOVED =

P

11

D

79
185 

'1750 95
201 144
251 167
180 75
142 27

- 16.1
- 66,7

MISFIT

YES

NO

YES

YES

NO

TES
YES

IIIODEI BIITK DC * ENNON

17 .O2 - 55.4
282 .O4 - 11 .0
7t .15 - 23.2

267 .75 - 22.4
116 2.40 - 18.5
21 7.45
9 7.41

Rb
Ba
Zr
Sr
v
Cr
Ni
=========E===================-========================= =====



UODEL NO. : A5.3.3
PARENT : 14855 (RUAPEIIU BASALT)
DAUGTTTER : 14901 (WAHIAIIOA FORHATIoN ACID AITDESITE)

DESCRIPTION : Atr'C (K-rlch nelt)

P

sto, 52.9
Tro; .7
A1.,6, 15.9
Fe6 - 8.9
Mgo 8.8
CaO 9.8
NarO 2.6
*26 .6

SIm SQUARES RESID. = .0036 CRYSTAIS REIIOVED

D I'TODEL RESID.

58.9 58.9 +.02
.7 ,7 +.00 PEASE

20.0 20.0 +.o2
5.6 5.6 +.02 Fo85
2.L 2.L +.01 CPX2

7 .6 7 .6 +.00 An70

3.9 3.8 -,05 Mr10.0
L.2 L.2 -.O2 UELTI.

WGTZ Z

-10.89 26.83
-L6.79 41.38
-10.44 25.73
-2.46 6.06
+2.65 0.00

- 40.581

P

11
185

50
20L
25L

P

53.3
.7

15.5
9.1
7.8

10.5
2.5

.7

D

35
294

91
3L7
r95

D

s8.3
.7

20.5
5.5
2.1
8.0
3.6
1.3

MODEL

18
303

79
260
r_28

BTILK DC Z ERROR UISFIT

Rb
Ba
Zr
Sr
v
Cr
N1

.5r - 18.0 N0
2.30 - 34,4 rES
6.83 + 20.0 N0380 15 18

MODEL NO.
PARENT
DAUGHTER
DESCRIPTION

si0,
Tro;

ila6'
ngO
CaO
Na"O
Kz6

SUM SQUARES RXSID. = .0098

.03

.05

.r.3

+.02
+.04 PHASE
+.o2
+.01 Fo85
+.01 cPx2
+.00 An70

-.08 I'lrLo .0
-.03 llELTl

CRYSTALS REI.{OVED

- 48.6 YES
+ 3.1 NO

- L3.2 NO

L42 20 I 5.63 - 60.0 YES

'========================================E==================

A5.3.4
11965 (RED CRATER BASALT)
14911 (I{AtrrAl{OA FORI'{ATroN ACrD At{DESrrE)
AI'C (K-rich nelt)

============================================================
D{ODEL RXSID

58.3
.7

20.5
5.5
2.L
8.0
3.6
L.2

I'|/GT?" 7"

-7 .r5 19.85
-20.69 57.43
-5.60 15.53
-2.59 7 .20
+2.O2 0.00

= 36.O42

Rb
Ba
Zt
Sr
v
Cr
Ni

P

20
L37

68
278
27L
28L

63

D

39
3L7

95
344
L67
36
27

MODEL BULK DC Z ERROR I'IISFIT

31
210

98
374
LzL

9

4

.03

.o4

.18

.33
2.81
8,82
7.L6

- 20.5 YES

- 33.8 YES
+ 3.2 N0
+ 8.7 NO

- 27 .5 YES

- 75.0 YES

- 85.2 YES

============= ==-========================!-===e===3==========
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IIODET, N0. I A5.1.5

DAUCHTER Z 14911 (TIAHIANOA IORI{ATION ACID AI{DESITE)
DESCRIPTION : Atr'C (f-rictr melt )

:====-= 
= ========== ========= ==

D UODET RESID.P

si02 51 .4rio; 1.1
A12-Oq 17 .6
FeO - 9.8
UgO 6.0
CaO 10.8
[ar0 Z.gKeo .5

58.7
.7

20.5
5.5
2.1
8.0
t.6
1.'

5e.2 -.O2
.7 -.00 PHASE

20.5 -.01
5 .5 -.O1 I'o9O
2.'t -.o1 cPxl
8.0 -.00 AnTO

, .7 +.04 I![T1 2 .5
1 .1 +.O2 lmlTl

ltcr7,' 
%

-4.18 10.64
-15.55 t9.51
-15.92 75.44
-5.52 14.t1
fi.17 0.00

- 39.24SIJ}f SQUARES RESID. = .OO27 CRYSTAIS REI{OITED

Rb
Ba
Zr
Sr
v
Cr
Ni

P

14
129
84

148
252

P

sio2 55.8rio; .8
A1e0z 17 .g
FeO' 8.0
IifgO 5.2
CaO 8.7
Nar0 2.7
Keb .9

uoDEr BlrrK DC fi

23 .O4
206 .07

ERROR ITTISFIT

41.O TES

'5.O 
YES

72.6 YES
18.4 N0
76.6 IES
97.2 YES
88.9 YES

vcM

D

t9
717

95
744
167
55
27

128 .15
408 .68

+
+

PHASE

EnBO
cPx2
An90

IuU12.5

-8.1 1 
'6.14-7,06 t1 .45

-r.19 25.15
-2.08 9.27

44
29

59 4.74
1 9.79
3 5.94

======================================================= =====

IIIODEI N0. z A5.1.6
PARENT z 14922 (WlUrnrOl I'0HI,IATIoN BASIC ANDESTTE)
DAUCHTER : 1491 1 (UAHIANOA IORUATION ACID ANDESITE)
DESCRIPTION : POAM fractionatioa.

D IIODEI RESID.

58.1 5e.4 +.10
.7 .7 -.0'l

2O.5 2O.5 +.05
5.5 ,.6 +.08
2.1 2.1 +.00
8.O 8.1 +.Q3

5.5 7.4 -.20
1 .7 1 .2 -.07

SUII SQUARES RESID. = .0577 CRYSTAIS REIIOVED = 22,44fr

P

Rb 25
Ba 24t
Zr 69
Sr 22O
v 242

I.IODEI BIII,K DC fr ERROR Ir[ISflI

17.9 N0

2.' N0

9.5 N0
26.7 YES

27'4 YES
66.7 YES

56.7 YES
Cr

D

19
117

95
,44
167
76
27

72
Ni t0

,2 .O5

109 .05
85 ,15

252 .45
128 t.5t
12 7.94
9 5.71

======E=-=-=-================ ==B==-===========E========= == ==



P

slo, 55.9
rr0: .8
41o6" L7 .g
FeO " 8.0
ugo 5.2
CaO 8.7
Na?O 2.7*zd .e

UODEL NO. : 45.3.7
rmrut z L4922 (ITAIIIANOA FOBI.{ATION BASIC AI{DESITE)

olfturun : 14911 iw11rymoa F9RMATIgN AgID A1{DESITE)

DESCRIPTION : POA fractlonatlon (O = ollvlne)

========--=========--==================E==--====gt-===--'=:D UODEL RESID.

58.3 57 .2 -1 .05
.7 .8 +.08

20.5 21.1 +.61
5.5 6.4 +.87
2 .L 1 .8 -.30
8.0 8.3 +.22
3.6 3.6 -.03
1.3 .9 -.40

sID{ SQUARES RESTD. '2.5426 CRYSTALS REI'IOVED - LL'762

P D }IODSL BIIII( DC Z ERROR }IISFIT

25 39 24 -02 - 38.5 YES

243 317 234 -O2 - 26.2 YES

69 95 63 -15 - 33.7 YES

220 344 280 .05 - 18.6 N0

242 :..67 207 -67 + 28.5 YES

72 36 31 6.24 - L3 '9 NO

30 27 10 8.51 - 50.0 YEs

= = = = = == == = == = = = = = == = == == = = == = == == = = = = == == === ==== = = == = === = = -a

I{ODEL NO. : A5.3.8
plnnlru z L4922 (WAITIANOA FORMATION BASIC AIIDESITE)

oeucnrnn : 1.4911 (Wesratoa F9RHATTON ACrD ANDESTTE)

DESCRIPTION : POA fractlonatlon (O = orthoPyroxene)

====================================================-======
D }IODEL RESID.

58.3 56.6 -1.64
.7 .8 +.12

20.5 2L.4 +.91
5 .5 6 .5 +.97
2,l 2.3 +.20
8.0 7 .8 -.2L
3 .6 3 .6 -.03
1.3 .9 -.32

D I'IODEL BULK DC Z ERROR MISI'IT

25 .02 - 35.9 YES

25L .02 - 20 -8 YES

68 .20 - 28.4 YES

28L .06 - 18.3 N0

206 1.10 + 23.4 YES

22 7 .76 - 38.9 YES

L1 6.64 - 59.3 YES

PUASE WGTU Z

Fo85 -4.91 4L.77
cPx2 -5.85 58'23
An40 +15.40 0-00

PIIASE T{GTZ 7"

En80 -4.64 31.95
cPxz -9.88 68.05
An4O +L2.2O 0.00

Rb
Ba
Zr
Sr
v
Cr
Ni

P

sio? 55.8rro; .8
A1a61 L7 .9
FeO - 8.0
MgO 5.2
CaO 8.7
NarO 2.7
*26 .e

25 39
243 317
69 95

220 344
242 L67
72 36
30 27

Rb
Ba
Zx
Sr
v
Cr
Nt
========= ================== === ==============-===============



-552-
UODEI N0. | 45.5.9
PARffT z 16721 (UmrANOl FORUATION ACrD ANDESITE)
DAIIGHTER : 149O1 (VMTAIIOI FORU.0'TION ACID AIIDESITE)
DESCRIPTION : Plagioclase addition.

D UODEI RESID.P

SiO. GO.l
fio; .7
Alob. 18.0
FeO ' 6.6
ueO 5.o
CaO 5.7
NarO ,.7Kz6 1.2

59.O +.05
.5 -.19

20.O +.O2
5.' -.to
2.5 +.45
7.',| +.04

,.8 -.05
1.O -.24

PHASE VCM %

An50 +19.68 0.00

,8.9
n.l

20.o
5.5
2.1
7.6
t.9
1.2

StlI SQUARES RESID. = .7265 CRISTAIS ADDED = 19.64

P D IIODEI,

Rb 41 15 52

BIrLK DC * nnnon lfistr'rr

328 294 262
96 91 73

2r7 717 277
v 151 195 116

Ba
Zr
Sr

Cr

UODEL NO.
PARENT
DAUGHTM
DESCRIPTION

2t 15

Stnr{ SQUARES RESID. = ,t514

+.j5
-.O2 PHASE
+.31
+.j5
-.15
-.4O A!5O

-.09 MT12.5
+.o2

CRYSTALS ADDED

- 8.6 N0
_ 10.9 N0

- 19.8 N0

- 12.6 N0
- 4O.5 YES
+ 11.7 l{0

hlcrig

+27 .13
+1.21

= 28.16%

.07

.15

.0.|
1.85
.ol
.0117

Ni 17 20 13 .01 - t,.O YES

45.7.10
16867 (VmrmOl FoRI'[ATroN ACID ANDESTTE)
14901 (rrAUrmOl rCIRr{ATroil ACID ANDESTTE)
Plagioclase + Dagetite addition.

