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Abstract

Late-orogenic magmas are common to many foldbelts, suggesting a causal link

between this thermal pulse and the cessation of deformation. An investigation of such a

late-orogenic magmatic suiæ is made in the southern Adelaide Foldbelt which forms part

of the large Late koterozoic - Early Cambrian Adelaide Geosyncline deformed by the

CambroOrdovician Delamerian Orogeny. During this orogeny the foldbelt was intruded

fïrstly by a516-490 Ma syn-orcgenic (or deformed) group of magmas and subsequently

by a490-487 Ma late-orogenic (or undeformed) group, these t'wo suites having marked

chemical and isotopic differences. The laæ-orogenic suiæ is bimodal with mafic dykes

and plutons accompanied by high-silica granites and rhyolites. It is argued that these

mafic and felsic intrusives a¡e both thermally and compositionally related.

The mafic rocks of the late orogenic suite are exemplified by several layered

gabbroic plutons outcropping at Black Hill near the eastern side of the Mt Lofty Ranges.

Lithologies include troctolites, peridotites, olivine gabbros and gabbronorites. The

mineralogy of these gabbros shows that they crystallized in high level magma chambers

from a continental tholeiitic magma Like layered gabbroic intrusions in other parts of the

world they contain a plagioclase plus two pyroxene assemblage with an olivine

compositional hiatus. Crystallization occurred under high temperature, low pressuro,low

fO2 conditions producing a trend of moderate i¡on enrichment followed by silica

enrichment afær the appearanco of magnetiæ. Geochemical and isotopic constraints

indicate that the magma underwent fractional crystallization combined with assimilation of

the amphiboliæ grade metasedimentary wall rocks. The greatest contamination occurred

nea¡ the margins of the plutons resulting, arnongst other things, in silica and marked

potassium enrichment to produce potassic gabbronorites and pyroxene monzoniæs. The

effect of contamination was to displace the magma from the two pyroxene-plagioclase

cotectic resulting in the formation of anorthosites and the stabilization of pigeoniæ.

Geochemical and isotopic evidence is interpretable in terms of 5-20Vo contamination but

such a scenario requires that the initial magma (and therefore probably also the source) be

enriched in incompatible elements.

High-silic4 potassium-rich rhyolites and rapakivi granites have been examined

nea¡ Black Hill at Mannum and from the Padthaway Ridge. These form a probable felsic

end of the suiæ and are cha¡acterised by low Al2O3 and CaO contents and high LREE,

Zr, Nb, Y and Ga contents identifying them as A-type magmas. Although va¡ious

petrogenetic models have been proposed for A-types, their high incompatible/compatible

element ratios arc most readily obtainable by extended fractionation of mantle derived

basaltic magma. Such a model is supported by data from the Padthaway A-types. They



tend towa.rds one feldspar (h¡.persolvus) varieties and typically contain Fe-rich biotite and

ferrohastingsite. I-ess common are fayalite-hedenbergite assemblages and some samples

contain relicts of pigeonite and magnesian-augiæ. These latter pyroxenes are not in

equilibrium wittr their host rocks and indicate polybaric crystallization from mafic parental

magma. The mineral assemblages show that this parental magma was hot (>960 oC),

relatively anhydrous and consequently able to undergo extensive fractionation when it

reached the water-undersaturated granite minimum. Progressive development of low Sr,

AlzO¡, CaO concentrations and negative Eu anomalies support this interpreøtion. Again

plausible crystallization models suggest the need for the mafic parent to be enriched in

incompatible elements.

Granophyres from the Black Hill plutons arc compositionally similar to the

Padthaway Ridge rocks and gravity dau suggests both these and Black Hill overlie an

extensive tract of mafic plutons. Also located on the gravity high and belonging to the

same suite is the A-type Mannum Granite which preserves evidence for contemporaneity

of the mafic and felsic magmas. This granite contains numerous dioritic enclaves whose

compositions contribute to a tholeütic fractionation trend simila¡ to the Black Hill

gabbros. The droplet-like shapes and microtextures of these enclaves along with

geochemical and isotopic data suggest that they and their host graniæ formed

contemporary magmas and that the enclaves may represent draw-up from an underlying

layered mafic chamber. The available evidence suggests that despite the high temperatues

of both mafic and felsic magma, the viscosity conmst after thermal equilibration was too

high for unrestricted mixing and only mingling and diffusion took place.

The range of Nd and Sr isotopic compositions of all of these silicic rocks a¡e

virtually indistinguishable from the mafic ones consistent with other data suggesting a

common source. Overall tNd varies from +5 to -4 and initial875165¡ from 0.7035 to

0.7065 so that the entirc suite has an isotopic range which is like some parts of the so-

called enriched mantle sampled by ocean island basalts. In conjunction with their

geochemistry this suggests derivation from an enriched source with relatively little crustal

contribution, particularly from the evolvedArchaean andProterozoic maærial likely to

characterize the lower crust in this region. However, a model involving crustal

contamination of asthenospheric mels cannot be conclusively rejecæd although it requires

quite high assimilation rates (>307o) to produce the incompatible trace element

concentrations. One potential source is subcontinental lithospheric mantle that was

previously enriched by infiltration of small partial melts from the asthenosphere. En¡iched

mantle xenoliths suggest the existence of such a soutce and Tou Nd model ages for both

the laæ orogenic magmas and many of these mantle xenoiiths range from 900 to 1200 Ma

which may partially reflect the timing of the enrichment event.



The generation of melts within the subcontinental lithosphere requires a substantial

thermal anomaly which is also likely to affect the potential energy of the lithosphere.

Following the suggestion of Houseman eúal. (1981) thatmantle lithosphere thickened

during convergence may become unstable to convective thinning, theoretical models are

outlined which suggest that mantle lithospheric thinning will increase both the potential

energy and the thermal budget of the orogen. The increased potential energy

accompanying isostatic uplift causes convergent deformation to be terminaæd or

partitioned elsewhere whilst uplift is likely to induce rapid unroofing of the orogen. The

increased thermal budget results in the potential for melting in the lower crust and low

temperatue melting fractions in the mantle lithosphere. Such melts will be relatively

anhydrous and able to fractionate extensively to prduco silicic differentiaæs and a

bimodal magmatic suiæ. In the southern Adelaide Foldbelt both the nature of the

magmatism and evidence for ca. 10 krns denudation just prior to emplacement of the late-

orogenic suite provide some support for such a model. It is suggested that this process

may also be responsible for the late-orogenic suites found in other foldbelts. Late-

orogenic magmatic episodes may involve considerable new additions to the cn¡st

transfering geochemical enrichments from small degree partial melts contained in the

mantle lithosphere.
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f\tìChapter 1,. Introduction

1.1 General introduction

Magmatic rocks found in orogenic belts can provide a record of the chemical and

thermal evolution of the deep lithospheric root of the developing orogen. Although the

sampled magmatic rocks of continental orogens may be the end product of several

generative processes including partial melting, assimilation, fractionation and mixing the

association of magmatic suites with particular tectonic settings suggests that not only

magma sources but also the exænt to which these modifying processes act may at least

paltially be a function of tectonic sening. This relationship must be complexly related to

geodynamic factors and the thermal regime which, for example, control the stress field

and thickness of a piece of crust which in turn affects the degre,e of fractionation and

assimilation a magma will achieve on reaching a particula¡ crustal level. An assessùrnent

of these contributions from recycled continental crust and the mantle then provides an

insight into the generation and evolution of the continental cnrst

Most progress in understanding the relationship between geodynamics and magma

composition has been made in extensional æconic settings where the magma composition

is relaæd to the degree of extension (McKenzie and Bickle, 1988). The situation is clearly

more complex in continental compressional regimes and no unifying theoretical base for

understanding of these magma compositions has yet emerged- Magmaúc rocks from

continental orogens are clearly modified by processes subsequent to their segregation,

however, fornrnately Some geochemical iiacers such as the radiogenic isótopes provide a

record of the nature of their source regions. It seems likely that studies of particular styles

of magmatism (compositional associations, physical processes) can be used to test or

furttrer elucidaæ geodynamic-magmatic relationships though chemical finger-printing

alone is prone to misclassifications (eg Arculus, 1987). A poæntially useful approach is

to establish æmporal-spatial relationships benveen magmæism and other tectonic elements

such as metamorphism, deformation and isostatic responses like uplift.

The sening for this thesis is the southern Adelaide Foldbelt, South Australia which

records a long history of magrnatism from its Laæ Proterozoic to Cambrian extensional

phase of sedimentation right through and beyond the compressional deformation of the

Cambro-ffiovician Delamerian Orogeny. This thesis documents a study of the last

magmatic episode in this foldbelu a laæ-orogenic bimodal magmatic suite such as is

common to many continental orogenic foldbelts. As part of the study currently being



undertaken by a number of workers on the orogenic history of this foldbelt this thesis has

the following aims:

1) to make a detailed description and analysis of the nature of the late-orogenic

magmatism in the foldbelt in terms of both magma chemical evolution, physical

properties and source characteristics;

2) to assess the emplacement styles and interactions between mafic and felsic end

members;

3) to assess the relative contributions of crust and mantle to the magmas

4) to further the understanding of lithospheric scale processes during the

Delamerian Orogeny;

5) to use the Adelaide Foldbelt example to test current hypotheses on the nature of

the source regions of continental magmas.

1.2 Source regions and thermal requirements for magma
generation

A central concern in the study of magmatic processes is why the source region

undergoes melting and how this source can be identified from the chemical and isotopic

characteristics of the magma(s) produced- There can be little doubt for example that the

characteristic compositional differences between magma types such as mid ocean ridge

basalts (MORB) and ocean island basalts (OB) reflect fundamental differences in their

sources. The compositional nmge of MORB seems to be explicable in terms of differing

degrees of partial melting of depleæd mantle which a¡e induced by adiabatic

decompression as a consequence of extension of the overlying lithosphere (McKenzie and

Bickle, 1988). OIB seem to be derived from a more en¡iched source, possibly undepleted

mantle ormantle fertilized by additions from detached and enriched lithospheric mantle

(McKenzie and O'Nions, 1983), and melting is caused by decompression of rising

asthenospheric plumes.

Similarly, moving to continental settings, the rift related magmatism that produces

continental flood basals (CFB) and associated dolerite sills has a thermal origin in

extension which produces asthenospheric upwelling, decompression and melting. Rifting

may be induced by changing tectonic boundary conditions or initiaæd by a mantle plume

(White and McKenzie, 1989). More isolated anorogenic or within-continent magmatism

is often bimodal with akafi basalts and alkali-rich, high silica granites that are usually A-

types according to the classification of Collins et al. (1981). These suiæs may be

analogous to OIB having their thermal origins in mantle plumes. Unlike OIB and MORB



continental crust is an important compositional component in CFB's and within-continent

magmas and has a complex isotopic structu¡o which is likely to be complimentary to the

depleted mantle reservoir (eg Allegre, 1987). Subcontinental lithospheric mantle is also a

likety compositional component being long lived enough to develop chemical and isotopic

anomalies through the infiltration of asthenospheric melts (McKenzie, 1989;

Hawkesworth et a1.,1990). Studies of mantle xenoliths confirm that much of the

lithospheric mantle has isotopic and elemental enrichment relative to depleted mantle or

MORB-like sourco regions (eg Menzies and Murthy, 1980; Menzies 1983). Allegre et al.

(1981; 1982) suggest that this enriched lithospheric mantle is a fundamental component in

CFB's and some like the Karoo may be almost entirely sourced in old enriched

lithospheric mantle (Ellam and Cox, 1989). CFB's are likely to be contaminated during

ascent through the crust and their trace element and isotopic en¡ichment is likely to have

its origins partly in the crust and partly in enriched subcontinental lithosphere as is argued

by Cox and Hawkesworth (1984) for the Deccan Traps basalts.

Sources and thermal requiements are more controversial for continental silicic

magmas. In at least some continental orogenic senings granitic rocks can be cha¡acterized

by their source rocks into I- and S-types, being derived from igneous and

metasedimentary sources respectively (Chappell and White, 1974), however such

classifications aro not always clear cut (eg White et al., 1986) and the cause of melting is

Iess obvious. The thermal conductivity of rocks is low and the maximum radiogenic

heating of thickened crust will only be attained if the crust is thickened for periods

approaching that of the thermal time constant which is proportional to the square of the

length scale of the pernubation (turcotte and Schubert, lg8z).The attainment of these

potential temperatues requires times of at least the same order of magnitude as the

lifetime of orogens and theoretical modelling suggests that conductive heating of

orogenically thickened crust is therefore often unlikely to be suffrcient to cause partial

melting unless the mantle lithosphere is dramatically thinned (Sandiford and Powell,

1990). For this reason the thermal origin of orogenic granitic rocks is one of considerable

debate, one alærnative to crustal thickening being the generation of granitic magmas by

the intrusion of basalt (Iluppert and Sparks, 1988). Hildreth (1981) used simila¡

arguments along with chemical and isotopic evidence to suggest that all lithospheric

magmatism is fundamentally basaltic. In other words asthenospheric input is required on

thermal grounds and is often present as a compositional end member as well so that S-

type granites may gade downwa¡ds into I-type granites and ultimately to basaltic roots.

Isotopic data from the I- and S+ype granitic suites of the Lachlan Foldbelt which suggests

mixing of two dominant components (McCulloch and Chappell, 1982; Gray, 1984) may

be consistent with this hypothesis. Unforn¡naæly direct observational evidence for the

mafic magma is typically absenl This may be because the combination of thickened crust,



compressional stress regime and production of buoyant silicic magmas by fractionation

and crustal melting preclude these mafic magmas from reaching the same stn¡ctural levels

as the graniæs.

Of particular geodynamic inærest are magmatic rocks inur¡ded immediately

following convergent deformation in many continental orogens (often called "post-

tectonic" magmas). These late orogenic magmatic suites also have a heat source problem

since they intrude afær compressional deformation and crustal thickening have ceased.

The emplacement of these as convergent deformation ceases suggests a causual link

between the thermal pulse and the cessation of deformation. Conceivably deformation

may cease because the external driving forces cease or alærnatively because internal

outward directed buoyancy forces come to equal and oppose these d¡iving forces

(Sandiford and Powell, 1990). Unfortr¡nately neither of these mechanisms provides a

satisfactory reason for the thermal perturbation causing the magmatism. One potential

solution to this lies in the suggestion by Houseman et al. (1981) that orogenically

thickened subcontinental lithospheric mantle may become unstable and be displaced by

hot convecting asthenosphere with the result that the uppermost mantle and overlying

crust become rapidly heated. As shown by England and Houseman, (1988), Molnar,

(1983) Sandiford, (1989) and Sandiford and Powell, (1990), lithospheric thinning and

the consequent isostatic uplift increase the poæntial energy stored in the orogen which

may produce buoyancy forces capable of terminating deformation independently of the

behaviour of the driving forces. This would make the lithospheric mantle a likely source

for late-orogenic magmas. Another possibility is that injection of basalt from the

asthenosphere which would thicken the lithosphere and (depending on its density)

produce uplift (McKenzie, 1984) capable of opposing convergence. In this case

asthenospheric mantle is a likely compositional end-member.

It seems that distinguishing magma sources may constrain which models are

appropriate. Whilst experimental perology provides constraints on possible source

regions (eg Wyllie, 1984) radiogenic isotopes are clearly invaluable in distinguishing the

relative contributions of these sources, in particular much use has been made of combined

Nd and Sr isotopic syst€ms (eg Allegre and Othman, 1980; O'Nions, 1984; DePaolo,

1988). Following Thompson et aI. (1986) and Thompson and Morrison (1988) the

combining of isotopic and elemental tracrrs seems to be the mostlikely way to distinguish

asthenospheric, lithospheric mantle and crustal components in the laæ-orogenic suite from

the southem Adelaide Foldbelt. Such data can then be used along with other æctonic

indicators to assess models such as that of Houseman et al. (198I) for the thermal origin

of the magmas.



1.3 Geological setting and previous work

The southern Adelaide Foldbelt forms part of one of the largest and best preserved

Laæ Proterozoic - Early Cambrian Foldbelts in the world exænding through most of the

length of South Australia. Equivalent age metamorrphosed sequences occur in western

Tasmania (eg Williams, 1978) and in north Victoria Land, Antarctica (eg Laird and

Grindley, L982) leading various authors to propose an originally contiguous foldbelt

extended through South Australia and probably most of Tasmania and Antarctica (the

Ross Orogen) as well (eg Ballie, 1985). In South Australia thick sequences of shelf

derived sediments deposited during ttre I¿æ Proterozoic and Early Cambrian were

deformed by the Cambro-Ordovician Delamerian Orogeny (fhompson, 1969; Daily et al.,

1976).In the eastern exposed sections of the foldbelt in South Australia considçred in this

thesis (the southern Adelaide foldbelt) the Delamerian Orogeny resulted in complex

polyphase deformation and Buchan-style metamorphism (eg Mancktelow, I97 9 ;

Sandiford et a1.,1990). Magmatic activiry, whilst not voluminous, occurred throughout

much of the history of the foldbelt (Turner and Foden, 1990b; see appendix E7) from

syn-sedimentary mafic dykes and volcanics marking periods of maximum extension to

the mafrc and silicic activity which spanned the compression of the Delamerian Orogeny.

Delamerian intrusives are largely restricæd to these higher gnde southern outcrops

though a significant series of syenogabbros and monzonites have been described by

Morrison (1989) from the Peake and Denison Ranges in the northwest of the foldbelr A

recent overview of the foldbelt in South Australia is given in Preiss (1987).

The eastern edge of the southern Adelaide foldbelt is largely hidden by the Tertiary

sediments of the Murray Basin. Here the youngest exposed rocks, belonging to the

Cambrian Kanmantoo Group are rapidly depositied flysch-like sediments (Milnes, 1982)

which may have been deposited in a deveþing rift (Von der Borch 1980). Recent zircon

dating on a tuffaceous layer at the base of the Kanmantoo puts the beginning of this last

sedimentation episode at -526 Ma (Cooper et a1.,1990). These a¡e also the most highly

metamorphosed and deformed and this unusual fean¡re has recently led to critical re-

appraisals of the teconic history of the foldbelt and the suggestion that the Kanmantoo

may be allochthonous (eg Jenkins, 1986; 1990). Deformation involved thrusting and

crustal thickening (Mancktelow ,1979; Sandiford et aL,1990) and th¡ee fold generations

are recognizri(egOffler and Fleming, 1968). However, in contrast to Offler and

Fleming (1968) who argued that metamorphism occurred early, Manktelow (1979) and

Sandiford et al. (l9XJ) present evidence that peak metamorphism occtured after the f,ust

deformation evenL The metamorphic grades in the Kanmantoo reach upper amphibolite

grade with iocal development of kyaniæ-sillimaniæ assemblages. Sandiford et al. (1990)

showed that these currently exposed assemblages formed at a¡ound 3-5 kba¡ (10-17 lcn



depth) so that total crustal thickening is unlikely to have produced crust in excess of 52

km given the current crustal thiclness of 3G35km. Noting that at these depths the

attained metamorphic conditions of 530-680 oC require a thermal regime in excess of that

expected for tectonically thickened crust Sandiford et al. (1990) appeat to additional heat

supply from syn-tectonic magmas.

This eastern edge of the southern Adelaide Foldbelt contains numerous outcrops

ol predominantly granitic, intrusive rocks which are largely resticted in occurrence to the

Kanmantoo Group (Fig. 1.1). It had been recognized for some time that these could be

divided into syn- andpost-deformational suites (eg Milnes et a1.,I971;Mancktelow,

1980). Geochronological data (Foden et aI. n prep) indicaæs intrusion of the first group

spaned 516-490 Ma allowing only a relatively short time (10 Ma) for deposition and

deformation of the Kanmantoo Group. Dates for the second group are tightly bracketed

at490-487 Ma (this work; Foden et al.tnprep) indicating the end of deformation and the

intrusion of the later magmas were closely spaced events. Turner (1986) and Foden et al.,

(1990a; see appendix El) showed that distinct compositional differences existed between

the two suites Fig 1.2). Foden et al. (1990a) referred to these two suites as syn- and

post-tectonic in keeping with terminology in much of the literature. However since only

convergent strain, rather than "tectonics" or "orogenesis", had "ceased" during intrusion

of the second suite, the terms syn-orogenic or syn-deformational and late-orogenic or

post-deformational have been adopæd in this thesis. In figure 1.1, the syn-orogenic

granites include the Tanunda Creek, Cookes Hill and Rathjen gneisses, the Reedy Creek

Granodiorite and the Palmer, Monarto, VictorHarbor, Taratap, Cape Willoughby and

Rema¡kable Rocks granites. The post-æctonic granites include the Sedan, Mannum and,

Murray Bridge Granites as well as the Padthaway Ridge graniæs at Coonalpyn, Tintinara,

Christmas Rocks, Kongal Rocks, V/illalooka, Marcollat and Gip Gip and volcanics at

Bin Bin, Gip Gip, Mt Monster, Didicoolum and Papineau Rocks. Investigations in

western Victoria (Turner, 1986; Tumer et al., in prcp.) showed ttrat an identical

association of early and deformed granodioriæs (Wando Granodiorite) and migmatitic

granites (Harrow Granodiorite) followed by later, undeformed, true granites @ergholm

Granite) intrude Cambrian amphibolite grade metasediments of the Glenelg River

Complex (see Fig. 1.1) which have a simila¡ deformational style to that preserved in the

Kanmantoo Group in South Australia- On the basis of these similarities Turner (1986)

and Foden et al. (1990a) correlaæd the æctonic evolution of the Glenelg River Province in

western Victoria with that of the Kanmantoo in South Australia, the Wilson Terr¿ne in

Overleaf - Figure 1.1 Map showing locations of magmaLic rocks and other lithologies referred to in
thesis.
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Figure 1.2 Spidergram illusrating the compositional differences berween

syn-orogenic (Reedy Creek Granodioriæ) and laæorogenic (Marcollat

Granite) felsic intrusives.

eastern Victoria l^and in Anta¡ctica and the early Palaeozoic sequences in western

Tasmania.

The earlier, syn-orogenic suite consists of hornblende and biotite bearing

tonalites, gËnodiorites and granites (J¿nsu stricto) which are I-types according to the

classification of Chappell andWhira, (L974) and often have migmatitic aureoles (eg the

Reedy Creek Granodioriæ). These rocks have moderate Mg#'s, high compatible race

element concentrations (eg Sc, V, Ni, Sr, Ba) and arc poor in incompatible trace elements

(egZt,Nb, Y, REE).The more mafic l-types have moderately initial8T5¡7865¡ ratios

around 0.7053-0.7083 the S-type aureoles have higher ratios > 0.7110 suggesting

significant crustal contamination of relatively primitive magmas. At Vivonne Bay,

southern Kangaroo Island, S-t¡rye graniæ is more fully developed in a zoned series of

biotite-, g¿ìrnet- and porphyritic granites which have chemical and isotopic characteristics

indicating formation by anaæxis of the local metasediments (Mirchell, 1990). The data on

the I-type granites are not consistent with derivation from the evolved Proæ¡ozoic crustal

basement which would have had 875tf65r ratios in the ftmge 0.715G0.7450 at 500 Ma

(Foden et a1.,1990 and unpublished data). The granites of late-orogenic suiæ are A-types

(see Fig. 1.2) under the classif,rcation of Collins et al. (7982) and Whalen et aI. (1987). In

contrast to the early suiæ these are high silica, potassic rapakivi granites which have low

Mg#'s and compatible trace element concentraúons but high incompatible trace element

concenrations and low initial 875.p65¡ rados (usually < 0.706).

One of the features of ttre later, post-deformational, suite is that it is

compositionally bimodal with the high-silica granites and volcanics being accompanied by

gabbroic plutons and doleriæ dykes. Gabbroic plutons occur at Black Hill and near



Coonalpyn on tho Padthaway Ridge whilst mafic dykes cut the Reedy Creek

Granodiorite, the Mannum Granite and outcrop at Mount Pleasent near the Rathjen gneiss

and on the Padthaway Ridge. As will be discussed in chapter 6 similar bimodal suites

intrude after ttre end of deformation in many orogenic belts. In light of the interesting

composition of the A-types and their apparent close association with mantle derived

magmas the bimodal suite seemed to demand further investigation as part of ongoing

research on the southern Adelaide Foldbelt. In particular the minimal isotope data base

required signif,rcant updating. The gabbroic plutons were the least studied at the time and

thus formed the starting point for a study which now forms this thesis.

For the purposes of the magmatic rocks studied in this thesis potential source

regions include:

1) Contemporary depleted mantle with eNdl+9g Ma) = ¡p, 875¡786511+oo Mâ) = 0.70248.

2) Subcontinental lithospheric mantle. Mantle xenoliths from Recent volcanics in South

Australia (Mt Gambier, see Fig. 1.1) and western Victoria provide good evidence that the

mantle lithosphere here has been enriched for long enough to allow isotopic divergence

from the depleted mantle (McDonough and McCulloch,I9ST; O'Reilly and Griffin, 1988;

Griffin et a1.,1988). At 490 Ma sNd ranges from +6 to -1.1 whilst 875¡7865¡ is 0.7035

to 0.7069.

3) Lower crust. Possible lower crustal basement to the exposed upper crustal

metasediments and granites is a continuation of the Proærozoic and Archaean gneissic and

granulitic terrains exposed to the west on Eyre Peninsula. At 490 Ma these have tNd

around -16 to -30 (McCulloch, 1987; Daly and Fanning, 1990; Fanning pers. convn.)

an¿ 875¡7865r is >0.76 and may exceed 0.8 fannin g et a1.,1980; V/ebb et aI., 1986).

Lower crustal and uppermost mantle xenoliths from kimberliæs in South Australia

suggest that the base of the crust and upper mantle lithosphere is composed of granulites

and eclqgites (McCulloch et al.,1982;'Arculus et a1.,1990). These have €Nd1+90 Ma) = -

12 to -21, ¿¡¿ 875¡786Sri+lo Ma) = 0.7066 to 0.71196.

4) Upper crust represented by the exposed metasediments. eNd for the Kanmantoo

Group at 490 Ma - -12, 87SrP6Sr - 0.7250.

1.4 Thesis outline

This thesis is based on extensive sampling for petrognphic, geochemical and

isotopic work. As the majority of outcrops investigated are isolaæd and surrounded by

the Tertiary sediments of the Murray Basin, held maps were not made. Rather, detailed

observations of the criticat outcrops are described in the relevant sections. All hand

specimens, thin sections, polished sections and rock powders are housed in the



University of Adelaide, Depar[nent of Geology and Geophysics under the accession

number 4876-.

The initial incentive of this thesis was to investigaæ the late-orogenic mafic

activity, as exemplified at Black Hill, because least was known about these intrusions and

their role in the late evolution of the foldbelt. Consequently much early work was spent

logging and analysing the 20 diamond drill holes that intersect these bodies and drill hole

logs are presented in appendix D. Chapters 2 and 3 resulting from this work document

the interpreted crystallization history and geochemical and isotopic implications of these

mafic plutons. However, even as this work proceeded the links with the associated felsic

plutons and volcanics became stronger, particularly with recognition of the similarity with

granophyres from the mafic plutons, and consequently detailed work was undertaken on

the granites and volcanics from the Padthaway Ridge. This forms the basis of chapter 4

which describes these rather unique rocks in detail and also attempts to model their

evolution from the mafic parents. Chapter 5 is based on a single, but nevertheless critical

outcrop at the Mannum Quarry. It is here that the mafrc and felsic end-members of the

bimodal suite show evidence of mingling and this chapter establishes their temporal,

spatial and chemical consanguinuity. Chapter 6 takes a broader view of the data in

conjunction with current models for the geodynamics of evolving orogenic belts to try

and propose a coherent model for late-orogenic, bimodal magmatic suites. In conclusion

it is proposed ttrat the termination of deformation in the Delamerian Orogeny and the

emplacement of the late bimodal igneous suite arc both manifestations of thinning of the

subcontinental mantle lithosphere which occuned in response to the orogenic thickening

event.

A number of papers are being published from this work. In parricular:

Turner, S.P., Foden, J.D., and Morrison, R.S., 1990: Derivation of A-type magma by

fractionation of basaltic magma and an example from the Padthaway Ridge, South

Ausralia. Contib. Mirural.Petrol., submitted- @ased on chapter 4)

Tumer, S.P., and Sandiford, M, 1990: Some thermal and isostatic constraints on "post-

orogenic" magmatism. Geology, submitted. (based on chapter 6)

Foden, J.D., and Tumer, S.P., 1990: The Mannum Granite: magma mingling, diffusion

and implications for the origin of A-type granites. Contrib. Min¿ral. Petrol.,

submitted. (based on chapter 5)



Tumer, S.P., 1990: Petrogenesis of late-orogenic layered gabbros at Black Hill, South

Australia. J. Pet., submitted. (based on chapters 1 & 2)

Conference abstracts and the precusory publication (Foden et a1.,1990) are included in

appendix E.
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Chapter 2. Petrogenesis of late-orogenic layered
gabbros at Black Hill, South Australia: Part L.
Mineral chemistry and crystallization conditions

2.1. Introduction

The layered gabbros at Black Hill, which form part of the later, undeformed

gabbro-granite complex (cf Chapter 1), lie just to the east of the Kanmantoo outsop (Fig.

1.1). Milnes et aI., (1977) report a Rb-Sr biptite-whole rock isochron from the Black Hill

gabbros which gave an age of 487t5Ma and they also give a K-Ar date on the biotiæ of

486Ma indicating that there has been no significant thermal perturbation subsequent to

crystallization. A seven point Nd-Sm mineral-whole rock isochron carried out as part of

the present study (see chapter 3) yietded an age of 489t10Ma. Although these gabbros

have been qua:ried for building stone ("Black Imperial Graniæ") for a long while, the

first and only previous study of their petrogenesis was made by Wegmann in 1980. This

chapter presents the results of detailed study of over 400 thin sections and probe analyses

collected from some 63 polished sections. The va¡ied and well preserved mineralogy of

these gabbros allows detailed documentation of their crystallization history which may be

applicable to laæ-orogenic mafic magmatism globally. The comlrcsitional evolution of

these crystallizing phases carries important implications for the overall chemical evolution

of the Black Hill magmas.

2.2. Geological setting

At Black Hill much of the outcrop is covered by Tertiary sediments and the

interpreution given in figure 2.1 is based largely on geophysical data. Additionally 19

cored diamond d¡ill holes (Lynch, 1978) intersect the gabbros and granites as well as

amphiboliæ grade metasediments which are assumed to be Kanmantoo Group equivalents

intn¡ded þy the mafic magma- From affomagnetic and F¿vity data layered gabbros 
'

d'
comprise lea.st three plutons however only two of these werÞ extensively intersecæd by

A

the drilling. These two are here named the Black Hill Pluton, which outcrops and is

quarried for building stone, and the Cambrai Pluton. Geophysical data, including detailed

gravity surveys by the author were used to constrain the size and shape of the plutons.

This work was extended by, and is summa¡izrdin Kennedy (1989) who performed 3

Overleaf Figure 2.1. Interpreted geological map of the Black Hill intrusive complex.
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dimensional modelling of the gravity data showing that the plutons are funnel shaped and

taper downwa¡ds to 3-3.5km depth where linea¡ magnetic anomalies may represent feeder

dykes (Frg. 2.1). The whole area itself lies on the western edge of a major gravity (+10-

25 milligals) and magnetic high which is consisænt with the presence of a voluminous

mafic lopolith at 4-6km depth from which the plutons may extend. The shape of the

plutons is consisænt with a model in which the mafic magma was tansported through the

crust in dykes until it reached planes of stn¡ctural weakness coincident with levels where

its buoyancy was capable of supporting the roof rocls. Át these levels the magma spread

laterally lifting the roof rocks and forming magma chambers. The filling of the chambers

would then be likely to have occurred in a number of successive injections through feeder

dykes.

Schematic cross-sections of the two plutons (Fig. 2.2a & b) combine geophysical

data and d¡ill core logs with mineralogical and geochemical evidence which suggests the

present level of exposrue is near to the top of the original intrusion(s). The Black Hill
Pluton has a area of 20km2 and a corresponding volume of about 60km3 whilst the

Cambrai Pluton is 4km2 and has a volume of 16km3. The BlackHill Pluton consists of

an upper (outcropping) roof zone underlain by layered cumulates (lower layered

cumulaæs) with a marginal or border zone consisting of pyroxene monzonites and

anorthosites. Dyke or sill-like bodies of granophyric maærial a¡e also intersected by drill

core. Below the lower layered cumulates the undrilled "hidden zone" represents about

607o (vol) of the Black Hill Pluton and somewhat less of the Cambrai Pluton.

2.3. Layering, convection and recharge

In the outcrop, rhythmic modal layering is defined by pyroxene rich bases gading

upwards to lighter, plagioclase rich tops (Figs. 2.3ub). These layers vary from 0.01-2m

in thiclness and do not always maintain thickness but may pinch out or coalesce to form

larger layers (Fig. 2.3a). This layering is rarely horizontal and may reach dips of up to

600. In three dimensions the layering is often convex downwards (Fig. 2.3a) and

reminiscent of the trough stn¡ctures described from the Skaergaarrd intrusion. Streaky or

wispy layering, involving thin bands of da¡k minerals, is quiæ common as arc crossbed

structures and truncated layers (Fig. 2.3a).

Despiæ the steep dips in outcrop, in ttre drill core the gabbros contain a prominent

sub-horizontal igneous lamination (Fig. 2.3c), defined by the alignment of plagioclase

laths and bands of mafic minerals. Correlation between drill holes suggests that overall

Overleaf Figure 2.?Ã & b. Schematic cross sections of the Black Hill and Cambrai Pluûons based
on combined gravity, magnetic and drill hole data







Figures opposite:

Figure 2.3a. Meter-high polished block of potassic gabbronorite from the
roof zonc of thc Black Hill pluton showing modal laycring with
truncations and some wipsy layering. In three dimensions the layers
form trough structures.

Figure 2.3b. Modal layering in potassic gabbronorite showing darker
pyroxene-rich bases and lighter plagioclase-rich tops. Area is about 30
x 50 cm.

Figure 2.3c. Subho¡izontal layering in thin section (crossed polars) from
drill core (5-575). Note fine grained olivine rich bases to layers in
centre of photo. Area is 1.5 x 5 cm.

Figure 2.3d. Thin section photograph from drill core (19-869) showing the
development of coarse zones of hydrous minerals (actinolite and biotite)
at the contact between two cyclic units. Crossed polars, 1.5 x 5 cm.
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this layering dips shallowly in towa¡ds the centre of the plutons. Whilst the outcrop is

dominated by potassic gabbronorites with modal layering, the drill core reveals larger

scale cyclical lithological layering in the cumulates. Summary drill core logs for the Black

Hill and Cambrai plutons (Fig.2.4a &b) show repetition of a number of cyclic units. In

the Black Hill Pluton these cycles have tnoctoliæs with occasional thin peridotiæ bands at

the base overlain by olivine gabbros followed by gabbronoriæs. The Cambrai Pluton

contains repetitive cycles consisting of olivine gabbros and then norites topped by

gabbronorites. Boundaries tretween lithological layers a¡e often the site of bands of

hydrous minerals termed coarse zones (Fig. 2.3d). Whilst the olivine gabbros and

gabbronorites a¡e indistinguishable between the two plutons the noriæs would appear to

be virtually restricæd to the Cambrai Pluton though this may be an artifact of limiæd drill

hole data. The gravity data indicates the drill core did not reach the base of the plutons

such that there is a "hidden zone" beneath the lower layered cumulates which might be

expecæd to contain an increased abundance of mafic cumulates such as the troctolites arid

peridotites.

Cryptic layering which is common to many similar intrusions does not appeÍìr to

be significant on a broad scale in the layered cumulates, though more detailed sampling

would probably reveal fine scale variations within individual cyclic units. There is

however a marked change which distinguishes the lower layered cumulates (Mg# = 80-

85, Fog6) from the overlying roof zone potassic gabbronorites (Mg#= 56, Fo5g) in the

Black Hill Pluton (see Fig. 2.4a).

The last few decades have seen many advances in the understanding of magma

chamber dynamics in which early concepts of crystal settling have largely been replaced

by in situ crystallization at chamber margins to explain layering in igneous rocks.

Oscillation a¡ound a cotectic (as suggesæd by Morse, 1979) at the top of a growing

crystal pile may provide an explanation of modal layering. McBirney and Noyes (1979)

suggest that layering is likely To have formed by oscillatory nucleation and diffusion

conrolled crystallizæion occurring at the intrusion margins. Crystallization may occur

dominantly in situ at the chamber floor, particularly if convection is efFrciently removing

heat from the floor. This occurs because the increased prossure at the chamber floor will
raise crystallization temperatures of minerals which increases supercooling leading to

inqea.sed nucleation and growth rates (furner and Campbell, 1986). At the roof on the

other hand, although heat loss will be geater, the liquids will be more evolved due to

fractionation and assimilation, with the result that their liquidus is depressed thereby

limiting cry stallization.

Recent theoretical and experimental work on fluid dynamics indicaæs that layering

Overleaf Figures 2.4a & b. Summarized drill core logs from the Black Hill and Cambrai Plutons.
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may also be related to injection of fresh magma. For example, depending on the

temperature and degree of fractionation (and therefore the density of the resident magma),

a fresh injection of primary magma may be relatively lighter and form a layer towards the

top of the chamber perhaps also entraining some of the resident magma (Huppert et al.,

1986). This may then form a discrete layer or cycle of layen. Alærnatively the injecæd

magma may be denser than the resident magma in which case it may pond at the base of

the chamber as a discrcte layer (Huppert and Sparks, 1980).

From the above discussion it is clear that magma chamber dynamics are likely to

be strongly influenced in their ea¡ly stages by the ability for convective processes to

operate. The conditions for thermally driven convection to occur a¡e described by the

thermal Rayleigh number:

f,¿ = pgcTl-3/ru .....(eg Turner and Campbell, 1986)

where g is the acceleration due to gravity, a is the coefficient of thermal expansion (about

1 x 10-5 deg-l¡, T is the temperaturc difference between two boundaries and L is the

d,istance between them, r is the thermal diffusivity (about 5 x 10-5m2sec-1), p is the

density (about 2.7 kgm-r ar 1000 oC) and u is the kinematic viscosity (about 102-103

poise for basalt with2-3Vo HzO) (values taken from Murase and McBirney, 1973). For

the Black Hill plutons L is (3-4 x 103m) and when raised to the third power will dominate

the equation. The Rayleigh number will therefore be well in excess of the 1É required for

convection to set in and initial turbulent convection (Ra>10ó) is implied. Various other

factors such as fresh inputs of hot magma are also likely to induce convection. In

particular the compositional Rayleigh number, measuring tendency towards convection

produced by compositionally induced density gradients, is likely to be even more

important than the thermal Rayleigh number (Sparks et aJ.,1984, Turner and Campbell,

1986) once fractionation commences.

At Black Hill the truncation of layers and'crossbed stn¡cturos indicates the action

of magmatic cuÍents confirming that ttre magma chambers were in a state of convective

motion for some of their pre-solidified history. The outcrop lies near the edge of the

Black Hill Pluton and the steep dips of layering may reflect density or convective crurents

moving down the walls of the magma chamber. Certainty these sæep dips argue against

an origin of the modal layering by gravitational stræification. The wispy layering suggests

redistribution by irregular cr¡rrents and simila¡ features in the Skaergaard intrusion are

restricted to the roof and margins (McBirney and Noyes, 1979) which suggests that the

Black Hill outcrop represents the roof zone of the intrusion (see also later discussion).

The magma chambers may also have contained more than one convective cell. As

such, models of double diffusive convection are likely to be appropriate. The marked

compositional change berween the ourcropping gabbros and the cumulates intersected in

drill core may separate more fractionated magma rcsident in an upper convective cell from
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underlying primitive magma at a temperatue, compositional and density inærface.

Turbulent convection would keep the magma homogenized and continuously supply heat

to the roof providing optimum conditions for assimilation of ioof rocks. Significantly the

roof zone gabbros are highly potassic (see subsequent discussion) consistent with

assimilation. Potassium (and volatiles) may also be enriched in such an upper convective

cell by double diffusive and or lþid/convective fractionation processes as recently

reviewed by Turner and Campbell (1986). Unfortunately there is no drill core from the

interval between the potassic gabbronoriæs and the underlying cumulates.

Formation by processes operating in a closed system would be expected to result

in successive cyclic units becoming progressively more fractionated. This is not the case

and the repetition of cyclic units in both plutons, as well as reversals in Mg# and the lack

of broad scale cryptic va¡iation favours open system processes, specifically recharge with

each cyclic unit representing a fresh influx of magma into the chambers. Further evidence

for magma chamber recharge processes in Black Hill take the form of narrow, fine

grained olivine rich bands at the base of coarse gnined olivine gabbros (Fig. 2.3c) which

may rcprcsent undercooling of an influx of hotær mafic magma against cooler resident

magma. Crystallization then occurs on the chamber floor, perhaps with occasional density

curents descending from side wall or roof crystallization area.s to add to the crystal pile.

The beginning of each cyclic unit is marked by an increase in Mg#, consistent with the

recharge hypothesis, however this increase is slightly displaced upwards from the

lithological boundary. Similar displacements in the Muskox intrusion were explained by

Irvine (1980) as resulting from infiltration of the new cyclic unit by more evolved, post

cumulus liquids from the units beneath as they are compacted As will be seen

mineralogical evidence suggests low pressure, shallow level crystallization and therefore

eruption may well have accompaniedrecharge episodes, however the current level of

exposure means any such extrusive equivalents have been rcmoved.

2.4. Petrography

Table 2.1 gives a petrogr¿phic summary for the principle lithologies at Black Hill

along with the infeÍ€d crystallization orrder and modal analyses indicating the t¡'pical

nmge of mineralogy. Alteration is generally minimal, involving chloriæ replacement of

biotiæ and talc replacement of orthopyroxene as well as general t¡ralitization of

pyroxenes, and minor sericitization of plagioclase. All samples and thin sections are

housed in the Department of Geology and Geophysics at the University of Adelaide under

accession number 4876-. The sample numbers used here have the drill hole number as

their first digit followed by the depth in feet.
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2.4.L. Gabbronorites and potassic gabbronorites

Gabbronorites are the most abundant lithology in the plutons. They typically

consist of plagioclase, orthopyroxene and clinopyroxene with minor biotite, hornblende

and opaques set Ítmongst interstitial atkali feldspar and minor qaafiz. Apatite, which can

be abundant, and sphene are common accessory phases. These gabbros have relatively

non-cumulate textrues in which plagioclase and pyroxene appear to have co-precipitated.

Plagioclase laths are often highly conoded, particularly in contact with alkali feldspar,

indicating resorption. $noxene, which occurs in subordinate Írmounts to plagioclase,

forms subhedral plaæs which occasionally contain inclusions of plagioclase (Fig. 2.5a).

Clinopyroxene often exceeds orthopyroxene in content and sometimes contains blebby

exsolution of orthopyroxene or vermicular magnetite. Opaques consist of pyrite and equal

proportions of ilmenite (with haematiæ exsolution) and magnetite (which has hercynite

exsolution). Biotite occurs as ragged grains often intergrown with or rimming pyroxene

or with magnetite cores. Homblende forms coronas around clinopyroxene and alteration

along pyroxene cleavage planes rather than discrete grains. In some cases quartz and

akafi feldspar are concentrated into allotriomorphic zones possibly indicating an

immiscible relationship (Fig. 2.5c).

The ourcrop of the Black Hill Pluton is a more evolved and potassic variety of

gabbronorite with an increased abundance of alkali feldspar and quartz and subequal

¿rmounts of ortho- and clinopyroxene. Adrlitionally large flakes of foxy-red biotite are

very common and often intimaæly inærfingered with, or even included in orthopyroxene

(Fig. 2.5b). Rare fayatitic olivine is also found in these potassic gabbronorites, usually

included in orthopyroxene @g. 2.5d). The simila¡ity bet'ween these rocks and pyroxene

monzonites from the intrusion margins along with theirchemical and mineralogical

distinction from the lower layered cumulates furttrer indicates that ttrey represent rocks

from nea¡ the upper margins or roof zone of the intrusion. The occulrence of both biotite

and alkali feldspar indicates a very high potassium content compared to the other gabbros

and could reflect roof and wall rock assimilation. Qgarø-feldspar-biotiæ pods (2-10 cm

diameær) foundin outcrop are interpreted as forming from laæ stage, trappedliquids.

2.4.2. Pyroxene monzonites and anorthosites

Pyroxene monzonites, that are intersected by a drill hole on the margin of the

Black Hill Pluton, are even more fractionated and potassic than the potairsic gabbronorites

described above. These rocks contain ap ø 38Vo alkali feldspar and 67o quartz which

surround plagioclase, pyroxene, hornblende and biotite which is less abundant than in the

potassic gabbronorites (Fig. 2.5e,f. Additional phases include opaques, ubiquitous

euhedral apatite which crystallized early and is found included in both plagiocla.se and

pyroxene, and frnally rare, euhedral, unzoned zircon @g. 2.5h) which indicaæs that



Figures opposite:

Figure 2.5a. Gabbronorite (19-536) with large poikilitic plates of
intercumulus clinopyroxene (cp) enclosing cumulus plagioclase.

Crossed polars, width of view 4 mm.