D II{ODEI RESID.

si0^
Tio:

fla6,
ljle0
Ca0
Naro
Kzd

P

61 ,4
.|

17.9
6.2
2.6
6.0
7.6
1.5

58.9
n

20.0
5.5
2.1
7.5
1.9
1.2

59,1
n.f

20.1
,.7
2.O
7.2
t.8
1.7

0.00
o.oo

P

55
189
119
248
171

10
17

D

t5
294

91
717
195

15
20

It{ODEL

15
262

67
,o,
190

12
1t

.15

.07
1 .75
1 .71
1 .74

.44

_ 10.9
- t0.8
- 5.0
- z.o
- 20.0
- 15.O

It[ISI'IT

NO

NO

YES
NO

YES

BIII,K DC tr ERROR

.07 + 2.9Rb
Ba
Zr
Sr
v
Cr
Ni

NO

l{0



!{ODEL N0. : A5 .4 .1
PARENT : 14883 (MANGAI{HERO FOR}'IATION ACID AI{DESITE)

DAUCETER : 14882 (UANGAI{HERO FORI'IATION ACID A}IDESITE)

DESCRIPTION : POAI'i fractlonatton (O - oLlvine)

P

sioo 59.0
rlo; .7
A1161 15.6
FeO - 6.9
ugo 7.O
CaO 7.6
Na'o 2.7
*26 1.4

sul't SQUARES RESTD. = .0044 CRYSTALS REMOVED = L7.7Ifl

D }TODEL RESID.

60.2 60.2 +.02
.8 .8 +.00 PEASE

15.6 1.5.6 +.02
6.3 6.3 +.02 Fo85
5.8 5.9 +.01 CPXz

6.7 6.7 +.01 An60

2.9 2.9 -.04 ltrT .5
1.8 L.7 -.04

I{GTZ Z

-3.26 L8.44
-4.81 27 .L5
-8.83 49.85
-.8t 4.57

P

54
331
114
250
189
286
110

.04

.09

.09

.94
L.69
4.73
4.53

- L2.3
+ L.8

4.2
+ 14.0

6.3
- 42.L
- 32.1

T,TISFIT

NO

NO

NO

NO

NO

YES
YES

MODEL BULK DC Z ERROR

Rb
Ba
Zr
Sr
v
Cr
NT

73 65
388 395
L42 136
222 253
L76 165
240 138
81 55

-=== ======E================ ================ 
-===============

DIODEL NO. z l$ .4 .2
PARENT : 14883 (I'{ANGAWI{ERO FORMATION ACID ANDESITE)

DAUGHTER : 14882 (UANCAI,IHERO FORMATION ACID ANDESITE)

DESCRIPTION : POAI! fractionation (O = orthopyroxene)

RESID.

-.03
-.OO PHASE

-.01
-.OZ En80
-.00 cPxz
-.01 An60

-.01 MTl"z .5
+.08

sulr SQUARES RESTD. = .0084 CRYSTAIS REI'iOVED = 24 -7O7

slo?
Ti0;

$la6'
Mgo
Ca0
Naro
*26

P

58.0
.7

15.6
6.9
7.0
7.6
2.7
L.4

D

60.2
.8

15.6
6.3
5.8
6.7
2.9
1.8

UODEL

60.2
.8

15.6
6.2
5.8
6.7
2.9
1.8

wGT7" Z

-6.28 25.4L
-4.91 19.87

-L2.55 50.84
- .96 3 .88

P

54
331
114
250
189
286
110

D

73
388
r42
222
L76
240

81

7L
428
L47
253
156
LL2

52

.05

.09

.10

.95
L.67
4.3L
3.62

MODEL BULK DC Z ERROR MISFIT

Rb
Ba
Zt
Sr
v
Cr
Ni

+
+
+

2.7 NO

10.3 NO

3.5 NO

14.0 N0
11.4 NO

53.3 YES

35.8 YES

==================================== ========================



==========E=E=EE=Et-==========EE=E-===E=== =====E============

UODEI NO. :
PARH{T :
DAUGHTM :
DESCRIPTTON :

P

si02 5B.Orio; .7
A12bq 15.6
FeO - 6.9
I.Ie0 7.O
CaO 7.5
NarO 2.7
Ke6 1.4

-517 -

45.4.5
14BBt (TUUCaWUUnO TOnMATTON ACrD AXDESTTE)
1 4829 (runClrruRo FoRI,!ATI0N DACTTE)
P0AM fractioaation (g = olivine)

D UODEI RtsSID.

54.4 64.5 +.16
.9 .9 -.0O PHASE VeM %

15.6 15.6 +.07
5.1 5.2 +.17 Fo80 -8.12 20.81
1.2 7.2 +.05 CPxz -lo.5O 26.70
4.8 4.8 +.Oj An50 -19.89 49.82
7.1 

'.1 
-.OO m15.0 -1 .22 

'.055.1 2.6 -.4t
SUU SQUARES RESID. = .2565 CRYSTAIS REIi{QVED - 19.9t%

Rb
Ba
Zt
Sr
v
Cr
Ni

P

54
511
114
250
lBg
285
110

D

112
5t5
225
215
151
111

4B

UODET BIII,K DC ft

88 .O4
527 .09
182 .09
254 .94
159 1.25
50 4.05
17 4.64

+
+

FonuATr0N AcrD ANDESTTE)
tr'ORI,IATION DACITE)
(0 = orthopyroxene)

ERROR I,IISFIT

71.' YES
1.5 N0

19.5 ilo
20.0 N0
11.9 N0

46.9 rES
64.6 YES

PHASE I|GTF %

En80 -17.31 26.46
cPx2 -9.60 19.O9
An60 -25.59 50.88

lE15 .O -1 .80 3.57

======= == ===== ============== = ===== ======= ======B= ==g==== === =

I{ODEI NO. :
PAXENT :
DAUCHTEN :
DESCRIPTION :

45.4,4
14887 (U.UICnrnnnO
14829 (UmClmrunO
POAM fractionation

========E=========E=============E=============E=============

P

58.0
n.l

15.6
6.9
?.0
7.6
2.7
1.4

D

54.4
.9

15.5
5.t
t.2
4.8
t.1
,.1

64.+
.9

1r.6
5.1
7.2
4.8
t.1
2.9

+.Q7

-.00
-.00
+.02
-.o0
+.01
+.05
-.t2.

}IODEI RESID.

si0^
Tio:

I!a6,
ueo
Ca0
Naro
Krd

SUItt SQUARES RESID. = .0184 CRYSTALS REII{OVED = 50.76

Rb
Ba
Zr
Sr
v
Cr
Ni

P

54
711
114
25o
189
286
110

D

112

535
226
215
151
117
48

Ii{ODET BIITK DC f NNNON }TISFIT

105
525
215
25e .95
126 1.58
52 4.14
18 7.62

.05 - 20,5 YES

.09 + 15.8 N0

.09 - 4.9 N0
+ 20.0 N0
- 16.5 N0

- 71 .7 YES

- 52.5 YES

====g=E===========E===========E===========E=t============== =



I'{ODEL NO. : A5 .4 .5
PARENT : 14883 (MANGAIIUERO FORMATION ACID AI{DESITE)

DAUGIITER I L4829 (UANGAI{IIERO FORMATION DACITE)

DESCRIPTION : AI'C (K-rlch rnelt )

===================aE=-==-==E===-=====-=====================

P

sio, 59.0
Tio; .7
A1.,6. 15.5
FeO - 6.9
MgO 7.0
CaO 7.6
NarO 2.7
Kz6 1.4

D MODEL RESID.

64.4 64.4 -.01
.9 .8 -.01. PHASE

15.6 15.5 -.01
5 .1 5 .1 - .01 En80
3.2 3.2 -.00 cPx2
4 .8 4 .8 -.00 An60

3.1 3.1 +.03 !m12.5
3.1 3.1 +.00 UELT1

WGT7" "A

-L2.26 27 .72
-8.61 L9.49

-21.83 49.38
-1.51 3.41

+10.30 0.00

SIJU SQUARES RESID. = .0015 CRYSTALS REUOVED = 44.23:l

Rb

PD

54 L32

I'IODEL BULK DC Z ERROR MISFIT

94 .04 - 28.8 YES

Ba 331 535 563 .09 + 5 '2 NO

Zx 114 226 193 .10 - L4'6 No

Sr 25O 215 261 .93 + 2L.4 YEs

v 189 151 L37 1.55 9-3 No

Cr 286 113 46 4.15 - 59'3 YES

::========11:======::======?=?=====2:'j=====:=11=3====--:::=====

UODEL NO. : A5.4.5
PARENT : 14884 (MANGAWI{ERO FORI'IATION ACID AI{DESITE)

DAUGHTER z L4829 (I|ANGAWIIERO FOR}'IATION DACITE)

DESCRIPTION : POAlt fractionation

================== ==========================================
D MODEL RESID.

64.4 64,4 +.01
.9 .8 -.01

15.6 15.6 +.01
5.1 5.1 +.01
3.2 3.2 +.00
4.8 4.8 +.01
3.1 3.1 -.01
3.1 3.0 -.03

SUl,l SQUARES RESID. = .0015 CRYSTALS REMOVED = 46'6L7"

sio,
Tlo;

*lau'
t{gO
Ca0
Naro
Kzd

P

59.2
.7

L5.2
6.5
6.7
7.L
3.0
1.6

PEASE WCT"I "/"

En80 -11.81' 25.33
cPxz -9.80 2r.03
An50 -23.60 50.63

!n17 .5 -1.40 3.01

Rb
Ba
Zr
Sr
v
Cr
Nt

P

66
342
L29
232
T7L
325
101

D

132
535
226
2L5
151
113

48

I'{ODEL

120
605
228
239
132

47

BULK DC

.05

.09

.10

.95
L.42
4.O7

20 3.59

Z ERROR MISFIT

9.1 N0
+ 13.1 N0
+.8N0
+ 11.2 NO

- L2.6 NO

- 58.4 YES

- 58.3 YES

=== = === ==== ===== == == = =E=== ============= == === ====== == ==== == 
t=



-314 -

IIIODEI N0. I A5.4.7
PARB'IT : 14882 (UnnCmUnRo F0RMATIoN ACID ANDESITE)
DAUGHTm z 1482g (t'llNClUltBRo IORII{ATTON DACTTE)
DESCRIPTION : POAM fractionation

P

sio? 60.2rio; .8
4116" 15.6
FeO ' 6.t
IiIe0 5.8
CaO 6.7
Nar0 z.g
Kz6 1.8

D I,{ODEL RESID.

64 .4 64.4 +.0,l
.9 1 .1 +.2o PHASE ucrl8 fi

15.6 15.5 +.04
5.1 5.1 -.Ot En?0 -1 1 .04 27.29
1.2 ,.2 +,O2 CPX2 -7 .11 18.08
4.8 4,8 -.O0 Au50 -21 .77 57.72
t.1 2.9 -.17 lfr15.O -.r'l .91
5.1 t.O -.O7

Stl{ SQUARES RESID. = .0768 CRYSTAIS REI,{OVED = 40.45%

Rb
Ba
Zt
Sr
v
Cr
Ni

P

71
,88
142
222
176
240

B1

D

112
515
110
215
151
11'
48

64.4
.9

15.6
,.1
7.2
4.8
1.1
7.1

l,loDEL BIILK DC f, ERROR UISFIT

8.7 l[0
,7.O YES
19.9 N0
2.8 N0

76.4 rES
47.8 YES
58.8 YES

147 .05
7r3 .10
271 .08
221 1 .01
206 .78
59 1.00
15 7.16

+

+

+
+
+

EnBO
cPx2
An50

rfl15.O
I'[EtT1

REIIOYED

==========EE================E===========E=========E=========

MODEL N0. : A5.4.8
PARENT : 14882 (UAnCmUnRo I'0RMATroN ACrD ANDESTTE)
DAUGHTm : 14829 (t'lfilClWrnRo FoRTTTATION DACTTE)
DESCRIPTION : Ar'C (X-rtctr melt )

== ==== ==== === == E===== ==A=B== ==B==== == ==== = E=

P

60.2
.B

15.5
6.7
5.8
6.7
2.9
1.8

64.4
e

15.6
5.1
7.2
4.8
1.1
3.O

+.01

-.07
+.00
+.02
-.00
-.01
+.04
-.o2

D IIODE], RBSID.

si0^
Ti0:

^\67FeO -
[Is0
Ca0
Naro
Krb

PHASE VAr/ fi

Stlil SQUARES RESID. = .0070 CRYSTALS

-?.1 I 11.71
4.14 19.67
-9.70 44.12
-.54 2.54

+21 .82 0.00

= 21 .O9fr

Sr 222
v 175

I{ODEI BT]IK DC

92 .04
482 .OB
176 .10
zJt .81
152 1.15
118 3.99
19 4.11

I nnnon Mrslrr

- 1O.7 YES

- 9.9 N0
- 22.1 YES
+ 7.4 N0
+ 7.7 N0
+ 4.4 N0

- 18.8 N0

Rb
3a
Zr

Cr
Ni

P

77
58s
142

240
81

n

112

515
226
215
151
11t

4B
=====E====83=======E=============E=E======== ======Et========



I{ODEL NO.
PARENT
DAUGETER

DESCRIPTION

A5.4.9
L7439 (WUUALNo BASAIT)
14883 (T,TANGAWHERO FORUATTON ACrD AIIDESTTE)

A.FC (K-rlch nelt)

=================================EI=========================

D MODEL RESID.P

sto, 53.0
rio; .5
Alo6a Lz.g
FeO " 8.5
Ugo 13.3
CaO 9.7
NarO L.7
Kz6 .4

58.0
.7

15.6
6.9
7.O
7.6
2.7
L.4

58.2 +.14
.7 -.O2 PflASE IiIGTr

L5.7 +,11
7.0 +.10 Fo90 -11.19
7 .L +.07 CPX1 -13.78
7 .6 +.04 An80 -4.L3
2.4 -.32 lfr0.0 -L .29
r .3 -.13 llELTl {8.90

7"

36 .81
45 .35
13.50
4.25
0.00

su{ SQUARES RESTD. = .1666 CRYSTALS REI'IOVED = 30.39%

Zx
Sr
v
Cr
Ni

P

Rb 15
Ba L22

54 2L
331 L73
114 66
250 443
189 169
286 136
110 51

58.0 58.0
.7 .7

l-5.6 L5.7
6.9 6.9
7.0 7.L
7.6 7.6
2.7 2.7
1.4 L.4

48
342
226

1037
341

P

s3.3
.7

15.5
9.1
7.8

10.5
2.5

.7

MODEL BULK DC Z ERROR MISFIT

.o2 - 61.1 YES

.03 - 47.7 YES

.14 - 42.r YES

.29 + 77.2 YES
1.80 8.8 NO

6.60 - 52.4 YES

6.25 - 53.5 YES

======_-===================================================:

l,lODEL NO. : A5 .4 .10
PARENT : 11965 (RED CRATER BASALT)

DAUGHTER : 14883 (MANGAITHERO FORMATION ACID AIIDESITE)

DESCRIPTION : AFC (K-rich nelt)

================== ==========================================

sio2
Tro;

*lau,
ltlgO

CaO
Naro
Kzd

MODEL RESID

+.01
-.01
+.02
+.01
+.01
+.01
-.06
+.00

PIIASE WGTz" Z

Fo85 -1.9L 4.9L
cPxz -L5.44 39.62
An60 -18.44 47 -32

MT10.0 -3 .17 8.15
MELT1 +4.11 0.00

SUl.r SQUARES RESID. = .0043 CRYSTAIS REMOVED = 38.96"4

MODEL BULK DC Z ERROR

32
2L5
104
292
107

13
15

.04

.08

.14

.90
2.89
7 .28
3.94

8.8
16.8
43.4
96.5
86.4

MISFIT

YES

NO

NO

YES
YES

YES

+

Rb
Ba
Zr
Sr
v
Cr
N1

20 s4
L37 331
68 114

278 250
27L 189
281 286
63 110

- 35.0 YES

============================================= ===============



-115-
UODEI N0. ! A5.4.11
PARENT t 22998 (OnCmOrO BASATT)
DAUCHTER : 14881 (UANCAYHERo FORIIATTON ACrD AIiDESTTE)
DESCRIPTION : POAII fractionation

P

Si02 5;1.grio; 1.1A12ba 15.8
FeO - 9.2
I,Ig0 9.4
CaO 10.5
NarO 2.5Kzo -6

D UODET RffiID.

58.0 58.0 -.01
.7 .7 +.00 PHASE

15.6 15.6 -.01
5 '9 6.9 -.01 Fo90
7.O 7.O -,Ol CPX1

7.5 7.6 -.00 .hx50
2.7 2.8 +.04 IifI15.0
1 .4 1 .4 -.00

VICM

-8.11 1r.41
-1r.94 26.37
-ro.94 51 .17
-5.47 9.o5

SUU SQUARES BESID. = .0017 CRYSTALS REII{0VED = 6O.46fr

Rb
Ba
Zr
Sr
v
Cr
Ni.

P

10
nd

125
530
?20
550
160

D

54
111
114
25o
189
285
110

tIoDEl BttLK DC f UnnOn UISI'IT

24 .04 - 55.6 YES

=B == ==E==== =E====== == ========E=E=== == ==E E== =======E=g = =====E

IIIODEI N0. z A5.4.12
PARENI z 14855 (nUAPEUU BASATT)
DAUGHTER z 14887 (rqANCArrsnRo FoRMATTON ACrD AI{DESTTE)
DESCRIPTION : AFC (f-ricfr nelt )

D UODE], RBSID.

74 t.oz
4 5.40
9 4.16

-.o2
+.o2
_.o1
-.02
-.01
-.0'l
+.05
-.00

286 .11
547 .95

+152.6 YES
+ 17.2 YES

82.0 IES
98.6 YES

91 .B YES

PHASE WCTS %

Fo85 -5 .27 14.o7
cPx2 -10 .7 4 28.57
An60 -18.84 50.13

l,rr7 .5 -2.73 7 .27
II{ELT1 +6.79 O.00

si0^
Tio:

*'.a6t
Mso
Ca0
Naro
Kzb

P

52.9
.7

15 .8
8.9
8.8
9.8
2.6

.5

58.0 58.0
.7 .7

15.5 1r.56.9 6.9
7.O 7.O
7.6 7.5
2.7 2.8
'1 .4 1.4

SUI'{ SQUARES RESID. = .0O60 CRYSTALS REUOVED = 57.5A%

Rb
3a
Zt
Sr
v
Cr
Ni

P

11

185
50

201
25t
180
142

D I,lODEl BUIK DC

54 17 .04
711 284 .09
114 76 .11
250 207 .94
189 127 2.5t
286 38 5.91
1 'lo 30 4.ro

tr ERRoR lr{rsFrT

- 68.5 YES

- 14.2 N0
- 17.1 YBS

- 17.2 N0

- 34.9 YES

- 85.3 rES
- 72.7 YES

===E=ECE=E=E=EE=============E=====================E=======E=



MODEL NO. :
PARENT :
DAUGIITER :
DESCRIPTION :

A5.4.13
14855 (RUAPEHU BASALT)
14884 (MANGAI{HERO FORUATION ACID AI{DESITE)
AFG (K-rich uelt)

========= =====================E===========3=================

D MODEL BESID.P

sio, 52.9
Tro; .7
A116" 15.8
FeO - 8.9
Mso 8.8
CaO 9.8
Na?O 2.6
Kz6 .6

59.2
.7

L5.2
6.5
6.7
7.r
3.0
1.6

59.2 +.01
.7 +.04 PBASE

L5.2 +.02
5.5 +.01 Fo85
6.8 +.01 CPXz
7.L +.00 An60

2.9 -.08 !m7 .5
1.6 -.01 MELTI

wGT7" Z

-6.L4 13.93
-12.01 27 .24
-22.79 51,71
-3.14 7.13
{6.99 0.00

SUI'T SQUARES RESID. = .0091 CRYSTAIS REMOVED = 44.087

P

11

MODEL BI'LK DC Z ERROR }TISFIT

19 .04 - 7L.2 YES

Ba 1.85

Zx 50
Sr 201
v 251
Cr 380
Nl L42 101 22 4.19

342 314 .09
L29 84 .10
232 205 .97
L7L 108 2.45
325 24 5.72

8.2
34.9
11.6
36.8
92.6

NO

YES
NO

YES
YES
YES- 78.2

-======== =========== === ========E======== == == ================

I'IODEL NO. I l$.4.L4
PARENT : 14855 (RUAPEEU BASALT)
DAUGUTER z L4882 (IiANGAI{HERO FORMATION ACID A}IDESITE)

DESCRIPTION : AFC (K-rtch nelt)

D MODEL N.ESID.