Figure 2.5b. Textural relationship in a potassic gabbronorite (4171-83)

suggesting reaction between liqui< and orthopyroxene (op) to produce

UiJiite (UI). Note the opaque grain of magnetite in the core of the

biotite. See text for disbuJsion. Plane polarized light, width of view 2 mm

Figure 2.5c. Allotriomorphic patch of interstitial quartz (q) and alkali
feldspar (alk) from ã potàssic gabbronorite (19-t379). Crossed polars,

width of view 4 mm'

Figure 2.5d. Smatl relicts of fayalitic olivine (ol) in a roof zone

gabbronorire (section 6728 RS94 from SADME) containing
ðlinopyto*"n" (cp), orthopyroxeno (op), plagioclase (pl) and

feldspar (alk). Crossed polars, width of view 2 mm'

Figure 2.5e. Pyroxene monzonite with plagioclase 
- 
(pl), orthopyroxe.ne (op)

and clinopyroxene (cp) set in large amounts of interstitial alkali
feldspar (ut¡ Note ìhe biotite (bt) with opaque cores interfingered
with orthopyioxene similar to Fig. 2.5b. Plane polarized Iight, r'vidtir of
view 4 mm.

potass tc

alkali

Figure 2.5f. Same view as Fig. 2.5e with crossed polars

Figure 2.5g. Pigeonite
alkali feldspar (alk)
width of view 4 mm

distinctive h#ingbone
a pyroxene monzonlte

exsolution text.ure ln
(4-807). Crossed Polars,

with
from

Figure 2.5h. Large euhedral,' unzon ed zircon from a pyroxene monzonite

(4-711). Plane polarized light, width of view 2 mm'
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these rocks crystallized from highly fractionaæd liquids. Texturally these monzonites do

not appear highly cumulus though plagioclase laths, with large overgrowths, often

contain small pyroxene inclusions and apatiæ may have a cumulate origin. Alkali feldspar

occasionally contains microperthitic exsolution and exhibits frequent granophyric

inærgrowths suggestive of low prcssrue crystallization. Whilst olivine is not found in the

monzonites, early formed pigeoniæ is abundant often with overgrowths of

clinopyroxene. Exsolution and inversion give the pigeoniæ a broad herringbone texture

(Frg. 2.5g) whilst the clinopyroxene overgrowths contain fine pigeonite exsolution

lamellae. Orthopyroxene makes up a three pyroxene assemblage, all occurring in roughly

equal arnounts.

With decreasing pyroxene contents, the pyroxene monzonites grade downwards

into anorthosites which typically contain 707o plagæ,lase and correspondingly reduced

amounts of alkati feldspar, quartz, pyroxene, biotiæ and hornblende with only minor

apatiæ and opaques. Texturally these have a relatively non-cumulate origin and are

characterized by large plagioclase laths containing tails of small mafic inclusions and

exhibiting complex zoning and overgrowths @g. 2.5i). Pyroxene even when not

included in plagioclase only forms small subhedral grains. The similar æxture and

mineralogy with different mode and growth rates suggests that the anorthosites are related

to the pyroxene monzonites but that coprecipitation only occurred after an initial period in

which the liquid must have been strongly displaced into the plagioclase field-

2.4.3. Troctolites and peridotites

These a¡e the most mafic (magnesian) rocks in the complex and have very distinct

cumulate textures. The troctoliæs have a strong lamination produced by alignment of

these plagioclase laths (Fig. 2.5j), however the low density of plagioclase, which makes

up 45-60 percent of the troctolites, does not permit an origin by gnvitational settling. The

plagioclase and olivine can generally be assumed to have coprecipitaæd although

occasionally small plagioclases are found included in olivine. These are mesocumulaæs to

adcumulates often having little inærcumulus material (see Table 2.1) and more sodic

adcumulus overgrowths on the plagioclases. Intercumulus minerals include amphibole,

trace ¿rmounts of biotite and opaques which include chrome spinel. Pyroxene, which is

predominantly clinopyroxene, forms intercumulus material, coronas a¡ound olivine and

occasional poikiloblastic plaæs. These poikilobtasts contain inclusions of plagioclase and

olivine which a¡e smaller than those not so included indicating postcumulus growth has

occurred on non-included grains.

The olivine content of the troctolites is va¡iable sometimes increasing to 40Vo and

within the lower intersected troctoliæs are occasional metre-thick layers of coarse grained

peridotite. These peridotiæs contain 40 to 55Vo olivine with intercumulus pyroxene which



Figures opposite:

Figure 2.5i. Anorthosite (4-926)
plagioclase containing small
of view 4 mm.

composed of coarsely intergrown
pyroxene inclusions. Crossed polars, width

Figure 2.5j. Troctolite (5-756)
plagioclase (pl) with little
of view 4 mm.

composed of cumulus
intercumulus material

olivine (ol) and
Crossed polars, width

Figure 2.5k. Peridotite (5-142) with coarse grained cumulus olivine
in intercumulus orthopyroxene (op) with green hercynite (sp)
interstitial biotite (bt). Plane polarized light, width of view 4 mm

(ol) set
and

Figure 2.51. Peridotite (5-742)
intercumulus orthopyroxene

Figure 2.5m. Olivine gabbro
olivine (ol) included in
view 3 mm.

composed of cumulus olivine (ol) and
(op). Crossed polars, width of view 4 mm

(5-590) showing cumulus plagioclase (pl)
clinopyroxene (cp).Crossed polars, width of

and

Figure 2.5n. Olivine gabbro (3-834) with biotite (bt) included in olivine (ol)
which is rimmed by a vermicular symplectite (sym) in contact with
plagioclase (pl). Plane polarized light, width of view 3 mm.

Figure 2.5o. Norite (19-I379) showing fine grained prisms of bron_zi[e

orthopyroxene (op) poikilitically included in plagioclase (pl). Crossed
polars, width of view 4 mm,

Figure Z.Sp.Granophyre (15-301) composed of coarsely perthitic alkali
feldspar (alk) and quartz (q) with minor biotite (bt) and plagioclase
(pl). Crossed polars, width. of view 4 mm.
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is often alæred to actinolite (Fig. 2.5k,1). Chromium spinel and hercynite can make up to

57o of these rocks and small ¿rmounts of plagioclase are present at the peridotite margins

where they grade rapidly into Eoctolites. The concentration of peridotite layers at the base

of the drill holes indicates a likely increased abundance at depth in the hidden zone.

2.4.4. Olivine gabbros

The olivine gabbros are orthocumulates with variable composition such that with

decreasing amounts of pyroxene they gade into troctolites and, more commonly, with

decreasing olivine content they grade into gabbronorites. The general compositional range

is plagioclase 44-69Vo, clinopyroxene26-l0Vo, orthopyroxene 16-57o, olivine l0-27o,

hornblende 5-ll7o with biotiæ ilmenite and magnetite being accessories. Apatite is found

in some samples and many contain polymineralic grains of pyrite, chalcopyrite and

pyrrhotite. As in the troctolites olivine and plagiocla^se, which is sometimes found

included in olivine, are the cumulus phases whilst both the pyroxenes a¡e intercumulus

and ofæn form large plates in which olivine and plagioclase are included (Fig. 2.5m).

Again the included olivine and plagioclase grains a¡e smaller than those elsewhere

indicating that the enclosing pyroxene has arresæd their growth. Biotite and hornblende

occur as patchy alæration and rims to pyroxenes though biotiæ also forms discrcæ flakes

(Fig. 2.5n). Commonly the boundaries between olivine and plagioclase are the site of a

vermicular symplectite. This consists of an inner rim of orttropyroxene next to the olivine

followed by a rim of amphibole then 
^ 

zane of anorthiæ containing vermicular

orthopyroxene and amphibole adjacent to the plagioclase @g. 2.5n).

2.4.5. Norites
The norites intersected in ttre Cambrai Pluton consist dominantly of orthopyroxene

with lesser plagioclase, clinopyroxene, hornblende and biotite with minor quartz and

magnetite. Characteristically texturês a¡e heteradcumulaæ with fine gaine¿ euhedral

prisms of orthopyroxene (chromium-bronzite) poikilitically includedin anhe&al,

inærcumulus plagioclase (Fig. 2.5o).In crystallization order, nucleation raæ and modal

content therefore, the norites are strikingly different to the gabbros p¡eviouqly described.

Fine grained bronzites sometimes accumulate ino layers which define a near horizontal

lamination whilst elsewhere plagioclase nucleates more readily to form individual grains

which also define a layering (eg. Fig. 2.3c). Clinopyroxene, hornblende and biotite all

form inærstitial maærial which ofæn contain inclusions of bronziæ and occasionally

plagioclase. Weakly pleochroic actinolite and talc often rim bronzite grains. Small

amounts of apatite occur along with minor interstitial quartz. Sulphides however, can be

abundant and in one zone even replace plagioclase as the intercumulus phase suggesting

the formation of an immiscible sulphide liquid.
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2.4.6. Coarse zones

I-ocalized a¡eas of altered gabbros at Black Hill have a significantly coarsened

grain size and pyroxene becomes replaced by a hydrous assemblage of amphiboles and

biotite. Hercyniæ and sphene are characteristic of the alteration assemblage. V/ager and

Brown (1968) attribute mineralogically and texturally similar zones, in the Skaergaard

intrusion, to reaction with xenoliths of counEry rock which the zones surround. At Black

Hill these zones clearly reflect localized volatile build-up and this is also indicated by

zones where gabbronorites become increasingly hornblende rich and pyroxene poor. The

quarry and outcrop at Black Hill contain fractures lined with green actinolite. The coarse

zones and these actinoliæ veins may have formed when the hydrothermal system set up

upon initial intrusion collapsed inwa¡ds into the gabbros during their frnal and brittle

cooling stage. Some coarse zones, forming nÍurow bands at lithological boundaries, may

have formed at the top of the cumulate pile as fractionaæd, volatile rich, intercumulus

liquid was expelled upwards (see Fig. 2.3d).

2.4.7. Granophyres
Dyke or sill like bodies of granophyre, interpreted to be highly fractionated

liquids, are common amongst the lower layered cumulates. They are composed primarily

of alkali feldspar and quarø with occasional minorplagioclase and very ra¡e biotiæ.

Textures nmge from consertal seriaæ to completely granophync (Fig. 2.5p). Alkali

feldspar is frequently perthitic and sometimes rimmed by plagioclase to produce rapakivi

texttues. Accessory phases include opaques, zircon and fluoriæ. Quiæ ofæn the drill core

shows mixing and mingling relations benveen the granophyric liquids and ttreir host

mafic magmas. Such zones a¡e char¿cterized by an abunda¡rce of sphene and zircon.

Simila¡relationships occur in the 4.earby Mannum Graniæ (FtS. 1.1) and have been

attributed to diÊfrrsive fronts set up upon mingling between similar felsic liquids with

mafic magma (see discussion in chapær 5). Biotites from the Black Hill granophy*t anq

surprisingly magnesian (Mg#=65-60) for such higtrly fractionaædresidual liquids and so

are biotiæs from the Mannum Gra¡rite. These compositions may pertain to a mafi.c

parentage or mixing with mafic magmas.

2.5. Mineral Chemistry

Mineral compositions wet€ determined on a JEOL 733 microprobe and details of

the analytical methods and uncertainties for electron microprobe work a¡e detailed in

appendix A.



Table 2a Representative feldspar analyses (*cnic proportians calculaæd for 32 oxygens per formula unit)

sample#
lithologr
slo2
Ât203
FeO*
CaO
Na2O

E76-BIIGI E7ÉBHCI E76-BIIGI
K-gabbronoriæ K-gabbronorite K-gabbrcnorite

65.31 53.67 54JE
19.82 29.61 29:17

o.2l 0.17
o.75 11.64 11.53
1.40 5.t7 5.28

t7G+?tt
Þc-monzsrite

39.79
26.58

8.30
7.m

8764-7tt
br-monzonite

67.71
18.93

1.70

8764-807
Px-monzoniæ

54.00
30.13

0.34
12.U|
5.06

8764{,07
h.- monzoniæ

67.08
l9.ló

1.82

876-7-510
Gabbronorite

55.19
29.42

0.17
I 1.05
5.32

87É5-710
Gabbronorite

54.24
29.83

tt.7'l
5.06

8764-377
Gabbronoriæ

fi.57
25.5E

0.14
6.92
7.38

8764379
Anorthosite

52.34
3t.a

13.10
4.32

vt64879
A¡orthosiæ

65.71
19.59

0.33
2^to

sl
AI
Fe
Ca
Na

11.8008
4.22co

0.t4M
0.4891

9.6784
6.3057
0.0313
2.243t
tJTtt

9.7399
6.2381
0.0253
2.t959
1.8210

10.,1883

5.4962

1.5604
23870

12.ffil
3.9754

0.5861

9.598r
6.348r'.
0.0499
2.2989
t.74M

t1.9947
4.03't9

o.6295

9.8230
6.r707
0.0249
2.1338
1.8363

9.7067
6.2915

2.2569
1.7550

10.6670
5.3099
o.0212
1.3051
2.5205

9.4153
6.5'175

2.524r
1.5076

l l.8653
4.1680

0.0645
o.7336

56.1
42.6

1.3

Sum

An
Ab
Or

sample #
lithologSr
S¡O2
at203
FeO*
CaO
Na20

876-2448
Ol-gabbro

52.74
31.55
0.15

t3;t5
4.28

E76-2ó4Á
Ol-gabbro

4'1.72
34.25

0.41
16.99
2-13

53.8
44.6

1.5

E76-ll-10E1
Ol-gabbro

52.14
32.00

12.û
4.48

19.9818

39.0
59.7
t-2

876-11-1081
OI-gabbro

55.38
29.54

876-tl-923
Norite
52.24
31.63

12.33
4.46

876-tt-923
Norite
56.32
to tt

9.58
6.1'l

876-5-544
Troctoliæ

50.91
32.20

0.16
13.36
3.82

876-5-544
Trocrolite

49.61
33.O2

0.26
14.25
3.31

55.8
43.4
0.7

87G5-756
Trocølite

49.44
32.68

14.16
3.47

33.0
63;t
3.4

876-5-756
Troctoliæ

48.93
33.25

14.48
3.17

E76-5-727
Peridotiæ

51.15
32.r7
0.19

13.12
4.21

19.9443

gt6-5-727

Peridotiæ
46.û
35.12

0.26
16.59

1.90

20.0304 ?n.ß94

3.7
t2.5
83.8

55.2
43.6
t.2

0.0
15.4
84.6

0.0
l6.l
83.9

53.2
45.8

1.0

61.8
36.9

1.2

1.7
18.9
't9.5

10.13
6.10

s¡
AI
Fe
Ca
Ne

9.2514
6.5944
0.0219
2.6t23
t.&21

8.6331
7.3U2t
o.0ó.23
3.2937
o.7469

9.2997
6:125E

2.4U14
1.5495

9.8568
ó.1968

1.93v¿
0.0138

9.3934
6.7016

2.3154
1.5564

9.9574
6.08Tr

1.8138
2.tl47

9.1761
6.8410
0.0246
2.58U1
1.3339

9.0050
7.0644
0.0391
2.7708
t.t&

9.lI,zm
't.v26E

0.0387
2.767r
1.2263

8.9358
7.1556

2.83n
1.1241

9.2234
6.8354
0.0285
25347
1.4732

8.5061
7.5ss9
0.0395
3.2443
0.6709

20.0983 20.0890

81.5
18.5
0.0

60.6
39.0

0.5

47.7
51.9

0.3

20.0&6

60.0
39.4

0.4

45.8
53.4
0;l

65.9
34.1
0.0

69.3
30;l
0.0

71.6
28.4

0.0

63.2
36.8

0.0

t0

82.9
l7.l
0.0

20.0233 20.0098 20.0482 ?;0.0952

Ân
Ab
Or

70.4
29.6

0.0

G)o

63.6
35.8
0.5
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2.5.1. Feldspars

Plagioclase is a major.ornpon.nì in nearly alt lithologies and, in most cumulates

except in the norites, it is the earliest crystallizing phase (along with olivine).This

suggests that the water contents in the initial magma were relatively low as high water

contents would delay the saûlration of plagioclase. Compositions are typically labradorite

but show a broad and continuous range from bytownite and ra¡e anorthite in ttre

troctoliæs to andesine in the more differentiated gabbronorites, pyroxene monzonites and

anorthosites (Table 2.2;Fiç.2.6). Individual thin sections can show a moderate

compositional range which reaches tp to 207o An component in the more evolved rocks.

It seems likely, however, that cumulates in the hidden zone would contain plagioclase at

least as calcic as b¡ownite. Ternary mixing is minimal and the potassium content of the

plagioclases is low (Or < 3Vo).There appears to be no systematic increase of K2O wittr

Na2O and in the more potassic gabbros K2O is taken up in a separate alkali feldspar (and

biotite). This may indicate that water contents were high enough to depress the solidus

and close the feldspar solvus-solidus gap so that crystallization took place in the ¡¡¡o-

feldspar freld- Using the relationships from Mathez (1973) and the calculaæd initial

magma composition (see chapter 3) the most calcic plagioclases crystallizing at around

1250 oC (from pyroxene thermometry) indicate low water pressures around 500-1000

bars.

Or

Ab ot An La By An

Figure 2.6. Ternary diagram showing the range of feldspar compositions.
Symbols: filled circles - gabbronoriæs, filled triangles - peridotiæs and
troctoliæs, open squarcs - norites, frlled squares - pyroxene monzonites, poussic
gabbronorites and anorthosites, open circles - olivine gabbros.
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Normal zoning is common though complex and oscillatory zoning also occurs. Sodic

adcumulus overgtowths are common particularly in the anorthosites.

Occasional calcic rims provide further evidence for influxes of more primitive magma into

the chambers.In many cases plagioclase is non-zoned but highly corroded indicating

resorption. This could be due to a fractionation-induced increase in pH2O depressing the

solidus or alternatively could result if a plagioclase laden plume intersecæd a zone of

hotter, convecting magma.

Alkali feldspar is restricted to the border zone pyroxene monzonites, anorthosites

andpotassic gabbronorites where it occurs as late interstitial material comprising up to 38

modal percent. XRD analysis indicates a high temperature orthoclase-sanidine stmctttre

for this material.In thin section and under the microprobe very fine granophyric

exsolution can be seen. Compositions range from5-25%o Ab with G5To An. For

equilibrium feldspar pairs ternary feldspar modelling (Fuhrman and Lindsley, 1988) on a

pair from aroof zone potassic gabbronorite yielded temperatures around 905 oC (T¡tt =

900 oC; TAb = 907 oC; TO, = 9û7 oC), whilst those from a pyroxene monzonite gave 823

oC (Tan =825 oC; Teu =832 oC; Tot = 814 oC). Similar feldspar compositions from the

pyroxene monzonites and anorthosites is consistent with an origin at the same stage of

magmatic evolution. The high plagioclase contents of all the gabbros indicates that whole

rock analyses will have lower SVAI ratios than their contemporary liquids.

2.5.2. Pyroxenes

Crystallization of a nvo pyroxene assemblage is characteristic of tholeütic magmas

and the occurrence of exsolution features is typical of slowly cooled, continental tholeiitic

intn¡sions. Pyroxene at Black Hill has crystallized laær than both olivine and plagioclase

and generally appears non-cumulate except in the norites where orthopyroxene is cumulus

and preçeded plagioclase crysta I I i zation.

In the Black Hill gabbros both the calcium-poor and calcium-rich pyroxenes show

a continuous iron enrichment trend. Little or no compositional zoning was found in the

p),roxenes though overgrowths as previously discussed ar,e quite common. The

troctolites, peridotiæs, norites and olivine gabbros contain bronzite and Mg-rich augite,

the gabbronorites contain hypersthene and augiæ of intermediate magnesian

compositions, while the pyroxene monzonites contain a three pyroxene assemblage of

ferro-augite, ferro-hypersthene and pigeonite (F19. 2.8a). The pigeonites (Figs. 2.5g &
2.9a,b) have cores that have exsolved augite in the basal plane (001), fr,equently in a

herringbone relationship a¡ound the (100) t'win plane. The remaining less calcic pigeonite

is sometimes preserved but morc frequently inverted to orthopyroxene. These cor€s are

usually overgrown by augite containing fine lamellae exsolution of pigeonite (001) and

occasionally orthop¡noxene lamellae (100).



Table 23- Represenøtive pymxene analyses (atomic proportions calculated for 6 oxygens per formula unit)

sample #
lithologr
s¡o2
Tt()2
41203
FeOr
MnO
Mgo
CaO

E7G7-510
Gabbronorite

54.81
0.16
1.34
ó.68

15.30
23.17

t7G7-510
G¿bbronoriæ

54.91

1.47
u.e
0.12

26.79
1.75

876-19-1084
Gabbronorite

54.76
0.29
1.89

t6.52
0.,1O

25.Ð
1.86

816-6-377
Gabbronorite

53.84
0.16
0.96
9.04
0.25

14.33
71.91

876-4-879
Anorthosiæ

53.16
0.40
1.69

14.62
0.40

I 1.88
17.32

87G+1tl
Px-monzsrite

53.32
0.17
0.91

16.4'l
0.32

10.55
2;0.32

t764-7tt
h-monzonite

51.10
0.20
o:t'l

30.38
0.91

12.82
4.89

E764-807
Px-monzonite

52.O5

0.lE
0.ó5

28.94
o.@

14.65
4.76

fl64-N7
Px-monzonite

5Ln
0.14
0.64

28.6
0.62

t4.35
5.22

876.8HG1 876.BHN 87ó-BHN
K-gabbronoriæ K-gabbronorite K-gabbronoritc

51.39 53.43 52.22
o.tt 0.26 0.70
1.85 1.18 2.34

17.18 24.88 13.10
0.30 0.49 0.23
t3.ffi t9.97 14.08
14.6t 1.84 18.56

sl
TI
AI
Fe
Mn
Mg
Ca

0.0104
0.0829
0.5459
0.0097
0.7854
0.5941

0.0ü/3
0.0513
0.7692
0.0154
1.1002
o.ul29

t.9324
0.0194
0.1020
0.4054
0.0û71
o:t766
o:1357

1.9786
0.0043
0.0ó69
0.2016

0.8235
0.8 62

0.0625
0.44ry
0.w37
1.4384
0.0675

o.wn
0.ut95
0.4928
0.0121
1.3822
0.wt2

1.98ó0
0.004ó
0.0418
0.2788
0.007E
o;1882
0.86ó1

2.0n,44
0.01l3
0.0751
0.,1ó08
0.01n
0.6673
o.6997

r.994t
0.0048
0.0401
0.5150
0.0102
0.5879
0.8144

0.0060
0.0351
0.9852
0.0300
0.7407
0.2431

0.0052
0.0290
0.9220
0.0224
0.8315
0.1943

r.9900
0.0Û10
0.0290
0.9100
0.0200
0.8200
0.2100

Wo
En
Fs
Mg#

sarnple #
lithology
s¡o2
T¡O2
At203
FeO*
MnO
Mgo
CaO

876-4-807
Px-monzonite

52.05
0.40
1.38

16.35
0.31

11.62
19. 13

8764{,07
h.-mqrzoniæ

51.61
0.02
0.60

29.36
0.69

13.26
5.61

36.5
4L1
20.8
65.7

876-2-648
Ol-gabbro

52.86
0.73
2.70
7.93

t5.64
2t.50

87Gz-64.E
Ol-gabbro

56.72
0.35
1.50

t4.39
o.34

28.08
l.3l

E76-11-1081
Ol-gabbro

55.47
0.32
1.42

r4.46
0.41

. n.44
1.45

3;l
7t.o
25.3
73;l

876-11-1081
Ol-gabbo

52.70
0.43
3.17
7.56

E76-tt-923
Noriæ
54.26
0.20
2.42

12.48

34.3
38.8
26.8
59.2

87Gtl-923
Norite
52.r0
0.45
3.26
6.37

16.85
I 8.10

876-rr-687
Norire
53.32
0.1I
1.01

21.o5
0.45

22.39
0.80

876-lt4gl
Nori¡e
56.05

1.29
16.r9
0.20

26.35
1.48

14.3
41.3
44.5
47.4

876-5-727
Peridotite

57.æ

0.65
9.24
0.28

32.63
0. l8

13.5
40.8
45.7
47.2

876-5-544
Troctoliæ

56.28

1.29
13.00
0.37

29.71
0.26

29.5
42.6
n.9
59.0

3.8
56.6
39.6
58.9

44.9
¿¿.s
10.2
80.3

3.5
73.8
22.6
76.5

43.4
42.2
t4.4
'13.9

27.ffi
1.78

40.7
31.6
2'tJ
53.3

r6.l
36.6
4'1.3

42.9

t6;t0
1 8.10

st
TI
AI
Fe
Mn
Mg
Ca

1.9609
0.0113
0.0ó12
0.5151
0.0099
0.6523
o.n23

1.9900
0.0100
0.0300
0.9500
0.æ00
0.7600
0.2300

0.0200
0.1 156
0.24A5

0.8455
0.8356

Ln44
0.0091

0.0616
0.4188
0.0099
r.4571
0.0489

t.9'l15
0.0087
0.0595
0.4297
0.0122
1.4535
0.0550

t.%n
0.01l9
0.1375
o.2324

0.9151
0:n29

1.9487
0.0055
0.1025
0.3749

1.4172
0.0685

1.9355
0.0125
0.1428
0.1977

1.9894
0.0032
0.0445
o.6567
0.0144
t.2450
0.0ß20

1.9906

0.0539
0.4807
0.0060
1.3950
0.0561

t.9961

0.0265
0.2679
0.0083
1.6852
0.006ó

0.0535
0.3825
0.01l0
1.5575
0.0096

0.9330
0.7206

Wo
En
Fs
Mg#

38.8
35.2
26.O
55.9

t6.4
n.8
45.8
45;t

40.0
50.9

9.0
77.9

2.6
75;l
21.8
77.7

2.9
75.0
aa1
7't.2

3;l
'16.8

19.5
79.8

1.7
64.4
34.0
65.5

2.9
72.2
24.9
74.4

0.3
86.0
t3:t
86.3

0.5
79.9
19.6
80.3

33.1
53.4
13.6
79.7

32.9
55.4
tt.7
82.5

(¡)
(¡)
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Representative pyroxene compositions are given in table 2.3. Mg#s range from

86-41 in both the calcium-poor and -rich varieties. CT shows a hyperbolic decrease from

7000 ppm ar Mg# 82 to less than 1000 ppm by Mg# 75 (Fig. 2.7) consistent with a rapid

decrease in the Cr concentration of the magma once pyroxene * chromian spinel

crystallization commenced- Al decreases with Mg# indicating increasing aSiO2 whilst Mn

is anticorrelaæd with Mg#. Ti and Al are positively correlated and Ca-Tschermakite

(CATS) is generally low (0.1-6.0 mole%o) corresponding to low pressures of

crystalliT¿¡ion @llis, 1980). TiO2 is low consistent with a tholeiitic rather than alkali

basaltic origin. Ti-Tschermakite is tow (d,) and correlated with acmite substitution which

is itself low and indicates low pressures. Jadeite component is very low or absent.

Interestingly compositions of pyroxenes from the norites arc very similar to those from

the other gabbros except for a higher CATS component (higher T ).

7000

6000

5000

cr ppm 4ooo

3000

2000

1000

0
60 90

Mg#

Figure 2.I.Plot of pyroxenes showing a hyperbolic decrease in Cr with
decreasing Mg#.

Projecting pyroxene compositions onto Lindsley's (1983) pyroxene quadrilateral

for 1 arn. @ig. 2.8a & b) yields crystallization temperatues decreasing from 1200-1100

oC in the more mafic cumulates to 105G1000 oC for the gabbronorites. Area

reconstructions for exsolved pigeoniæ cores from the pyroxene monzonites indicaæ 1050

oC for initial crystallization, 1000 oC for pigeonite exsolution from cpx, 970-900 oC for

cpx exsolution from pigeonite and 700 oC for inversion of pigeoniæ to opx (Fig. 2.8b).

Composition-temperatwe relationships of Grove and Juster (1989) indicate ttrat a three

pyroxene assemblage at 1050 oC will be in equilibrium with a liquid that has a Mg#=30.

Subsolidus re-equilibration has resulted in many of the pyroxenes moving down

temperature in composition. However the continuous range of pyroxene temperatures in
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Figures opposite:
Figure 2.9a. Electron microprobe photograph of pigeonite from a pyroxene monzonite

(4-807) showing the orientations of the exsolution lamellae and thei¡ herringbone
relationship to the (100) twin plane. Note the fine lamellae parallel to (100) in the
clinopyroxene overgrowth (see text for details). Scale bar is 100 mm.

Figure 2.9b. Another electron microprobe photograph of pigeonite from a pyroxene
monzonite (4-711) showing simila¡ exsolution relationships to Fig. 2.8a. Scale bar
is 100 mm.

Figure 2.9c. Photo of symplectite rim on olivine (ol) from an olivine gabbro Q-eÐ.
Plane polarized light, width of view L mm.

Figure 2.9d. Electron microprobe photographs of symplectite from an olivine gabbro
(2-648). Olivine (ol) is rimmed by orthopyroxene (op) and amphibole (amph)
which a¡e intum rimmed by a symplectite of plagioclase containing vermicules of
orthopyroxene and occasionally amphibole. Note that the symplectite occurs where
olivine is adjacent to plagiolcase but not when clinopyroxene (cp) is in contact (see
text for discussion). Scale bars a¡e 100 and 10 mm.
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most lithologies from >1150 oC down to 900 oC must also, in part, reflect crystallization

of pyroxenes over an extended temperature range. It is noteworttry that most of the

pyroxenes contain less than 57o non-quadrilateral components. As will be discussed

crystallization pressures of 0.5-1 kbar are appropriate for Black Hill however as Lindsley

(1983) indicates only a 8.5 degree increase in æmperature per kbar the 1 aun diagram is

sufEciently accurate.

DI Hd

D¡

Fs

Fa

En

Fo

\

En

FÍgure 2.8a. Pyroxene compositions ploued on a quaternary diagram with
isotherms from Lindsley (1983). Also shown is the range of olivine
compositions and the olivine hiatus. Symbols as for frgure 6.

2.8b.Pyroxene pairs and thermometry for a typical noriæ (ll-
923), olivine gabbro (11-1081), gabbronorite (7-569), poøssic gabbronuiæ
(BI{N), and pyroxene monzonite (4-801). Fq 4-801: R-reconstructed
pigeonite, EP-exsolved and uninverted pigeoniæ, EC-exsolved clinopyroxene,
MP-micro exsolved pigeonite from clinopyroxene overgrowth.

2.5.3. Olivines
Olivine is a cumulus phase and the range of compositions is given in table 2.4 and

also plotted in frgure 2.8a. Olivine occrus in the peridotiæs (Mg# 86), troctolites (Mg#

o)
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Table 24. Represenøtive olivine analyses (aømic proportions c¿lcul¡ted for 4 oxygens per formula unit)

876-BHN9 87GBIrN9 E76-BHN2 E76-BHN2 876-BHN 876-5-575

K-gabbronoriæ K-gabbmnorite K-gabbrcrorite K-gabbronoriæ K-gabbronorite Trcdolite
34.m 34.47 33.82 34.76 35.67 39.82

0.E5 0J4 0.ó4
4t.t2 43.03 44.77 40.05 39.33 17.39

0.@ 0.63 0.62 0.50 0.59 0.16

17.44 20.94 19.6 23.98 25.25 43.83

sample #
lltholog¡r
sr02
Ât203
FeOr
MnO
Mgo

976-5-544
Troctoliæ

38.85
0.18

20.t7
0.31

40.01

876-5-756
Troctolite

39.12
0.19

16.48
0.20

43.34

876-11-1æ1
Ol-gabbro

38.31
0.1I

22.93
0.39

38.64

876-24ß
Ol-gabbro

39.90

21.61
0.24

39.63

E76-5-727
Peridotite

39.72
0.19

14.06

45.70

n6-s-727
Peridotiæ

39.67
0.15

14.82

44.89

st
AI
Fe
Mn

1.0148

r.1694
0.0173
0.u771

0.9979
0.0290
1.0418
0.0155
0.9034

0.9951
0.0256
l.l0l7
0.0162
0.8534

0.9910
0.4ß
0.9549
0.0121
1.0107

LOUN

0.9241
0.0141
t.05'14

o.99n

o.3643
0.0033
1.6369

t.w26
0.0056
0.4355
0.0067
t.5392

0.9958
0.0057
0.3508
0.0044
1.6445

o.9945
0.0033
0.497't
0.0085
r.4952

1.0153

0.4610
0.0053
l.5ml

o.9939
0.0057
o.2943

0.99óó
0.0043
0.31l4

Mg# 39.7 6.4 43.6 51.6 53.4 81.8 77.9 82-4 75.O 76.5

IJMT

85.3

1.68@

u.4

OJ



86-79) and olivine gabbros (Mg# 79-75), is absent in the gabbronorites and norites and

reappears in rare samples of the roof zone potassic gabbronorites (Mg# 55-39). The

olivines have close to ideal structural compositions with no CaO. Ni decreases from

-25æ ppm at Mg# 85 to below 1000 ppm by Mg# 75 indicating that the magma became

increasingly depleted in Ni during olivine fractionation (Fig. 2.10). As in the pyroxenes,

no core rim compositional variation was found. This reflects the much quicker

equilibration of olivine and pyroxenes (unlike plagioclase) with intercumulus liquids or

post cumulus overgrowths.

3000

2500

Ni ppm
2000

1500

1000
70 80 90

Mg#

Figure 2.10. Plot showing the depletion of Ni in olivines with decreasing Mg#

The olivine hiatus, common in layered gabbroic intrusions (Wager and Brown,

1968), places constraints on the crystallization path followed by the liquid in relation to

the activity of silica which is shown qualitatively in figure 2.11. Early crystallization of

magnesian olivine in the absence of orthopyroxene indicates a low aSiO2. Fractionation

of olivine increased aSiO2 until orthopFoxene joined olivine in the olivine gabbros.

Continued fractionation and decreasing Mg# of the liquid resulæd in olivine eventually

being replaced by orthopyroxene in the gabbronorites and possible in the norites. The

transiúon is a gradual one with textural evidence (e.g. symplectiæs) suggesting that

olivine is reacting with the liquid via the relationship fa +$4r1 =?npx, and the fust

appearÍrnce of inærcumulus quarø in the gabbronorites confirms an increased aSiOZ.

Further fractionation and iron enrichment resulæd in fayalitic olivine becoming stable with

orthopyroxene again (potassic gabbronorites). Following this a pronounced increase in

silica activity is indicated by the disappearance of olivine (see Fig.2.l1) in the pyroxene

monzonites which also contain considerable free quartz. These rocks contain a three

pyroxene assemblage and no olivine despiæ their high iron contents, indicating that at

tr
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least during the late stages of crystallization the Black Hill magmas underwent combined

silica and iron enrichment.

o.o

olo
UI
E
E''o

o'1

o.2 60 40

En%

Figure 2.11. Activity of silica against En, for high temperature profile and

600 bars pressure from Campbell and Nolan (1974). Plotted poins from Black
Hill (see text for details).

Using an average KD=(X¡4g/1-XIr,rgÙ/(X¡ags¡/1-XMgoÙ = 0.32 (Irvine' 1979)

the most magnesian olivines from the peridotites would have been in equilibrium with

liquids with Mg#=63. This value is quite appropriate for initial tholeütic magma

compositions though the hidden zone likely contains increasingly abundant troctolites and

peridotiæs some of which may contain more magnesian olivines. The unzoned nature of

the olivines suggests equilibration with intercumulus liquid which would result in a

lowering of their Mg#'s. Of course many of the tocls, being cumulates, have higher

Mg#is than their contempomneous liçids. Using the same relationship and KDopx =

0.28; KDcpx =0.23,the most magnesian orthopyroxenes and clinopyroxenes would

have been in equilibrium with liquids with Mg# = 6? and 59 respectively. The lower

value for clinopyroxene could reflect an inappropriate KD or a degree of fractionation

occurring prior to the fint appeaftmce of clinopyroxene.

2.5.4. Amphibole
Amphiboles are a common phase in most of the gabbros, typically occurring as

subsolidus replacement of pyroxene or as postcumulus reaction rims on pyroxene

indicating that enough \¡/ater was prcsont in the magna for this reaction to proceed- Some

amphiboles, particularly in the more evolved gabbronoriæs appeilprimary.MicrJrobe

compositions were reprocessed to estimate Fe3+ by the method of Spear an¿ fimâaU

(1986) and this is uniformly low (Table 2.5) though, in the light of the low oxygen

fugacity determined for these rocks, this may still be an over estimate. The amphiboles

80
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Table 2J. Representative amphibole analyses (atornic proportions calq¡laæd for 23 oxygens per formula unir)

sample #
lltholog5t
slo2
Ti02
.At203
Fe2()3
Fe()
MnO
Mgo
CaO
Na2O

8764-7tl
Px-monzoniæ

4't.M
0.22
6.61
4.70

16.09
0.18

t0;t4
11.25
r.24

ü64-E/ùiI
Ðr-mqrzoniæ

ß.47
t.62
8.9r
t.92

19.56
0.23
8.39

lt.67
1.45

t7G2ffi
Ol-gabbro

43.20
3:16

I1.38
0.26
9.39

E7G2-ffi
Ol-gabbro

45.25
0.51

t2.t3
3.12
5.36

16.30
12.31
2.0t

tTGtl{trl
Norite
44.68
2.40
9.89
2:12
9.36

E76-5-727
Peridotiæ

44.63
1.42

n-42
3.53
3.18

87G11-1081
Ol-gabbro

42.t5
4.07

tl;14
2.15
8.98

876-11-1081
Ol-gabbro

43.53
3.24

10.50
3.25
9.52

13.55
t0.57
2.r0

8767-510
Gabbronorite

50.32
t.2l
5.84
3.n
9.06
0.13

15.90
I1.50
t.o2

876-7-510
Gabbronoriæ

43.t9
2.86

r0i3
1.37

12.03

t2.59
1t.67
l.9l

E76-5-575
Trocolite

42;12
o.2l

t4.7t
5.13
3.51

&76-5-575
Troctoliæ

44.23

t3.49
4.30
3.60

16.73
12.o5
2.65

t4.69
12.@
2.23

13;13
10.79
ti9

t7.28
r 1.39
2.29

t3;ll
10.82
2.31

16.16
11.81
2.85

SI
TI
AIIV
AIVI
Fe3+
Fe2+
Mn
Mg
Ca
Na

6.9890
0.0250
1.0110
0.1470
o.52û
1.9990
0.0230
2.3780
1.7910
2.35'lO

6-5850
0.1860
1.4515
0.1910
o.2210
2.5010
0.0300
r.9120
t.9120
0.4300

6.2870
0.4120
1.7130
0.2m
0.0280
1.r430

ó.4850
0.0550
1.5150
0.5350
0.3370
o.&20

3.4820
1.8900
0.5950

6.6080
0.2670
t3y20
o.3370
0.3m0
1.1580

6.4330
0.15,10
15670
0.47û
0.3830
0.3830

6.21û
0.4510
1.78,10
o.2570
0.2390
1.1080

6.4120
0.3590
1.5880
o.23ñ
0.3600
1.t720

29750
1.6680
0.6000

7.1680
0.1300
0.8320
0.1490
0.3500
1.0800
0.0160
3.3575
1.7550
0.2820

6.4130
0.3190
1.5870
0.2910
0.1530
1.4940

L78û
1.8570
0.5500

6.1360
0.0230
1.8ó,10
o.6n0
0.5540
o.42to

6.3310

1.6ó90
0.6070
0.,1ó30
0.4310

3.5690
1.8480
0J350

3.1860
1.8850
0.ó300

3.02ffi
1.7100
0.5130

3.7t20
1.7590
0.6400

3.0130
1.7100
0.6ó00

3.4590
1.8180
0.7940

Mg# 50.1 41.9 73.3 79.8 68.8 85.0 '1o.3 67.6 7t.8 63.5 80.9 82.4
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show a diverse compositional range (Mg+É=8G35) with AIIV and Na+K increasing from

actinolite-tremoliæ to pargasite-hastingsiæ (Fig. 2.12). This coupled pargasiæ-

1.2
Tschcrmakltc PargasltcO
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o.E aa.
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Trcmolitc

o.2 l.o

Na+K

Figure 2.12. Plot of terahedral aluminium versus Na + K for
Black Hill amphiboles.

tschermakite substitution increases with Mg# and temperafl¡re. The low Al tremolite-

actinolite compositions are from subsolidus replacement/hydration of pyroxenes whilst

pargasite-hastingsite compositions arc likely to be closer to primary magmatic. The

presence of magmatic amphible at the high temperatures and low pressuros of intrusion

would require that these amphiboles be halogen rich. WDS probe analyses (see appendix

A) show amphiboles from a pyroxene monzonite (+20I) contain l.36Vo Cl and 0.467o

F. Using the most sodic rim compositions of plagioclases (which are likely to be in

closest equilibrium with the amphiboles) application of the amphibole-plagioclase

Ca

Mg Fc

Figure 2.13. Quaærnary diagram showing the iron
enrichment urend of amphibole composirions.
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thermometer of Blundy and Holland (1990) gives generally subsolidus temperatures

ranging from 900-700 oC (flelz, 1982, places the amphibole-in basalt solidus crossover

at 900 oC at lkbar). At conditions around the solidus ffIzO would be at a maximum,

though u¡alitization of pyroxenes may have also been aided by incursion of ground water

at this stage. Titanium and aluminium are positively correlaæd and Ti contents reach quite

high values (47o). Ti and Fe3+ increa.se with tetrahedral 41.

According to the classification of I¡ake (1978) amphiboles in the gabbronorites

have actinoliæ to Mg-hornblende compositions whilst those in the pyroxene monzonites

are ferroedenite and characterized by low Mg#s. The remaining lithologies contain

amphiboles with compositions that range from edenitic-hornblende to pargasite/lvlg-

hastingsite. Amphibole compositions therefore follow and iron enrichment trend

compatible with that shown by the other ferromagnesian phases (Fig. 2.13).

2.5.5. Biotite
Biotite occurs as a non-cumulus phase in minor amounts in most of the gabbros

where it is usually of subsolidus origin. However in the more evolved pyroxene

monzonites and potassic gabbronoriæs it is prcsent in considerable quantities and clearly

magmatic. These rocks have not, however, developed any amounts of primary

hornblende and the preferential stability of biotite reflects the high K2O contents by this

stage of fractionation (& assimilation).
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ts*
Figure 2.14. TiO2 vs Mg# for biotiæs showing titanium enrichment

trend. Note the lower concentration in biotites from the pyroxene
monzonites. Filled circles - potassic gabbronorites, filled diamonds -
pyroxene monzonites, filled squares - remaining gabbros.

Compositions (Table 2.6) are phlogopiæ rich and decreasing Mg#, ranging from

90 to 35, corresponds to an increase in annite activity from 0.01 in the olivine gabbros to

0.2 in the pyroxene monzonites. Silica is inversely correlated with whole rock SiO2
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Table 2.6. Representative biotiæ analyses (aomic proportions calqrlated for 22 o:<ygens per formula unit)

sample #
lithologr
slo2
Tto2
l\t203
FeO+
Mgo
Na2O
K20

E7G7-'LO
Gabbmnorite

36.77
5.05

13.45
13.46
t4.t2
0.32
9.28

876-7-510
Gabbronorite

37.n
5.03

13.8E
13.65
14.75
o.44
9.50

876-6.377
Gabbronorite

36.49
4.46

13.58
15.92
14.05
0.1'l
9.79

816-6377
Gabbronorite

36.84
4.69

13.62
15.31
t4.23
0.19
9;t'l

E764-879
Anorthosiæ

35.42
4.16

13.20
24.96
7.28
0.19
9.45

87GS1tt
Þr-monzmite

36.80
3:t8

12.83
23.99

9.14
0.n
9.46

8764-8Vl
Px-monzoniæ

36.37
4.56

12.77
23.53

8.90
0.13
9.76

876-2-ffi
Ol-gabbro

38.90
3.n

14.72
9.98

18.6ó
o.46
8.56

ûó2448
Ol-gabbm

38.03
4.30

t4.49
10.96
17.t4
0.63
8.ó4

E76-BHG1 876BHG1 876-BIIN
K-gabbronoriæ K-gabbronorire K-gabb'ronorite

36.32 36.02 3'1.30
5.ø 6.51 5.33
14.01 t4.u2 l4:ll
17.90 17.76 13.5E

11.28 ll.0l 15.21
0.,16

9.81 9.97 10.15

SI
TI
AIIV
AIVI
Fe
Mg
N¡
K20

5.5438
o.&'t8
2.4562
0.0648
2.2854
25670

1.9099

5.{r03
o:1433
2.5099
0.0175
2.2559
2.49n
0.t347
t.93t4

5.5031
0.5914
2.4969
0.06û2
1.6754
3.3450

5.6388
0.5824
2.36t2
0.0698
tJ2û
3.2287
0.0961
1.8416

5.5955
0.5682
2.4M5
0.0514
t.7t34
3.3013
o.t294
1.818ó

5.5608
0.5114
2.4393

2.V290
3.1913
0.0492
t9032

5.5742
0.5338
2.4258
0.0032
1.9376
3.2W2
0.0550
1.8856

5.63t6
0.4976
2.3684
0.1052
3.3190
1.7246
0.0584
1.9165

5.7030
0.,1401

2.2970
0.0468
3.1096
2.tt2l
0.0814
1.8708

5.6557
0.$n
2.3W

3.0597
2.0636
0.0,106
r.9360

5.6't5t
0.3583
2.3249
0.2061
1.2180
4.0578
0.1289
t.5925

5.6t7t
0.477t
2.3829
0.1390
1.3531
3:t715
0.1812
t.62671.9105

Mg# 52.9 52.5 6.6 65.2 65.8 6l.l 62.4 34-2 40.4 40.3 76.9 73.6
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whilst the most magnesian biotites from the mafic cumulates are Na-rich and K-poor

reflecting primary melt compositions. The majoriry of biotites show a regular t¡end of

evolution to lower Mg# accompanied by increasing TiO2 except for biotites from the

pyroxene monzonites which have lower TiO2 Gig. 2.14). Al2O3 increases with

decreasing ¡¡IV7A¡VI to the extent of entering the field of biotiæs from metasedimentary

rocks (Fig. 2.15).

20

At203

15

20 6010 40

af"/af'
Figure 2.15. Toøl aluminium against aluminium co-ordination in biotites
from Black Hill. Also shown are the fields of biotites from adþcent
Kanmantoo metasediments and migmatites (doued stipple) and from syn-
deformational I-type granites nearby (crossed stipple).

The increased biotiæ content in the evolved rocks, particularly in the roof zone

suggests an increased concentration of volatiles through fractionation and or assimilation

and their co-existence with clinopyroxene indicates pH2O of at least several hundred bars

(Wones and Gilbert,1982). These biotites are also enriched in halogens (0.85-I.297o Cl;

0.59-0.70Vo F; andFig. 2.16) which in conjunction with the stability of hornblende

discussed above indicaæs that the roof zone magma must have been quite halogen rich.

They atso have extreme TiO2 contents (> 0.7 atoms per formula uniÐ. Titanium incrtases

the stability of Mg-biotiæ; Ti-solubility increases with falling prcssure and decreases

rapidly with falling temperature (Robe+ L976). Pyroxene thermometry for the roof zone

gabbros suggests crystallization temperatures of about 1000 oC. At this temperaturc

phlogopiæ with a Ti content of 0.7 atoms per formula unit would not be stable at

pressures in excess of 1000 ba¡s (Roberr.,1976), which consmins the pressures of

crystallization to be low. Biotites in the potassic gabbronorites show a reaction

relationship in which they are interfingered with orthopyrclxene (Fig. 2.5b). The biotites

have magnetiæ inclusions in their cores indicating the reaction:
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Figure 2.16. Mg# vs Cl in biotites showing the enrichment of
halogen contents in the more evolved gabbros, particularly the roof
zone gabbros (filled triangles).

mt + opx + liq (II2O + K2O) <=> phlogopite

and interlocking frngers of biotite and orthopyroxene are separaæd by quartz suggesting

the reaction:

3opx + kspar + H2O q=> phlogopite + qtz (Wones and Gilbert,1982)

Both these reactions suggest that the increasing Írmounts of biotite a¡e linked to the

development of a hydrous, highly potassic and orthopyroxene rich melt in the roof zone

magma- The associatedresorption of plagioclase seen in these marginal gabbros may

result from the attendant increase in aFIzO depressing the plagioclase liquidus.

2.5.6. Oxides

All lithologies contain oxide phases and representative compositions are given in

table2.7. The peridotites, troctolites and some olivine gabbros contain Mg-spinel,

chromium spinel and occasional magnetitc with rare ilmenite and hercynite. The

gabbronorites, norites and pyroxene monzonites contain magnetite and ilmenite in

roughly equal proportions and by this stage of fractionation iron-enrichment appears to

have resulted in magnetite becoming a cumulate phase (total opaques in some

gabbronorites exceeds SVo).In most cases magnetiæ and ilmeniæ occur as separate

phases.

Ilmenites are Ti-rich and do not appear to have undergone significant subsolidus

re-equilibration with Xl remaining relatively constant (0.97-0.99) and correlated with

fO2, whilst magnetites show considerable variation Xusp 0-0.3 indicating subsolidus re-

equilibration. Consequently magnetiæ-ilmenite geothermome¡ry @uddington and

Lindsley, I9&) yields non-magmatic, subsolidus closu¡e temperatues of 400-600 oC.

The greater consistency of ilmenite compositions indicaæs less susceptibility to re-



TableLT Represenøtive oxide analyses (atomic proportions calq¡la¡ed for 3 oxygens per formula unit except ilmeniæ with 2)

sample#
litholog¡r
sto2
Tto2
4120.3
Fe2O3
FeO
MnO
Mgo
Na2O
v203
Cr2O3

876.BHG1 87GBHG1
K-gabbmnoriæ K-gabbronorite

0.10
0.63 52.42
0.43 0.21

6.45 1.96

31.90 U.l4
1.39
0.20
0.19

0.94
o.25

E764-377
G¿bb'¡onorite

t7É,6377
G¿bbronoriæ

0.t I
52.10

0.13
t.&

44.02
l.3l
0.38
0.28

E764-7tt
h.-monzoniæ

0.10
0.46
0.54

67:t9
31.00

o.t2
0.22
0.95
0.14

8764-7tt
Èr-monzoniæ

52.3t
0.10
3.33

M.U
1.05
0.30
0.17

E76-5-575
Troctoliæ

62.98
5.16

13.60

t7.71
0.27

876-s-s75
Troctolite

56.08
7.t2

t6.25
0.19

14.86
0_41

5.45

87ç5-756
Trocølite

1.44

9.46
33.09
30.35

0.42
1.88
0.18
0.42

22.88

E76-5-756
Trcctoliæ

0.19
ß.n
10.48
n.26

0.43
4.70
0.41
0.2t

21.90

t76-5-727
Peridotiæ

LN
6.&

3'1.59

30.41
0.4
2.U
0.1E
0.24

20.5t

n6-5-727
Peridotiæ

0.36
29.44
t3.25
24.94

0.36
7.52

23.53

0.25
0.44

6t.69
29.92

0.15
0.29
0.55
0.22

s¡
TI
AI
Fe3+
Fe2+
Mn
Mg
Na
v
Cr

0.0180
0.0193
1.9085
1.0183

0.028'l
0.0074

0.m25
0.9806
0.0063
0.û370
0.925t
0.m95
0.ocfl6
0.0093

0.0097
0.v266
1.97m
0.967E

0.0111
0.02E3
0.0226
0.0087

o.æn
0.9815
0.0037
0.û309
0.y223
o.a2'18
0.0141
0.0135

0.0089
0.0131
o.m42
t.9252
0.9782

0.9718
0.002¡
0.0619
0.9222
0.0220
0.0110
0.0082

t.9 t3l
0.1001
o.2930

1.7631
0.1429
0.3625
0.0043
0.5910
0.0213

0.1 150

0.ß86
0.3961
0.88,t4
0.9015
0.0125
0.0996
0.0126
0.0120
o.u26

0.0045
1.222t
0.245'l
0.7105
0.0il3
0.2182
o.0246
0.0052
0.5396

0.0533
0.ntl
l.0ló5
0.9141
0.0135
0.1093
0.01æ
0.0070
058n

0.0084
1.0817
0.3108
0.6503
0.009ó
0.34970.0068

0.0161
0.0288
0.0041

0.6803
0.0135

0.5800
0.5800

xil
Xusp
Cr#
Mg#

0.99 0.99 0.98
0.02, 0.01 0.02

69.90
6.10

62.û
61.90

6.10
30.60
19.79

68.20
6.25

34.90
28.62

Þo
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equilibration and the intersecìif Xl with pyroxene temperan¡res indicates oxygen

fugacities around 10-11 to 10-13 for the olivine gabbros and pyroxene monzonites.

2
No
o)
o

-2

-4

700 900

T ("C)
Figure 2.L7.Oxygen fugacity vs temperature diagam from
Frost ¿ú ¿r. (1988) with the intersections of ilmeniæ
compositions with pyroxene temperatures fc the more evolved
gabbros from Black Hill consraining fO2.

The assemblage quartz-magnetite-ilmeniæ-fayalitic olivine (QUtrÐ which occurs

in some of the roof zone potassic gabbronorites and can also be used to constrain

crystallization conditions. Using the equilibrium relationship defined by Frost et al.,

(1988) the intersection of X¡1{.98 with their QIJILF curve corresponds to a¡ound 1050

oC Gig. 2.I7)whtch is in rough agrcement with the pyroxene thermometry for this rock

andindependently confirms the hlpothesis that the ilmenites have not undergone

substantial re-equilibration. From ttris inærsection the pre-re-equilibration magnetite

compositions can be predicted (Xusp{.9G0.95) and the oxygen fugacity constrained to a

range from log fO2= -lg to -12. Due to the shape of the QLJII"f curye in this part of the

diagram addition of aMg component to ttre olivine (actual BlackHill olivines are Fa6p)

will increase the æmperanue but have little effect on Oz. The oxygen fugacity for the

potassic gabbronorites therefore lies close ùo the QFM buffer.

Including ttre more magnesian rocks AlzOg shows a negative hyperbolic

correlation with total iron (Fig. 2.18) $,ith the most mafic cumulates containing Al-rich

Mg-spinel and the evolved gabbros bearing magnetiæ and ilmeniæ. A gap in iron

composition on this plot occrus between the disappearance of spinel and the maximum Al
incorporation in magnetiæ. Spinel ceases to crystallize when clinopyroxene appears on

the liquidus and this spinel gap is predicæd by phase relæions (tlill and Roeder, 1974)

correlating to a period of iron enrichment which is characteristic of tholeütic magmas. The

phase equilibria determined by Hill and Roeder (1974) shows that at low oxygen fugacity

o

1100

Í959e9
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(log fO2 < -10) spinel ceases to crystallizô at around 1160 oC when plagioclase and

pyroxene join olivine on the liquidus butreappears as magnetite at a¡ound 1110 oC.

^60  
A

40
Al20g

^
^

20

a a,
.tl aaaa

20 ¡tO 60 80

FcO

Figure 2.18. Al versus toøl iron as FeO for spinels from Black
Hill showing spinel compositional gap. Filled riangles - spinels from
troctolites and peridotiæs, filled circles and open riangles - magnetiæs
and ilmeniæs from remaining gabbros.

Chrome spinels occur in the peridotiæs and in some troctolites showing a wide

range of Cr# inversely correlated. with Mg#. Chrome spinel compositions tend to be

strongly correlated with magma chemistry and as such spinels in nea¡ isothermal

20

806040200
(Mg rlOO/Hg+Ft)

Figure 2.19. Cr# vs Mg# for chromian spinels from peridotites
and rocnlites. Fields and Fo80 equilibration line ftom Dick and
Bullen (1984), see text for details.
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equilibrium with olivine from the peridotiæs (Fo36) at 1800 oC would plot along the Fog6

line in frgure 2.19. The Black Hill spinels show a coherent tend parallel to this line but

with a systematic displacernent to the right (lower Mg#) reflecting down temperature re-

equilibration in the presence of excess olivine as suggesæd by Dick and Bullen (1984).

The spinels show a compositional range typical of the type tr spinels of Dick and Bullen

(1984), which they inærpret as reflecting a mixtue of a depleted, MORB-like source

(type I) with an enriched, hydrous island arc Rpe source (gpe Itr).

2.5.7. Olivine-plagioclase symplectites

In most of the olivine bearing rocks orthopyroxene forms thin rims to the olivine

where it is adjacent to plagioclase. However, in some of the more hydrous (biotite and

hornblende rich) olivine gabbros and troctolites, coronitic symplectiæs rim olivines in

contact with ptagioclase (Figs. 2.5n &2.9cd;; compositions in table 2.8). The coronas

a¡e cored by olivine which is enclosed in a shell of opx. This is in turn rimmed by

amphibole which is itself surrounded by a radial, vermicular symplectite of anorthite

which contains elongaæ vermicules of opx and minor amphibole. The symplectiæs

restricted to bounda¡ies with plagioclase and are not developed at olivine-augite

boundaries, they do, however occurprojecting into plagioclases included in olivine. Thus

olivine and plagioclase are essential components for the development of these

symplectiæs which indicaæ instability of olivine.

The initial orthopyroxene corona is observed in the troctolites and results

from the reaction:

ol + SiO2 (=) oPx

This may occgr above the solidus in the presence of more siliceous (fractionated magma).

The next corona of amphibole must be related to aII2O and possibly aAIZO¡; the

tschermakite component of the orthopyroxene str,ongly increases with distance from

olivine. The following change from coronitic to vermicular texturcs presumably indicaæs

a distance beyond which diffusion became pa¡tially restricted. The vermicularpalt of the

symplectiæs have a radial nattue with a diameter up to 150-200 pm in diameter which

must rcpresent an upper limit to diffr¡sion under the prevailing conditions. Textural

evidence, in which the symplectites impinge on, or grow into plagioclase grains suggests

a subsolidus origin (Fig. 2.9d) consistent with the evidence forrestricted diffusion

distances. Likewise the absence of symplectiæ at olivine-clinopyroxene bounda¡ies

suggests that they grew subsolidus after olivine-plagioclase and olivine-clinopyroxene

boundaries had been determined.I-ocal compositional disequilibrium occurs at these

boundaries benveen the anorthitic plagioclase (Ang6) of the symplectite and the

plagioclase it impinges upon which is labradorite (An7¡63) typical of these olivine

gabbros. These two plagioclases a¡e not in optical continuity.



Table 2.E.

Tofa

analysis #
phase
rel. volume (g)
sio2
Tio2
at203
FeO*
MnO
Meo
CaO
Na2O
K2t)

0.1
olivine

38.58

24.t4
o.u

37.70

lM 4R

0.9768

0.5110
0.0051
t.4224

0.24
t3.27
4.3r
o07

r02 6R

9.4225

6.5t34
0.0563

0.0631
2.5175
r.4796
o tìlÁt

2.0008

0.0375
0.4325
0.0112
1.4893
0.0092

6.5950
0.0631
1.8772
1.0085

3.7214
1.842r
0.5349
o 0566

6.3029
0.0365
2.&81
0.9284

103 32

t.954r

0.1874
0.4314
0.0053
r.3t43
0.0533
0.0129

qq Án

6.2708
0.u¿52
3.4957
0.66,67

2.0748
2.t920
0.4t72
oMAl

0.3
plag in symp

r.1949
45.87

35.47
0.27

0.t2
18.12

1.56
ll ro

1ôr 51

8.3473

7.6058
0.0418
0.0330
0.0330
3.5336
0.5519
0 0238

Analyses of symplectite componants

0.4
plagioclase

412
opx corona amph corona (i) amph corona (e)

0.2733 0.3248 0.3248
56.07 45.50 43.s9

0.58 0.34
0.89 10.99 15.54
14.49 8.32 7.68
0.37

28.00 17.23 t4.56
0.24 11.86 12.50

1.90 2.22
olr o17

q6 69 96 ß4

3 0.2
opx symp lam amph symp lam

0.2344 0.0637
56.50 45.40

0.24
4"ñ 2r.48
t4.92 5.77
0.r8

25.50 10.08
1.44 14.81
0.19 1.56

ot{

53.2r

31.21
0.38

si
Ti
AI
Fe
Mn
Mg
Ca
Na
K

3.1390
1.9358
0.6226
fl0690

(,|
o
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A generalized reaction for the symplectiæs can be written:

ol + pl + H2O = ¿unph + opx + an

The critical factor must be aJJzO (t aAlzo:) which results in the stabilization of

amphibole. Na, Ca and Al must be extracæd from plagioclase to produce amphibole from

olivine whilst Si is likewise used in the formation of orthopyroxene. The net effect

appears ûo be a residual host plagioclase which is more Ca and Al rich than the reactant

one. The relative volume of each reaction product component in this reaction has been

calculated by integrating the area of each phase in a probe photograph. Mass balance

calculations can then be made by multiplying the abundance of each component in each

product phase by the relative volume for each phase. The results show that the products

can be accounted for by reacting equal proportions of the rcactants giving the

stoichiometry:

1ol + lpl + H2O = O.3amph + 0.4opx + 0.9an

This indicates that the symplectites have formed under closed system conditions (with the

exception of water).

Although olivine-plagioclase symplectites are common, most reported in the

literature (see Nishiyama, 1983 for review) have evidently formed at high pressures with

gamet and or spinel with cpx as typical reaction products. Furthermore many apparently

have a metamorphic origin which is not ænable at Black Hill. The Black Hill gabbros

have similar whole rock compositions to many of these examples however pressures

were lower. The following estimates of symplectite formation conditions should be

treated with suspicion yet do nonetheless seem reasonable given their agreement with

conditions deærmined for the plutons as a whole. Temperature from amphibole-

plagioclase thermometry (Blundy and Holland, 1990): 980 oC. Pressure from CATS

geobaromeær @llis, 1980): 0.5-0.8 kba¡s. Activity of silica from ol-opx equilibria: -log

aSiO2 = 0.13-0.16.

2.6. Discussion of crystallization conditions

The foregoing discussion shows that crystallization temperatures are well

documenæd by pyroxene thermometry to range from 110G1250 oC for the olivine

gabbros and cumulaæs and -1000 oC for the more evolvedrocks. Quantitative estimates

of pressure are ha¡der to make even though the crystallization sequence is characteristic of

low pressures. By spatial association with high level granites and rhyolites at the sarno

structural level (chapter 4) pressrues can be presumed to be low. The occurrence of
granophyric inærgrowths and high-Ti biotiæ in the more evolved monzoniæs also

indicates low pressures.



52

In order to ury and more quantitatively constrain prcssure the program

"TFIERMOCALC" devised by Powell and Holland (1988) was run for one of the

pyroxene monzonites whose mineral assemblage allows some calculations to be made.

The results a¡e lisæd in table 2.8 indicating pressrues around 500 ba¡s (equivalent to 2km

depth) though the errorrange is large. In summary pressrues are likely to be no grcater

than 1 kbar, at which the basalt sotdus occurs around 900 oC.

Given the approximate pressure the solubilify of water in the magmas is low. The

experiments of Burnham (1975), show that basalt at 1100 oC cannot contain more than

1.9 wt%o dissolved IJ2O at 500 ba¡s and no more than 3Vo at lkba¡. Clearly enough

volatiles were present for the stabilization of biotite and amphibole, though the

crystallization of plagioclase at temperatues in exce ss of 1100 oC restricts the total water

pressure possible (Tuttle and Bowen, 1958).

Silica activity is qualitatively detailed in figure 2.11 which uses the high

temperaturegradientof CampbellandNolan (1974) andapressureof 600bars.These

conditions seem quiæ appropriate for Black Hill and produce a¡r olivine gap over the right

magnesian intervat. A fundamental implication of this diagram is that silica activity

remained low with only minor increases until the very laæ stages of crystallization. It
seems most likely that this late change in the rate of increase of aSiO2 reflects the onset of

magnetite fractionation (possibly enhanced by assimilation) d¡iving the liquid towards

rapid silica enrichment As an attempt at quantitative estimates, aSiO2 was calculaæd for

several Black Hill gabbros using olivine-orthopyroxene equilibria. As can be seen these

points lie above the curves of Campbell and Nolan (I974) indicating either lower

pressures or higher temperatures or both.

The low oxygen fugacities deærmined are in accordance with those found for

other layered gabbroic intrusives. This is also consistent with the ubiquitous presence of

sulphides and the spinel compositional gap. In the later stages of fractionation the

assemblage fa-qtz-opx-mt buffe¡ed oxygen fugacities to near QFM.

The late stage subsolidus evolution of the Black Hill plutons involved the growth

of symplectites between olivine andplagioclase and some deveþment of amphibole and

biotite. In particular the formation of the coarse zones and late actinolite veins may be

related to inwa¡d collapse of a hydrothermal system set up a¡ound the cooling magma

body.

2.7. Conclusions and the problematic lithologies

The available mineralogical and textural data demonstrates that the Black Hill
gabbros formed from a continental tholeütic magma undergoing slow crystallization at

low pressures. Layering developed primarily as a result of in situ crystallization though



Tabte 2.9. Þessure estimates using'THERMOCALC' (Powell and Holland, 1988)

Sample 8764-807
Temperature = 1050 C Activity euarø = l, Activity of IDO = I

reactions:
l) phl + 3tr = ksp + 6di + &n + 4H2O
2)3r + ed = ab + 8di + 6en + 4IDO

Pressure estimates (kbar):
Temp
ave. P
std. dev.

1050 1075

0.43

n00
0.50
0.56

tt25
0.60
0.70

l 150
0.70
0.86

tt75
0.90
r.03

(rl(t
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convective processes v/erc operative, at least in the early stages, producing scour and

trough structures. A marked compositional break between the roof/border zone gabbros

and the layered cumulates beneath may indicate a seprtrate, upper convective cell in which

assimilation was most ma¡ked

The ferromagnesian minerals show an evolution involving decreasing Mg#

paralleled by feldspar evolution recording calcium depletion. The peridotiæs indicate early

olivine crystallization. This was soon joined by plagioclase with the liquid evolving along

the olivine-plagioclase cotectic producing the voluminous olivine plagioclase cumulates

inærsected in drill core. From the modal analyses intercumulus material typically

constitutes around 7G20Vo in the olivine gabbros and troctolites though some troctolites

may contain as little as2Vo. Pyroxene may have joined the cumulus assemblage later but

for the most part appears to be post-cumulus. As soon as plagioclase joined olivine the

liquid must have embarked upon a trend of iron enrichment accompanied by minor silica

enrichment I-ow oxygen fugacity delayed magnetite fractionation furttrer aiding this iron

enrichment In the laæ stages (gabbronorites) magnetite fractionation caused the liquid to

undergo iron depletion and the sudden increase in modal quartz in these differentiated

rocks indicates that this was accompanied by rapid silica enrichmenl Silica en¡ichment

resulæd in olivine being replaced by orthopyroxene in rocks with Mg# <75. At high iron

contents (Mg#60) fayalitic otvine reappeared but with increasing SiO2 at the lowest

Mg#'s and around 1050 oC this was replaced by pigeonite to form a th¡ee pyroxene

assemblage. The olivine gap and the ea¡liest pigeonites at Black Hill have the same Mg#s

as those from the Bushveld and Kiglapait intrusions. Skaergaard however has the olivine

hiatus at lower (ol) Mg#'s and the firstpigeonites are more magnesian. Incompatible

elements were concenEated throughout fractionation and the most evolved gabbros

contain ftee quartz, abundant alkali feldspar and rare zircon.

The norites as mentioned'represent a significant change in crystallization order,

nucleation rate and mode. A pernrbation in silica activity, perhaps due to interaction with

more fractionated magma or due to assimilation, would result in displacement of the

magma ino the opx freld (see Fig. 2.ll). One possible explanation for these rocks is that

they were initiated by fresh injections of primary magma into the chamber. If the residual

magma in the chamber is cooler the injected magma may become supercooled effecting

rapid nucleation. Additionally the resident magma is likely to be mo¡e fractionated and

SiO2-rich than the fresh influx. Rapid and turbulent mixing, likely on injection of a hot

magma into a colder one, would result in an increased SiO2 and silica activity in the

injected magma which as described above would result in orthopyroxene precipitation.

The effect of cooling on the injected magma is to lower the aSiO2 of the opx/ol curye

above En56 in figure 2.1 I (Campbell and Nolan, L97 4) which will also promote opx

crystallization. Cyclical occurences of noriæ horizons, as in the Cambrai Pluton, may
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indicate repetition of such a process as influxes of silica-rich liquid cause opx

crystallization which itself renrns the magma to its original crystallization path.The fact

that the noriæs appear to be restricted to the Cambrai P1uton may reflect a coincidence of
recharge events with the stage of evolution of the resident magma that did not occur in the

Black Hill Pluton which is considerably larger and may have evolved more slowly. The

occrurence of greatly increased proportions of sulphides in the noriæs may reflect

saturation effecæd by mixing and has inæresting implications for platinoid mineralization.

A major sulphide rich horizon occurring at the base of a noriæ layer in the Cambrai Pluton

contains 135ppb Pd and 45ppb Pt, and according to Keays et al., (1990) the zones just

beneath these would be likely locations for Merensþ Reef type mineralization. Recharge

mechanisms have been invoked by Campbell et al., (1983) to explain the platinum

horizons in the Bushveld complex.

Finally there is no observable gradation, through inærmediaæ rocks, from the

most evolved gabbronorites and monzonites to the granophyres. This favours their

evolution by some other process such as immiscibility or liquid fractionation processes at

areas of sidewall crystallization. At such zones of possibly rapid crystallization, highly

fractionaæd, light liquids would be capable of efficient gravitational separation and

removal (McBirney et a1.,1985). Further inæraction with the mafic magma could produce

the observed mixing and mingling texÍres. These possibilities are further conside¡ed in

the next chapter along with the geochemical and isotopic data.
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Chapter 3. Petrogenesis of late-orogenic layered
gabbros at Black Hill, South Australia: Part 2.
Geochemical and isotopic constraints on
fractionation, assimilation and the source

3.1. Introduction

Continental layered gabbroic bodies have been exænsively studied for over 60

years because of their poæntial to elucidate fractionation processes. More recently open

system processes such as assimilation and chamber recharge have received increasing

attention. Intrusion of basaltic magma to form these layered bodies occurs during active

continental rifting (eg Skaergaard), and in late-orogenic (post deformation; eg this study)

and non-orogenic settings (eg Bushveld). A fundamental question in the study of these

continental tholeütes and their extrusive counterpafis, the continental flood basalts, is the

nature of the source. Additionally the source of heat for melting to produce late orogenic

and non-orogenic magmas, which arc not obviously associated with crustal tension, is not

well undentood (cf. chapter 1). This becomes even more problematic if the magma was

derived by melting of predominantly lithospheric mantle and it is therefore important to try

and distinguish asthenospheric and lithospheric derived magmas.

In a continental setting it is likely that mafic magmaúc rocls can tell us something

about the composition of the subcontinental mantle lithosphere which is likely to be an

important component in continental tholeiites. Some authon have proposed that it is the

principle source region for continental tholeüæs (eg Allegre et a1.,1981; 1982; Ellam and

Cox, 1989). Frequently continental flood basalts and layered gabbroic intrusions show

some isotopic and incompatible element enrichment and much debate centres around

whether this results from crustal contamination of asthenospheric melts or instead reflects

an enriched lithospheric mantle sourco. Independent evidence from mantle xenoliths (e.g.

Menzies, 1983; Hawkesworth, et a1.,1983) demonstates that at least some parts of the

contincntal mantle lithosphere are enriched in incompatible elements and that this

enrichment has often exisæd long enough for the evolution of Sr and Nd isotopes.

Therefore it should be possible to distinguish asthenospheric and lithospheric mantle

derived magmas though it is also probable that both sources may contribute (e.g. Menzies

et a1.,1984).

This chapter attempts to constrain the source of the continental tholeiitic Black Hill

magma- As chapter 2 has shown these plutons reprcsent the mafic members of a bimodal

igneous suite that intn¡ded to high crustal levels just after the end of convergent
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deformation in the Cambro-Ordovician Delamerian Orogeny. The exposed and intersected

parts of the plutons consist of layered cumulaæs (olivine + plagioclase * pyroxene) and

gabbronorites (plagioclase + two pyroxenes) with roof and marginal wall rocks which a¡e

composed of much more potassic gabbronoriæs and pyroxene monzonites. These

unusually potassic, biotite-bea¡ing gabbros at the pluton margins a¡e in cont¿rct with mid

to upper cn¡stal amphiboliæ grade (quartz-alkali feldspar-biotiæ-plagioclase)

metasediments which suggests the potassium enrichment reflects contarnination. The

gabbronoriæs that accompany the cumulates appear to have been more insulated from the

effects of contamination. Mineral chemistry and petrographic investigations (chapær 2)

suggest that chamber recharge may have been an important process in producing norites

in which fine grained bronziæ crystallized prior to plagioclase. h light of recent

investigations of assimilation and recharge in the Skaergaard Intrusion (Stewart and

DePaolo, 1990) and the debate over the late evolution of the Skaergaard liquid (llunter

and Sparks, 1987; McBirney and Naslund, 1990; Morse, 1990; Brooks and Nielsen,

1990; Hunter and Sparks, 1990) this chapter attempts to use geochemical and isotopic

data to constrain fractionation, recharge and assimilation at Black Hill.

3.2. Geochemistry

3.2.1. Analytical techniques

Whole rock geochemical analyses were performed on 108 gabbros by

conventional )(RF methods except for Na2O which was analysed by atomic absorption.

In addition selecæd samples were chosen for ra¡e earth element (by isotope dilution) and

Rb-Sr, Nd-Sm isotope analyses which were performed on a Finnigan Mat 261 solid

source thermal ion mass speÆtrometer. Representative geochemical analyses are presented

in table 3.1 and isotope analyses in table 3.2. A more detailed discussion of æchniques

and errors as well as a complete listing of analyses can be found in appendix A. The

h¡phenaæd sample numbers refer to samples taken from drill corr, the first number being

the drill hole number and the second the depth of the sample (in feeÐ.

3.2.2. Major and trace element geochemistry

The BlackHill gabbros are plagioclase, diopside and either olivine or hypersthene

normative. The evolved monzonitic gabbros contain increased normative orthoclase and

quartz. Many of the cumulates and some olivine gabbros are slightly nepheline normative

however these do not represent liquids. The estimaæd parental magma compositions (see

section 3.3.2.) are olivine normative and typical of continental tholeütic magmas rather

than alkali basals. In contast alkali basalts typically follow a different crystallization path

to that shown by the Black Hill magmas, in which orttropyroxene and pigeonite a¡e absent



Table 3.1. Representative geochemical analyses for Black hill gabbros

Sample #
Rock Type
sio2
Tio2
A.r203
Fe203r
MnO
Mgo
CaO
Na2O
K20
P205

876-5-742
perldotite

40.51
0.43
7.29

r333
0.20

29.35
4.38
0.93
0.16
0.10

876-5-756
troctollte

43.76
0.14

18.99
7.25
0.11

15.98
9-34
1.68
0.06
0.02

876-s-544
troctollte

45.49
0.29

22.35
6.59
0.09
9.84

10.65
aaa
0.16
0.04

876-5-514
ol-gabbro

46.02
0.41

17.47
8.22
0.r3

L2.71

LL.57
1.80
0.L2
0.07

876-11-1081
ol-gabbro

49.W
0.84

16.4t
9.45
0.15

10.42
8.99
2.75
0.53
0.09

876-7-510
gabbronorite

49.9t
0.94

76.74
70.25
0.17
8.40
9.34
2.88
0.65
0.14

876-t9-1278
gabbronorite

52.76
1.07

L4.9r
9.r3
0.17
8.77
8.73
2.57
0.79
0.13

876-tt-941
norite
54.96

1.13
10.91
r0.26
0.18

10.67
4.57
2.57
r.29
0.28

87G19-635
norite
52.28
0.67

15.50
7.73
0.16
9.2s

10.4
2.47
0.45
0.08

8764-926
anorthosite

52.98
1.08

20.5r
7.v
0.12
2.r7
8.46
3.22
3.04
0.49

Mg#

Cr
NI
Sc

v
Pb

Rb
Sr
Ila
Ga

Nb
Zr
Y
Th
U

Le
Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb

81.,14

1738
Lt76
12.5

80
4

2.600
6.006
3309
0.817
0.239
o.932
0.832
0.463
o.443

1.8
288

23
1l

0.5
1l. r
2.1
nd

.2.4

74.85

ll
29r
7.3
4L

2

4.603
9.383
4.320
0.92r
0.615
0.984
0962
0.550
0.520

r.7
311

49
L4

4.652
9.731
5.r92
L.249
0.593
1.450
1.488
0.823
0.767

17.3
273
104
l5

6
84

17.9
3.2
2.3

8.668
22.595

9.324
2.257
0.858
2.222
2.769
1.600
1.601

19.9
337
169
l7

65.69

296
1ó3
34

t76
2

30
253
153

18

8.9
129
24

4.4
3

13.939
30.792
t4.377
3.255
1.048
3.548
3.785
2.272
2.243

59
202
194

16

15
165
34

7.3
2.4

32.760
54.3y2
33.565

6.774
1.705
5.235
5.752
3.253
3.r22

14.7
26
105

16

37.08

11

12
15.8
108
r6

72.4
279

23.5
2t

5.7

30.622
67.6L3
31.650

5.998
r.ó89
7.382
3.870
2.029
t.897

67.46

336
246

28
108

6

62.03

136
151
29

163

3

68.73

t94
228
24

145

I

75.50

396
347
2t
67
I

2.5
33
7-8
1.6
2.7

4.6
4tL
49
l5

1.8
26
3A
nd

2

81.46

510
635
8.1
25
nd

5.9
90
26

6

2.9
58

9.3
0.6
nd

70.46

280
r07q
148

2

5.6
u

18.5
3.1
0.9

782
676
558

23

1.989
4.287
2.67E
0.606
0.369
0.580
0.529
0.303
0.309

8.3

l15
24.4

4
2

t3.962
30.462
14343
3.262
t.t82
3.626
3.758
2.r29
2.004

8.049
16.935
8.547
2.07L
0.781
2.409
2.618
L529
1.455

o
@



Sample#
Rock Type
sio2
Tio2
A1203
f,'e2O3r
MnO
Mgo
CaO
Na2O
IK20
P205

BHG.l
K-gabbronorlte

47.30
1.20

15.&
10.81
0.18
6.r4

10.15
2.r8
1.37
0.34

BHN-tr
K-gabbronorlte

52.26
1.29

t6.77
10.10
0.17
4.55
E.ó9
2.û
2.5r
0.43

87ç4-201
px-monzonlte

54.92
t.29

17.28
8.66
0.15
3.01
7.06
3.07
3.90
0.56

876-+726
px-monzonite

56.4r
r.22

t7.06
8.r2
0.13
2.40
6.08
3.15
4.44
0.52

876-15-5yl
tonallte

57.53
0.69

13r''5
6.71
0.23
6.33
6.60
3.4r
1.92
0.28

876-tt-750
diorlte

60.52
0.64

15.19
5.58
0.09
4.45
6.11
3.81
L.L4
0.11

876-5-625
granophyre

73.75
0.19

13.60
r.67
0.05
0.40
1.40
3.73
3.81
0.04

876-15-30r
granophyre

73.80
0.31

13.07
t.&
0.05
0.01
0.51
3.52
6.20
0.02

876-t-376
metasediment

60.85
1.03

16.33
7.40
0.16
3.39
3.35
3.33
2.44
0.19

779-50
leucosome

7r.70
0.70

72.50
4.74
0.06
T.7L

0.64
3.07
4.25
0.21

Mg#

Cr
NI
Sc

v
Pb

Rb
Sr
B¡
Ga

Nb
Zr
Y
Th
U

La
Ce
Nd
Sm
Eu
Gd
Dy
Er
Yb

53.r0

103
4I
30

328
6

5.9
8t
22
8.6
4.t

48.49

TL7
37
28

r43
23

148
5&
635
23

l0
r27
24
l3

5.9

27.881
59.Tr6
29.7't6

6.005
r.673
5.310
4.285
2.263
2.rt3

40.93

2t
t2
23

184
19

238
535
982
22

14.5
r70
3t
22

9.1

39.375
84.12r
36.608
7.63r
1.882
5.828
4.768
2.689
2.504

37.08 65.20

298
92
22

183

6

77

92
543

17

13.9
r27

23.2
6.3
4.6

33.005
80.541
36.&2

6.091
1.668
4.662
3.592
1.893
1.813

61.39

25r
66
t9
97

3

2T

168
51
t7

6.7

3t.496
61.191
25.44r
5.937
t.271
6.786
7.625
4.675
5.072

32.40

5
4
4

l3
l6

167
132
586
I7

23
146
38
28
9.6

24.8t4
47.336
15.394
3.M2
0.784
3.652
4.t77
2.762
3.356

47.73

101
46
23

170
5

145
t43
378

23

16.3
190
35
t7

5.9

36.374
78.724
29.994
5.352
r.296
7.511
4.969
2.891
3.005

41.80

20
20
19

r47
l9

r.20

5
3

4.7
7
9

13

411
42
25
4

30
236
r42

18
6.9

20
231

28
29
8.5

59
26
10
70

6

75
596
338

19

298
477
837
20

45.395
97.734
45.556

8.623
1.851
6.346
5.615
2.980
2.841

135

116
893

L7

45
236
245
l8

r63
24

116
L9

61.316
r54.156
91.46r
25.630
3.231

259A0
24.562
10.720
7.587

53.780
88.628
39.614

6376
r367
4.403
3.r47
r.283
1.069

23.000
55.000
31.870
7.U7
2.tffi
6.2L6
5.525
3.621
2.663

o
(o
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and clinopyroxene, which tends to be titaniferous, often precedes plagioclase

crystallization. The mineralogy of the gabbros records iron enrichment followed by iron

depletion accompanied by silica enrichment and the appeaftmce of quarz in the late stages

(chapter 2). On a conventional alkalis-FeO+MnO-MgO triangular plot (Ftg. 3.1) the Black

Hill gabbros initially show little iron enrichment however, as plagioclase becomes a rnajor

cumulus phase the trend follows a moderate iron enrichment path. Notably this iron

enrichment tnend is not as extreme as that inærpreæd for the Skaergaard intrusion. The

most evolved gabbros lie on a trend of alkali enrichment and iron depletion di¡ected

towards the granophyres.

FeO+MnO

Nå2O+K2O Mgo

Figure 3.1. AFM ternary plot for the Black Hill gabbros

showing a less pronounced iron enrichment rend than the
Sl€e¡gâard rend (drawn cuwe) Filled riangles - peridotiæs
and Eoctolites, filled circles - gabbronoriæs, open niangles
- olivine gabbros, open diamonds - norites, filled squares -
pyroxene monzonites and potassic gabbronoriæs, closed
'diarnonds :. granophyt s).

In order to show the complete compositional range of the gabbros and cumulates

variation diagrams in which oxides and trace elements are plotted vs Mgf, are shown in

frgure 3.2. Magnesium number was chosen as the most appropriate abscissa because it
has a greater range than either SiOz or MgO and it should decrease continuously with

fractionation even when magnetiæ becomes a fractionating phase. Compositional va¡iation

relative to silica shows considerable complexity due ûo the fact that silica has remained

relatively constant or even decreased until the laær stages of fractionation, therefore SiOz

is an inappropriate differentiation index.

Overleaf Figure 32.ltd9# variation diagrams for Black Hill gabbros (riangles - peridotites and
troctolites, squares - olivine gabbros, x's - norit€s, crosses - gabbror¡orites, diamonds - pyroxene
monzonites and poøssic gabbronoriæs).
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It has been argued that multiply-saturated liquids are much like their cumulates and

that liquid and cumulaæ compositions converge with increasing fractionation QVlcBirney

and Naslund, 1990; Morse, 1990). In keeping with this the gabbronoriæs and pyroxene

monzonites (Mg#<?O), which have relatively non-cumulate textures appear to

approximate the liquid line of descent whilst the peridotites, troctolites, olivine gabbros

and norites are cumulaæs (Mg#70). In many of the plots the potassic gabbronorites

(roof rocks) and pyroxene monzonites (upper wall margin rocks) diverge from the

apparent tend of the gabbronorites indicating inqeased involvement of another

component interpreæd to be assimilaæd counUry rock

Silica shows a limited increase from 48 to 557o with decreasing Mg#, there is

some reversal in the rend just before Mg# 55 after which SiO2 increases more rapidly.

Titanium rises from t to2Vo until Mg# 55 after which it decreases in the pyroxene

monzonites. Vanadium which is partitioned into magnetite, displays a curvilinea¡ trend

increasing until Mg# 55 followed by depletion. This inflection in TiO2 and V therefore

marks the onset of magnetite fr¿ctionation and corresponds to the point afær which SiO2

begins to increase more rapidly. Total iron is shown as Fe2O3* (though the low oxygen

fugacities determined in chapter 2 mean that nearly all iron would have been in the ferrous

state) and displays an enrichment t¡end in the gabbronorites from 6 to l07o after which

magnetite fractionation produces a steep decline to 3.5Vo. The plot for manganese

suggests simila¡ behaviour to that of titanium and iron.

Magnesium decreases from l0-2%o with the removal initially of olivine and in the

laær stages, py¡oxene. Some of the cumulates contain as much as as 307o MgO and these

also contain the highest iron concentrations. Nick¿l exhibits strong depletion,like MgO,

and is enriched in the cumulates (up to 1400 ppm) then displaying a steady decrease in ttre

gabbronoritÊs corresponding with fractionation of olivine. Chromium shows like

depletion and the maximum solubility of chromium in basaltic liquids at 1200 oC and log

fO2 of -11 is 800ppm whereas at 1150 oC it is only 400ppm (Hilt and Roeder,l974).

The occurrence of chromium spinel in peridotiæs with 2000 ppm Cr, whose pyroxenes

indicate temperatur€s a¡ound 1200 oC suggests that the parental magma may have had up

to 800ppm Cr. Chromium would have enæred chromian spinel, pyroxene and

subsequently magnetite during the laær stages of fractionation. Textural evidence suggests

that p¡'roxene only crystallized from intercumulus liquid in the more primitive gabbros

and did not become a fractionating phase until laær. Therefore the early decrease in Cr is

likely to reflect spinel fractionation rather than removal of pyroxene. Scandium, which

enters p),roxene, constrains the onset of pyroxene fractionation, initially increasing from

25 to 45ppm and subsequently decreasing after about llÙ{g# 62. Therefore pyroxene

crystallization commenced well afær that of olivine but when it did appear Sc and Cr
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concentrations were quickly depleæd so ttrat the more evolved gabbros with high

pyroxene contents have low Sc (& Cr) conænts.

CaO decreases continuously from ll to 57o afær an early increase when olivine

was the only fractionating mineral. Plagioclase must have been the next liquidus phase

after olivine and spinel because CaO contents start to decrease prior to l:N{:g# 62 when the

inflection in Sc concentrations ma¡ks the onset of pyroxene fractionation. Thereafær the

fractionating assemblage always contained a Ca-bearing phase. AlzO¡ generally remains

relatively constant a¡ound 15-177o, except in the extremely plagioclase enriched or

depleted cumulates. Na2O on the other hand shows enrichment from 2.8 to 3.27o.

Gallium which apparently substitutes for aluminium (faylor, 1965) increases regularly

throughout the series from 15 to 25ppm.

K2O is clearly incompatible and increases fuomO.47o to at least l.S%o inrhe

gabbronorites whilst the pyroxene monzonites and potassic gabbronorites show extreme

en¡ichment of K2O indicative of contamination. Nevertheless the fractionated

intercumulus liquids were still K2Grich enough to crystallize small amounts of biotite

even in the primitive cumulates (cf. chapær 2). The implied KzO (-0.87o) and Na2O

(-2.67o) contents of the parcntal magma are quite high for a tholeüte though not as high as

in alkali basalts. P2O5 likewise shows incompatible behaviour except in the pyroxene

monzonites which first show en¡ichment then an inflection at Mg# 42 afær which the

crystallization of apatiæ reduces the concentration.

Rubidium mirrors the behaviour of K2O and is particularly instructive in showing

the divergence of the pyroxene monzonites and potassic gabbronorites to extremely

enriched values (>3O0ppm) whilst the uend of the gabbronorites increases regularly from

lQppm to a¡ound 75ppm. K2O/Rb consequently decreases with fractionation. Barium

behaves like rubidium and the pyrc,xene monzonites andpotassic gabbronorites display

extreme enrichment up to 1000ppm. Thorium, and also uranium and lead (not plotted), all

display trends of enrichment similar to potassium and rubidium with highest concentration

in the monzonites where zi¡con and sphene first appear.

Snontium remains relatively constant ttroughout the gabbronoriæ tnend

suggesting a distribution coefficient close to 1 and an parental magma concentation

a¡ound 300 ppm. The plagioclase-rich cumulaæs particularly the troctolites have

somewhat higher Sr concentations. The pyroxene monzonites, ¡rctassic gabbronoriæs

and anorthosiæs a¡e Sr-enriched with respect to the gabbronorite tend with values up to

800 ppm. These gabbros a¡e chemically evolved and this suggests their high Sr

concentration is partly due to fractionation (combined with assimilation ?) at the pluton

margins. Rb/Sr increases continuously with decreasing magnesium number and Ba/Sr has

a sharp inflection at Mg#49 in the monzonites corresponding to the increased Sr in the

evolved gabbros.
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The highly charged incompatible elements (7-t,Y, Nb) and Th, U and Pb all

behave in a simila¡ incompatible manner. The cumulates, not su¡prisingly, are depleted in

these elements whilst the gabbronorite u,end shows continuous enrichment with

decreasing Mg#. The potassic gabbronoriæs and pyroxene monzonites from the pluton

roof and margins often contain the highest concentrations of these elements but

themselves display a tend of depletion indicating the onset of minor phase fractionation.

Yttrium for example, which behaves similarly to the heavy rare earths, shows continuous

enrichment wittr fractionation from the gabbronoriæs to the potassic gabbronorites and

pyroxene monzonites which then show declining concentrations. This curvilinear Eend in

the marginal rocks, also observed for phosphorus, suggests apatite fractionation. A
similar pattern of behaviour is shown by Zr and one of the pyroxene monzonites contains

zircon which is large, euhedral and unzoned indicating a magmatic origin. Ztrcon

saturaúon in basaltic liquids only occun after concentration by high degrees of
fractionation @ickinson and Hess, 1982), confirming that these crystallized from highly

fractionated magmas.

The discussion so far has concentrated on fractionation trends for the gabbros

which are morc likely to approximate liquid compositions. The cumulate compositions are

complimentary to these trends (see Fig. 3.2). The most primitive gabbros, with high

MgO, Ni and Cr contents are cumulaæ peridotiæs containing olivine * chrome spinel.

Early fractionation of these phases produced trends involving decreasing MgO, Cr and

increasing CaO. Plagioclase then commenced crystallization producing troctolite

cumulates with high AlzQ, CaO, MgO and Sr. Plagioclase and olivine are likely to have

had a combined SiO2 conænt similar to the of the magma resulting in fractionation that

had little effect or even decreased SiO2 concentrations. Subsequently pyroxene

(clinopyroxene > orthop¡roxene) and later magnetite joined the fractionating assemblage

resulting respectively in olivine gabbro cumulaæs and some opaque-rich gabbronoriæs

which have high TiO2. Fractionation producing these cumulates pushed the liquid

towards SiOz enrichment.In the late stages minorphases, particularly apatiæ became

important in contolling trace element evolution.

The norites which are composed principally of small grains of ortlropyroxene

(bronziæ) set in plagioclase oikocrysts form a unique goup of cumulaæs. On the

va¡iation diagrams these plot as a group which is often divergent from the other gabbros

and cumulates. In particular the norites show trends of decreasing SiO2, Fe2O3, Ni, Cr,

increasing AlzO¡, CaO, NazO, Ga whilst incompatible element abundances would seem

to remain relatively const¡url The composition of the norites is clearly dominaæd by ttreir

degree of accumulation of orthopyroxene. Thus the trends essentially converge on the

composition of bronzite and move to lowerMg# and higher Ablu7- with increasing

¿rmounts of intercumulus plagioclase.



a7

3.2.3. Rare earth elements

Rare ea¡th patterns for representative gabbros covering a broad range of whole

rock compositions are shown in figure 3.3 and the analyses a¡e listed in table 3.1. The

more primitive cumulates contain 1 to 5x chondritic abundances of HREE and up to 15x

chondritic La- The toctoliæs have positive europium anomalies indicating plagioclase

accumulation whilst the peridotite has a slight negative europium anomaly. Total REE

contents increase through the olivine gabbros and gabbronorites and this is accompanied

by increasingly smaller positive, and eventually, negative Eu anomalies. The more

evolved gabbros (the pyroxene monzonites and potassic gabbronorites) contain very high

total rarc earth contents, over 100x chondrite for La, consistent with high degrees of
fractionation. These also have slight negative Eu anomalies indicating plagioclase

¡emoval. Interestingly the anorthosite, with a similar pattern to these pyroxene

monzonites, has no positive Eu anomaly. Plots of the light rare earths lanthanum and

cerium against Mg# for the whole suite of gabbros @ig. 3.2) show REE enrichment

throughout the suite.

100

10

1
La Cc Nd Sm Eu Gd DY Er Yb

Figure 3.3. Chondriæ normalized rare earth patterns tor åhct
Hill gabbros (5-742 - peridotite, 5-756 &.5-544 - troctolites, 11-
1081 & 5-514 - olivine gabbros, 7-5f0 & ß-L278 - gabbronorites,
1l-941 &. 19-635 - norites, 15-301 - granophyre,TT9-50 -
migmatiæ leucosome, shaded region - pyroxene monzonites,
poassic gabbronorites and anorthosiæ).