60.2 60.2 -.00
.8 .8 -.O2

15.6 15.6 -.01
6.3 6 .2 -.00
5.8 5.8 -.00
5.7 6.7 -.00
2.9 2.9 +.04
1.8 1.8 -.00

sltu SQUARXS RESID. = .0018 CRYSTALS REMOVED = 49.93%

s10,
Tio;

ilau,
t{90
CaO
Naro
*26

P

52.9
.7

15.8
8.9
8.8
9.8
2.6

.6

PHASE

Fo80
cPx2
An60

1m10.0
MELTl

-8.16 16.34
-r3.92 27 .89
-24.96 49.99
-2.89 5.78
{6.88 0.00

Rb
Ba
Zr
Sr
v
Cr
N1

P

11
185

50
201
25L
380
L42

D

73
388
L42
222
L76
240
8r

MODEL BULK

2t .04
348 .09

210 .94
Lzr 2.06
20 5.27
13 4.4L

5.4 N0

- 31.3 YES

- 9L.7 YES

- 84.0 YES

DC Z ERROR MISFIT

- 7L.2 YES

- 10.3 NO

93 .10 - 34.5

================== == ========================--i===============



-175-
IIODEI N0. I A5.4.15
PARENT z 1745g (ilArru,nrro BASATT)
DAUGHTER : 14882 (ttlfcamiuRo tr'0RI,IATION A0ID ANDESITE)
DESCRIPTIoN : Atr'C (x-rictr nelt)

stlrl SQUARES nESrD. - .0547

RE.SID.

+.09
-.o7 PltAsE vc$ %
+.06
+.O5 Fo85 -14.26 t5.74
+.04 CPX2 -15.87 47.oO
+.O2 AngO -7.51 19.44
-.17 Vn2.5 -.48 1.21
-.08 uEtTl +12.80 0.00

CRTSTAIS REIrISVED _ ,9.24%

P

si02 57.Orio; .5
412b3 12.9
FeO - 8.5
ueO 17.1
CaO 9.'l
Na"O 1 .7Krd .4

60.2 60.,
.8 .7

15.6 15.76.5 6.3
5.8 5.9
6.7 6.7
2.9 2.7
1.8 1,'l

Rb
Ba
Zr
Sr
I'
T

Cr
Ii

P

15
122

P

sio2 ,2.9rio; .7
Araoe 15.8Feb' 8.9
I,rgo B.B
CaO 9.8
Naro 2.6Kzo .6

D IIIODET BI'LK DC 5 UNNON UISFIT

77 24
,88 195

D I{ODEI RESID.

64.4 64.4 -.OO
.9 .8 -.02 PHASE

15 .6 15 .5 -.01
5.1 5.1 +.O0 Fo80
3.2 1.2 -.00 CPX?

4.8 4.8 -.00 An50

3.1 7.1 + .O3 lrTT .5
7.1 ,.1 -.00 II{ELTI

.a5 - 67.1 TES

.04 _ 49.5 IES

I{c$ %

48 142 74 .12 _ 47.9 YES

,42 222 462 .79 +108.1 YES
226 176 241 .e7 + 76.9 YBs

1037 24O 1r1 5.15 - 4r.4 YES

,41 81 52 5.76 - 50.5 YES

=E=EE== EBEEE B=E=====E==E= E==E EEE= E=-E=E==E==E =E=E 
EEEE=EE=E ==

I,IODEI N0. : A5.4.15
PARENT. t 14855 (nUAPnrU BASALT)
DAUCHTER t 1482g (il.tlCliiHsRo FoHUATToN DACTTE)
DESCRIPTfON : Atr'C (f-rictr nelt)

E=====BEE==EBE==E==========E =E=B======E======E==E=========EE

SUlt SQUARES RESID. = .@11 CRYSTAIS REMOVED =

-10.25
-15.71
-25.13
-2.81

+26.95

54.92fr

18.56
28.6'
47.r8
5.11
0.00

Rb
Ba
Zt
Sr
v
Cr
Ni

11

185
50

201
251
180
142

D

172
515
225
215
151
't 11
48

Ii{ODEI BIIIK DC fr

24 .O4
784 .08
103 .10
218 .90 +

125 1.87
15 5 .10
8 4.70

ERROR IIIISIIT

81 .8 YES
28.2 YES

54.4 YES
1.4 N0

16.5 r{0
85.7 YES

83.7 YES
E==EE=====EE=EE=E=E= =E===E=EE=EE=E=EE=EEE=E==E=E=EEEE-=EEEE=



MODEL NO.
PARENT

DAUGIITER
DESCRIPTION

P

sroz 58.3rlo; .7
A116? L7 .4
FeO - 6.9
ltgo 4.7
CaO 7.6
NarO 3.1Kz6 r.2

a5.4.17
L4844 (}IANGAWHERO FORI'{ATION ACID ANDESITE)
1,4883 (}|ANGAI{HERO FORMATTON ACrD A}IDESTTE)
Ollvlne * cJ.lnopyroxene additlon

MODEL RESID.
=======-=====-E---==--E======-=a-==============--====a===g=3

58.0 57 .3 -.7L
.7 .7 -.05 PHASE

15.6 L6.2 +.56
6.9 7 .L +.18 Fo90
7 .O 7 .O -.05 CPXI
7.6 7.8 +.23
2.7 2.9 +.13
1.4 1.1 -.30

I{GTZ 7(

+4.53 0.00
+3 .71 0.00

SUU SqUARES RESID. -1.0170 CRYSTALS ADDED - 8.242

Rb
Ba
Zt
Sr
v
Cr
Nt

D

54
331
114
250
189
286
110

MODEL NO. : A5.4.18
PARENT z 14844 (MANGAIIHERO

DAUGITTER : 14883 (I'|ANGAIffiERO
DESCRIPTION : AIC (K-rich uelt;

}TODEL BT'I,K DC Z

.01

.01

.L2

.04

.54
5.05
9.3s

FORMATION
FORI,IATION
olLvine *

ERROR MISFIT

37.0 YES
14.5 N0
24.6 YES
8.4 NO

1.1 NO

38.5 YES
u.3 NO

ACID A}IDESITE)
ACID AI'IDESITE)
cl-inopyroxene additton)

34
283

86
229
187
L76

91

37
310

93
250
195

92
35

sio,
Tro;

$labu
Mgo
Ca0
Naro
Kzd

SUU SQUARES R.ESID. = .0150

PHASE WGTZ i4

Fo90 +5.34 0.00
cPxl +5 .72 0.00

MELT1 +7.03 0.00

ADDED = 11.062

P

58.3
.7

L7 .4
6.9
4.7
7.6
3.1
L.2

D

58.0
.7

15.6
6.9
7.O
7.6
2.7
L.4

t'tODEL

58.0
.6

15.6
6.8
7.1
7.6
2.8
L.4

RESID.

+.01
-.08
+.o2
-.04
+.02
+.02
+.07
-.01

CRYSTALS

MODEL

32
272

83
220
186
203
102

.02

.02

.13

.05

.61
5.65
9.09

- 40.7
- 17.8

MISFIT

YES
NO

NO

NO

YES

NO

BULK DC Z ERROR

54
331
114
250
189
286
110

37
310

93
250
195

92
35

Rb
Ba
Zt
Sr
v
Cr
N1

- 27 .2 YES

- Lz,O
1.6

- 29.O
7.3

=================================



ilODEL N0. 3

PARENT :
DAUGHTM :
DBSCRIPTION :

-r17 -
45.4.19
14885 (mnCAhrUnRo FoXI'IATTON ACID ANDESTTE)
148a2 (UUClrHnRo rORrrrATroN ACrD AI{DESTTE)
Olirlne + clinopymxene addition

EEEEEE=EEBEEEEEEE=EEEEE-EEEE3!EE!E!!EEEEEEE=EEEEETEEE'E-E=TE

P

si02 61 .8rno; .8
412d3 15.9
FeO - 5.8
ueO 1.2
CaO 5.9
Naro 3.5Kz6 2.O

D II{ODET RESID.

60 .2 60.4 +.22
.8 .7 -.05 PHASE

15.5 15.4 -.266., 5.0 -.22 Fo90
5 .8 5.9 +.04 cPxl
6.7 5.6 -.05
2.9 t.2 +.r1
1.8 1.8 +.O7

uc$ %

+4.59 O.O0
+5.o8 o.00

SUI{ SQUARES RESTD. = .2747 CRISTAI,S ADDED = 10.57fr

P

Rb 81

Ba 418
Zr 158
Sr 251
v 152
Cr
Ni

D

71
188
142
222
176
24o
8'l

IIIODEL

71

559
142
224
152
218
117

.02

.42

.15

.05

.66
6.\t
9.51

_ 2.7
- 4.9
+ 0.0
+.9
- 17.6
- 9.2
- 79.5

NO

NO

I{0
NO

t{0
l{0
IES

BULK DC % MROR I,IISFIT

q'r

25
EE EE==E==========--=EEE=EEE=EB-EE=EE=========E=====GEEEEEEEE

UODEI N0. z A5.4.2O
PANENT : 14815 (UANGAWHERO FOXMATION DACITE)
DAUGHTER z 14829 (UU}IClIlI}rpRo TORMATToN DACTTE)
DESCRIPTION : Olivine + clinopyroxene atldition

r

sio^ 64.5
rio: .B
AL>62 15.2
FeO - 5,O
IijlgO 2.5
CaO 4.7
Naro j.4
KzD 2.9

D II{ODEI RESID.

64.4 64.1 -.26
.9 .8 -.05 PHASE l{C1tr

1r.5 15.9 +.rO
5.1 5.1 -.O2 Fo90 +.95
j.2 5.1 -.O2 CPX1 +1 .1O
4,8 4.9 +,05
1.1 7.3 +.21
1.1 2.8 -,24

d
tg

0.o0
o.00

St U SQUARES RESID . = .2729 CRISTAIS REI,IOVED = 2.O5%

Rb
Ba
Zr
Sr
v
Cr
Ni

P

11'
E4n

199
228
1ra
69
32

n

172
515
226
215
151

IITODET BI'LK DC tr ERROR

117 .02 - 22.O
519 .O2 - 3.O
195 .14 - 1r.7
22, ,05 + 1.7
135 .67 - 10.5
80 5.82 - 29.2

MISFIT

YES
l{0
NO

NO

N0_
IES

4e 39 8.79 - 18.8 N0
E-EEEEEE=EFBEEEEE=EE=EBBEEBBE=EEEE=EEEEE=====E=E=EE==E=EG= E=



UODEL NO. : A5.5.1
PAREM z L7439 (wUtqmrNo BASALT)
DAUCUTER : 14811 (IIANGAWIIERO FORUATION ACID AIIDESITE)

DESCRIPTI0N : POAll fractlonatlon

=============================E==g===-===-===================

D l.tODEL RESID.