15-301

5-756

1l-941

19-1278
7-5tO

5-54¡t
5-742
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779-50
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The relative LREE enrichment through the gabbros is of interest. Of the

fractionating phases involved (ol, pl, px) plagioclase is likely to preferentially incorporate

Eu, and the pyroxenes have slightly higher distribution coefficients for the HREE.In

general, however, distribution coefficients are similar for all the rare earths. Consequently

fractionation will increase the total REE concentrations but have little effect on the slopo of

the patterns particularly when pyroxene is not a major fractionating phase as seems to be

the case for the early history of the Black Hill magmas. Excluding the marginal rocks

there is minorLREE emichment from the toctolites andperidotites through the olivine

gabbros to the gabbronorites withLa/YbN increasing from 3.5 to -5. Because crustal

rocks are LREE-enriche{ processes which involve assimilation, however, might be

expecæd to produce increasingly LREE enriched pattsrns. The LalYb¡ ratios for the

pyroxene monzonites, potassic gabbronorites and anorthosites a¡e considerably higher

than the other gabbros at a¡ound 9-11. This may also reflect the increasing role of
pyroxene, which preferentially incorporates the HREE, in the later stages of fractionation

to produce these rocks.

On the otherhand all of the gabbros, including the mostprimitive cumulates with

minimal inærcumulus material, have LREE enrichedpatterns with LalYb¡ of at least 3.5.

LREE enrichment in mantle derived melts is largely controlled by the degree of melting

andresidual garnet, which preferentially incorporaæs the HREE. Moderaæ degrees of

partial melting (10-2OVo) of a depleted mantle source produce magmas (eg MORB) with

flat or LREE depleæd patterns. Smaller degree partial melts will have LREE enrichment

however they also tend towards alkali-basalt compositions (eg Gast, 1968). The Black

Hill gabbros did not follow an alkali basaltic crystallization path nor is the inferred

parental magma composition highly alkalic and is consequently unlikely to have resulæd

from small degree partial melting. The cumulates are unlikely to have higher LalYb¡ than

the liquid they crystallized frrom so it seems that the parental magma atrcady had this

LREE enriched signature prior to injection into the present magma chambers. This

signature must therefore either derive fr,om contamination during ascent through the crust

(eg. Huppert and Sparks, 1985) or be areflection of the source characteristics.

3.2.4'. Radiogenic isotopes and geochronology

Previous age determinations for Black Hill were c¿ried out by Milnes ¿r ¿/.

(1977) gving a Rb-Sr whole rock age of 487t5Ma and a K-Ar biotiæ age of 486Ma- As

part of the prcsent investigation a whole rock-seven mineral isochron was deærmined for

a potassic gabbronorite outcropping beneath the trigonometric station at Black Hill. This

yielded a 489110 Ma Nd-Sm isochron with an initial 143¡6,t144¡d ratio of 0.51179 (Fig

3.4). Alkali feldspar lies just below this isochron however, as will be discussed in the

following sections, these gabbros from the roof zones of the pluton owe their K-rich



Table 3.2. Isotope analyses for Black Hill samples

Sample Lithology Rb Sr 87Rb/86Sr 875r/8651 87Sr/86Sr(t) Nd Sm 147Sm/144Nd l43Nd/r44Nd 134Nd/l44Nd(t) eps Nd (t) Tmod (dep)

s-74
5-756

s-544

1r-10E1

5-514

7-510

t9-1278
r1-941

19.635

4-n6
BHG.l
ßHN-II
4-201

4-726

11-750

15-597

15-301

5-625

t-376
779-50

peridotiæ

roctolite
rocrclite
ol-gabbro

ol-gabbro

gabbronoriæ

gabbronorite

norite

norite

anorthosite

K-gabbrronorite

K-gabbronorite

px-monzonite

px-monzonite

diorite

tonalite

granophyre

granophyre

metasediment

leucosome

0.r72288

0.ffi?829
0.032371

0.186470

0.015810

0.16@3
o.v3M5
0.825553

0.159862

0.77U75

0.364184

0.759496

Lnû54
1.809607

0.141068

o.22ru'l
19.213340

3.668366

2.931438

3.652989

0.7Q5039 +þ26

0.703986 +/-30

0.7M298+l-27
0.105662+l-23

0.7M229 +l-3t
0.706719 +l-28

0.706890 +/-35

0.7r200t +l-27

0.705949 +l-28

0.711805 +/-18

0.708504 +/-28

0.7rr422+l-19
0.715385 +l-22

0.7t95?n+L28
0;108747 +L26

0.705497 +l-2r
0.836137 +l4t
0.72998t +l-99

0.747210+14
0.74'18&+l-74

0.703u3
0;103932

0.70l,073

0.70/.368

0.704119

0.705567

0.7045r0

0.706,272

0;tu&40
0;10ffi5
0.705977

0.7Mr52
0.706,529

0.705513

0.7077æ

0.703958

0.703409

0.7M525

0.726868

0.722515

0.149278

0.136769

0.919212

0.14ó/'vt
0.145516

0.137578

0.136951

0.122082

0.rM572

0.rr&t
0.133754

0.r2t992
o.r2ffir
0.114498

0.t26569

0.100547

0.169514

0.119534

0.107939

0.w736t

0.512665 +l-21

0.512579 +l-23

0.512553 +l4r
0512495 +l-20

0.512627 +l-24

0.512432+l-20

O.5r24,59 +l-30

0.512318 +l-2r

O.5t25Ul +l-28

0.512148 +l-22

0.512262+l-39

0.512194 +h22

O5I2r9l +l-20

0.512t71+l-26
O.512453 +l4O
0.512372+l-25

4.512462+l-20

0.512,4:20+l-34

05Í'l8r +l-33

0.511684 +/-55

0.512189

05t2143
0.5t2r42
0.512028

0512163

0.511993

0512022
0.511929

0.512039

0.511782

0.511835

0.511E05

051r789
0.5rr7&
0512M5
0.512051

0.51192r

0.512039

0.511437

0.511373

55
0.8

5.3

18.0

2.9

19.8

32.9

59.1

t5.2

t82.4

74.9

148.5

ut.8
299.4

ß.7
't6.9

r58.7

t69.4

145.5

139.7

93.1

292.3

468.4

n9.4'
378.6

34r''.2

257 3
2UI.O

269.6

683.4

595.6

528.9

548.6

4./¡5.6

2325
1003.0

u2
128.0

r44.t
111.0

3.3r

2.68

4.32

9.32

5.19

14.34

14.38

33.57

8.55

31.65

31.87

29.78

36.61

45.56

25.4
36.&
91.46

15.39

29.99

39.61

0.82

0,61

0,92

2,26

1,25

3,26

3,26

6.77

2,07

6.00

7,05

6.01

7,63

8,62

5,94

6,09

25,63

3.04

5.35

6.38

0.94

0.96

092
r.25

0.97

t.23

r.r7
t.2l
r.23

r.37

r.47

1.40

r.47

r.34

1.06

0.93

1.89

1.03

1.78

r.74

3s5
2.45

2.43

o.2r

2.U
4.47
0.09

-1.74

o.43

4.59
-356
4.t5
4.47
-356
058
0.66

-1.88

0.42

-r1.34

-r2.58

o(!
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character in a large part to contamination by the local counbry rocks. It appears that alkali

feldspar, which on textural grounds is intentitial and clearly late crystallized (chapter 2),

suffered the most contamination and was unable to equilibrate isotopically with the earlier

formed phases.

0.5t24

0.5122

0.5120

0.5118

0.5116
0.00 0.10 0.20

147Sm/144Nd
Figure 3.4. rilhole rock-mineral isochron deærmined on a roof zone
poøssic gabbronoriæ BHG-I (see text for discussion).

The samples selected for REE determinations were also analysed for their

rubidium-strontium and neodymium-samarium isotopic ratios (Table 3.2; Appendix A)

which were then age coÍected to 487 Ma consistent with the age data on the Black Hill
gabbros and other intrusives of the laæ-orogenic suiæ by Foden et al. (1990b). The

troctolites, peridotite and a primitive olivine gabbro have high epsilon Nd values around

+2.4to +3.4 and low initial 3T5¡¡865¡ from 0.7038 to 0.7041 suggesting dominance of a

mantle componenl The measured Rb and Sr isotopic concentrations for the most

primitive troctolite and peridotite lie on a487 Maisoch¡on indicating that these samples

crystallized from isotopically similar magma potentially unaffecæd by in-situ

contamination. These samples have nea¡ identical initial875165¡ around 0.7038 which

may reflect that of the parental magma- Progressing to the morr evolved olivine gabbros,

gabbronorites and norites, eNd is lower (0 to -2) and initial 875¡p65r higher (0.7044 to

0.7055) suggesting contamination relative to the cumulates. Overall these these gabbros

and cumulaæs have an sNd range from +3.4 to -1.8 and initial 875¡p65¡ range from

0.7038 to 0.7055 making a t¡end towards more radiogenic values.

The potassic gabbronorites andpyroxene monzonites which come from the pluton

margins have considerably lower tNd (around -4) and higher initial 875.165t (around

0.7066) consistent with increased crustal contamination by the (?metasedimentary) wall

rocks which were displaced during intrusion of the mafic magma. Unless the parental

Ezïç
Ez
(?¡ï

Age 489 +/- l0 Ma
Initial Ratio 0.51179

sksp

opx
c,px

wr

ap
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magma entrained considerable volumes of xenolithic material it should have been

isotopically homogeneous, especially as its ascent through the cn¡st is likely to have taken

place in n¿urow dykes and the subsequent injection into the magma chambers was

probably nrbulent Consequently the observed within pluton va¡iation and particularly the

increased radiogenic isotopes of the most evolved gabbros from the pluton margins

strongly argues for in-situ contamination by the wall rocks which are likely to have been

stoped ormelted into the magma.

On a sNd-Sr initial ratio diagram (Frg. 3.5) all of the gabbros lie on the mantle

array and define a rend that extends from the region of time integrated depletion of Rb/Sr

andNd/Sm relative to bulk earth as represenæd by MORB, into the region which

rcprcsents time inægraæd enrichment relative to bulk earth. The best lcrown mafic rocks

of simila¡ isotopic composition and range that lie on the mantle array extending into this

0.702 0.7M 0.706 0.708 0.710

Initial 87Sr/86Sr

Figure 3.5. eNd vs initial Sr ratio diagram for the Black
Hill gabbros. Mantle array from White (1985).

region of time inægratedenrichment a¡e the ocean island basalts (OB).These islands do

not overlie continental crust and must rely on their "enrichment" from some other source

or be derived from enriched mantle, for example McKenzie and O'Nions (1983) suggest

that this source may be enriched lithoqpheric mantle that has become detached from

continental crust and inco,rporaæd in convective flow in the asthenosphere. In the case of

the Black Hill gabbros however this r,end suggests contamination of mantle derived

magma wittr a component which has low ÊNd and high 875r/865r. This end member is

most likely o be continental crust and one inærpretation is that the trend is simply one of

"enrichment" of melts from thg contemporary depleted mantle by contamination with a

crustal component. However, the positive SNd and low initial Sr ratios of the cumulates

must limit contamination with the possibility that the isotopic characteristics and LREE

8

4
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enriched patærns of these cumulates may actually be a feature of their source. An

alærnative then is that the parental magma was derived from enriched subcontinental

lithospheric mantle. The tonalite sample (11-750) has a much higher 87sr/8i6sr than the

gabbros and may be a xenolith of one of the preceding syn-orogenic graniæs (cf. chapter

1).

The two granophyres analysed have surprisingly primitive isotopic ratios

considering their composition. For example they have very high SiO2 and incompatible

element contents (see Table 3.1) yet are isotopically more primitive than most granitic

rocls such as the I- and S-type graniæs from the Lachlan Fold Belt (McCulloch and

Chappell, 1932). With eNd 0.5 to -2, andinitial8T5¡7865. 0.7034-0.1045 they compare

isotopically with the olivine gabbros and more primitive gabbronorites. This precludes

their origin by crustal anatexis and allows the possibiliry that they are genetically related to

the gabbros.

3.3. Petrogenesis

3.3.1. Phase equilibria constraints
Following Irvine (1970), Walker et al., (1979) and Grove and Baker (198a) the

Black Hill gabbros are shown as quartz, clinopyroxene and plagioclase projections.onto

the olivine-plagioclase-clinopyroxene, olivine-plagioclase-quartz and olivine-

clinopyroxenequartz planes of the olivine-plagioclase-clinopyroxene-quartz tetrahedron

for low pressures (Figs. 3.6a, b, c). Although most of the rocks are at least partial

cumulates their alignment still indicates, and often parallels or projects towards, the path

the liquid must have taken. This allows analysis of ttre tiquid evolution path without a

prior knowledge of the parental magma composition.

Referring to figures 3.6a-c the dispenion of data towa¡ds the olivine apex in all

three diagrams indicates that this parental magma lay in the ol+liq volume and underwent

early olivine crystellization consistent with the chemical tends and the presence of
peridotite cumulates. This allows that the parental magma may have undergone some

olivine fractionation during ascent prior to injection into the magma chambers.

Additionally the primary pyroxene fields expand at the expense of olivine with increasing

pressruo (Stolper, 1980). Therefore at higher pressurcs it is possible that pyroxene (opx)

would have been on the liquidus insæad of, or in addition to, olivine. Decompression

then leads to displacement of the magma into the expanding olivine primary phase

volume.

By the time the parental magma hadreached its upper crustal chambers it lay in the

primary olivine volume. In the ol-pl-qø and ol-pl-cpx diagrams this liquid must have lain

on a line projected from olivine and the data indicate that this evolved until it intersected

I



the Black
on (A) is
- peridotiæs

and troctoliæs, filled ci¡cles - gabbronoriæs, open trtiangles - olivine gabbros, open

diamonds - norites, filled diamonds - pyroxene monzonites potassic gabbronorites, and

anorthosites).

Figure 3.6b. Projection* from clinopyroxene illustrating possible evolution paths

foithe Black Hilimagma with mixing lines showing the effects of assimilation (A)
and recharge wittr fresh magma (M) (symbols as before).

Figure 3.6c. Projection* from plagioclase showing how the effect of silica
enrichment due to assimilation is to move the liquid towards the fields of pigeonite

and orthopyroxene (symbols as before).

*All pr,ojections were performed using NORM's calculated for Fe2+¡Fe¡otal = 0.9 and

the phase boundaries a¡e drawn for 1 arn pressure (references in texÐ.
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the ol-sp boundary curve. Olivine and spinel crystallized until the ol-plag coæctic was

reached where spinel ceased to crystallize. Plagioclase and olivine then crystallized until

they were subsequently joined by pyroxene shortly after which olivine ceased to

crystallize. From this point continued cooling caused the liquid to evolve towa¡ds the

quartz apex stopping at the quaternary minimum where the remaining liquid crystallized

plagiocla.se, pyroxene and minor quartz The reappearance of spinel as magnetite (not

shown) occurred afær pyroxene commenced crysøllization. Given that this typical

tholeiitic evolution is consistent with petographic evidence (chapter 2) specifrc details

regarding recharge and contamination may now be assessed.

Assimilation of upper crustal metasediments such as those that the Black Hill
plutons intn¡ded will produce an increase in SiO2. Such peraluminous contaminants and

partial melts of these metasediments will also induce an increase in normative plagioclase

(Nielsen, 1989; Ellispers. conun.). V/ith this in mind the potassic gabbros from the

pluton margins, the pyroxene monzonites and potassic gabbronoriæs a¡e displaced

upwards from the cotectic into the plagioclase + liquid fields on the cpx and qø

projections. C-ontamination has displaced the liquid into the plagioclase field necessarily

causing increased plagioclase crystallization which provides an explanation for the

anorthosites which are spatially, chemically and isotopically associated with ttre pyroxene

monzonites. The similar chemistry of the anorthosiæs.to the pyroxene monzoniæs and the

unusual lack of a positive Eu anomaly are consi.*nitti, plagioclase rich unit beirrg

formed by displacement of the evolved magma into the plagioclase field rather than an

ori$n involving plagioclase accumulation.

In the projection from plagioclase (Fig. 3.6c) the potassic gabbros form a linear

dispenion towards the quarø apex which leads towards the orthopyroxene and pigeonite

frelds. The potassic gabbros contain increased modal abundances of orthopyroxene and it
is the pyroxene monzonites which have developedpigeoniæ. This is partly due to their

iron-rich naturc but also partly due to their lower temperaturcs and emiched SiO2 content

which can be seen to be consisænt with a contamination hypothesis. Under conditions of
pure equilibrium crystallization an olivine normative liquid would crystallize compleæly at

the reaction point cpx-pig-ol in the plagioclase p,ojection in figure 3.6c (Grove and

Baker, 1984). Howeveç the dispersion of data indicates that the liquid evolved beyond

this point suggesting fractional crystallization and deflection of the liquid path towards the

quartz apex by contamination.

Fine grainednorites, in which orthopyroxene crystallizrÅ,pr:ror to plagioclase,

occur frrequently in at least one of the Black Hill plutons. On the basis of mineralogical

and thermodynamic data these are interpreted to have resulæd from fresh influxes of
parcntal magma that mixed wittr cooler, mor€ evolved magma resident in the chamber

(chapter 2).The recharge hypothesis for the origin of the norites can be examined using
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the cpx projection in figure 3.6b. Mixing the partially evolved magma with a fresh influx
of olivine normative magma, as shown in ttre cpx projection, will displace the liquidinto
the opx+liq volume resulting in a period of opx crystallization until the liquid returns to
the plag-px boundary. Such a course could account for the abrupt change in crystallization
sequence demonstrated by the norites.

3.3,2. Composition of the parental magma
A central problem in all studies of layered gabbroic intrusions is the identification

of the composition of the parcntal magma injecæd into the chambers. Unfortunately
chilled margins, which have so ofæn been used as parenal magma compositions, have
not been found at Black Hill due to the lack of outcrop of the margins of the intrusions.
The mineralogy and chemical trends show the parental magma was an olivine normative,
continental tholeüte. Aprimary magma in equilibrium with an olivine-orthopyroxene-
clinopyroxene-garner upper mantle should have high Mg# (^70), Ni (-400 ppm), cr
(-1000 ppm) and olivine of around Fogg-90. Olivines in equilibrium with primitive
tholeütes such as Kilauea, for example, would have compositions a¡ound. Fqg (¡.vine,
1979). The apparently high Cr and Ni contents of some of the most mafic cumulares at
BlackHill argues for a quiæ primitive parental magma, probabty relatively undiluted by
crustal contamination, and must resEict the amount of olivine fractionation en-route to the
near-surface plutons. At Black Hill magma the most magnesian olivines with Fog6 would
have been in equilibrium with a liquid that had Mg# -63-65 (chapter 2). This calculation
reprcsents a minimum estimate because the olivines are unzoned, indicating equilibration
with more iron-rich intercumulus liquid, and more magnesian olivines may exist in deeper
zones of the pluton (chapær 2). Microprobe data from these mafic cumulates show the
olivines andp¡noxenes contain 2500 ppm Ni and 6500 ppm Crrespectively. Using a
distribution coefEcient of 10 in each case (Cox et aJ,IgTg) this indicates the parental
magma had 250 ppm Ni and 650 ppm cr. Therefore the parental magma was not a
primary depleted mantle magma and had undergone some fractionation during its passage

through the cmst Solving the Rayleigh fractionation equation to obtain the implied Ni and
Cr contents from a primary magma with 400 ppm Ni and 1000 ppm Cr restricts this
fractionation to < 57o,

There is also evidence that the parental magma was somewhat enriched. in
incompatible elements. The foregoing discussion on the REE data suggests that the
parental magma is likely to be LREE enriched with a l¿lYbu ratio of about 3 and this may
reflect an enriched source. This is quite similar to the mildly LREE enriched pattorns
observed for ocean island basalts and continental flood basalts. For most of the gabbros
ZrlNb ratios (10-12) and Y/lr{b ratios (}-4),which are nor altered by most basaltic
fractionation processes, are relatively low and similar to continental flood basatts such as



those from the Pa¡ana basin (Fodor, et a1.,1985). Such values lie between the values

typical of more enriched P-type MORB and those of ocean island basalts (OIB) from

enriched mantle sources (Wilson, 1989).

If the gabbronorite üend is taken to approximate the liquid trend then the

concentration of any element in the parenøl magma can be approximated from the

variation diagrams by reading the value, for that element, that corresponds to the parental

magma Mg# value (-65 from olivine equilibria). This composition (Iable 3.3) is more

enriched than typical MORB but simila¡ to the parental magma compositions inte¡preted

for many other continental tholeiites. Figure 3.7 is a MORB-normalized spidergram

showing the incompatible trace element pattern for the approximated parental magma and

a continental flood basalt from the Deccan Traps for comparison. The two patterns arc

very similar and both are enriched in the Iithophile elements andLREE's compared to

MORB which would plot as a straight line at around 1 on this diagram.

10()0

Sr K RbB¡Th NbCc P Z¡ SrnTl Y Yb

Figure 3.7. MORB normalized spidergram showing ttre parental
Black Hill magma composition and a basalt from the Deccan Traps
(data from Thompson et a1.,1983). Shaded a¡ea shows enrichment
relative to typical MORB which would plot as a sraight line at 1.

Normalization facton and order of elements after Fearce (1983).

Whether this is a valid approximation of the true parental magma can be æste4 in

part, by modelling fractionation and comparing the ¡esultant compositions with those

observed through the plutons. Using least squares rnixing (eg Wright and Doherty,

l970),to model from one specific composition to another, is hampered by the problem

that many of the gabbros are partially adcumulative and therefore the true liquid

composition is not known for any particular stage of fractionation. A more appropriate

approach, in this situation, is that of Natlran and Van Kfuk (1978) whereby phase

equilibria are used to determine the mineral assemblage on the liquidus for a given magma
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composition and æmperature (which is itself calculaædfrom the composition).The

equilibrium compositions and proportions of these minerals are then calculaæd and their

total composition subtracted from the magma. The mineral assemblage appropriaæ to the

new magma composition and æmperan¡re is then calculaæd and the process repeaæd

iæratively as a model of fractionation. The geochemical trends produced can then be

comparedwith the gabbronorite data bearingin mind that the more adcumulative samples

will lie off the Eends. This approach also has the advantage that the fractionating

assemblage is constrained by phase diagram information to be rcalistic for a given

composition and increasingly sophisticated computer simulation programs have been

developed over the last 10 years. The modelling reported here was performed using a

1990 venion of the low pressure basaltic fractionation simulation pro$ÍLm of Nielsen

(1988b). This program CIRACE5) uses partition coefficient data to calculaæ the trace

element concentrations simultaneously with the major element liquid lines of descenL The

mathematical rationahis described in detail in Nielsen (1988a, b) and Defant and Nielsen

(1990). For all program runs fO2 was set at QFM and Fe2+Æe¡gøl = 0.9 in accordance

with the findings in chapær 2.

The results of modelling the approximatedparental magma a¡e shown on MgO

va¡iation diagrams (Frg. 3.8) on which the gabbros with Mg# < 65 that are thought to

approximate the liquid line of descent are plotæd for comparison. It is apparent that simple

fractionation of olivine subsequently joined by plagioclase and then pyroxene from this

composition will not satisfactorily reproduce the observed chemical va¡iation. In particular

the enrichment factors for incompatible components (SiO2, K2O, Rb, Ba" LREE) seen in

the pyroxene monzonites and potassic gabbronorites would require such extreme degrces

of fractionation that the corresponding major element compositions would be too low in

MgO and CaO. Early plagioclase fractionation produced a trend of rapidly increasing iron

contents with little increase in SiO2. The decreases in TiO2, FezO¡ and V seen in the

gabbronorites which evolved to silica emichment with only moderate iron enrichment

(indicating magnetiæ fractionation), are not reproduced- These observations indicate that

this pure fractionation model is inappropriate, however this neednot be drre to an

incorrræt choice of parental magma composition. Indeed it is clear from the isotope data

thatmore complex open system models involving assimilæion are applicable.

3.3.3. Combined assimilation and fractionation (AFC)

Convection in sizable basaltic intn¡sions efficiently tra¡rsfers heat to the roof zone

Overleaf Figure 3J. MgO variation diagrams with the trends modelled by TRACE5 for fractionation
with l57o assimilation, the curves are ma¡ked in increments o1l07o crysr^lliza¡isn (crosses -
gabbronorites, diamonds - pyrcxene monzoniæs and potassic gabbronoriæs). Also plotæd a¡e some curves
for sraight fr¿ctionation with no assimilation. The end of these curves marked, with an arrow, is the
composition aftrlr 707o fractionation for comparison with the last ttck (707o) on the AFC curves.
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enabling fusion of the roof rocks. Isotopic work on layered intrusions such as Skaergaard

(Stewan and DePaolo, 1990) and laboratory experiments (e.9. Turner and Campbell,

1986) further indicaæ that assimilation occun principally in-situ at the roof and margins

of such intrusions. Accordingly the most likely assimilants for Black Hill a¡e the local

Late h¡ecambrian to Cambrian Kanmantoo metasediments which the magma had to push

upwards or stope in order to make room for itself. Table 3.1 contains an analysis of a

typical metasediment ftom a drill hole near the intn¡sions as well as a migmatite

leucosome from nea¡by metasedimentary outcrops which may approximate a partial melt

of such metasediments. Between them this metasediment and leucosome broadly

encomp&ss the range of compositions displayed by the local metasediments (data from

2 3 4 5

K20

0.7ü

0.7ú

0.705

o.7u

o.7u3
4 5

K20

Figure 3.9. Plot of tNd and initial Sr ratio vs K2O showing the

conamination trend of the Black Hill gabbros.
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Mancktelow, 1979) and leucosomes which tend to be incompatible element enriched (data

from Moeller, 1980). It has been argued that assimilation is likely to be wholesale rather

than just a partial melt of the wall rock (eg. Turner and Campbell, 1986). For example the

matrix of a partially molten wall rock may not be able to support itself a¡rd therefore the

entire rock will founder into the magma. On the other hand the assimilant may be the

composition of the fint melt extractable from the country rock. Watson (1982) suggests

that kinetic conrols result in selective assimilation of some components such as SiO2 and

K2O. The LREE enriched patterns and high K2O concentrations Frg. 3.9) of the

monzonites from the margins of the Black Hill plutons suggests that the leucosome(s)

may be the best approximation of the assimilant

50

sio2
60

0.705

0.7u3

40 50

s¡o2
60

Figure 3.10. Plot showing the positive correlarion betrpeen eNd
and initial Sr ratio vs SiO2 suggesting combined fractionation and
assimilation for the Black Hill gabbros.
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Contamination throughout the series of gabbros is indicated by the correlation

between K2O and both eNd and initiat 875r/865r Grg. 3.9).However, simple mixing

between mantle derived magma with <l7o K2O and the Kanmantoo samples with 3-57o

K2O would require that the marginal gabbros, containing up to 4.47o K2O, be near lffi%o

crustal melts. Such a hypothesis is clearly unænable and combined assimilation and

fractionation is more probable. In figure 3.10 initial ST5¡p65¡ shows a curvilinear

increase with increasing silica whilst ÊNd displays a curvilinea¡ de¡rease. Although the

most Sio2-poor samples ar€ cumulates, such correlations between an index of
differentiation and isotopic values are evidence for combined assimilation and

fractionation (AFC).

The program used to assess pure fractionation, TRACE5, is designed to also

model AFC processes following the equations of DePaolo (1981). Modelling the same

parental magma as before, this time with varying degrees of contamination was tried and a

reasonable fit to the data was achieved for fractionation combined with 20Vo assimilation

of the migmatite leucosome (assimilation rateÆrdctionation rate = r = 0.2). In the MgO

variation diagrams (FlS. 3.8) it can be seen that the'modelling comes quiæ close to

approximating the Black Hill compositional array which straddles the calculaæd trends for

most elements. Importantly the sequence of incoming fractionating phases and their

proportions (see table 3.3) are appropriate to those expecæd from the phase diagrams

(section 3.3.1) and correspond well to the cumulates found at Black Hill (chapær 2). The

compositions of these phases (table 3.3) generally correspond to those found in the

cumulates with the exception that the olivine hiatus in which orthopyroxene replaced

olivine is not reproduced.

I-ooking in more detail it is not sr:rprising that some discrepancies remain,

particularly as the gabbros are not representative of pure liquids. In the plots for TiO2, V

andFe2O3* these elements beiome too enrichedbecause magnetiæ commences

fractionation too late so that the inflection marking magnetiæ fractionation is diqplaced to

low MgO values. Some evolved gabbronoriæs lie below the modelled trend for SiO2 and

well above the TiO2 and Y tends suggesting they contain cumulus magnetiæ and apatiæ

and a¡e not properly reprcsentative of liquids. These samples are themselves, '

complimentary top)'roxene monzonites which on textr¡ral grounds arc likely to be the

closest approximation of liquids. The pyroxene monzonites are displaced below the trends

for TiO2 and Y suggesting a cumulate-liquid relationship with the TiØ and Y enriched

gabbronoriæs. These contaminated monzonites from the pluton margins are displaced to

slightty higher Rb, K2O, Ba and Th than the calculated trends.

The Cr and Ni values used for the parental magma are typical of MORB and the

Ni trend is closely matched. This is not tn¡o for Cr however the mineralogical data

suggest Cr (and Ni) should be higher in the parental magma. The modelled trend for Sc



Table 3.3. Modelling resr¡ls from TRACE5 for fractionation wi¡h 207o assimilation (see text for details)

Vo Crystallized Parental Magma Assimilant 5Vo l0Vo

sio2 48.18 7t.70 50.82 51.07 51.85

Tio2 0.80 0J2 0.65 0.91 1.01

4t203 16.10 12.50 t7.52 17.17 16.4t
Fe2O3' 7.98 4.74 8.15 8.38 8.89
MnO 0.13 0.06 0.13 0.14 0.14
MgO 10.00 lJl 8.55 8.23 7.63
CaO 10.01 0.64 10.82 10.67 10.43
Na2O 2.@ 3.A7 2.84 285 2-89
K20 0.82 4.25 0.92 1.00 1.18
P205 0.15 0-21 0.16 0-17 0.19
Cr 300 59 219 213 226
Ni M 26 225 185 tzl
ft3510373841
v 150 70 160 t6 183
Pb 5 6 5.5 5.7 6.2
Rb 14 135 18 21 30
Sr 3O0 116 326 323 318
Ba 160 893 180 199 236
Nb 6.4 13 7 7.5 8.4
Zr 50 411 57 65 80
Y 13.5 42 15 16 lE
Th 1.2 25 1.7 2 3
u 2.25 4 2.6 2.6 2.9
La 14 . 53.E 15.6 16.8 19.4
Ce 30.5 88.6 33.7 36 41.2
Nd t4 39.6 15.5 16.5 lE.9
Sm 3.3 64 3.6 3.8 4.3
Eu 1.2 1.4 1.3 1.3 1.5
Gd 3.6 4.4 3.9 4.1 4.6
Dy 3.8 3.2 4.1 4.3 4.8
Er 2.1 1.3 2.3 2.4 2.6
Yb 2 t.t 2.2 2.3 2.5

52.77
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becomes depleted too quickly once pyroxene crystallization commences indicating that the

assigned partition coefficient is too high.

The enrichment of Sr and AlzQ in many of the pyroxene monzonites is not

reproduced Sr and 41203 would be contained in alkali-feldspar which occurs in high

abundance in these rocks though it is not cumulative in origin. The only cumulates that are

complimentary to the Sr and Al2O3 üends for these monzonites are the noriæs (see Fig.

3.2) which are not spatially associated with the monzonites. The enrichment of Sr and

AlzO¡ remains an unsolvedproblem.

TRACES does not simulate minorphase fractionation and in the case of P2O5, for

example, enrichment should probably be reached earlier and then be followed by a

decrease in the pyroxene monzonites due to apatiæ fractionation. Minor phase separation

or accumulation is probably important in explaining much of the va¡iation seen in the

LREE and incompatible elements of the evolved gabbros.

Nevertheless without trying to exactly reproduce the trends of the gabbros, which

are not perfectly rcpresentative of liquids anyway, this modelling shows that

compositions like those of the more evolved gabbros can be obtained by approximately

707o fnc¡onation of a tholeütic parent accompanied by some 20Vo assimilation (Table

3.3). Figut€ 3.11 shows the close match between the calculated composition and a typical

pyroxene monzonite.

To further assess in-situ contamination the Kanmantoo metasediment and the

migmatiæ leucosome were analysed for ttreir isotopic characteristics (Table 3.2). For the

purposes of the following modelling the leucosome and metasediment are roughly

l(xx)

'roo

ro

o.1

o.ût

I

Sr KRbBrTh NbCcPZr SmTl YYb

Figure 3.11. Spidergam as in Fig. 3.7. with the parenøl
Black Hill magma composition and the product of.lïVo
crystallization calculate<l by TRACE5 compared with a pyroxene
monzonite f¡om Black Hill.



interchangeable due to their simila¡ Sr and Nd concentrations and isotopic ratios Clable

3.2). The Nd and Sr concentrations chosen as a starting composition were the same as

those for the parental magma used in the modelling above, and the isotopic composition

the same as the most mafrc cumulate. Using KD's from Jacobsen and'Wasserburg (1979)

bulk distribution coefficients of Dg¡ 0.65 and D¡¿ 0.035 appropriate for 60Vo plagioclase

and4OTo olivine fractionation were calculated. The incoming of clinopyroxene has little

effeet on D5, whilst increasing D¡¿, however changing the D's within reasonable limits

has only minor effect on the modelling compared with varying the parental magma

concentrations and isotopic compositions. Figure 3.12 shows an AFC curve, calculated

using the AFC equations of DePaolo (1981), involving 207o assimilation of the

leucosome (r = 0.2). The curve reproduces the isotopic array of the gabbros quite well

and importantly the pyroxene monzonite compositions are matched ataboutT}To

crystallization which agrees with the results from the preceding modelting.

This then provides a self consistent model which appears broadly able to account

for the origin of the gabbros after intn¡sion into their upper crustal chambers. However,

although the parental magma composition cannot be rigidly defined, the implied parental

magma isotopic (eNd +3.4, 875¡p65¡ 0.7038) and elemental compositions are not

appropriate for a primary melt from the conæmporary depleted mantle. Modelling of

-¡t

-8

o

!z
TJ

o.708 o714

87sy'86sr

Figure 3.12. Plot of €Nd vs Sr initial ratio for the Black Hill gabbros

with the calculaæd AFC curve for ?l7o assimilation of the migmatiæ
leucosome (L). Diagam also shows the positions (at487 Ma) for the
depleted mantle (DM), ttre IGnmantoo metasediment (K) and tlte field of
lithospheric mande xenoliths (stippled). Xenolith daø from McDonough and
McCulloch (1987), Griffin et al. (1988).
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combined assimilation and fractionation starting with a MORB+ype end-member, with
depleted mantle isotope ratios, requires morc than 457o assimilation to produce the

isotopic ratios of the pyroxene monzonites by -70Vo crystallization. This degree of
assimilation results in a modelled composition that is far more siliceous than the observed

monzonites and has double the observed incompatible element composition. Modelling

the monzonites to result from less crystallization does not reproduce their chemistry either

and is in conflict with the prcsence of phases like zircon that indicate these are highly

fractionated rocks (cf chapær 2).

3.3.4. Source implications
An impontant result from both ttre data on the peridotites and the modelling above,

is that thek parental magma was both isotopically and incompatible element @b, Ba,

K2O, LREE) enriched relative to depleæd mantle. Furttrermore the isotopic enrichment

indicates that the incompatible element enrichment is not simply a function of small degree

paftial melting of a depleted mantle source. The olivine andpyroxene data suggest that

the parental magma did not undergo more than 5Vo fractonation prior to filling the upper

crustal magma chambers, therefore contamination can be assessed using mixing

calculations instead of AFC.

Thrce possible origins of the enrichment include: 1) increased assimilation of local

Kanmantoo material; 2) lowercrustal contamination during magma ascenq 3) an enriched

lithospheric mantle contarninant or source. These scenarios will be considered in

conjunction with mixing calculations in table 3.4. These calculations mix a MORB-like

depleted mantle magma (at487 ¡4¿ 875¡p6Sr = 0.70243, 143¡96,t144Nd = 0.512480 and

for a-lÙVo mantle paftial melt Sr = 185 ppm, Nd = 7.3 ppm,l-z=2.8 ppm, Rb = 2

ppm, K20 =0.l5Vo) with possible contaminants ûo achieve the I-a, Rb and K2O contents

of the parental magma in table 3.3. The isotopic characteristics of the resultant mix are

then conipared with the isotopic cha¡acær of ttre parental magma which taken to be no

more evolved than the most primitive peridotiæ at Black Hill (eNd 3.35, 87Sr/8óSr

0.7038).

1) If the parental magma resulted simply from mixing with mid to upper crustal

Kanmantoo'like metasediment then 97o assimilation is required to produce the Rb content

of the parental Black Hill magma,29%o for K2O and3ÙVo for La. As shown in table 3.4

this results in eNd too low and 875r/865r too high when compared with the Black Hill
peridotiæ data above. The results a¡e similar for a model involving the leucosome as a

paftial melt approximæiôn (9-207o reeuired). Additionally, high amounts of assimilation

of the leucosome would produce a resultant magma with Mg# <65 which would therefore

not crystallize olivines of Fq5. The resultant inqease in SiO2 may also force the magma

to follow a more calc-alkaline trend (Grove and Baker, 1984) and cause orthopyroxene to
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lack Hill magma including
leucosome (l-37 6, 779-50),
(Mortimer, 1984),

5 (Griffin et a1.,1988; O'Reilly and Grifñn, 1988)
and a lower crustal xenolith (815). Also listed is the range of isotopic values appüôable to these
samples at487 Ma. The lower part of the table gives the 7o assimiiation of eacÏ of rhese, required to

99-ntam_ig1te a hyperthetical MORB magma (Sr 185 ppm, 87SrF6Sr 0.20248, Nd 7 ppm,
l43¡¿ullaa¡d 0.512480) in order to achieve the I.a, Rb and K2O contents esrimared in the parental
Black Hill magma, and the calcula¡s¿ 875¡p65r ratio and eNd that would result from this
contamination.

Rock type
Sample#

Metased

1-376
I-eucosonr Opx-granitoid Gabbronoriæ

779-sO FGG-I QSNG

Granitc Gt-cpx granuliæ Lherzolite Xen Pyroxenite Xen

EAGG 815 DR 11308 DR9735

ll

405

12

5

5

109

52

34

105

28

159

109

2n
558

l1
26

34

33

67

29

12

2l
13

4t
a'ro

147

915

16

305

41

59

120

49

Cr
Ni
Sc

v
Rb
Sr
Ba
Nb
Zr
Y
Lâ
Ce

Nd

si02
Tio2
Ar203
Fe203+
MnO
Meo
CaO

Na2O
K20
P205

60.85

1.03

16.33

7.40

0.16

3.39

3.35

3.33
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rcplace olivine as the liquidus phase which also contradicts the observations. Scenarios of

major assimilation seem unlikely on thermal grounds as well.

2) An alærnative is that the parental magma injected into the magma chambers

suffered contamination at lower cnrstal levels. Potential lower crustal maærial in this

terrain is preserved in Archaean and Proærozoic felsic and mafic gneisses that outcrop to

the west on Eyre Peninsula. These were potentially once near the base of the crust and

preserve evidence of 800-1000 oC, 8-10 kbar granulite facies metarnorphism (Fanning,

lg75).Isotopically, at 4gO Ma, these would have had €Nd--16 to -30 ¡1¿ 875¡p65¡ 2

0.76 (Webb et a1.,1986; McCulloch, 1987; Daly and Fanning, 1990). Geochemical data

on these basement gneisses @anning, 1975; Mortimer, 1984) are similar to other lower

crustal rocks (eg V/eaver andTarney, 1980, 1981) in having moderaæ K2O contents but

7ÃtNbratios (-20) considerably higher than the likely parental Black Hill magma (1G12).

Thus on the one hand the isotopes and ZrA{b ratios only permit small amounts of

assimilation by the parental BlackHill magma and on the other quite large amounts are

required if these are the source of incompatible element enrichmenl The calculations in

table 3.4 show that, for arange of felsic, inærmediate and moderaæly mafic poæntial

contaminants, to achieve the incompatible element enrichment in the parental magma

results in a magma with STSrF6Sr > 0.7066 which is higher than the most contaminated

pyroxene monzonites.

Estimates of lower cnrstal mafic granuliæ compositions have very low Rb, LREE,

K2O and higtrly radiogenic isotopic cha¡acteristics (Weaver and Tarney, 1980, 1981;

Taylor and Mclennan, 1985) which does not allow them to contribute significantly to

incompatible element enrichment withoutproducing severe isotopic shifts. Mafic granulite

and eclogite xenoliths from the lowermost crust (1G'16 kba¡s) found in kimberlites in the

Adelaide Foldbelt have isotopic compositions (McCulloch et a1.,1982; Table 3.4) which

make them suitable contaminants (at 490 Ma eNd -12 to -21,875¡7865¡ 0.7066 to

0.71196). However their incompatible element abundances (Arculus et al., 1990) a¡e less

than the inferred parental Black Hill magma which therefore cannot be a depleæd mantle

magma contaminat€d by these granulites (see Table 3.4).

3) A fi¡rther alternative is that the Black Hill magma w¿ui contaminaæd by enriched

subcontinenal lithospheric mantle such as the K-rich layer of McKenzie (1989). The data

of Griffin et a1.,1988; O'Reilly and GrifFrn, 1988; McDonough and McCulloch, 1987)

on spinel lherzolite and Al-augite pyroxeniæ xenoliths from Mt Gambier and western

Victoria provide ample evidence that parts of the local lithospheric mantle are enriched in

incompatible elements. However, similar arguments to those above suggest the

incompatible element enrichment in these xenoliths (Iable 3.4) are too low to produce the

parental Black Hill magma by contamination of a MORB-like magmq given the isotopic

constraints.
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Another possibility is that this enriched lithospheric mantle was itself the source of

the parental BlackHill magma. The low KD's for incompatible elements in mantle phases

result in partiat melting producing considerably incompatible element enriched magmas.

That a partial melt of such a source would be enriched in incompatible elemens is

demonstrated by the enriched nature of the basalts that host the xenoliths (eg McDonough

et a1.,1985). At 487 Ma these xenoliths have tNd which ranges from +6 to -1 and

87SrÆSr around 0.7035-0.7069 which can be seen in figure 3.12¡o be quite appropriate

for the Black Hill parental magma. Depleted mantle T¡¡a model ages for the lithospheric

mantle xenoliths extend from 600 Ma to 1200 Ma (McDonough and McCulloch, 1987)

reflecting the (protracæd) time over which enrichment occurred. Tp¡a model ages for the

Black Hill gabbros fall similarly around 0.9 - 1.2 Ga.

The foregoing arguments show that the combined isotopic and incompatible

element enrichment of the parental Black Hill magma (Fig. 3.7) is not easily explicable in

terms of a model involving crustal contamination. This is because the evolved isotope data

of the Proterozoic and Archean country rock and crustal basement do not permit enough

contamination to produce the concentrations of incompatible elements inferred for this

parental magma. In contr¿st, paftial melting only requires moderate enrichment of the

source provided that it has the right isotopic characæristics. Although it may not be

possible to conclusively reject the crustal contamination hypothesis, because the parental

magma composition is only an estimaæ, the preferred model is one involving paftial

melting of an enriched lithospheric mantle -for which there is some evidence. No

magmatic rocks from the laæ-orogenic suiæ in South Australia have isotopic values more

primitive than eNd +5 and 875165¡ 0.70341(furner andFoden, 1990b) and the limiting

factor may be the nature of the sorrce.

3.3.5. Chamber recharge and the norites

Any proposed origrn for the noriæs has to explain the crystallization of

orthop¡noxene prior to plagioclase unlik€ all the other gabbros. This is not generally

expecæd from basaltic magmas at low prcsstues where the qpical crystallization sequence

is ol -> ol + plag -> plag + px. At high pnessures the crystallization sequence becomes ol

-> opx -> opx + plag and the cross-over from ol + liq to opx + liq occun between 3 and 5

kbars at 1200 oC even for high MgO, high SiØ rocks like boninites (Van Der Laan et al.,

1989). For tholeütes this cross-over is likely to be at higher prcssures and so this cannot

be the orign of the noriæs at Black Hill which demonstrably crystallized at low prcssues

along with other gabbros that diqplay a typical low pressure, tholeütic crystallization

sequence. In chapter 2 it was suggesæd that the norites could result from fresh influxes of
parental magma that mixed with more evolved (SiØ-rich) magmarcsident in the

chambers. Phase equilibria diagrams (Fig. 3.6b) indicate this is consistent with the
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increase in SiO2 pulling the resultant magma into the orthopyroxene volume.

Unfornrnaæly the chemistry of the noriæs is strongly dominated by the modal content of
opx making recharge difficult to assess. However recharge possibly accompanied by

eruption, seems likely in such chambers and may be critical in producing the repetition of

cyclical units. Interestingly some of the gabbros which most closely approximate the

composition of the parental Black Hill magma composition are norites (eg 19-635 in

particular the relatively fine graind (chilled) base of a noriæ layeç sample 19-877 ,

Appendix B). This may reflect thek partial origin in fresh injections of parental magma. A
more detailed isotopic study than has been anempæd here, comparing norite layers with

the gabbros above and below seems the best way to test the recharge hypothesis. If this

hypothesis is correct then each no¡ite layer should show a reversal to more chemically and

isotopically primitive values than the layen above or below ir Some isotopic and

chemical data do support this, for example, noriæ 19-635 has a more primitive chemical

and isotopic composition than the gabbronoritÊ,l9-L287 below it consistent with rnixing

with isotopically more primitive magmd. Likewise noriæ lI-941has SiO2 and REE

concentrations simila¡ to many of the evolved pyroxene monzonites yet much higher Cr

and Ni and this sample lies off the isotope AFC trend at a higher eNd (Fig. 3.12) again

suggesting mixing with isotopically more primitive magma.