58.2 58.3 +.15
.7 .7 -.01

15.6 L5.7 +.11
7.L 7 .2 +,12
6.1 6.2 +.08
8.3 8.3 +.04
2.9 2.7 -.1"9
t.2 .9 -.30

Stll{ SQUARES RESID. = .1841 CRYSTALS REM0VED = 39'35i{

P

slo? 53.0Tro; .5
AIc6a L2.g
Feo - 8.5
Mgo 13.3
CaO 9.7
Na?O L.7
Kz6 .4

PEASE WCTZ Z

Fo90 -L4.76 37 .50
cPxz -14.88 37 .82
An90 -8.55 2L .7 4

Mr7.5 -1 .16 2.95

Rb
Ba
Zr
Sr
v
Cr
Ni

P

15
L22

48
342
226

1037
341

P

52.9
.7

15.8
8.9
8.8
9.8
2.6

.6

40
294

MODEL BULK DC Z ERROR I'IISFIT

24 .03 - 40.0 YES

L97 .05 - 33.0 lEs
75 .11 - L6.7 NO

455 .43 + 36.2 YES

191 I .33 8.7 NO

118 5.34 - 48.9 YES

32 5.72 - 56.2 YES

=========================== ================E================

MODEL NO. : l$ .5.2
PARENT : 14855 (RUAPEHU BASALT)
DAUGIITER : 14811 (MANGAWHERO FORMATIoN ACID AI{DESITE)

DESCRIPTION : POAlt fractionatlon

============================================================
D MODEL RESID.

90
334
207
23r

73

58.2 58.3
.7 .7

15.6 15.6
7.L 7.L
6.1 6.2
8.3 8.3
2.9 2.9
L.2 L.2

PIIASE WGT?T %

Fo80 -9.24 19.41
cPXz -11.35 23.83
An60 -24.46 5L -37

![T12.5 -2.57 5.39

sio,
Tlo;

ilau'
Mgo
GaO

Naro
*26

+.02
+.01
+.o2
+.02
+.01
+.01
-.o2
-.05

SI]M SQUARIS RESID. = .0044 CRYSTALS REI'iOVED = 47 .62%

P

11
185

50
201
251
380
L42

D

40
294

90
334
207
23L

73

20
333

MODEL BULK DC Z ERROR }IISFIT

Rb
Ba
Zr
Sr
v
Cr
Ni

.04 - 50.0 YES

.09 + 13.3 N0

.09 + 0.090 .09 + o.0
06 .96 - 38.3
40 1.90 - 32.4

206
14040 1.90
34 4.74.74 - 85.3

NO

YES
YES
YES

L4 4.54 - 80.8 YES

====E=======================================================



-718-
UODEI N0. , L5.5.1
PARENT t 11955 (nm CruER BASATT)
DAUCHTER : | 481 1 (I{ANGAUHERo FoRI,IATI0N ACrD AI{DESTTE)
DESCRIPTION : POAM fractionation

P

sio2 55.1Tio; .7412d3 15.5
FeO - 9.1
usO 7.8
CaO 10.5
NarO 2.0
Kzb .7

D I,IODEI, RESID.

58.2
n

15.5
7.1
6.1
8.5
2.9
1.2

58.2 +.01
.7 -.01 PHASE

15.5 -.0O7.1 +,Ol FoSO
6.1 +.0O CPX2
8.7 +.00 An70

t.O +.05 w112.5
'l .1 -.o7

UCTtr fl

-4.82 12.rO
-15.76 74.05
-'19.21 46.44
-2-8t 7.21

SUIII SQUARES RESfD. = .0083 CRYSTAIS REI,IOVED - 39.22fr

Rb
Ba
Zr
Sr
v
Cr
Ni

P

20
157
68

278
271
281
61

uoDEr, BWK DC f nnnOn

- 20.o
_ 26.5
+ 16.7
- 11.7
- 39-6
- 91 .8
- 6.3

I'TISFIT

NO

YES
NO

NO

YES

TES
YES

90
154
247
211

73

45.5.4
11965 (nnl cnlrun
14811 (mnCAWrmnO
AIC (f-rictr melt )

t2 .o4
216 .08
1o5 .12
295 .88
125 2.55
19 6.42
10 4.61

40
294

MODEI, NO. :
PARENT :
DAUGHTER :
DESCRIPTION :

P

sio2 57.1rio; .7
A120e 15.5
FeO - 9.1usO 7.8
CaO 10.5
NarO Z.jKzb .7

SASAIT)
FOFMATION ACID ANDESITE)

EE=EEG-EE=E=EEE=E-GE=E=E=EEEEEEE=EEEE=E=EEEE==EE=- EEEEE=GE'E

SLIIt[ SQUARES RESID. = .OO27

MODEL RESTD.

-.01
-.a2 PHASE WCTI

-.ol
-.O0 tr'o8o -4.42
-.oo cPx2 -12.47
-.00 An?O -15.70
+ .Oj I,[T12 .5 -2.59+.0MEITI +2.71

CR1STALS REIIISVED = 76.29/

58.2 58.2
.7 .5

15.6 15.6
7.1 7.1
6.1 6.1
e.3 8.5
2.9 ?.9
1.2 1.2

fl

12.18
14.16
46.o3
7.4J
0.00

D IIIODEI BIILK DC fr ERROR I'[SI'IT

22.5 YEs
29.6 YES

12.2 N0
11 .7 N0

77.2 TES

90.0 YES

83,5 IES

2A 40
177 294
58 90

278 714
271 207
281 271
51 73

.04

.08

.12

.87
2.62
6.51
4.6'

+

11
207
101
295
1to
2'
12

Rb
Ba
Zt
Sr
v
Cr
Ni
BE-EEEE E=GGE E--G EE=EGB=-E- B-EE E 3E =EEEE =-EE=EEEEE-EEG-EEEEEE 

E



}iODEL N0. : A5.5.5
PARENT t L7439 (WAIUARINO BASALT)
DAUGHTER t L6722 (WAIIIA}IOA TORMATION ACID AI{DESITE)
DESCRIPTI0N : AFC (K-rtch nelt)

P

SiO., 53.0rto; .5
A1161 L2.g
FeO - 8.5
MgO 13.3
CaO 9.7
Na?O L.7
*26 .4

D I,{ODEL RESID.

6L.7 61.8 +.07
.6 .8 +.L7 PHASE

15.8 15.9 +.04
5.6 5.6 +.03 Fo80
4.7 4.8 +.03 CPX2

6.5 6.5 +.00 An90

3 .4 3.2 -.22 l[T7 .5
L.7 1.5 -.11 ltELTl

wcr?" Z

-18.67 38.00
-18.28 37 .20
-L2.O9 24.60

-.10 .20
{{.63 0.00

SlrU SQUARES RESID. = .0983 CRYSTALS REUOVED = 49'LhZ

P

Rb 15

Zx
Sr

s10?
Tro;

*lau'
Mgo
CaO
Na2o
*zd

P

52,9
.7

r_5.8
8.9
8.8
9.8
2.6

.6

61.8 +.04
.6 +.02

15.9 +.04
5.6 +.03
4.8 +.02
6.5 +.01
3.3 -.10
1 .6 -.O7

PIIASE WGT?" Z

Fo80 -L0.72 L7 .63
cPx2 -15.14 26.55
An60 -30.51 50.19

lfr12 . 5 -3 .42 5.63

D MODEL BULK DC U ERROR UISFIT

59 29 .03 - 50.8 YES

Ba L22 353 232 .05 - 34.3 YEs
48 108 88 .10 - 18.5 NO

342 351 485 .48 + 38.2 YES

v 226 138 316 .50 +129.0 YES

Cr 1037 106 LzL 4.18 + L4.2 NO

Nl 341 54 L7 5.45 - 68.5 YES

============================================================

UODEL NO. : A5 .5 .6
PARENT : 14855 (RUAPEHU BASALT)
DAUGETER t 16722 (WAI{IANOA FORMATION ACID AI{DESITE)
DESCRIPTION : POAII fractionatlon

============================================================
D UODEL RESID.

6L.7
.6

15.8
5.6
4.7
6.5
3.4
L.7

SUI'i SQUARES RESID. = .0196 CRYSTAIS REMOVED = 60.79"1

Rb
Ba
Zr
Sr
v
Cr
Ni

P

11
185

50
201
25L
380
L42

D

59
353
108
351
138
106

s4

}TODEL BULK DC Z ERROR MISFIT

.04 - 54.2 YES

.09 + 23.2 YES

.10 + 8.3 N0

.94 - 39.6 YES
2.00 - 29.0 YES

5.09 - 92.4 vES
4,49 - 90.7 YEs

27
435
117
2r2

98
8
5

============================================================



l,lODEt N0. :
PARE{T !
DAUCHTER :
DESCRIPTION :

-119 -

45.5.7
11965 (nnO CnlrER BASAIT)
16722 (UmrUlOl FORUATTON ACID ANDESTTE)
AI'C (f-ricn nelt )

D I{ODEL RE.SID.

si0^
Ti0:

*:66,
ugo
Ca0
Naro
Ked

P

57.3
.7

15.5
9.1
7.8

10.5
2.5

.7

51 .7
.6

15 .8
5.5
4.7
5.5
,.4
1.7

6r .8
.6

15 .B
5.6
4.7
6.5
3.4
1.7

+.01

-.O1 PHASE
+.01
+.O1 FoEO
+.O0 CPX?
+.00 ln70
-.01 rqr12.5
-.00 IrIEtTl

LIGTS fi

-6.16 12.19
-17 .89 15.19
-22.80 4r.Og
-r.71 7 .74
+J.25 0.00

- 5}.56ftSIn[ SQUARES RESID. = .0@5 CRISTA],S REI,IOVED

P

20
117
58

278
271
281

61

D

59
t55
108
551
134
106

54

uoDEt BrrtK Dc f unnon ursFrr

=GEEE=EE-BEE=-EE=-==--E==E-G!E=!=!-GGBB=EEEE=E=EEE---E-GEE==

Rb
Ba
Zr
Sr
v
Cr
Ni

II{ODE[, NO.
PARENT
DAUC}ITER
DESCRIPTION

,9 .04
262 .O8
125 .12
108 .86
87 2.61
5 6.60
5 4.70

- 
".9 

YES

- 25.e YES
+ 16.7 N0

- 12.7 N0

- t7.2 YES

- gr.5 YES

- 90.7 YES

EEE E-EG!I-EE E- EGGEEEEE=-ET-EEEBEGCEE=E EG==GE-E EEEEEE- E=-E EEE

A5.5.8
14811 (I{ANCIWHERO I'OnMATTON ACrD ANDESTTE)
16722 (WmrA].Ol tORr'rATroN ACID Al{DESrrE)
POAM fractionation (0 = olivine)

P D tloDEL RESID.

,8.2 51 .7 51 .8 +.O3
.7 .6 .6 +.o2 PHASE lt?Ty',

1r.6 15.8 15.8 +.02
7 .1 5.5 5 .5 +.02 loSO -2.80
6.1 4.7 4.8 + .01 CPx2 a.49
8.7 6 ., 6 .5 +.01 AnTO -9.86
2.9 5.4 1.t -.04 MT12.5 -1.57
1.2 1.7 1.6 -.05

si0^
Ti0:

*!a6'
!ts0
Ca0
Naro
Kzo

%

12.5t
17.58
47.40
5.91

SUI{ SQUARES RESfD. = .0082 CRYSTALS RE}'IOVED = 22.72%

P

Rb 40
Ba 294
Zr 90
Sr ,74
v 207
Cr 271
Ni. 71

I'{ODEI BI'IK

51 .04
.08

113 .11
749 .8'
141 2.50
54 6.61
34 7.97

DC s nnnon I{ISI'IT

11.6
trt
4.6

.5
z.z

49.1
37.O YES

D

59
353
108
t51
158
105

54

NO

NO

NO

NO

NO

YES

-----I--EEE-3GT=G--E-BEE-E-G--!E-EEBEBEE=GTGBEE-EEE3'ESEEGE-



MODEL NO.
PARENT

DAUGETER
DESCRIPTION

v 207
Cr 231
N1 73

I{GTZ Z

-4.64 L7 .37
-8.36 31.28

-11 .96 44 .7 5

-L.76 6.60

.3 N0
6.5 NO

- 57.5 YES

- 46.3 YES

PIIASE WGTZ 7"

Fo90 -14.61 40.66
cPxl -12.51 34.81
An80 -7 .5O 20.89

MT7 .5 -1 .31 3.64

3s0 .85
L29 2.52
45 6.29
29 3.93

-.00
-.01
-.00
-.00
-.00
-.00
+.o2
-.01

A5.5.9
14811 (MANGAI{IIERO FORMATION ACID AI{DESITE)
L6722 (I{AErA}IOA FORMATTON ACrD Al{DESrrE)
P0AM fractionatl-on (0 = orthopyroxene)

===========================t=E===E========================:

P

slo, 59.2
Tlo; .7
Alr6a 15.6
FeO - 7.L
ltgo 6.1
CaO 8.3
NarO 2.9
Kz6 L.2

D MODEL RESID.

6L .7 6L .7 -.01
.6 .6 +.02 PEASE

15 .8 15 .8 -.O2
5 .6 5 .5 -.01 8n80
4.7 4.7 -.00 CPY,Z

6 .5 6.5 -.01 An70

3.4 3.4 +.02 !m12.5
L.7 L.7 +.00

sttu SQUARES RESID. = .0011 CRYSTAIS REIIOVED = 26.727

-----4--
D UODEL BIILK DC Z ERROR HISFIT

59 54 .04 8.5 N0

353 391 .08 + 10.8 N0
40

294
90

334

Rb
Ba
Zr
Sr

118 .13 + 9.3 NO108
351
138
106

54

======== = = ========= ========= == 
-==== 

=== ==== ============= 
E==E

l,tODEL NO. : A5.6.1
PARENT z L7439 (I{AIMARINO BASALT)

DAUGHTER z L48L7 (HAUHUNGATAIII ACID ANDESITE)

DESCRIPTION : POAI'I fractlonation

========== ==================-===============================
I'TODEL RESID

sio?
Tio;

i1a6,
ltgO
CaO
Na?o
Kzd

P

53.0
.5

L2.9
8.5

13.3
9.7
L.7

.4

57.6 57.6
.6 .6

L5.7 L5.7
7.8 7.8
6.4 6.4
8.8 8.8
2.3 2.3
.7 .7

SIIM SQUARES RESID. = .0007 CRYSTALS REUOVED = 35.93"1

23
187

7L
444

L6
183

68
467
2L5
195

34

Rb
Ba
Zr
Sr
v
Cr
Ni

P

15
L22

48
342
226

r037
341

.04

.11 4.4
4.9

NO

NO

NO

D I'IODEL BULK DC Z ERROR UISI'IT

.03 + 43.8 YES

+ 2.2
+ 4.

.41 4.9
1.51 - 16.3180 1.51 - 16.3 N0

150 5.35 - 23.0 YES50 5.35 - 23.0
39 5.87 +L4.7 NO

a================== ======== ========-========================



-t40-
UODEL NO. I A5.5.2
PARENT z 14855 (nUApsiU BASATT)
DAUGHTER : 14817 (ITIUUUNCATAI{I ACID ANDESITE)
DESCRIPTI0N : POAM fractionation

P

si02 52.9Tio; .7
Ar2b3 15 .8
FeO - 8.9
I'Ig0 8.8
CaO 9.8
Naro 2,6
Kz6 .6

D IIIODEI RNID.

57.6 57.5 -.05
.6 .6 -.o2 PHASE

15.7 15.'l -.0,|7.8 ?.8 -.04 Fo90
6.4 6.3 -.O2 CPX1

8.8 8.8 -.O2 An50
2.3 2.2 -.07 I[T10.0
.7 .9 +.22

UGTT %

-7 .72 15.72
-11 .01 22.43
-25.52 54.07
-r.84 7 .82

SLil'l SQUARES RESID. - .0601 CffiSTAI^S REUOVED - 49.A9%

Cr
Ni

Rb
Ba
Zr
Sr
v

si02
Ti0;

*la6'
ueo
Ca0
Naro
Kzb

P

11

P

5t.1
.7

15.5
9.1
7.8

10.5
2.5

n

57.5
.6

15.7
7.8
6.4
8.8
2.'

.7

57.6
.6

15.7
'l.B
6.1
8.8
2.2
1.0

D

16
r85 187
50 58

201 457
251 215
180 195
142 74

IiIODEI, BI'LK DC %

21 .04 +

741 .o9 +

92 .09 +

200 1,01
85 2.51
18 5.57
16 4.21

ERROR I.IISFIT

,1 .5 rES
85.' YES

,5.1 TES

57.2 YES
60.5 YES

90.8 YES

52.9 YES
---E--3-]EEG=-E!--EGG-EE--G!EEEE---!E--=EE--EEEEE!EEG-E!GE!E

II,IODEL N0. z A5 .5.7
PARENT z 11965 (nnr CnlrER BASATT)
DAUCHTER : 14817 (HAUHUNGATAHI ACID ANDESITE)
DESCRIPTION : P0AM fractionation

D UODEL RESID.

SUI,I SQUARES RESID. - .1155

-.06
+.O2 PHASE
+.00
-.o5 Fo90
-.07 cPxl
-.O2 An50
_.1j Ir[T10.0
+.29

CRISTATS REUOVED

ucM

-4.14
-14.15
-25.59
-1.94

= 45.82fr

%

9.ot
,0.88
51 .48

8.51

Rb
Ba
Zr
Sr
v
Cr
Ni

P

20
117

6B
278
271
281

57

TT

16
181
68

467
215
195
34

lIODE],

t6
259
117
2e1

87
9

10

MISFIT

YE.S

YES

YES
IES
YES

BWK DC tr ERROR

.O4 +125.o

.09 + JO.5

.12 + 72.1

.97 - 19.4
2.94 - 61 .4
6.6' - 9r.4
4.08 - 70.5

TES
TES

=-:3E--E!GE!E-'--T=EE-G-=EE-!E----E-GEG---==EETEE-E3-G-E=-EE



MODEL NO. : A5.6.4
PARENT z 22998 (0NGAR0TO BASALT)

DAUGUTER : 14817 (HAIIT{UNGATAITI ACID ANDESITE)

DESCRIPTION : POAIi fractlonatlon

==-===-====-==========a=B=============-t==rE=EE=-=tl========

D UODEL RESID.

Tro;

lla6,

s10

P

50 .9
1.1

15.8
9.2
9.4

10.5
2.5

.6

57.6 57.5
.6 .6

L5.7 15.6
7.8 7 .7
6.4 6.3
8.8 8.8
2.3 2.5
.7 1.0

-.09
-.05
- .11
-.08
-.07
-.06
+.20
+.26

PUASE

Fo90
cPxl
An60

!!T17.5

IdGTZ

-9.21 15.96
-13.58 23.52
-29 .87 5L.7 4

-5 .07 8.78

tlgO
CaO
Naro
Kzd

SlrU SQUARES RBSID. = .1431 CRYSTALS REUOVED = 57.737

P

Rb L0
Ba nd
Zt L25
Sr
v
Cr
N1

PARENT
DAUGITTER

16 23
183
68 27r

467 339
2L5 43
195 7

34 10

.04 + 43.8

.10 +298.5

.97 - 27 .4
2.9L - 80.0
6.03 - 96.4
4.27 - 70.6

MODEL BULK DC Z ERROR UISFIT

330
220
550
L60

P

51.4
1.1

L7 .6
9.8
6.0

10.8
2.8

.5

YES

YES
YES
YES
YES

YES

========= =====================--==========================-

I'|ODEL NO. : A5.6.5
z 22994 (BEN LOltoND BASAIT)
: 14817 (HAIIHUNGATAIII ACID AITDESITE)

DESCRIPTION : POAI| fractionatlon

===================== =======================================
D

57 .6
.6

15.7
7.8
6.4
8.8
2.3

.7

57 .6
.5

15.7
7.8
6.3
8.8
2.5

.9

MODEL RESID

slo,
Tro;

*1a6'
Mgo
CaO
Naro
Kzd

-.06..08 PIIASE

-.08
-.05 Fo90
-.05 cPxl
-.04 An60

+.15 1n15.0
+.20

I{GTU

-2.44 4.57
-Lr.27 21.10
-33.58 62 .87

-6.r2 11.46

SU{ SQUARES RESID. = .0824 CRYSTALS REMOVED = 53.4L%

P

T4
L29

84
348
252

44
29

D

16
183

68
467
2L5
195

34

29
255
156
305

33
1

5

I'TODEL BULK DC

.05

.11

.11
1.17
3.68
6.75
3.33

Z ERROR

+ 81.5
+ 39.3

MISFIT

YES
YES

Rb
Ba
Zr
Sr
v
Cr
N1

+144.1 YES

- 34.5 YES

- 84.7 vES
- 99.5 YES

- 85.3 YES

=========================== =================================



UODEL NO.
PARENT
DAUGHTER
DESCRIPTION

- ,41

A5.5.5
17479 (mrulnrno nas.elr)
1 4B1:> (HluuuncmAHr BAsrc lulnsrrs)
P0A!1 fractionatiou

II'ODEI RESID.

si0^
Tio:

*!a6,
Irtg0
Ca0
Naro
Krd

P

57.O
tr

12.9
8.5

13.3
9.'.|
1.7

.4

_.04
+,O1
_.ot
_.04
_.o3
_.ot
+.OO
+.1 5

56,1 55.O
.6 .6

15.2 15.2
7'5 7'6
9.1 9.1
9.0 g.o
2,1 2.1
.4 .5

PHASE ,we$ 
fr

Fo90 -10.12 55.5e
cPxl -10.94 79.67
Arx70 -r.16 18.70

!tT5.O -1 .37 4.95

Stll SQUARES RESID. - .O7O7 CRISTALS REIIOVED - 27.59fr

Rb
Ba
Zr
Sr
v
Cr
Ni

P

15

122
48

J42
226

1017
141

P

si02 53.Orio; .5
Ale0a 12.9
FeO - 8.5
MsA 11.,
CaO 9.7
Naro 1 .7Kz6 .4

166 .04
64 .12

418 .38
166 1.95
186 5.r2
59 5.96

+ 29.7 rES
+ 21.1 YES

- 26., YES

- 12.6 N0

- 45.5 rES
- 21 .6 YES

D

8
128

52
559
19o
542

88

I,IoDEL BUIK DC i nnnOn ursFIT

21 .Oj +162.5

r.---G-C-!-GEG-EEEEE-EEEGEEEE-'E3BG=EEE-IG-EI!'--GEI-GG--EA-

MODEI N0. t A5.5.7
PARENT z 17439 (WUUmrno sASAtr)
DAUGHTER : 14816 (HAUHUNGAIAHI BASrC AI{DESITE)
DESCRIPTION : POAM fractionation

D I'TODEI RESID.