3.3.6. Origin of the granophyric sills

Granophyre composed of quartz and alkali feldspar with occasional plagioclase

and ra¡e splinærs of subsolidus biotiæ occurs as dyke or sill like bodies up to 6m thick

both in outcrop and within the gabbros inænectedin drill core. The relative timing of the

generation of these granophyres, relative to their host gabbros, is difficult to establish

thoqgh typically there is evidence for mixing with mafic magma at their margins to

produce a mesocratic rock (chapw2). Ttris suggèsß contemporaneity and interstitial

granophyric material, which could be the source of these sills, occurs in many of the

gabbronoriæs (cf Fig. 2.5c). Chemically the granophyre is rhyolitic wtth>70Vo SiØ and

rich in alkalis and incompatible elements (Zr, Nb, Y, Ga" Rb). CaO, Al2O3 and

compatible trace elements (Ni, Cr, Sc, V, Sr) are depleted- Rb/Sr and Ga/Al ratios are

typically high whilst Ba/Rb is low. Rare earth patterns of several granophyres have very

high overall REE concentrations (up to 200 x chondrite forLa), show considerable LREE

enrichment, similar to the gabbros (LalYb >5) and have large negative europium

anomalies (see Fig. 3.3). These are all characteristics of A+ype granite (Collins et al.,

1982). Incompatible element ratios, that might be indicative of their parental magma, such

as ZrÆtlb, YA.Ib andLy'Yb a¡e ofæn indistinguishable from the gabbros. Furthermore the

isotopic char¿cæristics of the granophyres are primitive like the olivine gabbros and

gabbronoriæs indicating that they too owe little of their origln to evolved crustal material.
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Similar observations have been made by Stewart and DePaolo (1990) on granophyric

pods in the Skaergaard Intrusion and the data seems consistent with evolution of the

granophyre from the same sourceþarental magma as the gabbros.

McBirney (1975) postulated a mechanism of origin for some Skaergaard

granophyres involving liquid immiscibility. However experimental data (eg. Ryerson and

Hess, 1978) which shows that incompatible elements such as Zr, Nb, Y, LREE should

be strongly partitioned in to the mafic liquid is inconsisænt with the data from the Black

Hill granophyres where the opposiæ is true. It seems more likely that they are the end

products of extreme fractionation. Figure 3.13 shows a comparison between a Black Hill
granophyre and the modelled TRACE5 composition resulting from90Vo fractionation.

The two pattems are very similar except for Ba and P which arc too high in the modelled

composition because the program does not fractionate apatite or

rooo

Sr K RbB¡Th NbCc P Zr SmTl Y Yb

Figure 3.13. Spidergram comparing the result modelled by
TRACE5 for 9O7o crystâllizátion of the parental Black Hill magma
and a granophyre from Black Hill (15-301). Normalizqtion factors
and onder of elements after Fearce (1983).

alkali feldspar. There are still a few problems wittr this hlpothesis because few rocks of

intermediaæ composition (58-687o SiC, are observed and also the isotope data shows

granophyric sills a¡e less contaminated than the pyroxene monzonites. This means they do

not form a continuation of the AFC processes thatproduced the pyroxene monzoniæs

though the increased contamination in the pyoxene monzonites seems to be due to their

location at the upperpluton margins and the granoph¡'res may be have been derived from

inner regions.

Possible mechanisms for the orign of the granophyric liquid include formation

during an early stage when convection was strong and low density, fractionated liquids

were gravitationally separaæd from crystals at areas of sidewall crystallization. Laboratory
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experiments using aqueous solutions (see Turner and Campbell, 1986 for review) have

suggested such mechanisms to be highly effective in removing fractionated liquids to an

upper zone of a magma chamber.

A preferrcd mechanism, discussed futtrer in the next chapter, involves coalescing

of interstitial granophyric magma. Intentitial liquid in cumulaæs becomes enriched in

components incompatible with the cumulus matrix of olivine, p),roxene and plagioclase.

Inærmediate compositions are not produced because the components for intermediaæ

compositions are removed by diffirsion to become incorporated in overgrowths on the

cumulus phases. Alkalis and incompatible elements will not readily become incorporated

in these overgrowths and become enriched in the rhyolitic residua that forms interstitial

granophyric maærial (eg Fig. 2.5c). This lþid will have a solidus like the granite

minimum, much lower than the surrounding matrix material, and will remain liquid for

considerable periods.It seems likely that such inæntitial liquid, which is also seen in

other layered gabbroic plutons, could be capable of coalescing and/or gravitational

separation. Compaction of the cumulate pile is probable (Sparks et a1.,1985) and would

force expulsion of this granophyre to from sills at the top of the pile or even to leave the

pluton as a separate felsic diapir.

As observed in the next chapær, geophysical evidence indicates the presence of a

major mafic lopolith beneath the Black Hill plutons to which they are most likely

connected. A silicic cap on such a pluton produced by either of the above mechanisms

may become gravitationally unstable and separate intruding the mafic plutons above

alærnatively injection of mafic magma into the outcropping plutons could entrain rhyolitic

tiquid f¡om the ¡mf zone.

3.4. Discussion

There has been considerable debate over contamination and the origin of
incompatible elementenrichment in continental tholeüæs, particularly continental flood

basalts. Although the parental magmacomposition forBlackHill canonly be estimated,

the modelling s€rves to illustrate that fractionation was accompanied by about 207o n-siw
assimilation of upper crustal metas€diments this being most pronounced at the pluton

margins. Not all of the ubiquitous incompatible element enrichment and isotopic signanue

can be fully accounæd for by this in-sin¡ contamination and must thereforc have been

partly a feature of the parental magma implyng either lower crustal contamination or an

enriched mantle source. Whilst it may not be possible to conclusively reject hypotheses

involving some lower cnrstal contamination a significant component from an enriched

source seems necossary. This coincides with numerous studies of continental flood

basalts (eg. Menzies et a1.,1984) which indicate that incompatible element enrichment is
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due to both upper crustal contanination and source region enrichmenL It is suggested that

this source was subcontinental lithospheric mantle that had been enriched by infrltration of
small paftial mels from the asthenosphe¡e between 700 and 1200 Ma.

Both theoretical studies (eg. O'Nions and McKenzie, 1988) and direct

observations on mantle xenolittrs (eg. Menzies and Murthy, 1980; McDonough and

McCulloch, 1987) indicaæ that much of the subcontinental mantle lithosphere is likely to

be enriched in incompatible elemens including the LREE. This emichment seems likely to

result from infilration of small (<1%) patial melts from the asthenosphere (O'Nions and

McKenzie, 1988; McKenzie, 1989) which will cause parts of the lithospheric mantle to

have a lowercd solidus. Such small partial melts will be strongly fractionated so ttrat the

increased Rb/Sr and Nd/Sm will over time develop isotopic anomalies. Nd model ages for

the Black Hill gabbros (Table 3.2) andlocal mantle xenoliths (McDonough and

McCulloch, 1987) are clustered around 0.7-I.2 Ga suggesting ttrat LREE enrichment of
the source occurrrd a¡ound this time when the lithosphere was undergoing extension

forming the sedimentary Eoughs of the Adelaide Geosyncline (eg Foden et a1.,1989,

appendix E3).

Fractionation of the tholeütic Black Hill magma resulæd in early iron enrichment

with only mild silica enrichment during the removal of olivine and plagioclase and later

pyroxene. With the onset of magnetite fractionation at about 607o crystallization this fend
was followd by iron depletion and silica enrichment. Continued fractionation produced

rapid silica enrichment and ultimaæly rhyolitic liquids afær about 90Vo crysrllization. At

Black Hill granoph¡nes æstify to the development of such liquids though the mechanism

may be complexly relaæd ûo compaction of the cumulate piles and attendant expulsion of
intentitial liquids. This fractionation of a mafic tholeütic magma through a period of
moderate iron en¡ichment and ultimaæly to rhyoliæ is simila¡ to the evolution of tholeütes

in Iceland (Macdonald et a1.,1990). It is also similar to the contoversial proposal by

Hunter and Sparks (1987) for the laæ evolution of the Skaergaard magma though it is

important that no rocks as iron-rich as the Skaergaard ferrogabbros have been found at

BlackHilL
In the case of the Black Hill magma there is some indication that this evolution is

partly a consequence of assimilation which forced silica en¡ichment earlier than would

occur under closed system fractionation. Running TRACE5 with the same sta¡ting magma

composition and no assimilation results in a magma which after7Ù%o fractionation has

líVoFezOz* and only 5t7o SiO2 ßb 94 ppm, La25 ppm). This is much like the

evolutionary trend traditionally inærpreted for Skaergaard. It appears that one

consequence of assimilation, other than incompatible element enrichment, is to cause the

magma ûo follow a fractionation path of SiØ enrichment This can be seen in the ol-cpx-

qtz ternary (Ftg. 3.6c) where the parental liquid starting in the ol field evolves to intersect
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the ol-cpx cotectic (noæ that all fields, cotectics and reaction points are + plag, because the

diagram is plagioclase saturated). After this a liquid undergoing equilibrium crystaltization

will crystallize completely at the point ol-cpx-pig. With fractional crystallization liquids

can proceed along the cpx-pig cotectic ûowards the pig-cpx-qø point however the effect of
assimilation of siliceous country rocks is o pull the path of the liquid towa¡ds the quartz

apex much more quickly. Therefore assimilation effectively forces the liquid to follow a
more calc-alkaline ncnd (see the exænded discussion in Grove and Baker, 1984),

reducing the degree of iron enrichment experienced relative !o SiO2. This assimilation also

seems to induce magnetite fractionation at an earlier stage assisting in SiO2 enrichment

and iron depletion. One point argued by McBirney and Naslund (1990) against the Hunrer

and Sparks (1987) interpreøtion for Skaergaard is that there is no evidence for the

volumes of rhyoliæ p,redicæd. In the South Australian example there is considerable

evidence for such magma which may be the origin of the plutons and volcanics discussed

in the next chapter.



96

Chaptet 4. Source and evolution of A-type granites
and volcanics from the Padthaway Ridge, South
Australia: implications for A-type genesis

4.1. Introduction

A series of shallow graniæ and acid volcanic outcrops, occurring as isolated

exposures surrounded by Tertiary sediments, in southeastem South Ausralia form a

roughly linear basement tnend known as the Padthaway Ridge (Frg. 4.1). They were first
described by Mawson and Pa¡kin (1943), Mawson and Dallwitz (1945), Mawson and

Segnit (1945) and later by Henstridge (1970) and Mancktelow (1979). In more recenr

studies (Turner, 1986; Turner et a1.,1989; Foden et a1.,1990a), the granites have been

recognized to belong to the goup of late-Delamerian graniæs with A-type characteristics

that extend from the eastern Mt Infty Ranges through into western Victoria.
In chapter 3 it was noted that granophyric sills from the Black Hill plutons also have

A-type compositions and that they appear genetically related to their host gabbros. This

chapter investigaæs this possible ¡elationship further by providing detailed petrology,

geochemisûry and isotopo data for the Padthaway granites and volcanics. In so doing, the

characteristics of A-type rocks a¡e reviewed along with possible petrogenetic schemes for
their origin. Through various lines of evidence it is suggested that these A-type magmas

are not ptoducts of partial melting of lower crustal, melt depleted granulites. Rather, they

formed by fractionation of mantle derived melts which obviaæs ttre need for an extemal

heat source in their genesis.

4.2. Geological Setting

Although contacts are not ex¡rosed, drill core data indicate that the Padthaway

granites intn¡de amphiboliæ grade metasediments analogous to the nearby Cambrian

Kanmantoo Grcup @ochow, I97l) which was deformed by the Cambro-Ordovicia¡r

Delamerian Orogeny. The granites and volcanics display no metamorphic fabric,

indicating that they post-date the deformation of this orogeny. Whole rock Rb-Sr isotope

analyses V/ebb (1976) yield early Ordovician ages and low initial 875165t ratios

between 0.704 and 0.708. More recent data constrain the age of this late-orogenic

Overleaf Figures 4.1. il4ap showing the localities of the Padttlaway Suiæ granites and volcanics
with the outline of the +10 milligal gravity anomaly of which the Padttraway Ridge forms part.
(inærpreøtion of subsr¡rface mafic volcanics by Dredge,IgTg).
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activity to 485-490 Ma and includes a UÆb zircon age of 490 +6/-t5 Ma for the Ma¡collat

Granite from the Padthaway Ridge (Foden et al.,l990b).

Subsurface drilling (Dredge, 1979) on the Padthaway Ridge near Coonalpyn has

revealed mafic rocks as well as extensions of the graniæs. Of particular inærest here are

unmetamorphosed basaltic volcanics and biotite-bearing, two pFoxene tholeütic gabbros

which further substantiaæ evidence elsewhere (eg Chapters 1,2 &5) that the post-

Delamerian magmatism was bimodal. Nea¡er the Mt. I-ofty Ranges ttre BlackHill
intrusive complex (Chapærs 2 &3) is evidence of exænsive contemporaneous mafic

magmatism.

In a recent study of the nature of the basement beneath the Murray Basin, Brown ef

¿/. (1988) show that the southeast of South Austalia is in magnetio continuity with the

Adelaidean and Cambrian sequences outcropping to the west in the Mt. Lofty Ranges

@ig. a.1). The Padthaway Ridge itself forms part of an extensive gravity and magnetic

high which extends from western Victoria towards the Mt.I-ofty Ranges and then curyes

up northwards (Fig. 4.1). The outcropping granites along this trend have low magnetic

susceptibility, low density and thus cannot be responsible for the geophysical anomaly,

though mafic rocks like those at Black Hill could be. Geophysical modelling (Kennedy,

1989) shows that this anomaly is consistent with an extensive, predominantly subsurface,

tract of mafic plutonism coextensive with ttre granites and acid volcanics at the surface.

4.3. Field relations

4.3.1. Granitic Rocks

The granitic rocks of the Padthaway Ridge form isolated whalebacks and inselbergs

that extend from Coonalpyn to Naracooræ (Frg.a.1).Predominantly they are coarse

grained, pink and homogeneous,.though fresh samples from drill core of the Marcollat

Granite are bright grc€n. A characteristic fcatu¡e is the presence of large smoþ quartz

grains and purple fluoriæ. Alkali feldspar, often rimmed by plagioclase, and quartz are

the dominantphases and mafic minerals, usually amphibole * biotiæ, constitute less than

57o of most samples.

The outcrops a¡ound Wiltalooka and Kongal rocks contain a finer grained but
mineralogically identical, porphyritic microgranite. At Chrisrnas Rocks the outcrop is.

solely comprised of a simila¡ microgranite. These finer grained rocks are frequently
granophyric, with alkali feldspar and quartz phenocrysts ofæn enclosed by a graphically
inærgrown groundmass. Cross-cutting field relations show these shallow porphyritic

microgranites to be intruded by ttre coarser-grained granites.

The Coonalpyn, Tintinara and Chrisnnas Rocks outcrops contain miarolitic cavities

indicative of laæ fluid saturation and high levet emplacement (consisænt with the

occlurence of extnrsive equivalents at the same structural level, see below). Small, ra¡e
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inclusions of the microgranitic and porphyritic material are interpreted as early, chilled
border zones broken up by the intrusion of the main granite phase. Pegmatites are scarce,

except as thin discontinuous veins healing laæ stage brittle fractures, and this indicates

that the magmas were relatively dry.Few non-cognate xenoliths have been observed; rare

fine grained mafic xenoliths occur in the Ma¡collat and Tintinar¿ Granites and the Gip Gip
expostue contains some dioritic xenoliths.

4.3.2. Volcanic rocks
At Mount Monster a?,ks? exposurc of a red-brown, quartz-feldspar, porphyry

forms a low ridge. Mawson andDallwitz(Lg4s) interprcæd this porphyry to be a shallow

sub-surface intrusive, while others (eg Rochow,lgTl) have'posnrlated it to be extrusive.

Tabular phenocrysts of quarø and feldspar have an orientation indicative of flowage and

fine grained, angular, cognate inclusions show flow banding, both suggesting an

extrusive origm. Four km to the south of Mount Monster occurs a coarser-grained, pale

green porphyry with subhedral, smoþ quartz and feldspar phenocrysts up to 8mm in
diameter in an aphanitic felsic groundmass. Some feldspar phenocrysts show

development of rapakivi textu¡es. Veins and fractures in the porphyry a¡e lined with
epidote and fluorite.

Pyroclastic and auto brecciated rhyolites outcrop at Bin Bin, 10km south-southwest

from the main Marcollat Granite body. These siliceous volcanics show extremely well
developed flow banding defined by alignment of quartz and rarer fetdspar phenocrysts.

Similar but smaller outcrops of volianics are found between the Ma¡collat Granite

and Gip Gip Rocla which contain pyroxene and feldspar phenocrysts and consist in
places of a welded breccia of rhyolite fragments.

At Papineau rocks, thirty-six km east of Kingston, outcrops of acid volcanic b,reccia

are composed of rhyodacite clasts within rhyodacite, both containing feldspar

phenocrysts up to 3mm in size. Here the volcanics a¡e undeformed and contain a sub-

horizontal banding.

In contast, brecciated acid volcanics atDidicoolum contain a sæeply dipping
banding which Mawson and Dallwitz(Lg4s) considered to be due to local shearing. The

data presented here shows these volcanics are chemically and mineralogically related to

the other undeformed volcanics and graniæs. They contain numerous feldspar

phenocrysts and a¡e also cross-cut by dolerite dykes which reprcsent the only surface

expression of mafic activity in the area.

4.3.3. Taratap Adamellite
The Taratap Adamelliæ forms a distinctly different, grey-blue, megacrystic granite

characterized by atkali feldspar phenocrysts up to 5cm in diameter. It outcrops to the west

of the Padthaway Ridge, along and immediately inland from the Coorong as well as ar
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some small exposur€s to the north near Meningie. This granite often displays flow-
lineated megÍrcrysts and cumulate texturt and is characterized by the abundance of
xenoliths composed of planar slates, schists and porphyritic diorite. Mawson and Parkin
(1943) equated the Taratap Adamellite with the Encounter Bay Granites (Fig. 1.1) and,

on the grounds of its chemistry, the prcsence of a weak biotite defined foliation and its

high initial 875¡p65¡ratio (0.7160; Webb 1976)Foden et at. (t990a) have also assigned

it to this separats, syn-deformational group of l-type granites.

4.4. Petrography

The Padthaway Suite granites ænd towards a one feldspar mineralogy and can

therefore be divided into hypersolvus and subsolvus va¡ieties. The volcanics have a

similar mineraolgy (and chemisûry) indicating they rcpresent extrusive equivalents of the

granites. Modal analyses for both the graniæs and the volcanics a¡e listed in table 4.1.

4.4.1. Hypersolvus granites

These include the Marcollat Granite, several of the outcrops at Kongal Rocks and

the Christrnas Rocks microgranite. These granites are generally homogeneous with
hypidiomorphic to xenomorphic-granular textures and ptagioclase is rue or absenl The

dominant mineral in these rocks is microcline which forms large subhedral to anhedral

grains with ta¡:tan and occasional simple twinning and coarsely exsolved albite. In some

cases albite exsolution has reached grain boundaries producing rapakivi rims whilst
remaining in optical continuity with perthite exsolution in the source g¡ain. In other places

the exsolution has formed a thin mantle of albite around the alkati feldspar. Rare grains of
plagioclase a¡e found included within atkali feldspar. Qu*i&r,rfi; early and is often

included in alkali feldspar, is the next most abundant mineral, occurring as slightly
undulose grains. This ændency to form beta-quartz indicates low pressures of
crystallization, as do granophyric intergrowths seen in the Chrisrnas Rocks granite and

the porphyries.

Mafic phases arc scarce (see Table 4.1) and most tend to be inærstitial to alkali

feldspar (Figs. 4.2a,b). Biotite is the main mafic phase in the Chrisunas Rocks and

Kongal Rocks granites and tends ûo be small and parchy with brownish-green to golden

yellow pleochroism. Minor phases in these graniæs include euhedral, unzoned zircon

with pleochroic haloes, fluorite, titanomagnetiæ, ilmenite, apatite andra¡e allaniæ; all of
which can be found as inclusions in the major phases.

In the Ma¡collat Granite, amphibole is predominant and biotite only occurs as rare

flakes or as a replacement of amphibole. The amphibole shows olive-green to green-

brown pleochroism and is often host to inclusions of clinopyroxene (Fig. 4.2a).In places

these clinopyroxenes themselves contain relicts of orttropyroxene (orthoferrosilite) and
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Figures opposite:
Figure 4.2a. Photomicrograph from the Marcollat Granite (4861-08) composed of

perthite (per) and quartz (q) with interstitial fayalitic olivine (ol), now altered to
iddingsite, and hastingsite (hs), with inclusions of hedenbergite (hd). Crossed
polars, width of view 4 mm.

Figure 4.2b. T\e one feldspar Marcollat (PGl1 - 2725) granite showing quartz (q),
perthite (per), hastingsite (hs), relict olivine (ol) and hedenbergite (hd). Crossed
polars, width of view 4 mm.

Figure 4.2c. Electron microprobe photograph from the Marcollat Granite (PG11 -
n27) of relict pigeonite (pig) within hedenbergite (hd) included in hastingsite (hs)
Scale bar is 100 mm.

Figure 4.2d. Enlargement from Fig. 4.2c. showing the exsolution lamellae in the
pigeonite and thei¡ interpreted orientations. Scale bar is 10 mm.

Figure 4.2e.The ignimbritic Mount Monster Porphyry Q722) containing quartz and
relict sanidine phenocrysts and a fine grained, flow banded volcanic fragment.
Plane polarized light, width of view is 4 cm.

Figure 4.2f. Embayed beta-quartz phenocryst set in a microcrystalline groundmass in
the Mount Monster Porphyry Q323). Crossed polars, width of view 4 mm.

Figure 4.2g. Papineau Rocks rhyolite (2340) containing plagioclase and elongate
opaque phenocrysts within a microcrystalline groundmass. Crossed polars, width
of view 4 mm.

Figure 4.2h. Fine grained
volcanic breccia and
mm.

Gip Gip rhyodacite (2341) containing numerous angular
deformed pumice fragmens. Crossed þolars, width of view 4
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pigeonite which has inverted to opx with cpx lamellae (Figs. 4.2cd).Fayalite, now
hydrated to orange-brown pleochroic minerals such as iddingsite (Fig. 4.2a,b) still retains

the fractr¡re morphology tlpical of olivines and contains inclusions of zircon and

titanomagnetite. The occturence of fayalite and clinopyroxene is rare in granitic rocks and

may be characteristic of anorogenic melts (eg fi<e et a1.,7984). The deduced

crystallization sequence is given in figure 4.3.

Early Late

Figure 4.3. Deduced crysøllizæion sequence for the Marcollat Granite.

4.4.2. Subsolvus granites

The remaining granites contain a primary two feldspar assemblage with varying
plagioclase contents. These granites show hypidiomorphic textures and grains are

subhedral to anhedrat varying in size from 1 to 10mm in diameter. They are

distinguishable from the hypersolvus ones by the prcsence of suhed¡al to euhedral,

plagioclase laths reaching 8mm in length. These grains are weakly zoned with more calcic

cores and two generations are found: an early group occurring as inclusions in alkati
feldspac and a second, laær group that appears to have ceprecipitaæd with the alkali
feldspar. The alkali feldspar generally contains albiæ exsolution, and is ofæn rimmed by
albiæ ûo produce rapakivi textures. Quartz occurs as large non-undulose grains that ænd

to be equant.

Mafic constituents are present in greater amounts than in the hypenolvus granites

and consist of biotiæ and/or hornblende. Hornblende when prcsent is green and

commonly well formed whilst biotite tends to be inæntitial with greenish-brown
(sometimes reddish-brown) to straw yellow pleochroism and contains inclusions of
fluorite, apatite and opaques. $rroxene and olivine are not found in these more hydrous
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granites. Accessory phases include zircon, fluorite, apatite, calcite, ilmenite,
titanomagnetiæ and zoned allanite whilst secondary alteration involves minor scapolite,

leucoxene, epidoæ and chloritization of biotiæ.

4.4.3. Yolcanics
The outcrop at Mt Monster is a phenocryst-rich (40-45To), quar:tz-feldspar

porphyry composed of 3-4mm (up to 8mm in the coa¡ser southern ourcrop) felspar and
quartz phenocrysts in an aphanitic, felsic groundmass (Fíg. a.2e). The groundmass was

welded ash but is now recrystallized to microgranular quartz (I5Vo) and alkali feldspar
(85Vo; Ab3g:Or7g). It shows few features but contains rare granitic fragments and.

plagioclase-hornblende rich inclusions which have a tachytic texture. These later
inclusions may rcprcsent comingled mafic magma. Phenocrysts of sanidine and lesser

plagioclase a¡e subhedral to euhedral, the alkali felspar being perthitic and ofæn
surrounded by a rim of albite. Quartz phenocrysts have bipyramidal (p-) form though

many have undergone subsequent panial resorption due to depressurization leaving
somewhat embayed and rounded g¡ains @4. a.zfl. Additionally, ffiily quartz

phenocrysts are fractured and broken providing further evidence of an ignimbritic origin.
Mafic phases are a minor constituent with ilmenite and biotiæ (which is usually alæred to

chloriæ) being the most common atthough some minor pyroxene (CPX and ?OPX) cores

occur with homblende coronas. Accessory phases are zircon, apatite, sphene,

titanomagnetiæ, fluoriæ and allaniæ. Alæration includes epidote afær clinopyroxene;

chlorite and calciæ. Rare mafic xenoliths from Mount Monster are composed of
plagioclase and hornblende with a trachytic textue.

The remaining volcanics are, for the main part, hypocrystalline rhyoliæs with a low
phenocryst content (eg Papineau Rocks 47o) set in a felsic microcrystalline groundmass

@ig. a.2g). This has recrystallized from glassy ash, contains some pumiçesr¡5 fragments
and sometimes shows perlitic textues indicative of expansion caused by hydration on
interaction with ground waters. Flow banding is well defined and volcanic xenoliths, that
may be incorporated chilled fragments, have irregula¡, fractured. edges (eg Gip Gip
rþodaciæ Fig. 4.2h). Some of the rþoliæs contain calc-silicate xenoliths and the
Papineau Rocks rþolite contains numerous rþolite clasts. Phenocrysts consist largely of
plagioclase, which ofæn occurs in glomeroporphyritic aggregat€s, with subordinaæ
sanidine and little or no quartz. Mafic phases aro rare but can include clinopyroxene
(sometimes found as embayed inclusions in plagioclase phenocrysts) and Fe-Ti oxides
whilst accessories include allanite, sphene, fluorite and secondary epidote. The Gip Gip
volcanic is a rhyodacite which contains dacitic to rþodacitic fragments, shows extensive
viscous flow banding and contains Mg-augite as well as possible relict olivine
phenocrysts.
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4.5. Mineral chemistry and crystallization conditions

Miarolitic cavities and granophyric inærgrowths in the granites along with
comagmatic volcanics at the same stn¡ctural level containing beta-quartz indicates that the

Padthaway magmas were intruded to very high levels in the crust. Emplacement occurred

in pulses with earlier porphyries being intruded by the granites. The general lack of
inclusions or xenoliths along with the homogeneous interlocking quartz-feldspar textures

and the presence of nearly aphyric rhyolites suggests the magmas were emplaced in a
wholly molten state. The accessory phases olivine and pyroxene crystallizndearly
followed by quartz and plagioclase then firally alkali feldspar, hornblende and biotite.

Further constraints on the crystallization conditions have been obtained from mineral

chemistry and selected microprobe analyses are given in Table 4.2.

4.5.1. Pyroxene
Pyroxene occurs in some of the hypersolvus granites, the Mr Monster Porphyry

and in several of the rhyolites. Compositions range from Mg-augite in the rhyolites to
hedenbergiæ and ferrohedenbergite accompanied by rare iron-rich orthopyroxenes in the

granites. Characteristically the pyroxenes have high Mn and low Na, Al and Ti contents.

According to the geothermometer of Lindsley (1983) single pyroxenes yield minimum

crystallization temperatures and single ferro-hedenbergiæs from the granites indicate

temperatures of 50G600 oC (Fig. 4.4), suggesting ekænsive sub-solidus re-equilibration.

In the Marcollat Granite ferrohedenbergites arc accompanied by iron-rich orthopyroxenes

and relict fayaliæ indicating the reaction:

Fe2Si2O6 <=> Fe2SiO+ + SiØ ..........(1)

which occurs at tow pressures r;"JJ* 
t + Qtz'

DI

1 b¡t \
a /

¡
¡a

->'ood-1crF.-- 5kbar
t'tt:
.-....¡,li::iiì



Table 4.2. Selected microprobe analyses from the Padthaway samples

Location Marcollat Didicoolun Marcollat ML Monster
Mineral plagioclase plagioclase perthite sanidine
sio2 69.98 69.W 6.A7 67.10
T¡O2
4t203 20.47 20.63 19.13 t9.25
FeO

Fe2O3

MnO
Meo
CaO O.20 0J2 0.16 0.23
Na2O 12.23 10.85 5.83 4.81
K20 0.24 0.09 8.50 9.75
ct
F

Mt. Monster
groundmass

77.80

0.L2

11.05

7.34

0.29

Marcollat
hastingsite

39.84

1.69
't.03

30.63

l.0l
1.29

9.76
5.11

1.15

0.63

0.51

98.U

6.5363

0.2089

1.3596

4.2028

Marcollat
hastingsite

39.4t
t.82
6.6

32.7

Seismograph

hastingsite

4ti4
1.ó9

7.14

29.49

0.79

2.74

10.14

2.33

1.09

na

nå

97.r4

6J6't4
0.2056
1.3634

3.9986

0.1079

0.6f.32

t.7605
0.?316

0.2252

n¿

na

15.8235

t4.2

Marcollat
biotite
36.49

1.26

10.89

29.35

Seismograpb

biotite
34.t2
3.28

ILJ2
31.11

3.65

o.2l
8.09

na

na

92.47

5.7325

0.4140
2.3t99
4.37L2

0.0398

0.9r50

0.0693

L73n
na

na

15.5943

17.3

Coonalpyn

biotite
33.69

3.46

11.03

3t.93

0.71

3.38

0.00

0.18

8.96

0Jr
0.94

95.02

5.6186

0.4343

2.L685

4.4536

0.w97
0.8400

0.0573

1.9068

0.1639

0.3498

l6_096r

15.900

2.18

6.18

0.97

036
10.01,

4.85

1.17

0.63

0.60

0.31

6.57

0.64

0.31

9.t6
na

na

0.28

Total 103.12 101.38 99.69 101.14 98.96

13.6098

0.0163

2.2783

0.1953

0.0748

0.7410

1.3797

18.2953

0.1397

0.3151

1.7151

t.6239
0.24L4

0.1423

0.1874

99.54

6.4822

0.2246
1.28

4.498L

0.135

0.1861

t.7642
r.546.2

0.2454

0.t442
0.2792

16.7252

4.0

94.97

6.4365

0.1665
2.2637

4.3296

0.0461

t1268
0.1205

0.tut7
2.c6'23

na

na

t7.2958

28.5

si 11.8886 11.88ó8 11.9308 tt.97t9
T¡
Ât 4.0981 4.L823 4.0717 4.0468

Fe2+

Fe3+'

Mn
Mg
Ca 0.0363 0.1325 0.0312 0.O145

Na 4.V266 3.6197 2.0419 1.ffi5
K 0.0523 0.û203 t.9573 2.3184
CI

F

19.9462

Mg#
An:Ab:Or
Wo:En:Fs
x¡l

0.9:97.8:1.3 3.5:95.9:0.6 0.8:50.7:48.6 l.I:42.4:56.5 0.0:34.9:65.1

Sum 20-1077 19.8422 20.0329 16.6725

7.O

o
o)

26.4:2.4:71.2 27.5:10.5:62



Location Marcollat Marcollat Marcollat Marcollat Marcollat Marcollat Marcollat Ma¡collat Marcollat Gip Gip Gip Gip

sio2 0.18 37.44 51.05 51.26 48.65 50.04 50.21 49.24 52.90 53.49
Tio2 5t.27 5t.94 0.11 0.14 0.19 0.30
Aì203 0.21 0.32 L.94 0.73 0.61 0.16 0.41 0.55 0.35 1.08 0.19
FeO 42.19 43.43 39.4 31.39 34.18 45.13 35.95 25.23 28:tt 10.67 11.38
Fe2O3 0.68 1.37

MnO 5.61 3.04 2.32 1.59 2.ú 3.55 2.38 1.00 L.34 0.84 t.ó
MgO o.l2 1.05 6.36 5.94 0.45 5.51 3.48 1.04 14.37 g.g7
cao 0.60 6.12 4.18 0.34 2.70 18.97 20.L2 20.28 24.47
Na20 0.21 0.40 0.92 036 0.58 0.67 0.75 0.90 0.47 o.t1
K2O 0.06 0.06
ct

Total 100.6ó 100.86 83.15 98.28 99.Lj

1.9310

0.0127

7.7670
0.0255

0.2405

4.0000

0.0045

0.9729

0.0094

o.9u7
0.0641

0.0044

t.2930

0.0789

1.1380

0.t679
0.0541

o.0223

0.0268

2.68W

2.0675

0.0033

0.0350

1.0ó39

0.0547

0.3840
0.2658

0.atzt
0.003

2.0747

0.0044

o.0293

r.t561

0.0715

0.3585

0.181 1

0.0599

98.85

2.0862

0.0082

1.6183

0.1288

0.4289

0.0154

0.u79

0.0199

1.2{t2

0.0838

o.3M
0.1201

0.0535

2.0058

0.0057

0.û2óo

0.8428

0.0338

o.2069
0.8118

0.0583

0.0169

0.9'tL6

0.0459

o.M27
o.8722

0.û704

0.0ßr

t.96ó7

0.0083

0.0473

0.3317

0.0263

0.7961

0.8080

0.0342

101.28

2.0t28

0.008ó

0.3582

0.0509

0.5595

0.99865

0.0126

3.9892

97.6 100.52

2.4t59

101.76 100.90

t.9928si
T¡

AI

Fe2+

Fe3+

Mn
Mg
Ca

Na

K
cl
F
Sum

Mg#
An:Ab:Or
Wo:En:Fs
xit

0.0099

2.0000 3.9494 3.9362 3.9336 3.94ry 3.9951 4.0355 4.0185

4.5 26.5 23.7 1.8 2t.4 tg:'t 6.1 70.6

15.5:22.4:62.1 lÛ;l:21.1:68.2 0.9:1.7:97.3 7zll9.9:,73 43.6:Ll.l:45.3 45.8:3.3:51.0 4LJ:4Lt:t7.1

o{

0.97 0.983
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Also in the Marcollat Granite are pyroxene relicts which occur within more magnesian

clinopyroxene inclusions in hastürgsite (Figs. 4.2a,cd). Some are ferrohypersthene

whilst others may reprÞsent ferropigeonite and contain two sets of lamellae (Fig. a.?Å)

suggesting exsolution of cpx (001) and inversion of the host pigeonite to an

orthopyroxene which exsolved a calcic pyroxene (100). These form a more magnesian

grouP of pyroxenes with the pigeoniæs indicating temperatures of 1000 oC @ig. 4.4). On
the pyroxene projection of Lindsley (1983) these low-Ca pyroxenes lie within the 1 bar
prohibited zone (Fig. 4.4) atwhich prcssurcs they would be metastable with respecr to
quaftz and iron-rich olivine according to equation 1. This necessitates that they

crystallized at higher pressures (allowing them to lie to the right of ttre prohibited zone)

and thei¡ clustering around the 5 kba¡ limit to the prohibited zone indicates minimum
crystâllization pressures of 5 kba¡s.

The most magnesian augites aro from ttre Gip Gip rhyodaciæ and these indicate

temperaturcs around 900 oC (Ftg. 4.4). These compositions are very magnesian and

suggest derivation from basaltic magma. Using Kd Mg#¡q/lvlg#cp* =0.23 (Grove and

Bryan, 1983) these augites would have crystallized from magma with Mg# = >4O which
is more typical of a monzo-gabbro than ttre Padthaway suite which typically has Mg# = 2-
12. Even the pigeonite relicß from the Marcollat Graniæ are rather magnesian for a high-
silica graniæ and pigeoniæs of the same composition, for example, occur in the Sybille
Monzonite, Wyoming which has a Mg# = 20 (Fuhrmat et a1.,19S9).

In summary these rocks contain a complex pyroxene population some of which
seem rather too magnesian to have crystallized from magmas wittr the composition of
their host rocls. Additionally, miarolitic cavities, extrusive equivalents and textural
evidence all suggest the granites were intruded to very shallow levels (< 1 kbar) yet some

of the pyroxenes would be metastable at less than 5 kba¡s. Therefore these pyroxenes are

out of equilibrium with both the composition andcrystallizæion conditions of ttreir
present host rocls suggesting inheritancÊ from hotær more mafic parental magmas at

depth.

4.5.2. Amphibole
The amphiboles a¡e pleochroic çK= greenish-brown, y-7:very dark greenish-

brown) and ænd to have low total Al contents, mostly in tetrahedral coordination. MgO
contents a¡e low and Fe is high (Frg. 4.5) with low Mg#s corresponding to
ferrohastingsite compositions (Ca6:Mg2:Fe72).The amphiboles typically contain 65-

837o ferrohastingsite with Alrv and Na+K contents that range from hornblende towards
edenite (Ftg. 4.6).MnO contents are high and tschermakiæ substitution shows little
variation (AlN=1.3). None of these graniæs shoncany compositional range extendixg to
sodic va¡ieties as seen in some anorogenic suiæs (eg Collerson, 1982). Rather, the range
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of Mg# for the pyroxenes (70-2) and amphiboles (14-4) indicates crystallization followed

an iron emichment trend. 
ca

Mg Fe

Figure 4.5. Padthaway amphiboles showing iron enrichment
uend simila¡ to the pyroxenes.

2 T3CHEilAt(IIE tr P^nc^stfE
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o o.5
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Figure 4.6. Compositional variation of the
Padthaway amphiboles on an alkali's vs AIN
diagram.

The Al content of the amphiboles implies pressures around 2-2.5 kbat (Fig. 4.7),

according to the geobarometer of Johnson and Rutherford (1989). In the Ma¡collat

Granite these amphiboles are host to the pyroxene inclusions inæ1preæd to have

crystallized at around 5 kba¡. As the magmas were finally emplaced at or neil the surface
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Figure 4.7. Diagram of Ti vs Altotul for the
Padthaway amphiboles with pressure contours
determined according to Johnson and Rutherford
(1e8e).
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these data record polybaric crystallization during ascent through the crust. The
amphiboles have elevated fluorine and chlorine contents (fable 4.3) and their stability at

the high temperatures and low pressures of emplacement reflects ove¡all high fluorine
contents of the magmas (see later discussion).

4.5.3. Biotite
In these rocks biotite, which shows show greenish-brown (sometimes greenish-red

or almost opaque) to sEaw yellow pleochroism, is interstitial,late formed and may have a

subsolidus origin. Its chemistry is particularly characæristic and low 41203 distinguishes

them from metasediments, migmatites andother granites in the foldbelt (Fig. 4.8). This

reflects the late stage formation of biotite when the magmas were srongly depleted in
Al2O3. The biotiæs are Fe-rich, reflected in their very darkpleochroism and most Al is in
tetrahedral ceordination, which places them in the anniæ rich portion of the annite-
phlogopite series. Consequentty AtIVTAtvl extends to quite high values (see Fig. 4.g)

whilst fluorine and chlorine contents are high (Table 4.3).TiO2levels arc around,3fto

whilst Mg#'s are often below 5. Many biotites show panial alteration to chlorite, as

evidenced by low SiO2, K2O and totals.

20

Al2o3

t5

60

at'faf'

Figure 4.8. Plot of aluminium co-ordination vs Al2O3 for the padthaway
suiæ biotites with fields ma¡ked for biotites from measediments and
qigmæite,s (doaed stipplÐ and syndeformational,I-type ganit€s from the
Kanmantoo Group.

The assemblage annite-sanidine-magnetiæ would allow water fugacity to be

estimated according to the method of Wones (1972) unfortunately the chloritic alteration

shown by most of the biotiæs does not permit conclusive resuls. Nevertheless ttre
general scarcity of pegmatites and hydrous phases along with the occurrence of
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hornblende or pyroxene in preference to biotiæ indicates relatively anhydrous magmas.

Furthe¡ assessement of water contents can be made by comparison with experimental

work on very similar A-type granite compositions (Clemens et a1.,1986). These

experiments produced a crystallization sequence and temperanres much in keeping with
that deduced for the Ma¡collat Granite. Closest analogies with their work are achieved

when water contents are in the range 2-3 wt%oH2O.

4.5.4. Quartz-fayalite-oxide assemblage

The development of fayaliæ along with quartz occurs due to ttre metastability of
low-Ca pyroxene at low pressures (equation 1). This assemblage combined with an oxide
phase in the Marcollat Granite can be used to constrain the conditions of crystallization.

Manganoan ilmenite, which is common in peralkaline suites, is the predominant oxide

and indicaæs low oxygen fugacity. Magnetite-ilmenite pairs with the lowest MnO

contents (1-2 wt%o) have been analysed using the data of Buddington and Lindsley
(I9Ø). Those from the volcanics give temperature estimates of 800-1000 oC whilst those

from the granites yield 50G800 oC, clearly indicating subsolidus re-equilibration. This

re-equilibration appears to have principally affected the magnetites which show highly

variable ulvospinel contents. However, the ilmenites do not seem to have altered and

show relatively consistent X¡1 = 0.976.

I
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u-90

ñó

g
,--'U-CO
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Figure 4.9. Diagram from Frost el al.
(1988) showing the temperaure and oxygen
fugacity indicated by tle intersection of the
lvfarcollåt Graniæ ilmenites (stippled area) with
the QUILF (quartz-ikneniæ-fayaliæ stable
assemblage) curve. Also shown are the
compositional contours for magnetiæ that
would be in equilibrium with this assemblage.

Analyses of the relict olivine in the Ma¡collat Granite suggest low Mg#s (table 4.3)

and, as noted above, in highly evolved igneous rocls there is an equilibrium relationship

relationship between Fe-rich olivine, quartz and Fe-Ti oxides (equation 1). Using the

recent work of Frost et al. (1988) ilmeniæs from the Ma¡collat Granite can be intersected

with the curve on which this four phase assemblage co-exists (Fig. a.9). This coincides

with pigeoniæ crystallization temperatures at a¡ound 96G'1000 oC and indicates a low
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oxygen fugacity several unis below the QFM buffer Qog fO2 = -14.4),from which pre-

equilibration magnetite compositions can be inferred to have had Xu5p = 0.87 (see Fig.

4.e).

4.5.5. Feldspars
The range of feldspar compositions is shown in figure 4.10. The Padthaway suite

contains nvo feldspar rocks and the A-tlpe phase diagram of Clemens et aI. (1986)

shows a considerable crystallization interval (>100 oC) between the plagioclase saturarion

surface and the solidus. These authors note that plagioclase is likely to be replaced at

lower temperatues by a single feldspar and many of the Padthaway suite rocks are one-

feldspar rocks in which the alkati feldspars are usually penhitic, the perthite beirg
composed of near equal amounts of orthoclase and atbite. ElecEon microprobe area scans

show the pre-exsolved compositions wer€ about Ab5g:Or5g, the same as sanid.ines

analysed f¡om the volcanics. This suggests that the crystallizing feldspars in the

hypersolws rocks were sanidine, which subsequently exsolved in the granites.

AnAn

a
a A¡,!llE

A¡toRfiKtcla3? sal¡tot¡E

Ab

Figure 4.10. Ternary feldspar diagram for the Padthaway suite with
reconstructed perthiæs ploning with sanidines from the rhyoliæs.

Ternary feldspar modelling for plagioclase and reconstructed perthite from the

Marcollat Granite has been approached using the program of Fuhrman and Lindsley
(1988) yielding: T¡¡A=827 oC; Tt¡=832oC; T6r¡-1058 oC.'Following Fuhrman and

Lindsley (1988) this indicates a "close o equilibrium" feldsparpair with crystallization
temperatures of at least 830 oC, considerable discrepancy in T6¡ suggesting higher
temperah¡res probably prevailed In ttre volcanics plagioclase-groundmass compositions
give temperatures (according ùo ttre method of Kudo and V/eill 1971; Mathez 1973)

consistent with the other thermometry at around 1000 rc if pH2O is assumed. to be 100

bars which provides some additional estimate of pH2O.

4.6. Geochemistry and isotopes

Major and trace element data for the Padthaway Ridge intn¡sives are presented. in
table 4.3, and selected Harker diagrams a¡e shown in figure 4.11. It should be noted that,

Overleaf Figure 4.11. SiO2 variation diagrams for the Padthaway Suite volcanics and granites (filled
squares - Ma¡collat Grariite sampþ.

O¡
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Table 4.3. Geochernisrv of samples Êom thc Padrhawav Ridqe

sample 876-C1 2003 PGll 33$.LA 339-E 33$,4 33$GB 339-8 339,DA 339-p 20Ol 339-MC 2009 20tt 33$CALocatlon CSR'SS Marcollat M¡rcoll¡t M¡rcollet M¡rcoll¡t M¡rcollat Glp Glp Bln Bln Dldlcoolum Paplneau Mt Monster ML Monster Bsslns B¡sl¡s Cbrllmas

slo2 45.0E 75.05 75.14 ',15.82 76.E0 76.83 6.75 @24 73.26 ',13.93 73.89 74.01 76.43 .16.45 
?6.Er

Tl02
412()3
Fe203r
M¡O
l\{gO
C¡O
N¡20
K20
P205

0.r2
12.37

1.49
0.05

nd
0.51
3.69
4.32

ad

0.û7
t2.39
t.29
o.a2
0.09
o.n
3,47
4.n

nd

0.07
t2.?5
l.l0

nd
0.v
0.n
3.67
4.U
0.01

o.29
14.51
2.74
o.ut
o.25
l.t2
3.26
5.10

nd

0.19
t3.v
1.99
0.05
0.8
0.7E
3.75
5.47
0.(B

o.2l
14.46
32r
0.08
0.40
134
4.71
2.85

nd

o2E
12.92
350
0.16
0.97

nd
o37
9.E4

nd

0.t4
16.56
429
0.14
0.66
1.47
7.72
0.30

nd

o.t2
11.84
t.93
0.05
0.08
023
3.80
437

nd

0.20
tt.77
225
0.10

nd
039
329
521

nd

o2t
12.11
2.4t
0.09
0.19
0.64
351
52r
0.01

0.19
t2.14
236
0.07
0.08
059
3.74
532
o.v2

4.O9
1428
15.85
o24
5.84

10.57
2.90
050
039

0.14
u.70
1.69
0.06

nd
0.13
3.E3
4.44

nd

035
12.67
3.91
o23
0.71
2.67
1.99
322

nd

DA

5
2
,,

J

24

375
t2.t

E4

29

75
2U
125
55
16

43
l0l
59

ta

nd
2

t.9
2

20

289
t.2
27
u
29
94
35
43
8.9

9
E4

10

na

¡d
nd
1.9

2
19

2ßt
29

163
23

23
t25
43
38

8.6

t7
36
l3

780

5
6

4.5
5

20

187
52

386
20

20
u7

51
2E
5.3

103
167
7t

¡¡

5
I

t7
6
6

92
52E

t039
22

24g
36

na

5
2
2
2

l6
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2.2
2l
20

21.8
294
7t
20
3.6

E5

136
M
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5
¡d

5
2
6

46
144

204.6
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5ll
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2t
5.6

89
2M
126
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2ß?