55.6 55.6 +.02
.6 .5 -.ol PHASE

15.5 15.5 +.O2
7 .7 7 .7 +.O2 Fo90
7.' 7.t +.01 CPX1

9.7 9.7 +.o1 AnSo
2.7 2.' -.06 MT7.5
.6 .6 -.00

I{crs %

-1t.55 47 .62
-8.77 70.67
-5.06 17 .77
-1.12 1.95

$nU SQUARES RESID. - .0o54 CRYSTAIS REITI0VED - 2A.46%

P

15
122
48

t42
zzo

1077
741

n

14
177

50
463
226
234

59

+ !0.0
- 5.1

_ 8.4
- 17.1
+ 11.1
+ 51 .1

MIST'IT

YES
NO

NO

NO

NO

NO

YES

I'roDEt StttK Dc F gnnon

Rb
Ba
Zr
Sr
v
Cr
Ni

55 .10 + 8.7

21 .O2
158 .04

425 .15
187 1.55
260 5.12
59 6.24

!-Ea-----E-G!-3-E-aGEE=G- r----GG:Etf GG-GE-3E33:3-E-B--E-B-:B



I|ODEL N0. : A5 .6 .8
PARENT Z L7439 (T{AIUARINO BASALT)
DAUGETER z L4798 (OUATUNS ACrD AIIDESTTE)
DESCRIPTION : POAI1 fractlonatioa

=====================E-=-g===c===-=tE=-=====================

D UODEL RESID.

sl0,
Tro;

lla6'
Mgo
CaO
Naro
Kz6

SIJM SQUARES RESID. = .0074

+.02
+.01 PBASE
+.o2+.01 Fo90
+.01 cPxl
+.01 An80

-.08 !rI10.0
+.01

CRYSTALS REMOVED

T{GTZ 7"

-L4.23 4L.42
-9.85 28.67
-9.02 26.26
-L.26 3.55

= 34,367

P

53.0
.5

L2.9
8.5

13.3
9.7
L.7

.4

57 .4
.5

L4.7
8.1
7.L
9.2
2.3

.7

57 .4
.5

L4.7
8.1
7.2
9.2
2.3

.7

P

Rb 15
Ba L22
Zr 48
Sr 342
v 226
Cr 1-037
Ni 34L

MODEL NO.
PARENT :
DAUGIITER :
DESCRIPTION :

I.|ODEL BULK DC

23 .03
L82 .05
70 .09

42t .51

Z ERROR UISFIT

+ 43.8 YES
+ 30.0 YES
+ L2.9 NO

+ 2L.7 YES

D

r.6
140

62
346
224
265

49

187 1.45 - 16.5 NO

2L4 4.74 - 19.2 N0
50 5 .57 + 2.O NO

==========================================================-

A5.6.9
14815 (HAUHUNGATAHI
L48L7 (HAUHUNGATAflT

POA fractionatlon

BASIC AI{DESITE)
ACID ANDESITE)

=============================E==============================

slo,
TLO;

ilao,
Mgo
CaO
Na"0
Kzb

SIJM SQUARES RESID. = .0607

RESID.

+.07
+.03 PHASE WGTU

+.05
+.03 Fo90 -6.25
+.04 cPxl -2.68
+.03 An80 -4.39
-.04
-.22

CRYSTALS RIUOVED = L3.32"4

P

56.1
.6

L5.2
7.6
9.L
9.0
2.1

.4

D MODEL

57 .6 57 .7
.6 .6

L5.7 15.8
7.8 7.9
6.4 6.4
8.8 8.9
2,3 2.3
.7 .5

7"

46.95
20.o9
32.96

Rb
Ba
Zt
Sr
v
Cr
Ni

I
128

52
569
190
342

88

D

16
183

68
467
2L5
195

34

I.{ODEL BULK DC U ERROR }IISFIT

9 .03 - 43.8 YES

L46 .06 - 20.2 YES

60 .06 - 11.8 NO

600 .62 + 28.5 YES

zLL .26 1.9 NO

277 2.48 + 42.L YES

49 5.15 + 44.1 YES

=================================g===========i====-==========



!{oDEt N0.
PAREI{T
DAUGTITER

DESCRIPTION

'742 -
A5.6.1 0
1481? (HAIT{UNCATAHI ACID ANDESITE)
1 4gtj (nlununclrAur BAsrc Hlossrrn)
Olivine + cLinopyroxene atldition

= ====== === ====== == ========= E= ===== ======= === = ===== == ========

si0^
Tio:

*!a6'
uso
Ca0
Naro
Kzd

P

57.5
.6

15,7
7.8
6.4
8.8
2.3

.|

U

56.1
.6

15.2
7.6
9.1
9.0
2.1

.4

I,IODEL RESID.

56.6
.6

14.5
7.9
8.9
9.6
2.1

n

+.54
+.00 PHASE

-.?0+.77 Fo9O
-.'15 cPxl
-.16
+.07
+.28

ucrl %

+5.92 69.92
+2.54 ,o.08

SttU SQUARE"S RESID. =1 .13'12 CRYSTATS ADDED = 8.46fr

P

16
18'
68

467
215
195
14

P

57.o
tr

12.9
8.5

1r.3
9.7
1.7

.4

D

I
.128

,2
569
190
342

88

I'{ODEt

14
166
52

445
225

BUIK DC f gRnOn IIISFIT

Rb
Ba
Zr
Sr
Itt

Cr
Ni

.01

.01

.08

.o7

.19
26e 7.7187 10.20

+ 75.O rES
+ 29.7 rES
+ 19.2 N0

- 20.0 N0
+ 18.9 N0

- 21.9 YES
- 5.6 N0

======= =========== ========= == == ====================== === ====

IIODEL N0. : A5 .5 .1 1

PARENT z 17419 (}rmulnrnO BASAIT)
DAUGHTER z 24471 (nUrUclrrlonE AcrD ANDESTTE)
DESCRIPTI0N : POAM fractionation

D I{ODEL RESID.

s10^
Tio:

*!a6'
I,{90

Ca0
Naro
Krd

57.5
.6

14.8
7.4
6.9
9.4
2.5

.9

57.6
.6

14 .g
7.4
7.0
9.4
2.5

n.l

+.09
+.01 PHASE
+.0?
+.07 Fo90
+.o5 CPX1
+.O3 An80

-.18 UT5 .0
_.1 4

ITGTfr

-14.49 42.79
-9.47 27.97
-8.57 24.59
-1 .58 4.66

SUM SQUARES RESfD. = .Q745 CRISTAIS REITI0VED = 5i.87fl

P

15
122

4B
t42
226

1017
141

D

3O
214

90
640
201
276

18

l,10DEL

22
181

l\J
425
165
191

4B

.05
,10
.48

1.74
5 .09
5.74

IIl]SFIT

YES

NO

YES
IES

BI'LK DC tr ERROR

.ot - 26.7Rb
Ba
Zt
Sr
v
Cr
Ni

- '15,4
- 22.2
- ,5.5
- 17.4
- r0.8
+ 26.j

NO

TES
YES

============================================================



UODEL NO.
PARENTl
PARENT2
DAUGETER
DESCRIPTION

A5.7 .L
L7 439 (HArlrARrNO BASALT)
14813 (I'TANGAWHERO FORMATTON DACTTE)

14848 (PI'KEONAKE BASrC ANDESTTE)

Bl-nary nlxtng

=============================-================3==========g==

sto?
Tro;

ila6'
Mgo
CaO
Na?o
Kzd

P1

53.0
.5

L2.9
8.5

13.3
9.7
L.7

.4

P1

15
L22

48
342
226

1037
341

P1

53.0
.5

L2.9
8.5

13 .3
9.7
L.7

.4

P2

64.5
.8

16.2
5.0
2.5
4.7
3.4
2.9

P2

l_15
530
199
228
r36

69
32

D MODEL RESID.

57 .5 57 .6 +.08
.7 .6 -.07

L4.4 L4.2 -.22
7 .L 6 .9 -.18
8 .7 I .6 -.08
7 .3 7 .5 +.20
2.8 2 .4 -.39
1.5 1.5 +.01

D UODEL U ERROR UISFIT

49 58 + 15.5 N0

355 296 - 15.6 N0

115 LLz 2.6 NO

277 29L + 5.1 NO

181 186 + 2.8 NO

507 615 + 21.3 YES

- 13.1 NO

su{ SQUARES RESTD. = .2859 ptlP? = 1.316

Rb
Ba
Zr
Sr
v
Cr
Ni 237 206

= 
e=======================-= =========== ======:======-=======

l,loDEt N0.
PARENTl
PARENT2

DAUGIITER
DESCRIPTION

A5.7 .2
17439 (WATMARTNO BASALT)
14889 (IIANGAI{I{ERO FOR}tATroN DACTTE)

14848 (PI]KEONAKE BASIC A}IDESITE)
Binary nixing

D UODEL RESID.
:E================ =======-===E-=============================

slo,'
Tlo:

*1a6,
Mgo
CaO
Naro
Kzd

64.O 57 .5
.8 .7

16.8 L4.4
5.1 7.t
2.3 8.7
4.9 7.3
3.4 2.8
2.8 1.5

57 .5 -.O2
.6 -.O7

14.5 +.11
7 .O -.L2
8.6 -.15
7.6 +.31
2.4 -.37
1.4 -.04

pt/pz = 1.333SUM SQUARES RESID. = .2860

PI P2 D }TODEL Z ERROR MISFIT

Rb 15 L20 49 60 + 22.4 YES

Ba L22 527 355 295 - 16'9 No

Zr 48 zOL 115 113 L'7 NO

Sr 342 260 277 306 + 10'5 No

v 226 115 181 178 L.7 NO

Cr 1037 31 5O7 604 + 19'1 No

:1-=======::1======?2=====??-!======:o=l======11::=====::======



II{ODET NO.
PARENTl
PARENT2
DAUGHTER
DESCRIPTION

P1

Sio, 5t.Orio; .5
4120< 12.9
FeO - 8.5
!Ie0 11.7
CaO 9.7
Na2O 1 .7Kz6 .4

-r43-
45.7 .1
17419 (Wlrm,nrno BASALT)
14s29 (UANCAUHSRO TORMATToN DACTTE)
14843 (pUrmnArE BASrC Al{DESrrE)
3inary mixing

I'IODEI RESID.

54.4 57 .5 57 .6 +.13
.9 .7 .6 -.O5

15.5 14.4 14.0 -.455.1 7.1 5.9 -.21
1.2 8.7 8.7 -.01
4.8 7.1 7.5 +.15

,.1 2,8 2.t -.49
7.1 1 .5 1 .6 +.15

Sttll SQUARES RESID. = .5461 P1/P2 = I .228

67
t05
127
285
191
617
208

Rb
Ba
Zr
Sr
V
Cr
Ni

P1

15
122

48
142
226

1017
141

P1

51.O

12.9
8.5

11.1
9.7
1.7

.4

P2

132
5t5
226
215
151
111
4B

D

49
t55
115
277
181

507
217

MoDEI tr ERRoR ITIISEIT

+ 76.7 YES

- '14 .1 N0
+ 10.4 N0
+ 2.2 N0
+ 5.5 N0
+ 21 .7 rES
- 12.2 N0

IJIODEL RESID.

IIIODET NO.
PARENTl
PARENT2
DAUGHTER
DESCRTPTION

45.7 .4
17 419
1 4BB5
1€48
Binary

(rlrumrro BAsArr)
(t'lmclr*mRo I'oRMATIoN AcrD ANDESTTE)
(pwrowmE BASrc AlrDESrrE)
nixing

si0^
Tio:
Ar16?
FeO '
Mso
Ca0
Na^o
*16

rz

62.5
.8

15.5
5.8
1.2
5.8
1.3
2.1

D

57.5
n

14.4
7.1
8.7
7.3
2.8
1.5

57.4
.6

14.5
7.2
8.4
7.9

2.4
1.2

_.07
-.06
+.21
+.o,
-.29
+.57

-.75
_.25

SUl,l SQUARES RESID. = .5850 P1/P2 = 1.Q71

Rb
Ba
Zr
Sr
It

Cr
N1

P1

15
122
I

142
226

1037
341

tr ERR0n

- 2.O
- 25.8
- 11 .t
+ 8.7
+ 7.2
+ 11.8
- 20.7

MISFIT

NO

IES
NO

NO

NO

NO

YES

84 49
410 755
161 115
256 277
151 181

65 507
237

48
260
102
300
194
,67
188

== -= == == = == == ===-== ======- = = ===== == = J== === ========= == == ==== =



HODEL NO. : A5.7.5
PARENT1 z L7439 (WAIMARINO BASALT)
PAREM2 : 14886 (I'IANGAWHERO FORI'IATION ACID ANDESITE)

DAUGETER : 14848 (PIIKEONAIG BASIC AI{DESITE)
DESCRIPTION : BinarY nlxing

P1

sto, 53.0
Tro; .5
A1261 L2.g
FeO " 8.5
MgO 13.3
CaO 9.7
NarO L.7

"26 .4

StU SQUARES RESID. = -7324

6r.8 57 .5
.8 .7

16.9 L4.4
5.9 7.L
3.2 8.7
5.9 7.3
3.5 2.8
2.O 1.5

UODEL RESID.

57.4 -.15
.6 -.06

14.9 +.43
7.2 +.08
8.4 -.27
7.9 +.57
2.6 -.20
L.2 -.28

PLIPz = 1.054

Rb
Ba
Zr
Sr
v
Cr
Ni

P1

15
L22

48
342
226

1037
341

P1

sio, 53.0
rio; .5
A116? Lz.g
FeO " 8.5
Mgo 13.3
CaO 9.7
NarO L.7
Kz6 .4

P2

81
418
158
253
L62

51
26

P2

64.5
.8

L6.2
5.0
2.5
4.7
3.4
2.9

D

49
355
l.15
277
181
507
217

I'tODEL

47
266
102
300
195
s58
r.88

Z ERROR MISFIT

4.1 N0

- 25.0 YES

- 1l-.3 NO

+ 8.3 NO

+ 7.7 NO

+ 10.1 N0

- 20.7 YES

=======================================================-====

IiODEL NO. z IS .7 .6
PAREM1 z L7439 (I{AII'|ARIN0 BASALT)
PAREM2 : 14813 (UANGAl'lttERO FORI'IATION DACITE)

DAUGHTER t L4826 (PIJKEONAKE BASIC AIIDESITE)
DESCRIPTION : BinarY nlxing

=========================================================-==
MODEL RESID.

SUlt SQUARES RESID. = .3213 PL IPz

57.6 57.7
.7 .6

14.5 L4.2
6.9 7.O
8,9 8,7
7.3 7.5
2.7 2,4
L.4 1.5

+.08
-.o7
-.33
+.07
-.19
+.27
-.29
+.08

= 1.339

P1

Rb 15
Ba L22
Zt 48
Sr 342
v 226
Cr 1037
Nr 341

P2 D MODEL

1r.5 54 58
530 320 295
199 112 LLz
228 283 292
136 182 L87
69 572 62L
32 2L4 208

U ERROR MISFIT

+ 7.4 N0
7.8 NO

+ 0.0 No
+ 3.2 N0
+ 2.7 N0
+ 8.6 NO

2.8 NO

== == = = ====== === = ====== ==================== ==== ==-= ========= =



I'{ODET NO.
PARENTl
PARENT2
DAUGHTER
DESCRIPTION

-144-
45.7 .'l
i7439 (waruanruo rlsu,r)
1 4BB9 (UUVCAWHURO TORIITATTON n.ACrrg)
i4826 (purnormE BAsrc lwoesrm)
Binary nixing

si0^
riol
*!a6,
Irlgo
Ca0
Na2O
Kzb

P1

53.o

12.9
8.5

11.3
9.7
1.7

.4

P2

64.O
.8

16.8
5.1
2.3
4.9
1.4
2.8

D

57.6
.7

14.5
6.9
8.9
7.5
2.7
1.4

57.6
.5

14,5
7.O
8.6
7.7

2.4
1.4

-.o2
_.o7
-.o0+.j7
-.26
+.78

-.27
+.o2

I{ODN, RESID.

Sttll SQUARES RESID. = .7055 Pl/Pz = I .556

P1

15
122
I

,42
226

1017
741

57.o
.5

12.9
8.5

17.3
9.7
1.7

.4

v2

120
527
201
260
115
1t
20

50
294
113
107
179
6q9
205

+ 1.l.1
- 8.1
+ 0.9
+ 8.5
? 1.6
+ 6.4
- 4.2

IIIODEL I NNNON UISTTT

Rb
Ba
Zr
Sr

Ni

l,lODEt N0.
PARENTl
PARENT2
DAUGHTER
DESCRIPTION

A5.7.8
17 459
14811
1487|'
Binary

P1 P2

54
t20
112
283
1A2
572
214

(tlarmnruo
(t'llNcffiHsno
(uancrrunno
nixing

NO

NO

v
Cr

NO

NO

NO

NO

NO

BASAlT)
FONMATION DACITE)
3OR},IATION ACID AI{DESITE)

si0^
riol
Are67
FeO -
Mgo
Ca0
Na2o
Kzd

64.5
.B

16.2
5.0
2.5
4.7
7.4
2.9

t)

59.4
.6

14.1
6.7
8.0

2.8
1.6

SUI'I SQUARES RESID. : .45'76

I'{ODEL RESID.

59.7 -.12
.7 +,o2

14,7 + .31
6.7 +.40
?.8 -.22
7 .2 +.17

2.6 -.21
1.7 +.14

P1/P2 ; .917

P1

Rb 15
Ba 122
zt 48
sr 542
v 225
Cr 1Or7
Ni 541

P2

115
5ro
199
228
136
69
72

59
127
117
283
173
426
112

MODET

5B
J17
128
284
180
515
175

+ 15.3
+ 7.1
+ 9.4
+.4
+ 4.0
+ 25.6
+ 12.6

NO

YES

YES

g ERROR I,IISIIT

NO

NO

NO

NO

============================================================



MODEL N0. I A5.7.9
PARENTL ; L7439 (t{Ar}tARrNO BASATT)
plnrmZ : 14889 (uANGAWHERO FORI'|ATION DACITE)

DAUGITTER z L4871 (UANGAI{HERO FORMATION ACID A}IDESITE)

DESCRIPTION : BinarY uixlng

P1

sto, 53.0rlo; .s
A1e61 L2.9
FeO " 8.5
MgO 13.3
CaO 9.7
NarO L.7
*26 .4

64.0 59.4
.8 .6

16.8 14.3
5.1 6.3
2.3 8.0
4.9 7.O
3.4 2.8
2.8 L.6

MODEL RESID.

59.2 -.25
.7 +.O2

15.1 +.77
6.8 +.48
7 .7 -.27
7 .3 +.31
2.6 -.20
L.7 +.07

Pt lp2 - .942SIru SQUARES FSSID. =1.1000

+
+

Rb
Ba
Zt
Sr
v
Cr
N1

P1

15
L22

48
342
226

1037
341

P2

120
527
20L
260
115

31
20

D

59
327
LL7
283
L73
426
132

P2D

64.4 59.4
.9 .6

15.6 14.3
5.1 6.3
3.2 8.0
4.8 7.O
3.1 2.8
3.L 1.6

UODEL Z ERROR }fISFIT

70
334
128
303
L70
524
L77

NO

NO

NO

NO

NO

YES

+ r8.6
+ 2.L
+ 9.4
+ 7.L

L.7
23.0
34.0 YES

================-====================-======================

UODEL NO. : A5.7.10
PARENT1 z L7439 (IIAIMARINO BASALT)
PARENT2 t 14829 (MANGAWHER0 FORMATION DACITE)

DAUGHTER : 1.4871 (I-TANGAWHERO FORI'|ATION ACID ANDESITE)

DESCRIPTION : BlnarY nlxing

P1

sto, 53.0
Tio; .5
A1261 L2.g
FeO - 8.5
llgo l-3.3
CaO 9.7
Naro L.7
*26 .4

suM SQUARES RESTD. = .3626 PLIP? = .837

Pl P2 D I'IODEL Z ERROR MISFIT

Rb 15 L32 59 79 + 33.9 YES

Ba L22 535 327 348 + 6'4 N0

Zr 48 226 1f7 L45 + 23,9 YES

Sr 342 2L5 283 27 4 + 3 '2 N0

v 226 151 L73 186 + 7.5 N0

Cr 1037 113 426 536 + 25 '8 YEs

Nl 341 48 L32 182 + 37..9 YES

}IODEL R3SID.

59 .4 -.05
.7 +.04

L4.4 +.10
6 .7 +.34
7.8 -.15
7 .L +.09
2.4 - .34
1.9 +.29