E2
l4

3.4

na

5
2

5.7
15
15

195
76

520
20

22.1
285

53
27

5.1

tuz
l8l
77

nt

12.

237
30

082
l6

2t.9
215
39
t7

3.9

38
il
t4

na

5
2

17.2
30
13

5.6
153
100
IE

12.3
199
52
t2
2
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3l

na
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2

t.7
2

13

t77
2.2
l5
2r
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227

38
t9
zl
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n¡
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5

3.5
4

t4

120
t.3

2W
r9

u
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u
22

3
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û¡
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4.3
2
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l9

19.9
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3.5

t7s
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5
t
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Srmple
Loc¡tlon

t6L-17
Chrlstm¡s

339-DC
Wlllalookt

33S.BC
Wlll¡look¡

33}KG
Konga!

2002
Kongal

339-KF
Kongal

2t06
Tolmer's

2to7
Cold & Wet

gtóc4B
csR-ss

339-DB 2000 339-BA
Yllll¿look¡ Sdsmograph Wlll¡look¡

3394A 339-KE
Glp Glp Kongal

74.63
0.20

t2.95
l.7l
0.10
0.v
0.7E
3.n
5.13
o.o5

74.3t
0.tE

12.62
l.E9
0.09
0.13
0.60
3.68
5.n
0.03

73.23
o.2E

13.üì
2.08
0.04
0.27
t.úl
3.65
5.11
0.06

0.09
lt.g
l.r3
0.05
0.10
056
331
4.71
0.ol

75.48
0.17

1220
1.98
0.08
0.06
o57
3.&
4.67

nd

75.45
o.2t

12.01
l.4t
0.0t
052
0.01
t.t2
728

nd

0.13
11.63
t.t4
0.06

nd
o.29
3.06
4.36

nd

7772.t2
0.14

13.63
324
o.t2
o52
o37
1.45
620

nd

0.91
12.90
2.40
0.(b

nd
0.90
4.74
2.E5

nd

74.61
020

12.67
2i7
0.05
0.ll
0.95
3.89
4.79
0.03

020
13.r9
2.û
0.05
o22
o.76
3.65
4.96

nd

o28
12.95
2.73
0.10
0.15
0.90
320
5.V2

nd

'lt.u
o2l

15.62
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0.08
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0.69
3.70
5.17
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76.t3
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due to va¡ious degrees of alteration the diagrams show some scatter. This is particularly

the case wittr the volcanics, alkali-rich roc}s being particularly prone to gain or loss of
alkali elements during crystallization and/m secondary hydration (Noble, L970). Fresh

samples from drill core of the Marcollat Graniæ serve to elucidate the general trends

described.

All of the rocks analysed have high SiO2 conænts, usually be¡veen 70 and.80Vo

and they a¡e metaluminous to mildly peraluminous but not peralkaline (AlzO¡A{azO+K2O

= 1.3-1.6) and consequently sodic amphiboles and pyroxenes have not developed. TiO2
ranges from 0.4 to 0.17o showing a curvilinea¡ dec¡ease with increasing silica. AlzOz

exhibits a strong negative linear relationship with silica, decreasing to ll%o in the most

evolved samples. Fe2O3* displays a simila¡ trrend decreasing from 4 to lVo whilst MgO
shows a rapid cr¡rvilinea¡ decrease and MnO contents are very low (less than0.17o).

CaO, like AlzO¡, is quiæ depleted in these rocks (<l.S%o) and steeply decreases with
increasing silica. Over the silica range 71-807o Na2O has a relatively constant abundance

of 47o whilst K2O decreases from 6 to 47o. P2O5 displays a marked decrease after 73Vo

SiOz.

The trace element chemistry of these rocls is quiæ distinctive. The presence of
olivine and relicts of high temperatwe, magnesian pyroxenes implies a mafrc parent and

the low values and decreasing concentrations of MgO, iron and Cr, Ni, Sc, V are

consistent with fractionation of these ferromagnesian phases. The lithophile elements K,
Rb, Ga display high or enriched values. Stontium is highly depleted with values

dropping rapidly from 200 to less than 10ppm as SiØ increases. In contrast, Rb shows

typical incompatible behaviour with enrichment ftom 100 to 400ppm. Consequently,

Rb/Sr shows a steep increase with silica whilst I(/Rb decreases. Barium values, like Sr

display an inflected trend wittr a decrease against silica from 500 to <10ûppm. Gallium
varies from 16 to 29ppm and, due to the low Al2O3 in these rocks Ga/Al, is

cha¡acæristically hi gh.

The highly charged incompatible elements (Nb, Zr, Ti, Y, Th) are, with the

exception of Ti, enriched but show an inflection at around 75Vo SiO2indicating the onset

of accessory phase fractionation. Niobium is more or less constant around 30ppm,

showing little va¡iation against SiC2.Zirconium is extremely enriched (up to a00ppm)

and displays a Eansition from enrichment ûo depletion at7íVo SiO2. Ytrium has a mean

value of about 65ppm but shows considerable variation afær737o SiO2. Thorium
concentrations average a¡ound 30ppm whilst fluorine measured on reprcsentative samples

was high (500 to >2000ppm). The light rare earths are enriched but also decrease after

75vo Slo2.Incompatible element diagrams for these roc}s @ig. a.rz) are highly
fractionated with high Rb, Nb, La, Ce, 7Ã,Y and low Ba, K, Sr, Ti.
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Figure 4.12. MORB normalized spidergram for several members of the
Padthaway suite. The Bin Bin rhyoliæ with 697o SiO2 shows the least
fractionated pattem, whilst the lvfarcollat Granite and a granite ftom Kongal
Rocks are the most fuctionated with the Mount Monster Porphyry in between.

Rare earth patterns for a subsurface gabbro at Coonalpyn (SiO2 = 45Vo), the Gip
Gip rhyodacite (SiØ = 67Vo), Mt Monsær porphyry (SiOz =73Vo), Seismograph granite

(SiOz =747o) and Marcollat Graniæ (SiO2 --757o) are given in table 4.4. Considering the

silica range of these samples there is a rcmarkable consistency of shape of the patterns

@g. a.13). The gabbro has quite high REE contents (La = 55 x chondrite) and by the

time the graniæs are rcached REE conænts ile extremely high (La = 420 x chondrite).
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Figure 4.13. Chondritie normalized ra¡e e¿rth diagram for a
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vry
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f¡actionation.
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Tabte 4.4. Rare earth and isotopic analyses of selected samples

Sample
Locality

876-Ct
Drill Core

sabbro

339-GB
Gip Gip

rhyodacite

2000

Seismograph
granite

2001
Mt Monster

porphyry

PGl1
Marcollat

granite
La
Ce

Nd
Sm

Eu
Gd
Dy
Er
Yb

17.37

45.45

24.12

5.75

2.W

6.42

6.47

3.51

3.20

25.4r
67.98

32.12

7.r3
t.52
7.&
7.70

4.t6
5.02

72.50

t52.9t
60.60

11.69

0.76

12.23

11.13

6.38

6.36

86.61

165.50

61.33

9.81

0.93

8.70

7.90

4.40

4.34

132.80

253.67

96.08

13.52

0.43

7.52

6.48

3.43

3.36

147Sm/144Nd

143Nd/144Nd
143Nd/1/t4Nd (¿f87Ma)

eps Nd
Tmod(dep)

Rb

Sr
87Rb/86Sr
87Sr/865r
875r/865r (¿l87Ma)

0.rM3
0.512599 +l-19

0.512139

2.4

1.0

0.1343

0.5r248t +l-32
0.512053

0.7

1.1

0.1167

0.5t217r +/-30
0.511899

_2.3

t.2

0.0968

0.512240 +/-r9
0.511931

_1.7

1.1

0.0838

0.5I2t45 +l-23

0.511878

-)1
1.1

2.5

405.0

0.0649

0.7M5r6+l-32
0.704066

5.4

150.1

0.1059

0.7O5679 +l-22
0.7u94.4

20t.4
56.9

9.5379
0.772482+l-33

0.7M295

193.1

50.3

r0.4748
0.t76709 +l-26

0.7u02r

104.1

tl.2
26.0609

0.880510 +/-30

0.702569

Analyses performed at the University of Adelaide on a Finnigan Mrat26L tfiermal ion solid sogrce mass specgometer
Er¡ors quoted are two søndard errors of the mean
The PGll sample analysed for isotopes has Nd 118.85 ppm, Sm 16.47 ppm.
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This increase is accompanied by LREE enrichment with LalYb increasing from 3 to 26 as

might be expected to result from fractionation of pyroxene. In addition, as the REE

contents and SiOz increase, negative Eu anomalies develop and become progressively

larger which taken with the decreasing tnends of Sr, CaO and AlzO: confirm extensive

feldspar fractionation.

These same five samples were also analysed for their Nd and Sr isotopic

composition (Table 4.4). Both the gabbro and the silicic rocks have high initial
143¡¡¿,t144¡d ratios with sNd values (at 487 Ma) from +2.4 to -2.1 and.low initial
875r/865r ratios in the range 0.7026 - 0.7063 indicating a major mantle component in
their genesis. However, before trying to assess the origin of the Padthaway Suite it is
instmctive to look at their characteristics in general and some crurent ideas on their
petrogenesis. In particula¡ the evidence from Black Hill for an origin involving basalt

fractionation requires closer scnrtiny.

4.7. Characteristics of A-type rocks and a comparison with the
Padthaway Suite

A-tpe granitic and volcanic rocks are widely distribuæd in space and time, they

havebeenextensivelyreviewedintherccentliærature(Collins eta1.,1982;WhalenetaI.,
1987; Sylvester, 1989; Eby, 1990) and a compilation of thei¡ occrurences and features is

presented in table 4.5. The following discussion prcsents a brief summary of their
distinctive feanres. A-types occur in bimodal association with mafic rocks (basalt and/or
gabbro) and the presence of mia¡olitic cavities along with the frequent association with
volcanic equivalents demonstraæs that they arc emplaced at high cnrstal levels.

Petographic examination indicaæs that they crystallized from relatively anhydrous

magma that was close to wholly molæn; xenolittrs andrestitic material being t¡ryically

êbsen¿ Mineralogically they tend towards one feldspar (hlpersolvus) rocls composed of
quartz and elknli feldspar with perthitic exsolution and granophyric inærgrowths being

common Mafic phases are generally scarce and typically consist of annite which is late

and interstitial, less common are hastingsite-, hedenberyite- and fayalite-bearing

examples. Peralkaline examples may contain riebeckite or sodic pyroxene. Accessory

phases include fluoriæ, euhed¡al magmatic apatite and zircon, and occasional allanite.

Chemical analyses of average A-types a¡e shown in Table 4.6. Their major element

cha¡acteristics (enrichment in sio2, Na2o, K2o and depletion in Al2o3, Mgo, cao,
PzOs) a¡e dictaæd by the quanz-feldspar-liquid eutectic (eg Tuttle andBowen, 1958)

which can be achieved either by small degrees of partial melting of a quarz-bearing mafic
source or extreme fractionation of basaltic magma. Low Sr, Eu, Sc, V, Ni, Cr and high
Rb, zr, Y, Nb, LREE, Ga, F are characteristic of A-t1pes. Many trace elements show a
large range of absolute values from one A-type to another (eg Ba 2-I530ppm), however,



Table 4.5. Summary of oco¡rances of A-types and some of lheir reported features

Abbreviations: o- olutons: v. volcanics: p. sabbro: b. basalc h. hvoersolvus: s. subsolvus: r. rapakivi: f. fluorite: c. cDX o. opx: a. amphibole: m. miarolitic cavitv.

Locatlon Age Tectonlc settlng Blmodal Mlneralogy Rb/Sr Zr ppm Er¡/Eu* lnitial 875r/865r Rcferences

Hizaz, Arabian Shield

Evisa, Corsica

Sewa¡d Peninsula, Alaska

New England Ba¡holith, Aust

Topsåils ¡eûane, Newfoundland

Adrar des lforas, Mali

l¡chlan Fold Belt

Gawler Range Volcanics, Ausr

Padthaway Suite, South Aust

Southem Tibet, Himalaya

Basin and Range W USA

Sabaloka Complex, Sudan

North Ämerica

Trans-Pecos, Texas

SE Queensland

Bushveld, South Africa

Peralkaline granites, L¡brador

Yemen Plate¿u

Gardar province, Greenland

Velasco, Bolivia

Chilwa province, Malawi

Kenya

Fantale, Ethiçia

Pantellaria

Mull

Nigeria

Oslo rift, Norway

Iceland

Ascension Island

Prc{ambr

246Mt

70-80Ma

Triassic

429Ma

543-591 M¡

Devonian

1592 Ma

490Ma

l5-l0Ma
Cenozoic

383 Ma

Proærozoic

37-26Ma

Tertiary

Proærozoic

1260Ma

Tertiary

Proterozoic

134-142Ma

135-105 Ma

< 2Ma

Quatemary

Recent

58 M¿

307-150 M¡

Permian

Recent

Recent

post-orogenic (29Ma)

post-orogenic (4Ma)

post-orogenic (30 Ma)

post-orogenic (30Ma)

post-omgenic (10Ma)

poccorcgenic (lOMa)

post-orogenic (<50Ma)

po*-orogenic (l2Ma)

post-omgenic (<l0Ma)

postomgenic (,10 Ma)

poc-orogenic exænsion

pæ-orcgenic/rifting

anøogenic./ incipient rift

late-otogenic

anorogenic

anorogenic

urorogenicfuplift

continent¡l cxtension

continent¿l o<tension

? continental rift

continen¡al ¡ift

cqrtinent¡l rift

contine¡lt¡l rift

extensional

cqtinental rifr

exænsion¡Tnantle plume

continent¡l rift

mid ocean ridge

oceanic island

h,s,r,f

h,s,f,c

sJ

h,a¡n

h,s,c,f,a

h,sJ,m

h,s,cJ,a

h,s,c,oJ,a,m

231-823 0.5 0.702 - 0.71o

0.7034

0.708 - 0.72

o.7M

0.703 - o1a7

0.703 -01a7

0.702 - oJo6

P,v'g

P'C

P'v'ba
p,v,b

P,vþa

P'v'g,b

P'v'g

v,b

v,b

P,v,b

P'C

P,v,b

v,b

P.C

P'C

p,b

p,b

P,v

P,C'b

v,b,g

v,b

v,b

P,C

P'C

P,v,b,c

v,b

p,v,g,b

t:l - t7
0.7-8

| -2.6

0.1 - 80

1.54

2-33
t4

2-t8
>20-

5.6 - 471

t-l0l
4.5 - l6t
0.56 -22

| -28

2.3 -3.5

6 -20

208 - 318

4.2-n
2.6 - t2

3-5
15 - 139

2- 50

0.9 - r0

62-t@

163-589

240{54

100-500

187

900

138-490

negalrve

negaÌrve

negatrve

negatrve

negauve

04.1

2-
6-
6-
)_

7

low

5

tu2

90

l0

Jackson et al (1984)

Bonin et al (1978)

Hudscn and Arth (1983)

Shaw and Ftood (1981)

'Whalen et al (19e7)

Liegeois and Black (1987)

Collins et al (1982)

Stewart and Foden (1990)

this mrdy

Coulon et al (1986)

Burt et al (1982); Gans et al (1989)

Hanis et al (1983)

Anderson (1983)

Barker (1987)

Ewart (1981)

Kleeman and Twist (1989)

Collerson (1982)

Capaldi et al (1987)

Upon and Eneleus (1987)

Fletcher and Beddoe-Sæphens (l 987)

Woolley and Jones (1987)

Macdonald (1987)

Gibson (1974)

ViIari (1974)

Walsh et al (1979)

Rahaman et al; Bowden et aI (1987)

Rasmussen et al (1983)

Macdonald et al (1990)

Harris (1983)

sro,c

h,s,a,c,o¡

h,c,a

h,s,c,o,f,a

h,s,a,f¡n

h,s,c,o,f

h,s,a

h,c,o,f,a

s,c

h,cJ

4l:22m

137-t228

t80-ñt
188-4378

80-2090

244G5736

348-574

100-2200

> 1600

930-1450

>2000

nL36
37-399

500-1000

504-1 103

871-1516

negative

0.3-0.4

negat¡ve

negative

0-(b4.6

0.04-o.27

negatrve

negatrve

0.5

negatrve

negat¡ve

0.713

0.71I

0.705

o.1a7 -oJ@
0.705 - 0.709

0.708

0.704 - 0.705

0.702-o.1M

oJM-O.7@

hc,o

h,c

I

h,f

s,c

h,c

0.?03 - 0.706

O:TM

0.702 - 0.707

0.7ffi - 0Jl0
0.700 - 0.7t7

0;105 - 0.7a7

0.703

¡(
c
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the enrichment of incompatible elements relative to compatible ones leads to diagnostically

high ratios of Rb/Sr, K/Rb, GalAl,7.¡lNi, Y/Sc, FezOzlMgO, K2OMgO,

K2O+Na2O/CaO and Zr+Nb+Y+Ce which distinguishes them from the more common I-

and S-types (see tables 4.5 and 4.6 and'Whalen et al., 1987).

The presence of pyroxenes and olivine, the hypersolvus mineralogy and the shallow

emplacement levels of A-types indicates that they were relatively anhydrous magmas.

Experimental work conducæd at I kba¡ on the'Watergums A-bpe granite from the

Lachlan Foldbelt demonstrates that A+ype magmas were very hot, possibly in excess of

900 oC, and that they were water undersaturated with HZO <4Vo (Clemens ¿f aI.,1986).

Likewise 1 kba¡ experiments on simila¡ composition Hebridean granites also

demonstrated liquidus temperatues in excess of 900 oC (Thompson, 1983). Such

evidence is in ma¡ked contrast to I- and S-types which typically contain more hydrous

two feldspar, hornblende/biotite-rich assemblages and whose temperatues a¡e dictated by

the breakdown of biotite (White et al.,1982) and typically lie in the range 750-850 oC (eg

Hildreth, 1981; Wyborn et a1.,1981; White et al., 1982).

A further distinction is that, unlike many I- and S-type granites, A-types rarely

contain deformational fabrics. Instead they occur in anorogenic (ie unrelated to orogenesis

in space or time) and continental rift settings, or else in the orogenic cycle, they post-date

the development of convergent strain (usually by less than 30 Ma; Table 4.5). There is no

apparcnt chemical, or other, distinction between A-types in these different tectonic

settings the common link benveen settings seems to be a lack of convergent strain or a

developing ænsional regime which is consistent with the high level emplacement of A-
types.

All of the mineralogical and chemical features of the Padthaway suite are

consistent with the definition of A-types outlined above. They are highly fractionated with

high Rb, Nb, La, &,2Í, Y and low Ba, K, Sr, Ti values quite compa¡able with the

average A-type compositions iri øble 4.5. Their Ga/Al ratios are high classifying them as

A-types according to Collins et al. (1982) and their high Rb, Y, Nb puts thom in the

within-plate graniæ field of Pearce et aJ. (1984). In figure 4.I4 they plot in the A-t¡.pe

field defined by Whalen et al. (1987). The high level emplacement and relatively

anhydrous, hypersolws mineralogy is simila¡ to most described A-types though the

diverse pyroxene mineralogy of the Padthaway Suiæ is not prcserved in many A-type

suites. An example with similar mineralogy are A-type volcanics, from a bimodal suite in

Queensland, dessribed by Ewart (1981). Geochemically, the Padthaway Suite

compositions span from the Ba and Sr-rich "post-orogenic" to the Ba and Sr-poor "early

anorogenic" A-t¡te subdivisions of Bonin (1990). The data prcsented here, including the

decreasing tends of Sr, K2O and the curvilinear tend for Ba, suggest that this

compositional range is related by fractional crystallization in particular the onset of alkali



Table 4.6. Comparison of average I-, S-, and A-type granites with silicic rocks from large mafic intrusions

st02
Ti02
Ar203
Fe203r
MnO
Mgo
CaO
Na2O
K20
P205

I
Average

I-type (532)

I
Average

S-type (31Q

1

Average
A-type (148)

t

Average
A-type (31)

73.60

0.33

t2.69
2.m
0.06

0.33

1.09

3.34

4.5r
0.09

3

2

I4
l0

199

105

605

2L

22

342
76

55

134

56

1.90

171.00

574.00

3

Bushveld
Granite

74.38

0.2r

tI.77
332
0.05

0.00

0.96

3.76

5.00

0.02

t2
2

180

54
't37

20

24

355

68

85

170

3.33

29.58

617.00

4

Skaergaard
granophyre

71.00

0.45

11.60

5.49

0.09

0.11

r.72
4.44

343
0.05

m
1080.

t70
103

222

107

0.58

135.00

1562.00

5

Iceland
rhyolite

6

Tasmanlan
granophyre

8

Black Hill
granophyre

9

Ascension Is
comendite

67.89

0.45

14-49

4.L3

0.08

L-75

3.78

2.95

3.05

0.11

n
9

l5
74

r32
253

520

16

9

t43
n
29

63

23

0.52

15.89

242.00

69.08

0.55

14.30

4.32

0.06

1.82

2.49

2.20

3.63

0.13

46
t7
t4
72

r80
139

480

77

ll
r70

32

31

69

25

t.29
10.00

282.00

73.81

0.26

12.40

2.70

0.06

0.20

0.75

4.07

4.65

0.04

I
4

6

t69
48

352
24.6

37

528

75

73.48

0.21

12.58

3.32

0.08

0.03

0.38

5.23

4.t6
0.01

0.7

r25
15

180

t73
1045

128

t27
249

110

8.33

1595.00

67.29

0.83

11.09

9.42

0.14

0.20

3.60

2.89

3.08

0.19

I
1

17.8

I
r2l
l0t
635

18

16

334

59

39

88

42.5

73.80

0.31

t3.07
t.&
0.05

0.0r

0.51

3.52

6.20

0.02

5

3

4.7

7

t63
24

116

L9

30

236

r42
59

148

99

6.79

78.67

556.00

74.05

0.13

12.44

2.8L

0.06

0.04

0.22

5.53

4.60

0.02

t47
1.34

205

87t
113

83.7

r89.3

85.8

25

8

3.5

9

75

130

840

Cr
NI
Sc

v
Rb
Sr
Ila
Ga

Nb
Zr
Y
La
Ce

Nd

Rb/Sr
ZrNl
Zr+Nb+Ce+Y

t37

3.52

528.00

7't7.W

r.20
334.00

497.N

r09.70

1378.30

l\)
l\)
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feldspar fractionation. In terms of æctonic setting the Padthaway Suite intruded after

orogenic deformation simila¡ to many A-type suites (cf Table 4.5).

3

Ga/¡.t *10000

Figure 4.14. Plot of 10 000 * Ga/Al vs Zr+NbrCe+Y
showing that the Padthaway Suiæ rocks lie in the filed of A-
types as defined by tilhalen et al. (1987).

4.8. Models for A-type magma genesis

Any model for A-type genesis must explain the features outlined above, for

example Collins et al. (1982),'Whalen et al. (1987) and Clemens ¿r a/. (1986) noted that

derivation by differentiation of I- or S-6pes can be ruled out by the houe¡ and more

anhydrous natrue of A-types. Similar ilguments suggest partial melting of a tonalitic

source (eg Andenon, 1983; Sylvesær,1989) with a two f<llcVr --hornblende

dominaæd mineralogy, which may have the appropriaæ chemistry to yield an A-type

magma (Sylvester, 1989), is unlikely to produce the F-rich, hypersolvus and pyroxene-

bearing minerqptgy typical of A-type rocks. A model involving CØ and halogen

metasomatism has been assessed and discounted by Whalen et al. (1987).

In the original definition of A-6,pe granites, Loiselle and'Wones (1979) outlined

two alternative genetic histories for such rocks: one in which basalt interacts with a

granuliæ facies lower crust (which has already undergone a previous partial melting

episode) to generate magmÍu¡ with high initial STSrF6Srratios; and one whereby enriched

basalt fractionates directly to yield magmas with low initial 87SrFóSr ratios. I-ow initial
875r/865r ratios cha¡acærise the available isotope data (Table 4.5) and despiæ the fact that

crustal contamination could be responsible for some suites ran$ng to higher values a

currently popular model is melting of a granulitic residue remaining after generation and

segregation of a previous granitic melt (Collins et a1.,1982; Clemens ¿f al.,1986; Whalen

et a1.,1987).
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4.8.1. The melt depleted granulite model

In this model the chemical cha¡acæristics of A-types result from small degree paftiai

melting of a source which has already had an l-type granitic paftial melt extracted (Collins

et al., 1982; Whalen et a1.,1987). The advanøge of this model is that it explains the

higher temperatures and relatively anhydrous, fluorine-rich nature of the magmas

compared with ea¡lier I- and S-tlpe graniæs. Where initiatly proposed for the Lachlan

Foldbelt (C-ollins et al.,1982) ttris model has the additional advantage of explaining that

the A-types were post-orogenic because their source region was only created by

extraction of the ea¡lier magmas during orogenesis, though it would be incorrect to pre-

suppose this tectonic setting for all A-t1pes (eg Whalen et a1.,1987).

It is necessary in accessing this model, to establish that such a source has the

appropriaæ composition to prduce an A-type. Fluid absent melting reactions of the type

that will produce I+ype melts produce residual plagioclase, pyroxenes and sometimes

hornblende, sphene and ilmenite (Clemens and Vielzeuf, 1987; Vielzeuf et al., 1990;

Rushmer, 1989). According to Whiæ and Chappen GnT and Chappell et aI. (1987)

calcic plagioclase, pyroxenes, apatite and zi¡con all occr¡r as restite phases in granitic

melts. These along with some quartz and possibly alkali feldspar would form a relatively

anhydrous residue which would be termed a granulite (eg Nesbitt, 1980) and would

require much higher temperatures to produce a second melt In order to contain the K, F

and incompatible elements (Zr, Nb, Y, LREE) found enriched in A-types this granulite is

required to contain the more refractory fluorine-rich amphibole and biotite end members

as well as apatite, zircon and possibly sphene (Collins et al.,1982). However, unlike I-

and S-type graniæs, the low TiØ and P2O5 contents and lack of inherited zircon in A-

qrpes seem inconsistent with apatite, zircon or sphene being significant phases in their

sources.

Exposed granuliæs have highly variable composition (eg Vielzeuf and Vidal, 1990)

and it is not easy to exactly constrain the composition of granulitic residues from melting

events as these might be expecæd to be quite va¡iable in composition from province to

province. Nevertheless some constraints can be made.I-q¡pe granites are thought to be

derived from basaltic to dioritic sorrce rocls (Chappell and Stephens, 1988). The

residues left after this melt exffiction will be more mafic than the meltremoved (Nesbitt,

1980; Vielzuef et a1.,1990), ie a mafic granuliæ enriched in MgO, CaO and transition

elements and depleæd in incompatible elements, alkelis and Rb. IVhilst the major element

chemisury of A+ypes is dictated by the quartz-feldspar-liquid eutectic, trace elements can

be used to constrain petrogenetic models. A characæristic ofæn taken to indicaæ that a

granulite has lost a partial melt is depletion in incompatible trace elements leaving very

low incompatible to compatible elementratios (Vc ratios) such as Rb/Sr, K2OMgO, TrlNi
(eg Rudnick and Presper, 1990). The residue therefore becomes /¿ss like an A-type when
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a first paftial melt is exmcted. Partial melts of such residues are unlikely to obtain the

high Vc ratios of A-types and migmatites in mafic granulites have quiæ low Rb/Sr,

K2OMgO, ZrlNi etc (eg Tait andHarley, 1988).

The diffrculty of producing high Vc compositions from mafic residues is illustrated

in table 4.7 which shows the trace element modelling results for melting of two mafrc I-

types from the Lachlan Foldbelt. According to Compston and Chappell (1979), Chappell

(1984) and Chappell et aI. (1987) these most mafic samples from I-type suite$should be

close approximations of residues because they lie closest to the restite end of restite-melt

mixing lines. Assuming the optimum ca.se where all accessory phases are completely

consumed the trace element composition of small degee batch melts in equiübrium with a

residue of 607o plagioclase,25Vo clinopyroxene and I57o orthopyroxene have been

calculated using the equation C¡ = Co/G+D-FD) from Cox et al. (1979). Figure 4.15

shows the partial melt compositions normalized to the ui.*g. A-t¡.pe of White and

Chappell (1983). The elements are ordered so that those on the left (Rb-Y) are elements

found enriched in A-types and those on the right @a-Sr) are typically depleted- Many A-

types having morc extreme compositions than the White and Chappell (1983) average

100

RbKNbIåCeZrYBaTiNiSr

Figure 4.15. Spidergram, normalized to the average A+ype
graniæ of ì/hite and Chappell (1983) given in table 4.6,
comparing small degree pardal melts of a mafrc I-t¡'pe (taken o
approximaæ a melt depleæd source) with the composition
resulting fuom90'Øo fractionation of a typical tholeütic basalt (see

text for details).

therefore plot above 1 for Rb-Y and below for Ba-Sr. It is clear from figure 4.15 that the

modelled paftial melts show quiæ the opposiæ üend. Compared with the average A-type

composition these have compæible element concentrations which arc too high and

incompatible element concentrations which arc too low so that their Vc ratios (Table 4.7)

are much lower than those of A+¡'pe rocks (fable 4.6). It is possible that the chosen

mafic I-types contain some melt and do not represent true restite, however this would

10
(u
Ê

a

(Ð

È
Ec

cr)

I

I

.01

90% fract

2%KBs3

10% KBs3

..#

..#
-*

enrichment deplerion

I

I



)¿0

Table 4.7. Modelling of partial melts from mafic l-type graniæs.

Sample# KB53 Bulk D 2% M.elt l0% M'elt K8139 lÙVo Melt

sio2
Tio2
A1203
FeO

MnO
Mgo
CaO
Na2O
K20
P205

47.25

0.77

19.86

9.47

0.17

6.42

11.41

1.48

0.40

0.05

34

14.5

348

15

438

90

5*
19

8

1.8

0.2

6

t4

2.830

t.ttz
9.774

0.024

0.000

0.1 l8
1.958

0.298

0.198

0.180

1.680

0.086

0.000

0.198

0.158

60

190

138

585

18

260

0.200 3.60

0.r04 3.28

2.75

55.50

0.70

18.63

6.81

0.r2
4.81

8.10
,, ..,
0.95

0.10

2.50

4.9r

149

t1

37

15

32

169

6

39

256
215

5

68

18

4

4

13

30

2.07

13

13

0

306

0

73

235

245

22

73

5

10

2

22

58

303

110

226
288

23

97

5

t7

28

80

Cr
Ni
Sc

V
Pb
Rb
Sr
Ba

Nb
Zr
Y
Th
U
La
Ce

t2
13

t4
t4
4

23

40

47

124

Rb/Sr
ZrNi
Zr+Nb+Ce+Y

0.03

1.31

46

0.49

7.46

205.00

0.31

r.69
158

0.15

4.53

tzt

1.38

18.57

413

KD's from Cox et al (1979), Tait and t{arley (1988)

Sample KB53 from Hine et al (1978) *Nb estimated, K8139 from Chappell (1984).
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only make the match worse because their incompatible element concentra,tions (and

therefore those of the modelled melts) would be higher than for tn¡e restite. In fact

calculaæd restiæ compositions for some I-types in the Lachlan Foldbelt (Compston and

Chappell, 1979) have lower Rb (2-5ppm), KzO (0.5Vo) and higher Sr (400-1200pp-)

than the examples used here. Inespective of their exact composition depleted sources are

unlikely to yield A-type magmas. Independent modelling by Sylvester (1989) has shown

that the melt depleæd sources proposed for the Lachlan Foldbelt and even the average

lower crustal composition of Taylor and Mclennan (1985) would have Rb, Ba, Sc, Y
andprobably LREE contents too low to allow them to yield the obsewed A-types.

A fi¡rther problem lies in the ability of the melt o leave its sourco. The trace element

match can be pa¡tially improved by very small degrees of partial melting where

enrichment of an incompatible element approaches 1Æ with a limit of 1/D (where F is the

fraction of melt and D is the bulk distribution coefñcient) however McKenzie (1985) has

shown that it is unlikely that gnnitic partial melts less than l07o can separate from thei¡

sources. Even though high æmperan¡res and elevated fluorine contents would lower A-

type viscosities it is not clear that melt fractions much less than 107o could separate from

their matrix.

Collins et al. (1982) and Whalen et al. (1987) argue that A-type magmas have not

undergone signifrcant fractionation subsequent to partial melting. However it seems clear

from the enrichment of incompatible elements and the low Rb/Sr ratios typical of A-types

that they have indeed undergone considerable fractionation. Furthermore residues from

lst cycle melt extraction, which will contain residual calcic plagioclase, would not be

expecæd to have negative Eu anornalies and may even have positive Eu anomalies.

Analyses suggesæd to be typical of the lower cnrst and melt depleted granulites have very

low Rb/Sr and positive Eu anomalies (Taylor and Mclennan, 1985). Consequently the

large negative Eu anomalies cha¡acteristic of A-types and must indicate protracted feldspar

fractionation. The question is how much f¡actionation and what was the parental magma?

4.8.2. A basalt fractionation model

In light of the bimodal associæion of A-types with gabbros and basalts it seems

surprising that a model involving fractionation from basaltic magrna has not been more

closely scrutinized. This model can equally well explain the high temperature, relatively

anhydrous nahre of A-types, with mantle magmas being readily accessed in ænsional

environments. HighF contents may well develop, since mantle derived tholeütic melts

contain 20G500 ppm F (Schilling et al.,1980) and these will be increased by

fractionation.

Basaltic magma typically undergoes plagioclase, pyroxene and olivine dominated

fractionation in layered sills or intrusions. A least squarcs mixing approach to assess

production of an A-type composition by such fractionation. The modelling (Table 4.8)



Table 4.8. Results of two stage modelling of fractionation of a tholeütic basalt to produce an A-type granite.

Trace element results for Rayleieh fractionation. KD's as for table 4.?

Step 1: tholelltlc basalt to quartz dolerite
Parent observed Parent estimated

(Tholeiitic basalt) (sum residuals

squared = 1.54)

F (fraction of quartz dolerite magma produced)=31.9Ç"

Assemblage fractionated: plag 53%i cpx347o; ol 13%

Step 2: quartz dolerlte to A-type granite
Parent observed Pa¡ent estimated

(= quartz dolerite and' (sum residuals

daughter from step 1) squared = 0.22)

53.62

o.57

15.86

8.10

0.19

74t
11.31

r-75
0.58

0.13

ct
74

42

236
33

135

217

4.5

95

20

11

24

12

53.28

0.56

16.t2
8.86

0.29

7.26

11.88

2.40

0.9
0.13

bulk D
2.063

L.034

0.383

0.044

1.004

0.t29
0.099

0.091

0.300

0.t22
0.184

0.2t4

55.68

1.54

15.53

12.18

0.15

1.84

7.72

2.31

1.86

0.19

cl
22

40

477

68

l3l
488

13

245

49

33

86

32

55.67

1.55

t5.46
12.18

0.17

1.83

7.76

2.77

1.81

0.14

Daughter

(A-type)

75.t4
0.2r

12.tI
2.48

0.09

0.19

0.4
3.51

5.2r
0.01

ct
2.4

32

36

719

17

514
28

279
77

59

153

50

F (fraction of A-type magma produced) = ft.5qo
Assemblage fractionaæd: plag 56lo; cpx 344o; mt l04o; ap 0.49o

(total fractionation from tholeiite to A-type = 90?o)

si02
Tl02
41203
Fe203
MnO
Mgo
CaO
Na2O
K20
P205

NI
Sc

v
Rb

Sr

Ba
Nb
Zr
Y
La
Ce

Nd

bulk D
3.M6
1.226

3.380

0.115

2.875
0.961

0.r99
0.131

0.529

0.450

0.474

0.591

J
¡iq



\ryas done in two stages via an inærmediate quartz dolerite starting with a typical

continental tholeüæ composition similar to the quenched margins from the Tasmanian

Dolerites (Hergt et a1.,1989). Mineral compositions used in the first stage were from the

Tasmanian Dolerites and in the second stage compositions from the Padthaway Suite (see

subsequent sections). The expected race element composition of the fractionated melt

was calculated assuming simple Rayleigh fractionation (C¡=Ç6F(D-1)).The end product

of 907o crystallization is ploned on figure 4.15 and is clearly a good approximation of an

A-type magma with high Vc ratios comparable to the averages in table 4.6. Further

fractionation will continue to enrich Rb-Y, and depleæ Ba-Sr (see Fig 4.15).

Evidence for exteme fractionation (usually combined with some cn¡stal

assimilæion) of mafic magma is well documenæ{ resulting in high concentrations of

silica, alkalis and incompatible trace elements and low concentrations of MgO, CaO,

AlzQ and compatible trace element contents. Examples include the I-och Ba ring-dyke

(Sparks, 1988), the Woods Mountains volcanic centre (Musselwhile et a1.,1989), Mount

Ascutney (Foland et a1.,1988) and La Primavera Mahood and Haliday, 1988). That A-

type compositions qpecifically are produced from basaltic magma is demonstrated by the

occrurence of granophyres with A-type compositions in layered mafrc complexes such as

Skaergaard and the Tasmanian Dolerites, A-type rocks on oceanic volcanic islands like

Ascension, Reunion, Easter and Kergulean @aker,l974) and by A-type rhyolites from

bimodal volcanos in Iceland and Queensland. Compositions of some of these rocks

including the Bushveld granites are compared with ttre average A-type compositions in

Table 4.6. The intimaæ association of A-type compositions and mafic magmas is further

demonstrated by mingling benveen the two magma types as in the Topsails telrane

(Whalen and Currie, 1984) and both the plutonic (Sparks and Marshall, 1986) and

volcanic (McGarvie et a1.,1990) envi¡onmens of ttre British Tertiary Province.

The general lack of inærmediate ôompositions has been raised in objection to the

fractionation model for A-types however this doei not in itself disprove the hypothesis.

I-avas vttth 57Vo < SiOz < 637o have not been found on Ascension Island where

continental crust and earlier l-type graniæs are clearly absent yet magmatic rocks span 50-

777o SiÙzat Velasco, Bolivia (Fleæher and Beddoe-Stephens, 1984) and A-type magmas

have developedin both localities. The mechanisms of production of A-type liquids in

large mafic intn¡sions without voluminous intermediates, such as those described above,

are not well understood. Possible scenarios involve liquid fractionation processes (eg

McBimey, 1930) or coalescing and gavity segregæion of the laæ inærstitial granophyric

liquids seen in many layered mafic complexes. For example, during cooling (from 1200-

1000 rc) of a tholeütic melt, olivine, pyroxenes, plagioclase and magnetite sequentially

crystallize. Once convection has stopped these minerals will form a grain-supported

matrix containing a residual inæntitial liquid depleted in MgO, CaO, Al2O3, Cr, Ni, Sc,



V, Sr. Continued cooling (1000-900 oC) allows adcumulus growth ultimately leaving the

liquid enriched in components incompatible with these minerals (ie SiO2, Na2O, K20,

Rb, Ba, Zr, Nb, Y, LREE). The pods and sills granophyric material in the Skaergaard

Intrusion a¡e evidence that such liquids deveþ and have A-rype compositions (see Tabie

4.5). Isotopic data on granophyric pods from the upper zones of the Skaergaard Intrusion

confirms their derivation from the gabbroic liquids though some have clearly been

contaminated by the country rock gneisses (Sæwart and DePaolo, 1990). Likewise the

upper sections of the Tasmanian Dolerites contain granoph¡nes resulting from

fractionation of the mafic magma (McDougall, 1962). These have A-type compositions

(see Table 4.5) and probably formed by coalescing of inærstitial granophyric material

which can be seen in many of the Doleriæs. Continued cooling and movement of such

interstitial liquid through the crystal matrix would further slow diffusive exchange with

the cumulus minerals. Compaction of ttre cumulate pile is probable and will expel the

interstitial liquid (Sparks et a1.,1985) which may then separate from the pluton as a

diapir. Importantly A-type liquids produced by such a process would be at tempemttrres

well above their solidus (800-725 oC for 1.5 to 3VoH2O, Clemens et a1.,1986)

explaining why A-types have such high temperatues and are emplaced in a nea¡ wholly

molæn state.

4.9. Petrogenesis of the Padthaway Suite

The data presented above show that the Padthaway Ridge A-type granites and

volcanics were derived from highly fractionate{ high æmperature andrelatively

anhydrous magma. Their mineralogy implies an extended history of polybaric

crystallization from more mafic magma. They differ from the slightly ea¡lier (51G-500

Ma, Foden et a1.,1990b) Delamerian I- and S-t¡'pe "syn-tectonic" granites of this same

terr¿in in that these older ganiæ Series a¡e all rwo-feldspar graniæs with more moderate

enrichments of K2O and lithophile trace elements and all contain biotite even those of

relatively mafic granodiorite compositions (Foden et a1.,1990a). The ea¡lier granites

appear to have been F-poor and relatively hydrous, consistent with their apparcnt

emplacement and crystallization at grcater crustal depths (1G15 Km).

4.9.1. Implied quaternary quartz-feldspar relationships

Relative to the two feldspar (sub-solvus) types, the Padthaway one feldspar

(trypersolvus) granites have mineral assemblages consistent with development at either

higher temperatues or at lower atlzO (or lower PHzO). Granites from Ma¡collat for

instance are biotiæ-free, fluoro-ferrohastingsite (with ferroaugite cores) -bearing, with no

plagioclase and with relicts of fayalite. The single alkali feldspar in these is now very

coarse perthite composed of almost pure albite and potassic microcline and has a
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reconstructed primary sodic sanidine composition of Ab56:Or 50, the same as sanidines

analysed from the volcanics. This is very close to the minimum melt composition on this

join. The subsolvus Padthaway volcanics and graniæs crystallized from plagioclase-poor

two-feldspar magmas. In these plagioclase is sodic oligoclase (Anroæ) and the alkali

feldspar is again coarsely perthitic. Biotite is much mo(e common in this nvo feldspar

group implying that the reaction:

2 KAlSi3Os + 2FqO4 + 2}lzO <--> 2 KFe3AlSiOro(OH)z + 02 .......(2)

2Sanidine +2Magnetite+2H20q=> 2Annite +02
is displaced to the right . Such a reaction is favoured either by falling temperature or by

increased aÉIZO.

The one feldspar mineralogy of the hyper-solvus graniæs implies that

crystallisation took place at low pressures (eg Martin and Bonin, 1976) under conditions

where there is an inærval of one feldspar crystallisation between the solidus and the

solvus in the quaternary Q-Ab-Or-An system (eg Tuttle and Bowen, 1958; Carmichael ¿r

al., 1974; Clemens et a1.,1986). At 1 kba¡ this gap is about 150 oC under water saturated

conditions and this will expand by migration of the solidus to increasing temperatures

with aII2O values decreasing <1. Simila¡ly at 1 kba¡, the ternary eutectic temperature

increases from about 710 to 950 oC as aHzO decreases from 1 to 0. In the quaærnary Q-

Ab-An-Or (+H2O) system fractional crystallisation of morr mafic magmas will result in

the precipitation and removal of first plagiocla.se and then plagioclase together with a

potassic alkali feldspar followed frnally by a single temary alkali feldspar.

The high temperatures and low water contents of the Padthaway suite favour a

liquid evolution path which intersects the water undersaturaæd graniæ minimum and

permits ongoing fractionation of ærnary alkati feldspar and quartz until the fluid-saturated

minimum is reached. At I kba¡, such a process c'ould involve crystallisation through a

temperah¡re inærval as large as 200 oC with very little change in the major element

chemistry of the magma. Trace element compositions however would be highly modi[red

during this stage. Depletion of Eu, Sr and Ba due to their partition !o the feldspar, and

complimentary enrichments of trace elements which continue ûo remainincompatible (e.g.

LREE, Zr, Nb, Y) would be expected o deveþ at this stage.

4.9,2. The role of fluorine
Fluorine has important effects in modifying relations in the graniæ minimum melt

system and fluorine measured on rcpresentative samples of the Padthaway granites was

high (500 to >2000ppm) exemplifred by the fluorine-rich cha¡acær of the amphiboles and

biotites (Table 4.2).In the water-saturaæd qAb-Or system Manning and Pichavant

(1983) demonstrate that the addition of F shifts the ternary eutectic towards more albite-

rich compositions (expands the primary phase field of quartz). In this sense the effects a¡e
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equivalent to F-free increase in PH2O. The addition of 27o F has the same effects in

shifting the water saturated eutectic as does the increase in PHzO from 1 to 10 kbars. At

the same time F markedly reduces the æmperature of this minimum. 27oF de*reases the 1

kbar water-saturated lþidus minimum from 730 to 670 oC and depresses the solidus to

650 oC or less. The normative Q-Ab-Or compositions of the Padthaway granites fall

between the F-ftee 1 kbar and the lToF coteptics in direct accord with their F

concentrations showing the displacement of these compositions away from the 0.5 and

lkbar F-free minima (Fig 4.16).
' Differentiation at high æmperatures and relatively anhydrous, F-rich conditions

means the magmas evolved to high F-/OH- ratios. Under these conditions, accessory

phases such as ztcon, sphene, apaúte and allaniæ which buffer the concentrations of the

above elements in "normal" I-type granites, precipitaæ laæ in the crystallisation sequence.

White et al. (1982) have suggested ttrat in fluorine rich magmas, such as these, Zr, Nb

and Ga form alkali-fluoro complexes delaying the saturation of phases such as zircon

which would result in depletion of these elements. Recent experimental work shows that

Qtz

Ab

Figure 4.16. CIPIV normative plot for selected Padthaway
granites showing their diçlacement from tle water saturated
temâry minimum (PHzO = 500 bars) lowa¡ds the same minimum
with ad&d fluorine. The position of the minima is marked by
dashes on the cu¡ves which are taken from lvfanning and
Pichavant (1983).

the rare earths become similarly co-ordinated by fluorine @onader and Brown, 1989).

The trace element (and PzOs) data indicates that minor phase fractionation involving

zircon, apatiæ and possibly allanite became significant but only commenced when the

mágma had reached 757o SiOz.

-¡- 6OObarc
PH2o

+1%F

+2%F
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4.9.3. fsotopes and source compositions

As discussed, in detail above, the development of one feldspar assemblages

implies fractionation from more mafic parental magmas in the primary plagioclase phase

volume. Features such as curvilinea¡ trends for many elements the very low Mg andFe

contents and high Fe/I\lIg ratios, low CaO, low Al2O3, low KlRb, voÍy low Sr, low Ba,

large negaúve Eu anomalies (EuÆu*=O.\2)very high LREE contÊnts, high LalYb ratios

and high Rb/Sr ratios all show that the Padthaway granites experienced an extended

history of fractional crystallisation of ferromagnesian phases, plagioclase and potassium

feldspar.

Inirial 875¡p65¡ and 143Nd/l44Nd isotopic ratios allow definition of possible

source compositional cha¡acteristics and the high eNd and low initiat 875¡p65r ratios of
the Padthaway Suite demonstrate a major mantle component though the trend towards

lower eNd and higher 875¡f165¡ with increasing SiO2 and KZO indicates some cmstal

contamination. At 487 Ma the local country rock (I(anmantoo Group meøsediments)

have ÊNd around -11 and 875¡p65¡ around 0.7245. Clearly the Padthaway magmas were

not derived by partial melting of these sediments or the older basement beneath which has

even more evolved values. Granites and their restite should, by definition, be in isotopic

equlibrium. If the Padthaway A-types were derived from residues left by the earlier I-type

granites they should have isotopic values indicative of the same source. However data on

these I-types such as the Taratap Adamellite adjacent to the Padthaway Ridge (eNd -8.55;

o

-4

o;lú2 o706 o-71á o.?18

s7sy'æs,,

Figure 4.17. eNd vs initial Sr ratio diagram showing the overlap of the Padthaway samples
(squa¡e.s) with the range of the Black Hill granophyres (diamonds) and gabbms (shaded region).
Also shown are the subsurface gabbro from the Padthaway Ridge (circle), a dioritic enclave and
graniæ from Mannum Quarry (open and closed riangles respectively; see chapær 5 for details)
and the range of values for I- and S-type granites from the l-achlan Foldbelt (daø from
McCulloch and Chappell, 1982).

4

2

'ttz
q)

o.7þ

%



134

875¡p65¡ 0.714657 Turner and Foden unpublished data) does not favour such an origin.

Fr¡rthermore the high Rb (207 ppm) and Zr (234 ppm) concentrations of the Taratap

Adamellite indicate its depleæd source region would be an unlikely source for subsequent

A-type magma generation.

In summary all the available daø indicate that the Padthaway A-types were

derived by fractionation from contemporaneous tholeiitic magmas like those at Black Hill
or Coonalpyn. This is strongly supported by the presence of laæ stage gnmophyres in the

BlackHill complex which have com¡rcsitions identical to the Padthaway Ridge and other

A-types (cf chapter 3).Isotopically these granophyres are indistinguishable from the

Padthaway A-types (€,Nd +0.42 to -1.88 and initial 875¡7865¡ 0.7034-0.7045) and frgure

4.17 shows that the range of isotopic data from Black Hill overlaps that of the

granophyres and the A-ty?e granites and volcanics. Also shown in the range of I- and S-

type granites from the Lachlan Foldbelt most of which are isotopically much more evolved

than the Padthaway suite A-types.

In the previous chapær fractionation at Black Hill was modelled using the program

TRACE5 and the final magma composition resulting fromX)Vo fractionation was a close

approximation of ttre granophyric sills found at Black Hill. Figure 4.18 shows this, the

prima¡y magma and a granophyre from BlackHill all normalized to the average A-type of

White and Chappe[ (1983). The granophyre and the modelled XJTo ftacttonate are almost

indistinguishable from each other or average A-type compositions. Note that extended

fractionation has resulted in even lower Ba, Ti, Ni and Sr than the average A-type (cf Fig.

4.15 and discussion).

.01
RbKNbL¿Ce7rYBaTiNiSr

Figure 4.1t. Spidergram, a¡¡ in frgure 4.15, showing the
composition of ttre parenøl Black Hill magma from chapær 3, a
granophyre from Black Hill and the modelled composition resulting
from907o fractionation taken from table 3.3.
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4.10. Concluding remarks

The distinctive characteristics of A-type magmas clearly demand a petrogenetic

origin different to that of I- and S-types. Features such as high Vc ratios and large negative

Eu anomalies are ha¡d to reconcile with derivation from a melt depleæd source. However

they are explicable by a model involving fr¿ctionation from mafic magma. The bimodal

association, high magma temperatures and relatively anhydrous mineralogy of A-types are

also readily understood in such a model.'Where these features can be established the

additionat evidence from high sNd and 16rv 875¡p6Sr ratios seems unequivocal evidence

of a mantle origin. Modelling seems to require some enrichment of the basaltic magma

starting composition which couldimply crustal contamination orderivation from enriched

lithospheric mantle such as the K-rich layer of McKenzie (1989) (cf chapær 3).

There may be subdivisions of A-types with varying migns such as suites with

mo¡e evolved isotopic signanues that have a significant crustal contribution. Flat REE

patterns (excepting Eu) may indicate a pyroxene rich residual source contribution whilst

LREE enriched patterns result from fractionation. Bonin (1990), for example, has

suggesæd a breakdown into high Ba, post-orogenic suites which have a crustal

contribution and low Ba" anorogenic suites that lack crustal contamination. Ilowever, A-

types show a broad range in Ba conænt and fractionation of alkali feldspar at the granite

minimum will lead to low Ba, low Sr magmas whose 87SrF6Sr ratios will be very

susceptible to contamination (samples of the Ma¡collat granite show arange of Ba 200-15,

Sr 10-2 ppm).

Finally, if the model for A-type genesis presenæd here is accepæd, the high degree

of fractionæion(-X)7o) required to produce A-type magmas necessitates that large

volumes of mafic magma be intruded ino the crust even though A-type rocks are

generally volumeûically minor compared to I- and S-types (eg Collins et a1.,1982;

Clemens et o1.,1986). In the case of the Padthaway Ridge, for example, the gravity

anomaly indicaæs the presence of voluminous subsr¡rface mafic rock The A-type

examples from Mull, Oslo and the Gawler Ranges are also underlain by large gravity

anomalies (see references listed in able 4.5). Therefore A-type suites, in both rifting and

post-orcgenic environments, may represent episodes of crustal fowth in which

considerable volumes of mantle material a¡e added to the crust. The intimate association

between the mafic and felsic magmas resulting f¡om such a process is frequently

demonstraæd by evidence formingling benveen mafic and silicic magmas.In the case of

the southern Adelaide Foldbelt such a situation is exemplified to the south of Black Hill at

Mannum and this is the topic of Chapter 5.
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Chapter 5. The Mannum Granite: magma mingling,
diffusion and implications for the origin of A-type
magmas

5.L. Introduction

The Mannum Granite is an Early Ordovician intn¡sive exposed in a quarry on the

eastern side of the Murray River near the town of Mannum 70km east of Adelaide. It
occurs to the east of the prominent range of Late Proterozoic to Cambrian sedimentary

rocksof theAdelaideFoldBelt(Figs. 1.1 &2.1).Inthesub-divisionof Delamerian

granitic rocks into syn- andpost-tectonic suiæs @oden et.al., i990a) the Mannum

Granite belongs to the latter group. Well defined by a marginal magnetic anomaly, it is a

roughly circula¡ pluton about 11 km in diameær. Although its contacts are obscured by

Tertiary rocks, it is thought to intrude the same Cambrian metasedimentary sequences as

the syn-tectonic granites further to the wesl Nea¡by, granite bodies of similar age and

composition also occur at Sedan and Murray Bridge (Fig. 2.1).

As already discussed the late-orogenic suiæ comprises A-type granites and

volcanics and these may be associated witli a perid of cmstal relaxation or extension just

after the close of the Delamerian Orogeny. Mafrc dykes and plutons which accompany the

silicic suite, making the late-orogenic magmatism bimodal. Evidence presented in

chapters 3 and 4 suggest that ttre mafic and silicic magmas were al least thermally related.

Their similar initial875¡p65t *¿ 143¡¡¿/l44Ndisotopic compositions and geochemical

modelling suggest that they have common parental magmas (chapter 4). This chapter

further investigaæs the interaction be¡v.een these contemporary mafic and silcic magmas

through apparcnt evidence for magma mingling in the Ma¡rnum pluton.

5.2. Age constraints

One aim of this chapteris to show that during the laæ-orogenic phase in question,

mafic and silicic magmatism werc contemporaneous. This is already indicated by the

available geochronological data. Gabbros from the BlackHill intn¡sive complex yielded a

Rb-Sr total-rock - biotite age of 487+5Ma and a K-Ar Bt age of 486 Ma (lVlilne s et aI,

1977) whilst a seven point Nd-Sm mineral isochron gave 489 +10 Ma (chapter 3). U-Pb

zircon data (Foden et al in prep) on an undeformed diorite at Reedy Creek (490 Ma) and

the undeformed A-type Marcollat Graniæ (a90 Ma) from further to the south east further

constrains this Delamerian late-orogenic igneous activity to 487-490 Ma.
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At the Mannum.Quarry, the graniæ and a series of six samples taken from core to

rim of a25 cmmafic enclave were selected for Sr isotopic analysis and yielded a model 1

isochron with an age of 488 +10 Ma and an initial 87SrF6Sr value of 0'70565 (Foden er

al.,l990b). A meter-wide doleriæ dyke that cross-cuts the granite falls just below this

isochron and at 488 Ma would have a slightly lower 875¡7865¡ ratio of 0.70485. These

data either indicate that the mafic enclaves and the granite were of separate origln but that

their Sr isotopic compositions were homogenised at the time of intrusion, or that they

were differentiates of a common parent magma If the common initial ratio results from

homogenization then it is probably very close to that of the granite as the mafic enclaves

only constitute a minority of the pluton whose composition shows little evidence for

whole-sale mafrc contamination. Either way the granite's initial ratio is low suggesting a

mafic and/or young source. As the mid-Proærozoic crystalline basement that underlies the

AdelaideFoldBeltwouldhavehadanSTsr/865r rangeof about 0.7110 -0.7450 atthat

time it is clear that the origin of these A-type granites owes little to underþing sialic

crystalline basemenL

Although Sr isotopic homogeneity occurred at the age of the intrusion this cannot

be used as unequivocal evidence for magma mingling as diffusion rates may be fast

enough for equilibration benveen a magma and solid xenoliths at magnatic temperatures

over about ten centimeEes in timespans <lMa (Margaritz and Hofmann, 1978 ).

5.3. Field relationshiPs

At the Mannum Quarry the graniæ is cut by a mafi.c dyke (Fig. 5.la) and is host to

numerous dioritic enclaves which constitute about SVo of the outcrop (Figs. 5.la-d). In

the quarry the main constituent rock type, is a medium-coarse gnined alkali feldspar-rich

granitg with a pink-buff colour. It is composed of large grains of alkali feldspar, which

are fr,equently mantled by plagioclase to produce rapakivi textutes, quartz, plagioclase,

biotiæ and euhed¡al sphene. Richness in sphene appears to be a regional cha¡acteristic of

the Delamerian granites of ttre Southern Adelaide Fold Belt and those in the Mannum

Graniæ often reach lcm in length. The gnniæ also conøins minor magnetite, fluorite and

quite abundant ca¡bonaæ whose euhedral textr¡ral relations make it appear contemporary

with magmatic crystal I i zation.

The coarse gnnite hosts numerous sizable (up to 4m across) blocks of a much

finer and more even graine{ but mineralogrcally and chemically similar microgranite

(both coarse and fine phases plot close to the Ab-Or-Q ternary eutectic). These a¡e

concentrated towards the top of the quarry and contacts between the wo phases are very

sharp (Fig. 5.1b). Mia¡olitic cavities arc common particularly in the fine grained granite

their presence implying high level intn¡sion. In thin section the projection of euhedral,



Figures opposite:
Figure 5.1a. Dolerite dyke cutting the coarse grained Mannum Granite. Note the maf,rc

enclaves to one side of the dyke.

Figure 5.1b. Large chilled block of f,rne grained granite stoped into the coatser host
granite at Mannum Quarry. Note the sharp edges to the chilled block.

Figure 5.1c. Dioritic enclaves in the granite containing numerous rapakivi feldspar
inclusions. Note the more diffuse grey areas of hybrid rock.

Figure 5.1d. "Double enclave" containing amoeboid patches of darker enclave within a
more hybridized grey enclave zone. Note the rapakivi phenocrysts in both phases.

Figure 5.1e. Photomicrograph of rapakivi texture from the coarse Mannum Granite
(4861-94). Bt = biotite, pl = plagioclase, alk = alkali feldspar, q = quafiz. Crossed
polars, width of view 4 mm.

Figure 5.1f. Rapakivi feldspar from within an enclave (Ã779-60) showing how the
plagioclase (pl) rim on the alkali feldspar core (alk) overgrew and trapped nuclei
growing in the enclave. Note the cor¡oded outline of the alkati feldspar core.
Crossed polars, width of view 4 mm.

Figure 5.1g. Similar photomicrograph to Fig. 5.1f. showing a large rapakivi feldspar
from the granite included in a dioritic enclave (4861-96). Note again the corroded
outline of the alkali feldspar core. Crossed polars, width of view 4 mm.

Figure 5.1h. Dioritic enclave (A779-e) containing biotite (bt) and numerous needles
of apatite (ap). Plane polarized light, width of view 1.5 mm.



138

1t

!

o

e

b

T

dC

Irb, I

f
rtl

tlf

t)

ß

a

:

a
lt

v
I
L

rJ
'{

t \
+

f

tl

í
t

g

o.

I

..t
Õ

h



needles of feldspar into paæhes of carbonate suggests that the carbonate may be a frlling

to these cavities.

Swarms of fine- to medium-graine{ dioritic enclaves arc distributed abundantly

through the coarse-grained granite (Figs. 5.la-d). The enclaves show a diverse spectrum

of relationships to the host granite. Some a¡e dark and homogeneous with well defined,

sharp, irregular, brittle looking edges. Much mofe commonly however, they have

globular, rounded shapes with smooth cuspate or lobaæ outlines and appear to have been

able to undergo plastic deformation. Some show comet-like or tear-drop forms with

elongate uils. In ttre latter case, the enclaves show disaggregation into droplets in the tail,

where there is also a high proportion of compleæly hybridizecl mafic material. These

shapes argue strongly for a liquid ori$n of the enclaves.

Many of the enclaves show varying degrees of reaction with the host granite to

produce a mesocratic rock which contains the most abundant development of rapakivi

fetdspars (Figs. 5.1c & d). This hybridization effect commonly results in promiàent

zonation of the enclaves, with pate grcy outer zones and da¡ker inner zones (Figs. 5.1c &

d) similar to the "double microgranula¡ enclaves" of Didier (1973). The presence of some

enclaves is indicated in ouærop solely by pale grey hybrid patches.

Large, pink, rapakivi feldspars arc common within and particularly in the outer

zones of some enclaves (Figs. 5.lc & d) and these exhibit much broader albite rims than

do the feldspars in the host granite away from the enclaves. Most of the mafic enclaves

are benyeen 5 and 50cm, though one large enclave is at least 5m in diameter and shows

complex net veining by ttre granite. The enclaves do not have visible chilled margins,

though the meue-wide, vertical, fine-grained dole¡ite dyke that cuts all phases of the

granite does show marginal quenching. This dyke has straightparallel margins and

evidence for chilling is provided by the very fine-grained contacts. There is no evidence

for metamorphism or re-melting of the gruriæ. The exact age of the dyke is not known

though it clearly intruded ttre granite after it had cooled enough to undergo brittle fracnre.

The mafic xenoliths are not found in any of the microgranite blocks and it appeañ

graniæ intn¡sion occur¡ed in a number of pulses with magma mingling occurring during a

laterpulse that involved major btock-stoping of an earlier, chilled (ma¡ginal) phase. The

absence of any indicæion of fusion of ttre marginal graniæ by the latter in spite of its

minimum melt comlnsition, speaks strongly against any suggestion that the mafic

enclaves were themselves melts formed from originally solid xenoliths.

5.4. Petrography and microtextures

Selected electron microprobe analyses are given in øble 5.1. The host granite has

a bimodal grain size distribution in which large (4-15 mm) phenocrysts of quartz and



Table 5.1. Selected mineral analyses from Mannum

Sample

Lithology

861-94

granite
biotite

861-94

granite

861-94

granite

861-94

granite
MG6.F
granite

779-60

enclave

biotite

779-60

enclave

779-60

enclave

779-60

enclave

MG6.B
enclave

biotite

MG6.B
enclave

k

sio2
Tio2
At203
FeO
MnO
Mgo
CaO

Na2O

K20
ct
F

38.52

1.13

11.30

15.99

0.98

15.15

47.UI

0.93

6.L7

16.81

t.37
11.61

11.34

2.12

0.96

0.06

66.80

22.37

2J0
10.21

o.t2

67.59

t9.20

1.18

r5:t5

6't.LO

19.t4

3.53

tt.72

39.61

0.95

tL.67

15.33

0.53

16.39

48.10

0.3'l

6.@

17.&
0.97

11.38

11.95

1.37

1.Cfl

67.86

22.t\

2.35

10.65

0.10

6.25

18.79

0.35

t6.36

39.25

0.86

12.20

14.48

0.73

16.06

0.23

9.99

6ó.88

22.47

0.13

0.09

2.88

L0.26

0.38
l0.ll

nd

0.18

9.82

na

na1.49

tu) 103.73

rt.9952

4.0156

0.4071

3.565r

101.48

12.0006

4.0333

t.2235
2.6740

7.t433
0.M13
1.0653

2.L907

0.t222
2.5t91
1.9019

0.3955

0.2020

93;19

5.g',tú
0.0988

2.1881

1.8416

0.0939

3.64M

0.0669

1.9376

tt.4439

103.10

4.5320

0.0189

0.0222

0.5285

3.4050

0.0837

94.48 r03 101.75

11.5684 12.0118

4.44r'l 4.O75'l

Total

Si

Ti
AI
Fe2+

Mn
Mg
Ca

Na

K
ct

5.9699
0.1317

2.0É'40

2.U724

0.1286

3.5003

1.9989

2.4498

7.0393
0.1042

1.0882

2.1029

0.L732

2.5890

1.8 17 1

0.6144

0.1824
0.0150

tt.492t

4.5350

0.4979

3.4M2
0.0262

5.99r9
0.1085

2.0811

1.9389

0.0681

3.6962

0.0523

1.8959

0.4287

3.52W
0.0228

0.1213

3i844

.9830

l2J:86J.Oi O:10.2:89-8 0:31.4:68.6

15.58 19.9824

10.8:88.6:0.6 0:3.1:96.9

15

65.6 53.5 66.4
Msf
An:Äb:Or

62.800 55.2
13-2:84.8:2.1

¡(
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alkali feldspar are contained in a finer grained (0.5-1 mm) matrix of interlocking quartz,

feldspar and mafic phases. Alkati feldspar (507o) in the matrix is microcline whilst the

phenocrsyts arc coarsely perthitic with ribbon-like albite exsolution, show simple twins

and contain firequent quartz and plagioclase inclusions. Reconstructed phenocrysts have

anorthoclase-sanidine compositions (Ab3 1 :0169 - Ab56:Or56). Rapakivi textures are

formed in the phenocrysts by albite rims that are often optically contiguous with the

plagioclase component of the perthite exsolution (Fig. 5.1e). In places these rims a¡e

formed by composites of plagioclase gains.Qua¡tz (207o) forms anhedral grains with

frequent mosaic textures and subgrain development Plagioclase (207o) is largely

restricæd to the matrix where it occurs as variably sized (0.5-3 mm), subhedral, tabula¡

prisms. These a¡e moderately zoned to morc calcic cores (Abg9-s4) and myrmekite is

often developed as lobate protrusions where these gfains a¡e in contact with quartz.

Biotiæ (47o) forms medium sized (1-2mm) subhedral, grains whilst hornblende is a rare

(-27o) component. The biotites are moderately magnesian (Mg/ Mg+ Fe 0.6 - 0.75) with

almost no octahedral Al and up to 2.57o fluorine. In this they are typical of the biotites of

I-type granites (Chappell and \White, 1984). Mannum differs from most of the other late-

Delamerian A-type graniæs (cf. Foden et al,l9X)) in that much more Fe-rich biotite is

normal (Mg# 0.55- 0.30). Accessory phases in the granite include apatite and zircon both

of which occur as early formed, euhedral sftmpy prisms which are often included in

biotite and the quartz and alkali feldspar phenocrysts. Fluorine forms laæ interstitial

grains.

The fine grained.(O.S mm), soped blocls are compositionally like the coarse

graniæ except ttrat the texturc is equigranular. In fact they are equivalent to the matrix of

the host granite though sphene is less abundant and quite laæ-stage forming anhedral

poikilitic patches.

The dioritic enclaves show a variety of æxtrues and compositions however chilled

margins are not observed- Texturally the enclaves are quite equigranular (Figs. 5.lf & g),

grain sizes being restricted to 0.1-0.3 mm though plagioclase laths may reach 0.5 mm and

some dispþ afaint rach¡ic tDxttlle suggesting flow alignment. They are composed of

subhed¡al to anhed¡al plagioclase (60Vo),biotiæ (107o),hornblende (107o), sphene (87o)

and op.aques (21o). Sphene and zircon are coÍImon accessory minerals along with frne

acicular apatiæ which may indicate some initial chilling of the mafic magma (Fig. 5.1h).

The enclaves differ from the graniæ in ttreir mode and texture but less so in the

composition of their constituent minerals. As in the graniæ plagioclase has normally

zoned albite-oligoclase compositions and the biotiæ is similarly magnesian (Mg# 65). The

cores of the darker, least hybridized enclaves show some slight trachytic textwe defined

by elongate hornblende and plagioclase and in these mafic phases constitute up to 3570.

However, towa¡ds the margins elongate plagioclase and hornblende a¡e gradually
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replaced by equant grains with feldspar and quartz increasing in abundance. Even where

the contacts with the granite are quite sharp there is a panly gradational transition from

diorite, with an increasing numbe¡ of larger felsic inclusions, to the gfanite.

Sphene is a major accessory mineral (1-3 modal 7o) andoccurs in both the

enclaves and the granite.In the enclaves, sphene is relatively fine grained texturally late

formed and sometimes even poikititic. In the granite and the outer margins of the

enclaves, it is more commonly of larger gnin size and euhed¡al. The sphenes in ttre

graniæ arc very REE enriched and have over 2wVo total REE (Table 5.2). There is a

systematic decrease in the REE content of sphenes from granite to enclave rim and then to

enclave core (Fig. 5.2a &b).
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Phenocrysß, reaching 15mm in diameter, of quartz and alkali feldspar are

common inclusions in the enclaves and identical to ttre phenocrysts that must have been

crystallizing early in the host granite.In the enclaves these phenocrysts show signs of

corrosion consistent with initial disequilibrium in ttre presence of hotter mafic magma.

The alkali fetdspar corcs are ubiquiously overgrcwn with broad (0.5-1 mm) rims of

albite (Fig. 5.lf & g) which, along with overgrowths on the quartz phenocrysts, often

contain abundant small inclusions of hornblende, plagioclase and sphene. These

inclusions have the same composition and a similar or smaller grain size (0.1-0.2 mm)

than those in the enclosing enclave (Fig. 5.1Ð suggesting that they were nucleating

against the phenocryst which subsequently overgrcw them. Where the phenocrysts lie on

A

B
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Tabte 5.2: Electron microprobe analyses of sphenes f¡om the compositionally zoned enclave

MG6A/B MG6C MG6D MG6E/F

sio2
Tio2
At203
FeO
MnO
Mgo
CaO
Na2O

3t.62
34.t7

1.90

2.73
0.r2
0.18

29.t4
0.21

3r.07
34.68

1.41

2.27
0.26
0.41

27.93
0.47

3 1.10

30.70
2.67
3.59
0.17
0.38

27.96
0.40

30.07
32.95

1.61

2.68
0.30
0.25

26.7r
0.47

La2O3
Ce2O3
Nd203
Gd203
Dy2O3
Er2O3
Yb203
Nb205

0.255
0.741
0.128
0.097
0.146
0.038
0.043
0.290

0.344
1.183

0.131

0.r25
0.r32
0.038
0.036
0.530

0.349
r.357
0.175
0.157
0,238
0.072
0.079
0.890

0.442
1.660

0.23L
0.189
0.226
0.080
0.066
0.770

Total 10 1.80 101.00 100.30 98.70

Note: each analysis is the average of between 3 andT spot analyses
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the granite-enclave boundary the dioritic maærial is clearly moulded around them. Simila¡

relationships have been described in detail by Vernon (1990) and are strong evidence that

the phenocrysts were included into the enclaves under liquid state conditions. The

pronounced development of rapakivi texturcs in the enclaves and the mesocratic hybrid

zones is consistent with a magma mixing origin as suggested by Hibbard (1981) and

Bussy (1990).

The dolerite dyke (hornblende S}To,plagSoclase 467o) has a fine grained trach¡ic

texture defined by the alignment of elongate (1 mm) plagioclase laths. These ¿ì.re set in a

sub-ophitic groundmass comprised of more equant (0.2-0.3 mm diameter) plagioclase

and hornblende. Glomeroporphyritic accumulations of hornblende are common whilst

opaques (magnetiæ and pyriæ) account for up to 47o of the rock. Sphene is unevenly

distributed forming up to 0.57o in some sections whilst being absent in others.

Compositionally this dyke is similar to the corcs of the most mafic enclaves.

5.5. Geochemical and isotopic variation

The geochemical data in table 5.3 include rcprcsentative analyses of the Mannum

graniæ, a selection of enclaves including five serial sections and two analyses of the

dyke. Table 5.4 contains mre earth element and isotopic analyses for the granite,

enclaves, diorite dyke and two contemporÍìneous basaltic dykes from nea¡ Mannum at

Black Hill and Reedy Creek (see Fig. 2.1).

Both the host graniæ and the fine grained marginal phase are diopside-normative

with a silicic potassium-rich composition, relatively high Rb, Ba, LREE, Y,Zr and Nb

contents and low CaO, AlzO3, V, Sc, Sr and Ni.In frgurel4ttre rare earth pattern for the

granite has a large negative Eu-anomaly, which together with l,ow Sr and very high Rb/Sr

ratio, suggasts protracæd feldspar fractionation. MgMg+Fe ratios are quite low (0.17)

and Ga/Al ratios are high. Fluorine levels are quiæ high (300 ppm in the chilled blocks,

700 ppm in the coarse gnniæ) and apatite, biotiæ and sphene all contain signifrcant

fluorine levels. All these are features attributed to A-t1pe granites by Collins et aI (L982)

and Whalen et aI (1937) and the Mannum pluton is one further example of an extensive

S.E. South Australian province of Early Ordovician alkalic,late-orogenic magmatism

(Foden et al,l99O). It is significant that these granitic rocks display a quite restricted

compositional range. If these are higtrly fractionaæd graniæs then fractionation

presumably took place in a magma chamber beneath the current exposure level. Isotopic

Overleaf Figure 5.3. SiO2 variation diagrams for samples of the Granite (crosses), the dyke and

enclaves (squares) and the analyseJsamples from the serialty sectioned enclave (open circles). Note that

the dispersibn of the data in thè plots corresponds closely to the interpretation in figure 5.10.



Tio2
¡

t
T rrr

I tb.
a

t*,

3

2

I

0

t4

12

10

8

6

4

2

0
70 80 40

60 70

60 70 8040

50 60 70

50 60 70

50 60

60

sio2

50 60

50

50

8040

10 0.4

0.3

0.2

0.r

0.0

8

6

4

2

400

300

2N

100

6

5

4

0

140

120

100

80

60

40

20

0
40 4A80 80

70 80
3
40

600

500

400

300

2N

100
60

sio2

lr
I

I
E%*

o
Ao

f
b

I
Fe2O3*

o
o

CaO r

IL
É€&'

0@ t o

H

MnO I o
o

lt. " &"
I I

Uoo
*F.

o
f o o

b-+00

Na2O
I

oI

o
I
T &r

T o o
o o

Sr
+

oo
õ

*
oo

o

I

I
T

V

I I

I
I

EEt",od.
o

ob

Zr
T

rt o
o

oo ooo

it. Qoo

OO

{+

1"oe

so
I

o

+T I
I

Y

o o

o
o q)

o

.gÍo
T o

I

o

o

o

o

I

t
+(,
o{f

&"
+

T

I
o oo

40 50 70 80 û 50 70 80



Table 5.3. Geochemistry of samples from Mannum

MG3 SJF'10 M4 361-93 MG2 861-95 779-63 779-60 1002 779-62 SJFS MG9
Sample

sio2
Tio2
a1203
Fe203*
MnO
Mgo
CaO
Na2O
K20
P205

7r.43
0.38

13.16
2.ll
0.04
0.50
0.92
3.89
5.12
0.06

7r.76
0.43

r3.68
2.46
0.07
0.60
0.91
3.97
5.44
0.10

72.03
0.36

13.84
2.r0
0.06
0.38
0.80
4.2r
5.43
0.07

72.24
0.38

13.77
2.t3
0.07
0.55
0.87
4.01
5.6
0.08

72.53
0.41

r3.03
2.47
0.05
0.62
0.91
3.84
4.95
0.08

73.86
0.19

13.83
t.19
0.05
0.51
r.57
4.43
3.56
0.05

49.90
2.54

15.20
12.25
0.28
5.r5
6.77
4.66
1.85
0.68

52.90
1.93

15.10
10.28
0.38
4.44
6.71
4.48
t.4l
0.52

53.18
r.81

t4.92
10.37
0.31
4.M
6.53
5.31
2.02
0.45

53.60
t.79

15.00
10.02
0.28
4.08
6.21
5.47
1.98
0.45

54.69
1.92

14.41
r0.22
0.30
4.82
6.02
4.76
2.39
0.49

55.58
1.91

14.98
r0.t2
0.16
3.44
5.82
4.83
1.60
0.79

I

5
2

4.8
24
10

169
t22
555

19

5
4

4.9
23
14

31
333

58
27
6.5

74
145
58

Cr
Ni
Sc
v
Pb

Rb
Sr
Ba
Ga

Nb
Zr
Y
Th
U

La
Ce
Nd

5
4

5.7
25
t4

t94
145
659
2l

51
405

69
23
6.1

85
150
61

5
5

4.7
22

8

5
1

5.5
2l
12

t97
\36
&I
2l

49
334
62
27
9.4

91
r52
57

40
548
70r

23

45
507
&
r4
nd

25
30

24.9
233

29

T6
33
30

2r4
t2

54
225
326
22

189
r42
634

48
324

56
22

4

94
183

83

7l
116
44

6T
t14
44

180
565
177

79
106
34

7l
r43
59

63
138
45

t2
27
25
18

7

6
234
253

5
I
5
5

8

2l
52
32

301
138

r49
435
575
23

14
32
27

2r0
18

2

t2
13

26
175

7

t77
t29
593
22

t26
108
563

19

58
220
108
23

34
294

57
t2

8.4

67
108
43

101
301
420
23

11.8
406
62
25
8.3

20.6
166
40
42
10

30
324
t39

10
16

29
306

59
11

7

35
3r4

52
13

12

34
284
1l
l6
11

62
111
42

j
(



MG8 779-ø 779-61 MGl MG7 MG1O MG6-A MG6.B MG6.C MG6.D MG6.E MG6.F
Sample

sio2
Ti02
At203
Fe203*
MnO
Mso
CaO
Na2O
K2()
P205

56.00
1.65

14.57
9.09
0.29
3.67
5.77
4.98
2.40
0.39

58.20
r.52

14.90
8.48
0.26
2.7t
4.3s
5.&
1.78
0.73

68.47
0.66

13.91

3.6
0.11
1.31
2.0t
4.63
3.86
0.r6

46.6t
2.03

15.93
t2.23
0.26
7.37
9.62
3.47
0.t5
0.37

46.88
1.88

t6.75
11.75
0.26
7.9
9.67
3.31
0.93
0.35

57.82
1.48

14.60
7.96
0.23
2.63
4.57
5.08
3.r7
0.67

ñ.t4
1.33

t4.39
7.2r
0.20
2.34
3.95
5.14
2.93
0.60

61.16
1.30

14.47
7.13
0.20
2.25
3.73
5.59
2.18
0.58

65.91
0.93

13.55
5.39
0.14
r.67
2.59
4.92
2.90
0.38

7r.73
0.37

13.49
2.18
0.08
0.53
t.26
3.90
5.03
0.07

7r.98
0.38

t3.24
2.20
0.06
0.60
r.01
3.U
5.08
0.07

57.80
1.53

15.00
7.78
0.24
2.53
4.90
5.09
3.55
0.69

5
8

9.8
60
T4

3

76
226
290

23

27
288
48
20
r6

Cr
Ni
Sc
v
Pb

Rb
Sr
Ba
Ga

Nb
Zr
Y
Th
U

La
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t2
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185
61

r6
l5
2t

139
T7

88
378
&6
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58
549
78
20
3r

t12
r98
8r

l3
2l
l8

136
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r54
23

69
522

90
2t
l1

142
259

88

t42
80
39

3r4
3
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397
t42
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183
4t
2.9
4.3

r42
85
37

301
9
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393
2tl
2l

t2.4
t77
35

2.6
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18

11
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138
62

T4

8
17.7
t2l
65

lr0
269
425
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12
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16.7
116
94

5
2

6.9
23
13

5
2

5.9
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l0

5
5

3.2
75
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I
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530
2t
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313
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7L
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rl6
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136
r64
325

23

76
425

89
2l
29

109
205

80

r74
r52
&3

19

46
336

55
19

4.r

t79
146
625
2t

&
r39
44

48
332

56
24
3.8

109
208
254

24

&
502
89
24
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TzL
ztt
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t79
69

52
481

70
25
48

54
81

26

54
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6
22

5
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10
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2t
42
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r49
53
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861-96-1 861-96-2 861-96-3 861-96-4 861-96-5 S6t-96-6 90-300-1 90-300-2 90-300-3 90-300-4 90-300-5 90-300-6
Sample

sio2
Tio2
At203
Fe2O3*
MnO
Mgo
CaO
Na2O
K20
P205

û.24
1.40

14.63
7.68
0.36
3.10
4.22
5.39
r.M
0.34

6r.16
r.39

t4.26
7.55
0.38
3.00
4.11
5.29
t.33
0.33

61.11
1.40

14.36
7.5r
0.32
2.90
4.07
5.14
1.52
0.33

58.05
r.57

15.03
8.57
0.32
3.13
4.38
5.22
r.75
0.38

7r.13
0.53

13.46
2.&
0.08
0.92
r.43
3.60
5.02
0.12

73.00
0.30

13.24
1.93
0.rr
0.53
1.07
3.83
4.83
0.09

60.05
1.47

14.49
7.95
0.36
3.07
4.35
5.27
r.42
0.35

59.76
1.53

14.58
8.26
0.32
3.2r
4.18
5.25
1.59
0.37

59.65
t.47

t4.52
8.31
0.30
3.01
4.M
4.93
2.r5
0.35

73.24
0.39

12.90
2.27
0.07
0.70
0.98
3.29
5.42
0.08

73.92
0.36

T3.U)
2.0r
0.04
0.43
0.83
3.60
5.00
0.07

û.02
1.48

14.54
8.01
0.31
3.14
4.15
5.24
r.54
0.35

Total 99.47

l5
t4
16

142
36

99 49

104
126
184
23

ss 34

6
11

19
128
43

110
130
116
25

99.44 ss 45

8
5
4

T7

t2

168
130
525

19

99 25

2t
t4
19

140
49

130
126
113
25

t37
236

68

gg 56

1.4

24
130
52

140
t27
116
26

97
321
103
25
22

99 99 99.& gg 48
99.

13

15

l9
t42
46

15

l3
LI

137
38

9
ll
28

135
34

r47
287

91

9
7

l1
31
l3

T2

7
32

tL4
24

t44
r30
r82
26

138
292

99

16

6.4
8

2r
11

&
r20
44

r3
5.6

4
t7

9.4

174
r20
546

18

60
r23
46

r3

3

Cr
Ni
Sc
v
Pb

Rb
S¡
Ba
Ga

Nb
Zr
Y
Th
U

La
Ce
Nd

108
130
r37
25

53
313

69
24
9.2

t24
207

62

116
343
118
28
23

61
257

62
26
1.1

78
15

88
26
r9

J

r34
229
70

&
16
't9
28
38

r38
224

72

r73
126
533

20

130
136
r44
27

70
145
56

45
296

55
22
t.4

48
26r

52
27
2.2

t26
346
r23
27

13.8

139
249

80

74
15

85
24
t4

3
38

255
48
25

4.3

80
230
49

115
r29
99
25

67
322

81
28

11.4

136
216
67

188
t23
555

18



90-300-7 90-301-1 90-301-2 90-301-3 90-301-4 90-301-5 90-301-6 90-301-7 90-301-E 90-30I.-9 12163-1 12L63-2

sio2
Ti02
Ar203
Fe2O3t
MnO
Meo
CaO
Na2O
K20
P205

72.n
0.36

13.90
1.98
0.06
0.41
r.29
3.88
5.22
0.09

71.10
0.68

12.95
3.6
0.08
0.81
1.84
3.95
3.81
0.11

70.34
0.78

t2.98
4.29
0.10
1.07
2.26
4.28
2.85
0.14

61.78
1.31

14.38
7.39
0.2r
2.75
3.76
5.10
1.95
0.30

62.88
1.26

14.r4
7.05
0.2r
2.71
3.97
5.14
1.34
0.29

61.03
1.33

14.45
7.49
0.23
2.96
4.28
5.23
r.49
0.32

59.43
t.M

14.66
8.02
0.24
3.18
4.24
5.2r
1.84
0.35

62.26
r.29

t4.39
7.ll
0.20
2.76
3.58
5.10
r.82
0.30

72.t2
0.M

13.68
2.35
0.06
0.76
1.51
4.r3
4.t9
0.08

72.54
0.45

13.&
r.93
0.04
0.46
r.31
3.92
4.&
0.07

63.55
L.25

t4.27
6.25
0.21
2.24
2.89
4.96
2.74
0.32

64.70
1.10

14.16
5.67
0.19
1.98
2.56
4.65
3.24
0.27
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7
I
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11.3

9
7
3
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158
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75
r60
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t42
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Sample

Tofel
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seefion
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MnO
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3.08
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1.85
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13.66
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4
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analyses of the host graniæ are quiæ primitive and va¡iable with eNd -0.6 to -1.9 and

initial 875¡7865¡ 0.7048 to 0.7057 whilst a fine gained, quenched margin, granite block

has tNd -7.7 andinitial S75rp65, 0.7117 suggJting crustal contamination.

The enclaves are quartz-diorites and show a diverse rÍmge of compositions with a

range of SiO2 from 49.90 to 68.471o and MgO 5.15 to l.3|7o. Their PzOs, TiO2 and

REE conænts are quiæ high and the most mafic and felsic end members approach the

compositions of the dolerite dyke and host granite respectively. The serially sectioned

enclaVes show considerable chemical zonation resulting from chemical diffusion (see later

discussion). A rait earth pattern from one of the more mafic enclaves is virtually

indistinguishable from the host granite with the exception that it lacks a Eu anomaly (Fig.

¡.f ). This diagram also shows two of the contemporaneous basaltic dykes from outcrops

nearby that arc isotopically similar to ttre doleriæ dyke at Mannum and have rare earth

patrerns of simila¡ shape to the enclave. eNd (-0.4 to -3.1) and initial 875¡7865¡ (0.7055

to 0.7060) values for the enclaves a¡e similar to the host granite displaying a considerable

isotopic range.

10()

10

79-60

1l-1035

T79-5

La Cc l¡d Sm Eu Gd D,y Er yb

Figure 5.4. Chondrite normalized ra¡e earth patterns for the
lvfannun Graniæ (861-93), an enclave Q796), abasaltic dyke
from Black Hill (11-103Ð and a dioriæ dyke from Reedy Creek
(77e-Ð.

The dolerite dyke has a TiO2 rich basaltic composition with high Fe2O3, MgO,

CaO, Cr, Ni, V, Sr and relatively low Ba, Zr, Nb, Y. K2O, NaZO and Rb are moderately

enriched with the overall composition being similar to a moderately alkalic continental

tholeüte. Isotopically it is clearly mantle derived with eNd +4 and initial 875165.

O.7O4l. These values arc very like those inferred for the parcntal Black Hill magma in

chapter 3 and the dyke is LREE enriched similar to this inferred composition and

associated dykes nearby (Ftg. 5.4).



Table 5.4.

Sample

Locality

Selected ra¡e ea¡th and isotopic analyses from Mannum

861-9s

Mannum

8ó1-93

Mannum

MG3
Mannum

876-M4
Mannum

779-60

Mannum
enclave

MG9
Mannum

enclave

MG6A
Mannum

enclave

779-62
Mannum

La
Ce

Nd
Sm

Eu

Gd

Dy

Er
Yb

147Sm/144Nd

143Nd/144Nd

143Nd/144Nd (487Ma)

eps Nd
Tmod(dep)

3r.25
5.92

0.114546

0.51199 +l-25

0.511625

-7.67

r.30

0.106330

0512295 +L22

0.511956
-r.20

1.08

53.28

9.33

0.105926

0.512325 +L25

0.511987
-0.59

1.04

0.tr4t76
0.512287 +l-53

0.5rt923
_r.85

r.t7

0.114616

0.5t2361+l-24
0.511995

-0.43

1.07

82.62

14.93

0.109322
0.5t2249 +l-25

0.511900
_2.29

t.t7

o.114623

0512223 +l-25

0.511857

-3.13

r.23

55.51

11.10

0.121396

0512373 +L27

0.5r2r73
-0.62

0.84

79.93

155.36

59.89

10.53

t.67
8.60

8.90

5.r7
5.29

46.16

8.71

77.74

138.37

49.29

9.34

2.7r
8.60

8.87

5.11

5.27

49.29

9.34

Rb
Sr

126.0

108.0

3.379063

0.735153

189.8

133.3

4.131658

0.733774 +l-23

178.9

131.1

3.954686

0.732300 +l-50

181.7

139.0

3.785û7
0.7320t7 +l-r4

6r.2
213.r

0.830784

0.711337 +l-27

39.6

559.1

0.205317

0.706897 +l-r9
0.705472

108.0

321.6

0.973029

0.712320+142
0.705568

55.7

22r.5
0.728905

0.7rr093 +l-59
0.706035

87Rb/865

87Sr/86Sr
87Sr/86Sr 487Ma 17M 0. 103 0. 'l 0.

o
N



La
Ce

Nd
Sm

Eu
Gd
Dy
Er
Yb

Sample

Locality
LitholosY

147Sm/144Nd

143Nd/144Nd

143Nd/144Nd (487Ma)

eps Nd
Tmod(dep)

Rb
Sr

ETRb/86Sr
87Sr/865r
87Sr/86Sr )

779-63

Mannum
encliave

209.53

40.47

0.116837

0.5t2296+147
0.5t1923

-r.84
1.19

779-64

Mannum
enclave

96.93

15.92

0.w9347
0.512t96 +l-34

0.511879

-2.70

l.r4

MGlO
Mannum

diorite dvke

26.3',1

4.56

0.104602

0.512555 +l-23
0.51222r

3.98

0.73

779-5

Reedy Creek

diorite dyke
20.40

50.63

24.51

4.93

1.53

4.56

3.99

2.W

1.83

876-11-1035

Black Hill
basaltic dvke

15.63

38.75

2t.94
4.97

1.83

5.44

5.32

3.00

2.87

0.137145

0.5t2614 +l-20
0.5r2t77

3.11

0.90

0.126567

0.5t2450 +l-27
0.512045

0.58

1.06

154.9

432.9

t.036294
0.712315 +l-57

0.705124

98.7

373.0

0.7ffi72
O.7t0922+l-33

0.705602

2s.9

406.2

0.1u822
0.705390 +l-37

7MtO7

43.0

882.0

0.141025

0.705610 +l-99
0.7M627

38.7

368.8

0.303193

0.706257 +l-23
0.704153

o
u
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5.6. Discussion of the origin of the enclaves

Various models have been proposed for the origin of mafic enclaves in granites

including: they are country rock xenoliths; they reprcsent restite; they formed by liquid

immiscibility; they resulæd from crystal accumulation; they were contemporaneous mafic

magma which may or may not be genetically relaæd to the host granite. Each of these will

now be considered in turn.

The similar isotopic range for the granite and its enclaves argue for some genetic

relationship between the two and the smooth, rounded shapes, textural homogeneity and

coherent compositional array of the enclaves a¡e inconsistant with them being accidental

xenoliths of counüry rock Likewise the regular compositional gradients within the

enclaves (see later discussion) and the occrurence of phenocrysts from the granite within

them argue against xenolithic origin.

I-type granites commonly carry populations of mafic to intermediate igneous or

meta- igneous-Þxtured xenoliths. These have been interpreæd as solid inclusions either of

restitic origin or as direct sampling of source rocks or modifications of source rocks (eg

Whiæ and Chappell, t977; Gritrin et a\,1978; Chen et al,1990). As angular, solid

fragments it is probable that those enclaves differ significantly from the globular, plastic

shaped, zoned inclusions described here. The same authors have suggested that zoned

plagioclases with calcic cores rcpresent restitic material. The plagioclases from Mannum

however have only mildly calcic cores which are readily explicable by other processes (eg

Watl ¿r at,l987).Linea¡ unmixing arrays on va¡iation diagrams a¡e inherent in the restite

model (eg Chappell et a1,1987), however as figure 5.3 shows, many elemental trends for

the Mannum enclave-granite suite show curvilinear trends and some (Na2O, Zr,Y)have

clearly inflected rends. In summary ttre restite model is not applicable at Mannum.

Liquid immiscibility is also not a viable origm for the Mannum enclaves.

Experimental studies in nvo liquid systems (eg. Ryerson and Hess, 1978) indicate that

the high field strength cations, transition metals andra¡e earth elements are partitioned

into the mafic liquid and depleted in the silicic one. In terms of many of the bulk enclave

compositions and the compositions of their cores, the opposite is tn¡e at Mannum (but see

subsequent discussion of diffusion). Additionally immiscibility should produce enclaves

in isotopic equilibrium with the granite yet both the graniæ and enclaves show a range of

isotopic composition and isotopic equilibrium only occurs locally at the enclave margins.

An origin involving crystat accumulation wouldrequire an unknown mechanism

for breaking up andredispersing a cumulaæ pile through the graniæ. The lack of

cumulaæ textues in the enclaves and their finer grain size suggest they are unlikely to

have resulted by crystal accumulation from the granite. The almost identical rare eafth
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patterns also argue against such a model and the enclave lacks apositive Eu anomaly to

compliment the negative Eu anomaly in the granite.

None of the preceding models are applicable to the features seen at Mannum

which we conclude are a consequence of co-mingling of contemporaneous magmas. It is

suggested that the freld andpetrographic observations provide unequivocal evidence for

their originally liquid state. Vernon (1984, 1990), Vemon et aI (1988), Reid et al (1983)

and Bender et al (1982) all describe globular inclusions like those at Mannum and

conclude that they reflect a molten origtn.

5.7. Enclave - granite interaction

This chapter is concerned with the interaction between the contemporaneous mafic

and felsic magmas at Mannum. The evidence prcsented above suggests that the host

coarse grained graniæ was an only partially crystalline magma and that the enclaves rffere

at least very hot plastic solids and more probably magmas at the time of their interaction.

Furthermore, the data suggest , that complete mixing did not occur although the

compositions of the enclaves became concentrically modified by diffusional exchange. In

the experimental studies of Ryerson and Hess (1978) on two liquid systems the high field

strength cations, transition metals and rare ea¡th elements are partitioned into the mafic

tiquid and depleted in the silicic one. Although immiscibility is not a viable explanation

for the Mannum enclaves, diffusion has occured and it is certainly the case that some

parts of the enclaves a¡e enrich?ÃtnZr' Nb, REE, PZO5, TiO2 and transition metals by

comparison with the gnnite (Frg. 5.5 and also compÍue MG6A - MG6D with MG3 in

150

300
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E 200
ô-ô' 

r5o

r00

50

o

V

Ce

ÈIG7 I1G8MG6AB C D E

OYKE ( SERIAL SECTION

coRt Rll{

Rb

F M63

GRANITE

Figure 55. Trace element profrles from core to rim of the
serially sectioned enclave (MG6A-Ð with which are plotæd the
host graniæ (MG3), a very large xenolith (MG8) and ttre dolerite
dyke that cuts the graniæ (MG7).
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table 5.3). The physical and chemical diffusive aspects of this interaction wiil now be

looked at in more detail.

5.7.1. Thermal and physical constraints on mixing

Recent sn¡dies on the thermal and fluid dynamic aspects of magmas have had

important implications for our understanding of magmatic processes (e.g. McBirney,

1980, Huppert et a\,1984, 1986, Turner and Campbell, 1986). The plutonic complex of

Sr Kilda Scotland (Sparks and Mafshall, 1986) for example shows very similar

compositions and compositional ranges to the rocks at Mannum, the more mafic tholeütes

being like the Mannum dyke and the granophyres equivalent to the Mannum Granite with

a ftmge of ferro-andesites and basalts similar to the Mannum enclaves. In the case of the

Sr Kilda rocks Sparks and Marshall (1986) show that only the magmas with less than

 floMgo were capable of mixing with silicic magmÍL Those which are more magnesian

than this becoming too viscous to mix after thermal equfübration.

The process of mixing involves both physical shearing and reduction in the

d.ispersed droplet or globule size, accompanied and followed by diffusional thermal and

material exchange. The effrciency of the first phase depends on the vigor and turbulence

of flow and on the viscosity contast between the two phases. Sparks and Marshall

(1986) note that thermal diffusion beween mingled magmas is orders of magnitude

quicker than chemical diffusion so that the ændency for compleæ mixing is dependant on

the physical properties of the ¡wo after thermal equilibration. If there are very big

differences in viscosity after thermal equilibration, then mixing will not become complete.

In the situation where the equilibrated temp€rature of the mixftre is low, a mafic magma

may simply fræzæ, to form xenoliths, while at the same temperature droplets of an

intermediate magma may be well above their solidus and be fluid-enough to mix with the

host graniæ. For this reason mixing be.nveen very mafic and very silicic magmas is not

favoured.

The viscosity of a magma depends on a number of factors including temperature,

crystallinity and composition. The inær-relationship of these factors has been modelled by

McBirney and Mruase (1984) and Shaw (I972).In a manner somewhat like that adopted

by Sparks and Marshall (1986) and using the the relationships described by Frost and

Lindsay (1988) a viscosity - temperanre diagram has been constructed (Ftg. 5.6) for the

range of granite and enclave compositions at Mannum. This illustrates that only when

temperatues were in excess of about 1000 rc would the core composition of the enclaves

have a simila¡ or lower viscosity to that of the host granite, allowing the two to freely

mix. Due to its higher solidus temperature however, at lower temperatues, the viscosity

of the mafic meltrapidly increases to greatty exceed that of the granite magma. When the

temp€ratrue of the system is between about 850 and 930 rc the mafrc magma is
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cryltattiration. Note that ftee mixing between the mafrc and felsic compositions only occurs at

æmperatrues above 980 degrees. The lower cartoon relates the observed variation of rheological

behãviour of the enclaves during entrained flow in the gnniæ magma with the temperature -

viscosity relations from the diagram above.

effectively solid (p > 15 - 20 poiso) whereas under ttrese condiúons the granite is still a

viscous fluid and the two will be incapable of mixing. The composition of the enclave
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will be progressively modified by diffusion and towards its rim will progressively tend

towards the composition of the granite. Thus at temperatures less than about 980 oC, this

change will progressively decrease the viscosity of the enclave outer margins.

Because ttre actual viscosity-æmperature relationships calculated using Frost and

Lindsay's (1988) model are quite dependent on the uncertain OH- and F- content of the

magma the æmperatures indicaæd in frgure 5.6 a¡e only approximate, although the

general geomeüry of the illustrated relationships arc tn¡e. This diagram was constructed

for H20 =2fto,consistent with the estimates in chapter 4 and with experimental work by

Clemens et at. (1986), however, the effect of fluorine, which is likely to lower viscosities

(eg Dingwell et a1.,1985) is not accounted for. Further, as the granite is by the far the

majority phase at this intn¡sive siæ, the equilibration temperature of the mafic-felsic

mixn¡re will be that of the granite. The variable flow-induced deformation of some

compositionally zoned enclaves €ig. 5.6) appears to well illustraæ the implications of the

modelled composition-temperatufe-viscosity relationship (Fig. 5.6)- The more

hybridized parts of the enclaves certainly show plastic deformation implying p < 20 poise

and thus remperatures > 890 oC (Fig. 5.6). Thermal diffusion is much faster than

compositional diffusion and taken at face value this temperature must also represent the

minimum equilibration temperature with the graniæ. This indication that the Mannum

granite crystallized from a moderately dry, high temperature magma is supported by

experimental data on A-type graniæs (Clemens et ø,1,1986) and high temperature

pyroxene assemblages from related A+ype rocks from the Padthaway region to the

southeast of Mannum (chaPter 4).

Field observations indicate some of the enclave mafic cores behave as strong

sotds requiring that the physical separation illustrated in the lower cartoon of figure 5.6

took place at T< 930 oC. And yet it does appear that the dispersed drop-hke form of the

mafic enclaves requires that these were initially hot enough to exhibit fluid behaviour

implying ttrat this component was initially above 980 rc.

5.7.2. Post-mingling diffusion
As illustrated by the TiOZ- SiØ variation in figure 5.3, the bulk composition of

the graniæ appears unaffected by eontamination by the dioritic enclaves possibly

reflecting both the volume6ic minority of the enclaves and the sluggishness of physical

mixing. This would imply that viscosity contrasts benveen the enclave and granite were

l4rge enough to inhibit compleæly free mixing, though freld observations indicate that the

outer zones of many enclaves have achieved an extremely advanced staæ of hybridism,

yielding pale-g¡ey hybrid granite composition (see MG6E and MG6F, table 5.3).These

a¡e also the siæs of the most advanced rapakivi texture. This evidence indicates that even

though physical mixing was inhibite{ diffusional exchange rates were fasl



In order to investigate the possible role of diffusion in the granite - enclave

interaction, corp to rim variation of several typical 20 cm diameter enclaves were

investigated by means of approximately 1.5 cm thick serial sections. This data has also

been presenæd. together with the composition of the cross-cutting Mannum Quarry mafic

dyke and an analysis of a very large2-3 meter enclave included in the Mannum granite. It

is apparent that in general compatible elements likely to be in high concentrations in a

mafic magma show a trend of depletion from the dyke and enclave core to its rim. These

elements include Ni, V, Sc, Mg, Cr and Sr. Conversely incompatible elements such as

Rb and KZO show reverse behaviour. These va¡iations show the form and extent of

variation consistent with diffusional control (eg. Hofmann' 1980).

Diffusion in one dimension is described by Fick s first law

J=-D4
âx

where J is the flux of tracer, D is the distribution coefficient, c is the tracer concenÍation

and x is the distance in the direction of diffusion. For a volume element of material with

conservation of mass, Fick's second law states

âc ^ â2c

ar=u N
The simplest solution of this is given by the following expression (Maaloe, 1985;

Hofmann, 1980):

c(x,t) = c$e- (r-.'r (r+-J) (1)

'Where D is the diffusion constant (cm2/s), erf is error function, t is'time and x dislance,

c(x,t) and (cfq)lZexprcsses the average of the compositional difference between the

starting concentrations of the same element in the two initial reservoirs. This is a

simplifred. diffusional description of the probable situation at Mannum, however in

principle it does illustrate the dependency of the prccess on the diffusion coefficient @)

and time.

Diffr¡sion will take place down a concentration gradient (activity gradient?) and

would not predict reversals in the sense of direction of the profile. For this reason, the

variation of many elements in the enclave serial sections are not explicable by pure

diffusional control. The REE, Y,7tr, Nb, U and PZOS for instance, each have hìgher

concentrations in the granite than in the mafic magma, yet they show real increases and

concentration maxima within the enclave (Fig. 5.5). In figure 5.7 the result of a

calculation for a diffusion coefficient of 10 cm2 a-l and a time interval of 0.5 - 106 years

is shown. This profile is not unlike that illusrated for Rb (for instance) in figure 5.5. By
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contrast, the concentration va¡iation of La for the dyke-enclave-ganite series has also

been ploned on fi.gure 5.7 and is representative of the situation for Y and the REE in

general. This shows a very distinct concenmtion hump in the enclave and though the

extremities of the profile seem to be in keeping with the diffusional model, some

additional factor is clearly operating. It has already been mentioned that sphene is an

abundant phase in the Delamerian granite province in general and that the Mannum

enclaves are particularly sphene-rich. Accordingly it seems possible that the deviations of

element concentration profiles away from the ideal diffusion-controlled model is due to

reaction, mineral growth and the establishment of mineral sites to which trace and minor

elements are partitioned-

. The continuous increase in zirconium concentration towards the more mafic core

of the serially sectionedxenolith Gig.5.8a) is intriguingasZt is an essentially

incompatible element in most magmatic systems until zi¡èon saturation is achieved. The

Zr concentrations in the xenolith corc arc more that ¡vice those of the mafic dyke rocks,

or of the large enclave (MG8, Table 5.3) and arc also higher than those of the granite.

The compositional and æmperature dependency of zircon saturation have been calibrated

in some detail (tla:rison and Watson, 1983; Watson and Ha¡rison, 1983, 1984). Figure

5.8b illustrates the isothermal (825 oC) Zr concentration at which zircon saturation occurs

for each of the compositions from granite to enclave core calculated from the expression

for zircon solubility generated by V/atson and Harrison (1983):

tnDTrzircon/melt = [-3.8 - [0.85 (M-1)]] + 12900 lr ........(2)
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Where D is the concentration ratio of.Z¡inthe stoichiometric zircon and M is the cation

ratio (Na + K + zCa)/(AlxSi) the sum of these cations being 1. For the enclave, the

calculated Zr concentration profile Gig. 5.8b) coincides remarkably with both the form

and the actual values of the measured profile.
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Figure 5.8a. Analysed concentration variation of Zr across the dyke-enclave
ganite profile.

5.8b. Zirconium concenFations required for zircon saturation of the

bulk compositions in Fig. 5.8a (shown as open symbols) at 825 and 725 oC

calculaæd using equation 2. The diagram suggests that in the smaller enclaves
(10's cms in diameær) Zr concentrations are a function of the achievement of
zircon saturation at temperatures in excess of 825 oC.

The enclave must have had a homogeneous Zr composition when it was first

included and therefore the observed concentraúon gradient must have been established in

its present site. U-Pb isotopic analysis of zi¡con separates from other granites of this late-

Delamerian series by Foden et aI (nprep) reveal that by contrast with the syn-tectonic

Delamerian granites, zircons from this group are almost perfectly concordant. Given that

theT¡ concentration profile within the xenolith is exactly appropriaæ to that buffered by

the zircon-saturaæd Zr concentration in the graniæ at 825 oC this indicates that granite

melt evolution took place at or above temperatures required for zircon saturation (825

oC). In addition diffusion of Zr continued into the enclave at this temperaflre as long as a

zirconium activity gadient exisæd, ceasing a.s soon as Zr concentrations sufficient for

zircon saturation were achieved. If the enclaves were included as solids no Zt

concentration profile is expected due to Zr-immobility in zircon-saturated rock

The contasting behaviour of the high field strength trace elementsZr and Nb in

the mafic-felsic magmatic inæraction is inæresting and may be a significant factor in the

generation of the Nb-depleted lithophile element patt€rns that a¡e a continenul hallma¡k

(eg Pearce, 1983). In the Mannum rocks sphenes are the major Nb and REE sites and

those in the outer margins of the enclaves contain between 0.8 and 1.2 wt%o NbZO5. The

stability of sphene may be partly a function of development of a reaction front between

the mafic and felsic magmas, its stability being enhanced by the diffusion of Ti and Ca

from the enclave towards the granite and diffusion in the opposiæ sense of the REE , Nb,

SiOZ and F. This has resulted in a localised manimum in the amount of sphene, its grain-
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size and its REE content (Figs. 5.2a & b), towards the outer margtn of the enclave. The

7r profrle is dictated by the greater isothermal solubility of zircon in more mafrc

compositions (\Matson and Harrison, 1983; Harrison and Watson, 1984) and therefore

must be imposed late in the mingled cooling history after a compositional profile in major

elements had been established- The result is that the ZrA'Ib ratios decrease from enclave

core towards the granite @ig. 5.9).

MG7 MG8 HG6A 68 6C 60 6E 6F I1G]

DYKE ENCLAVT GRANITE

Figure 5.9. The variation in ZrA{b ratios across
tfre dyke-enclave- graniæ prof,tle.

The more general implication of this may be that in many crustal situations where

granitic liquids a¡e evolving in contact with mafic wall rocks or cooling in layered magma

chambers with mafic-felsic boundary layers, sphene growth by reaction may provide an

important Nb site and hence relative depletion in the granitic liquid.

5.8. Compositional relationships between the enclaves and
granite

An important question concerns the genetic relationship between the

contempoftmeous acid and mafic magmas at Mannum. Mafic enclaves have been used as

evidence for a fundamental role for mantle magmas in granite genesis (eg Holden er a/,

1937). This role may often be primarily a thermal one in which mantle magmas promote

fusion of crustal rocks to produce granitic melts (eg Huppert and Sparks 1988) and the

systematic displacement of the mantle derived enclaves to higher €Nd values in some

studies supports this scena¡io oflargely separate source rocls for the granites and their

enclaves (eg Holden et a1.,I987;Eben et a1.,1990). However, in the case of Mannum

where the isotopic values of the enclaves and the graniæ are similar, a possible

inærpretation is that the felsic magmas arc compositionally related via fractionation to the

mafic ones as indicated in chapærs 3 and 4.

The data in Table 5.3 shows that the enclaves are compositionally variable. If
simple ¡vo end member mixing (ie dilution by the granite) wæ responsible for all of this

variation, linea¡ element-element variation diagrams would be expected to rcsult
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(Langrnuir et al,1978). This is ceruinly not the case when the relationships between

TiO2, Na2O, MnO P2O5 ,Zr or Y and SiØ a¡e considered (Fig. 5.3) and the

compositional variation must have existed prior to magma mingling. 'When the entire

spectrum of compositions on the variation diagrams is considered, a surprisingly coherent

tholeiitic-style of geochemical evolution is observed in which mafic magmas first

fractionaæ pyroxenes and plagioclase to produce early TiO2-, MnO-, NaZO- and PZOS-

enrichment, with ongoing large ion littrophile element (eg7¡, Y) and SiO2 enrichmenr

This is followed by TiO2, MnO, Na2O, PZO5, Zr andY depletion as sodic plagioclase,

magnetite, ilmenite, apatite and zircon begir to precipitate. Throughout this fractionation

MgO and compatible trace elements such as Ni, Cr and Sc show continuous depletion.

The Mannum graniæ-enclave-mafic dyke data is remarkably like that from a

number of strongly differentiated tholeütic or sub alkaline basalt provinces worldwide (eg

Iceland, McGarvie et a1.,1989). Amongst the best described of these is the Scottish

Hebridean province, where ring-dyke and net-vein complexes appear to represent late-

stage mingling of a range of the liquids from the tholeüte-granophyre fractionation series.

These separate liquids formed initially in layered magma chambers (Bell, 1983; Marshall
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Figure 5.10. Plot of MgO vs P2O5 for the Mannum Quarry
samples showing the tholeütic style evolution (solid line) of
ttre mafic rocks heading towards the granite cornposition and
how diffusion (dashed lines) at varior¡s søges in this evolution
also causes dispenion towards the graniæ composition.

and Sparls, 1984) and mixing took place when they were tapped to move to volcanic

centres or dykes. Similarly it could be inferred that all the Mannum rocls a¡e derived

from a magma chamber that was compositionally zoned from basaltic at the base through

intermediate compositions to rþolitic at the top. Superimposed upon this va¡iation is ttrat

resulting from diffusion and incorporation of granite phenocrysts causing linear

dispersion of the enclaves towards the granite. This is well illustraæd on a plot of MgO vs

86|,
0
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P2O5 in frgure 5.10 where the enclaves and enclave serial sections show linear dispersion

towa¡ds the granite from a tholeütic fractionation path. The same sort of behaviour is

shown by Zr and Y in figure 5.3 where many of the outer zones of the sectioned enclaves

are dispersed towards the graniæ from a curvilinear fractionation trend- Simila¡ to the

findings of Sparks and Ma¡shall (1986), this dispersion does not occur with mafic

magma that has MgO> 57o.

On a eNd vs initial 875¡p65¡ diagram (Frg 5.11) ttre enclaves do not show any

systematic hyperbolic array with the graniæ that could be interpreæd as a mixing curve.

The enclaves show a range of isotopic values and, relative to the granite, some have

higher sNd and some lower whilst üs 875ri86Sr range is similar. This may partly reflect

the greater diffusivity of Sr relative to the REE in a silicate melt (flofmann, 1980) and as

isotopic equilibration only occured at ttre local scale of the enclave margins, the overail

isotopic variation must reflect a primary variation in both the mafic and felsic magmas.

702 0.706 0.710 0.714 0.718 0.722 0.726

initiat 87Sri86Sr

Figure 5.11. eNd vs initial 875r/865r for samples from Mannum

Quarry wittr possible contamination hyperbolae between a mafic end
merÉr, taken to be the dyke, and the Kanmantoo metasediment
from chapter 3.

The implication is that both the gnniæ and the enclave magma were isotopically as well as

compositionally heærogeneous which is best explainedby varying degrees of crustal

contamination of these magmas prior o mingling. In figrre 5.11 analyses of the host

granite and two groups of enclaves lie on separate but similar contamination hyperbolae

between a mantle derived mafic end member, which could be the dolerite dyke or the

Black Hill parental magma, and a crustal end member which is represenæd by an analysis

of the local Kanmantoo Group countryrock metasediments (from chapter 3). The group

of enclaves with higher tNd are more magnesian whilst the lower MgO group also have

lower tNd corrcsponding to greater contamination. The fine grained gnnite block

inærpreæd to be a chilled margin lies much nearer the metasediment point consistent with

the greaæst degree of contamination at the margins of the magma body.
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5.9. Conclusions and a model for the Mannum Granite

There have been numerous recent contibutions to the literature in which dioritic

enclaves are considered to represent contempor¿rneous globules of mafic magma (see

Vernon, 1984 for a tecent review) and the situation described in this paper from

Mannum, South Australia appears similar. Mannum Quarry provides an excellent

example of diffusion and mixing processes that occur when magmas mingle. It is clear

that in fact the complete and efficient mixing of thermally and compositionally dissimilar

magmas is surprisingly difficult and that under these circumstances diffusion is the main

process by which compositional homogenization is approached.In the situation observed

at Mannum large volumes of the granite are unaffected by the mafic contaminant while the

mafic magma itself is being homogenised by diffusion and is producing hybridpatches

whose size is of the order of twice the diameær of the original mafrc droplets (- 20-40

cm).

An interesting and important outcome of the observations made at Mannum

Granite concerns the confirming evidence for the contemporary presence of both mafic

and felsic magmas together at high crustal levels in the late-Delamerian period- This

solves the problem of the source of heat required to generate the late-orogenic felsic

magmas, at least in this terrane. The implication is that mantle derived magmas play a

fundamental role in the genesis of A-type magmas to the extent that the two mingle at the

site of intn¡sion. The preferred interpretation of the chemical and isotopic data is one of

direct fractionation of the felsic (granitic) liquid from mafic parental magmas which also

explains the high temperature nature of the granite (cf chapær 4).

Figure 5.12 illustraæs a model suggesæd for the origin of the Mannum outcrop

involving a magma chamber containing mantle derived mafic magma that was undergoing

combined fractionation and assimilation such that it was both compositionally and

isotopically layered. It is interesting that on the basis of the isotope data the degree of

contarnination of the host granite would appear to be no greater than that of the enclaves.

This is simila¡ to the data on the compositionally indistinguishable gnnophyres at Black

Hill just north of the Mannum quarry (chapter 3) and the Padthaway Suite (chapter 4).

One inærpretation is that the magma chamber became insulated from further

contarnination by the solidification of a chilled margin. The upper zone of the magma

chamber contained fractionated felsic magma that was also undergoing crystallization and

already had a frozen cap of the most contaminaæd roof zone magma (the frne grained

granite phase). Recent models for the development of compositionally layered

magmachambers (McBh"y, 1980; Turner and Campbell, 1986; Huppert and Sparks,

1988) are quite appropriaæ to this model. Subsequent remobilization of all or parts of titis

magma body, possibly triggered by the injection of a fresh pulse of mafic magma (eg



Sparks et al.,l97l), broke though and entrained parts of the frozen cap moving them to

the site of the present outcrop. Density controlled draw-up (eg Blake and Ivey, 1986),

entrained part of the lower, mafic layers from the magma chamber producing the screen

of enclaves. Thermal and subsequent compositional diffusion controiled the final

modifrrcation of these enclaves. This model is consistent with the presence of nearby

large, contemporary, mafic plutons such as those at BlackHill which arc compositionaily

and isotopically zoned (chapter 3). Drilling and geophysical evidence in the region in fact

indicates that all of the A-type rocks of the late-orogenic suite are underlain by mafic

magma (chapter 4).
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Figure 5.12. Ca¡toon illustrating a model for the features at lvfannum and ttre interpreted
relationships between the various elements of the laæorogenic, Delamerian magmatic suite.

As noted in chapter 1, at the beginning of this thesis, it is intriguing that the

highest tomperature magmas in the foldbelt appeared after the waning of deformation and

metamorphism (at the observed levels of emplacement). Do pretxisiting compressive

orogenic forces and the presence of light, silicic, syn-orogenic magmas restrict ttrese

mafic magmas from rising through the lithosphere or is increased asthenospheric flux and

mantle lithospheric thinning a natural successor to lithospheric thickening during

orogenesis? These questions will now be considered in chapter 6.
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Chapter 6. Some thermal and isostatic constraints
on late-orogenic magmatism

6.1. Introduction

Many orogenic belts contain bimodal magmatic suites emplaced immediately

fol[owing the cessation of convergent deformation (Table 4.5). Examples include the

post-orogenic granites of Brown et aI. (L98L) from ttre Caledonides; the post-closure

uplift graniæ-gabbro associations of Pitcher (1982); post-Acadian granite-gabbro

associations from the Appalachians @rchel1982 and references therein); the A-type

granite and gabbro associations from the Lachlan Fold Belt (C-ollins et aL,1982); Tertiary

bimodal volcanics from Queensland (Ewart, 1981); undeformed alkaline granites and

mafic rocks from the Hercynian Pyrenees (Fourcade and Allegre, 1981); undeformed A-

type granites and gabbros from southern Adelaide Foldbelt (this study).

A compositionally similar bimodal magmatic association occurs in a¡eas

undergoing crustal extension where lithospheric thinning is related to magma genesis and

composition QVlcKenzie and Bickle, 1983). These include suites such as those at Loch Ba

(Sparks, 1988) and St. Kilda (Marshall and Sparks, 1984) in the British Tertiary

Province; the alkaline-ring complexes of the Nigerian and Kenyan rift valleys @onin and

Giret, 1985; Bowden, 1985; Macdonald, 1987; Macdonald et a1.,1987); basalts and A-

type granites from the Yeman Plate¿u (Capaldi et aI-,1987).

A common feature of atl of the above magmatic suites is their bimodality and very

frequentty mingling is observed betrveen the mafic and felsic magmas. The mafic

magmas vary from elkalic o tholeütic, often showing evidence of crustal assimilation,

and may form dykes, layered gabbroic plutons or volcanics. Accompanying these are

silicic plutons and volcanics which ænd towards high æmperature, high silica magmas

with alkali, incompatible element- andLREE- enrichmentthatare characteristics of A-

tlpes (Collin s et al., t982; \Yhalen et a1.,1987). Tectonically there is ofæn a gradation

between ttre late-orogenic and extensional suiæs with late-orogenic crustal reloration

leading into extension as in the Basin and Range province (Gans et ø1.,1989).

Whilst there a¡e various models for the distinctive chemistry of these laæ-orogenic

magmatic suites, the critical geodynamic problems relaæd ûo tl.teir genesis remain

unanswered. The occurrence of these suiæs requires a significant pertubation in the

thermal regime of the orogen and the coincident appearance of magmas with the cessation

of deformation suggests that this is most likely linked to changes in the potential energy

stored in the orogen. Changing or stopping the exærnal tectonic driving forces is one way
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of terminating deformation however this does not explain the thermal pulse. Another way

of stopping convergent deformation is by producing major uplift, one result of which is

to produce externally di¡ected buoyancy forces which oppose those driving convergence

(eg Turcotte, 1983; see discussion in section 6.2). Many of the late-orogenic suites do in

fact seem to be associated with uplift @itcher, 1982; Bonnin, 1990; and discussion

below on the southern Adelaide Foldbelt). This could result from increased topography

built up by compressional deformation however this again provides no explanation for

the thermal pulse. Thickening the lithosphere by injection of basalt from the

asthenosphere would explain the thermal pulse and given the corrcæt density, could

produce isostatic uplift eg2.7 krn uplift for an addition of 15 km of basalt into the lower

crust (McKenzie, 1984) resulting in buoyancy forces that oppose and terminate

compression. However it is not clear why large volume intrusions of basalt would be

common to so many orogens nor why such intn¡sion would cha¡acteristically intrude

after some finite amount of convergent srain.

An alærnative is thinning of the lithospheric mantle (eg Houseman et a1.,1981).

Such a scena¡io has been proposed for the Himalayan collision of India into Asia at about

4G.50 Ma @ngland andHouseman, 1988, 1989). During the laæ Tertiary the Tibetan

Plateau underwent a rapid increase in elevation and changed from a zone of compressive

deformation to one of ma¡ked extensional deformation, despite the continuing

convergence of India and Asia @ngland and Houseman, 1988). Geophysical data and

numerical modelling suggests these events resulæd f¡om convective instability and

removal of the lower lithospheric mantle @ngland and Houseman, 1989). Late-orogenic

magmatism in the Tibetan Plateau consists of I-aæ Tertiary to Quaæmary bimodal

volcanism involving incompatible element enriched basalts and rhyoliæs with A-type

characteristics (Coulon et a1.,1986). In this model for late-orogenic magmatism the

magmas may be expected to have a lithospheric mantle signaturc and be accompanied by

uplift. The following section summarises the main consequences of lithosphe¡ic mantle

thinning (Fre. 6.1).

6.2. Geophysical considerations

During convergent deformation both the continental crust and the sub-continental

lithosphere undergo thickening with the result that cold, dense mantle lithosphere

displaces warmer convecting asthenosphere. Theoretical considerations suggest that a

thermally stabilized mantle lithosphere thickened during convergent deformation must,

eventually, undergo thinning in order to balance heat loss through the lithosphere with

heat supply to the base of the lithosphere (HousemaÃ et al.,l98l; Sandiford and Powell,

1990). The thermal and mechanical evolution of the orogen is critically dependent on how

fast this potential thermal energy balance is realized relative to ttre orogenic strain rate
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Figure 6.1. Cartoon illusrating the evolution of a convergent orogen subject P l dti"i"g force for
coñ"ergence, F6s, with the resultant deveþment of horizontal buoyancy fcces, F6 (the relative

magnitude of the forces is indicated by he length of the arrows). P¡ior to any convective thinning of the

mantte lithosphere ttre maximum elevation of the orogenic plateau is dicøted by the balance between

driving forces andbuoyarry forces @g.6.1a).
consequentupon convective thinning of mantle
deformation (Fig. 6.lb) and may induce tlrc ex
exceed ttre driving fuce Uy an amount equivalent to the sfurgttr of the lithosphere to exænsional failure
(Fig. 6.lc). I4agmas generated as a consequerce of lithospheric ttrinning may appear either as post-

orogenic (Fig. 6.lb) or exænsional (Fig. 6.1c).

(Sandiford and Powell, 1990). Numerical experiments (Ilouseman et a1.,1981) suggest

that conve¡tive processes may lead to very rapid thinning of a thickened mantle

lithosphere after some initial critical thickening by processes such as thermal boundary

layer detachmenL The consequences of convective thinning of mantle lithosphere beneath

a collision orogen a¡e wofold, namely isostatic and thermal.
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6.2.1. Isostatic consequences

The isostatic effect of mantle lithospheric thinning is to produce uplift and,

consequently, an increase in the gravitational poæntial energy stored in the orogen.

Assuming a linea¡ geotherm where the æmperature at the surface Ts = 0 oC then the

temperaturÞ at any depth z is:

r,=TtTt (6.1)

where z¡ and T1 are the depth and temperature at the base of the lithosphere,

respectively. The density at depth z is given with reference to the density at temperature

T1 by:

p@) = p[1+ct(TrTr)] (6.2)

Substituting (1) into (2) gives a density distribution in the crust , Pc, and mantle, p1,

respectively:

pc@) =p. (1 + cr 11 (r â))

pr(z) = pr (1 + cr rr (t ?r)) (6.3)

For isostatic equilibrium the relative change in elevation, h, is obtained by equating the

vertical stress of the crust and mantle lithosphere in the deformed and undeformed

Density .
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Figure 62. Schernatic density, and vertical súess vs depth plos for an initial and deformed
lithosphere. The elevation change (h) is found by equating the a¡eas beneath the depth-density

curvei in the deformed and undeformed littrosphere respectively. The buoyancy force resulting
from this topography is equal o the difference in the inægrals of the vertical stress curves or
the a¡ea beMeen the two vertical stress curves for ttre deforrned and undeformed litttosphere.
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lithosphere respectively down to a common depth, the depth of isostatic compensation

which is the greater of the thickness of the initial or deformed lithospheres (see figure

6.2). The vertical stress at depth z is given by:

lz
czz= )í s o, d, (6.4)

Adopting the simplifying assumption that pc c[ = pl cr and equating vertical stresses at

depth zl yields:

h = (zc'- z.) (1 - &) (zt - zt') r0Tt (6.5)
PI

2

Where zc' and zI are the deformed thicknesses of the crust and mantle lithosphere.

Following Sandiford and Powell (1990) it is useful to parameterise eqn 6.5 in terms of

crustal (fJ and lithospheric (fù thickening factors (ie zc' = 4.f cand z1' = zt fù to give:

h=(1-P9¡f* fc+zc)
Tr cr (fr zt -zt)

(6.6)
PI

A mea.sure of the increase in poæntial energy is then provided by the horizontal

buoyancy force per unit length of orogen, F6, arising from gradients on density interfaces

between the deformed and adjacent undeformed lithosphere. Following Turcotte (1983)

and Sandiford and Powell (1990), F6 is approximated by the difference between the

inægrals of vertical stress, with respect to depth, between two regions, a and b, of

d.ifferent elevation, inægfated from the Ea¡ths surface down to a common depth beneath

the lithosphere (a):

,o = Jå E@,à " I'",Ï E (aà' dz (6.7)

Using the f"-ft parameterization of Sandiford and Powell (1990) this can be given to first

approximation by:

# = u+ ff"z-t) # (fr'- 1- 3 (1 - ô) ff"rt- 1))

s?r?
8,rr'z

uP-t)

'Where 
ô = p/pt, and V = z<Jzt. Figure 6.3a shows that thinning of a thick mantle

lithosphere may produce substantial increases in the horizontal buoyancy forces in the

orogen (by up to 1013 N m-l). When the increase in the potential energy results in

(6.8)
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horizontal buoyancy forces of a similar magnitude, but opposed, to the driving force for

convergence (less by an ¿Lmount related to the effective strength of the lithosphere,to

convergent deformation) then convergent deformation will terminate or be partitioned

elsewhere in regions of lower potential energy and/or strength. Continued lithospheric

2

f1

1

fc
Figure 63. The parameærization of the vertical geometry of lithospheric deformation in
coñvergent orogens in terms of the crustal thickening, fc, md the lithospheric thickening,

/1, allows the evaluation of the isosøric and thermal consequences of deformation paths

involving processes such as convective ttrinning of the mantle lithosphere (anows). Fig
6.3a showi the fc-ft plane contourèd for horizonøl buoyancy forces arising from

deformation induced gradiens on density inærfaces benveen a deformed and undeformed

lithosphere. The stiprpled area shows the deformation geometries where buoyancy forces
resuliextensional wittrin tlre orogen.Initial parameærs (see Sandifor( 1989; Sandiford and

Powell, 1990) a¡e zl = 100 km, zç = 35 km, Pc = 2800 kg m-3, Pm = 3300 kg m-3, cl' =

16-5 "¡ç-1, Tl = 1280"C. Noæ that ttrinning of the mantle littrosphere produces extensional

buoyancy forces. Fig. 6.3b shows the fç-f¡ plane conûorued for poæntial Moho

tempen¡tures for the lithosphere modelled in Fig. ó.3a witl¡ heat source characæristics

mo¿etlø to give an initial steady state Moho temperaure of 500oC and a conductivity of 3

Vr m-l oK-I. Note that thinning of the mantle littrosphere results in high potentiel moho

temperau¡Ies.

thinning may cause horizontal buoyancy forces to exceed the driving forces; in which

case, if the overshoot exceeds the driving force by an amount grcater than the effective

strength of the lithosphere to extensional deformation, then the orogen must begin to

collapse (Frg. 6.4).Whether mantle lithospheric thinning is sufficient to induce

extensional collapse is dependent largely on the timing of onset of mantle lithospheric

thinning (Sandiford and Powell, 1990) and the snength of the lithosphere (Fig. 6.a).

1

221
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Figure 6.4. Schematic illustration of deformation (Js-fD paths in an orogen subject to a

driving force, F¿ç, where the convective ttrinning of mantle lithosphere is initiaæd afær

some finite thickening. Initial homogeneous deformation (fc = fÙ leads to the onset of
convective thinning of mantle lithosphere (lc> lù, afte¡ small finiæ littrospheric

thickening in Path I and larger finiæ lithospheric thickening in Path 2. Since the

lithosphere has finiæ strength, coniergent deformation and crustal thickening will cease

when the buoyancy force is equal in magnitude to the effective driving force for
compression, Fedc, given by ttre actual d¡iving force minus the snength of ttre lithosphere

in compression. Continued thinning of the mantle lithosphere will increase the buoyancy
forces. If the buoyancy forc¡s exceed the driving force by amount equivalent to the suength
of the lithosphere in tension (Føù then extensional failure of the whole lithosphere may

occur (Path 2). With respect to the srain hisnry at their siæ of emplacement, magmÍ¡s

generated by thinning of the mantle lithoephere will appear as 'post-orogenic" in path I
urd either "preextensional" or "èxtensional' in path 2.

6.2.2. Thermal consequences

The second important consequence of convective thinning of the mantle

lithosphere is thermal. Temperature increases associated with mantle lithospheric thinning

may be evaluaæd by solving the diffusion-advection equatíon in l-dimension for model

deformæions. Temperature increases with depth due to the additive effects of heat flux

from the mantle and that contributed by the heat producing elements that a¡e concentrated

in the crust (it is assumed for simplicity that heat production is constant with deptlt in the

crust). For a steady state thermal gradient

(6.e)

"pre-extensional'
magmas

"post-orogenic"
magmas

"extensional"
magmas

k dzT
dz2

*Hs=Q



174

where k is the conductivity, and Hs is the surface heat production in the crust.

,r, _ 2 Ttk z + Hrz2 (2" + zt) - 2Hrz z"(2" - zt)
t= (6.10)

Following Sandiford and Powell (1990) this can be parametenzr.din terms of crustal (Js)

and lithospheric (Jù thickening factors. I-et the initial ratio of the crustalAithospheric

thickness be Y (= 0.35), p = lwhere 
p is ttre depttr at which T is to be calculated, (.'.

for moho temperatures p = 1), zç is the initial depth to the moho (= 35000 m), and z = p

zc f ci zt-- f r? r+= z.c/ç. Accord,ingly eqn 6.10 can be written for moho temperature as

a function of varying crustal and littrospheric thickness:

f"p(2 T1 kY*Hs f"ft( 22"2-p2"2)-lørf"2Y 2"2 (z - p))
rm - zk(Ít-frY +/"pY)

(6.1 1)

The poæntial æmperature of the Moho, Tm, calculated from eqn 6.11 in a crust

with homogeneously disributed volumetric heat production is shown on the fs-f¡ plane

in figure 6.3b. This shows that in order to generate the temperatures suffrcient to induce

melting in the lower cnrst and in low temperatue melting fractions in the upper part of the

mantle lithosphere on orogenic timescales (Sandiford and Powell, 1990) it is necessary to

considerably thicken the cmst and thin ttre mantle lithosphere beneath a thickened crust.

Although both thick lithosphere (lr Z¡ and thick crust (Í - 2) may also potentially result

in very high lower cn¡stal æ.p"*tot"s, the times required for attainment of these

temperaturcs in thickened lithosphere arÊ signifrcantly grcatü than the expected orogon

lifespans (Sandifo¡d and Powell, 1990) and therefore are practically unobtainable.

6.3. Petrological considerations

A lithospheric mantle undergoing thinning has an increased potential for patial

melting. The degree of partial melting andcompositional heærogeneities will contol

magma compositions. Although the composition of the subcontinental mantle lithosphere

cannot yet b€ quantitatively described it seems likely that the mantle lithosphere are

enriched or veined by small percentage (< lVo) partial melts from the convective mantle

which are necessa¡ily LREE and incompatible element enriched (Menzies and Murthy,

1980; Norry and Finon, 1983; Hawkesworth et a1.,1983; O'Nions and McKenzie, 1988;

McKenzie, 1989). Importantly parts of a mantle lithosphere previously enriched/veined

by small partial melts from the asthenosphere will have a lower solidus than the subjacent

convective mantle. Small degree melting of enriched lithospheric mantle at an early stage

will produce alkaline liquids whilst larger proportion paftial melts will be tholeütic (Gast,
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1968; McKenzie and Bickle, 1988). Resultant partial melt compositions will therefore be

relatively anhydrous and primitive but with a LREE and incompatible element enriched

signature. Isotopes may record a history relating to a period of lithospheric growth during

which enrichmen/veining occurred; for example, during extension of a continental

margin prior to incorporation into a collisional orogen. For large magninrde thinning of

the lithosphere, decomprcssion may induce melting of depleted asttrenospheric mantle

beneath the orogen with initial compositions being a function of the degree of partial

melting. Rising asthenoqpheric magmas may then become contaminated by the more

fusible veins during passage through the overlying lithospheric mantle (eg. Thompson

and Morrison, 1988). There is growing evidence to suggest that high silica magmas can

result from extensive fractionation, with minor assimilation, from mantle de¡ived parental

magmas (Sparks, 1988; Foland et a1.,1988; Musselwhite et a1.,1989; Mahood and

Halliday, 1988; ttris worþ particularly under these relatively anhydrous conditions.

Notably A-type magmas a¡e invariably accompanied by mafic magmas and the

granophyres found in layered mafic plutons typically have A-type compositions (cf

Chapter 4).

6.4. Discussion

Once initiated convective thinning of a thickened mantle lithoqphere may proceed

very rapidly (Houseman et a1.,1981), with the consequence that the thermal rcsponse

wilLbe delayed with respect to the isostatic response. The melts generated as a

consequence of the lithospheric thinning a¡e therefore likely to postdaæ the termination of

convergent deformation in any giveir part of the orogen (Fig. 6.1). The resulting magmas

will, therefore exhibit the classic field relations of "post-orogenic" magmaúsm, although

they certainly need not imply that convergent deformation elsewhere in the orogen has

ceased. Moreover, if mantle lithospheric thinning continues to the stage where

extensional collapse is initiated then magmas with the same geochemical imprint will

preserve field relations which Þpify "pre-extensional" or "extensional" magmatic suites

(Frg. 6.4). Extensive thinning, or even compleæ removal of the mantle lithosphere under

such circumstarìcÊs will result in ver)'high Moho temperatures with the likelihood of

cnrstal melting. In the Basin and Range province for example calc-alkaline magmatism

may be the result of mixing of mantle and crustal melts (Gans et ø1.,1989), and Nd

isotopes indicate that the mantle lithosphere is indeed being progressively replaced by

asthenosphere (Perry et a1.,1988).

Mantle lithosphere, enriched by small melt fractions from the mantle (O'Nions

and McKenz;ie,1987), is likely to be an important contributing component in many

magmatic rocks (eg Hawkesworth et a1.,1990). O'Nions and McKenzie (1987) have

a¡gued that these small melt fir¿ctions play a fundamental role in producing the
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composition of the continental crusl The model outlined here suggests that late-orogenic

magmatism is a mechanism for crustal growth in which additions from the lithospheric

mantle transfer these small partial melts and their signature to the crust.

6.5. Implications for the evolution of the late-orogenic
bimodal province in the southern Adelaide Foldbelt

As documented in the preceding chapters, the southern AdÊlaidc Foldbelt contains

a suiæ of undeformed, A-type granites and rhyolites accompanied by tholeütic gabbros

and dykes that were emplaced during the late stages (cu 487 Ma) of the Cambro-

Ordovician Delamerian orogeny. These undeformed rocks were emplaced only a short

time afær a suite of deformed I- and S-type granites which intruded a¡ound 51G490 Ma

(Foden et a1.,1990b), Compared with the temperatures deduced for the late-orogenic

magmas in this thesis (90G1200 oC) the syn-orogenic tonalite-granite suite are likely to

have only had temperatures of 700-850 oC in keeping with experimental constraints on

hydrous phase breakdown (eg Vielzeuf et a1.,1990) and temperatures determined for I-

type rocks (eg Hildreth, 1981; Wyborn et a1.,1981; Whiæ et aI.,1982). The late-

orogenic suiæ clearly represonts a significant thermal perturbation coincident with the

cessation of deformation and there is evidence that this was associated with exhumation

and possible uplift and that the magmas largely originated in the lithospheric ma¡rtle.

6.5.1. Evidence for exhumation and possible uplift
Geobarometry, the association with volcanics, and the presence of miarolitic

cavities, granophyric inærgrowths and embayed quartz phenocrysts in the granites

indicates that the late-orogenic suite was intn¡ded to very high crustal levels (ca. <1 kbar

or < 4 kns). In contrast, yet at the same present stn¡ctural level, are foliaæd sillimanite-

kyanite bearing (ie -4kbar) metasediments (Sandiford et a1.,1990) intruded by similarly

foliaæd granodioriæs. Consraints cited by Sandifordet aI. (1990) indicate that peak

metamorphic æmperatures and anendant porphyroblast growth rcquirc a thermal regime

well in excess of ttræ expecæd for æctonically thickened crusL Consequently these

authors appeal to additional heat input from the syn{eformational magmas implying that

their intrusion was coincident wittr peak metamorphism and also occurred at 4 kba¡ or 10-

15 km depth. This necessitates at least l0 krns of exhumation in the minimal time (0-3

Ma; Foden et aL.,1990b) allowed between attainment of peak metamorphic grades

(emplacement of syn{eformational intrusives) and emplacement of the laæ magmas

which are both now exposed at the same level. Such evidence is consistent with uplift of

rocks though not proof of surface uplift (England and Molnar, 1991).

Exhumation should be recorded by mineral cooling ages because the Rb-Sr and

K-Ar systems in micas will pass through their closure temperatures during unroofing. In
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the present case the postulated unroofing is at the time of, or just prior to intrusion of the

late-orogenic magmas so intrusion and mineral cooling ages should be similar (-487 Ma).

Although there is a tail of data extending to younger values the data do lend support to

this. Milnes et aI. (1977) report Rb-Sr biotiæ ages of 488-496 Ma for the Encounter Bay

Granites at VictorHarbor, and 483 Ma for biotite from the Rathjen Gneiss, whilst the K-

Ar age of a muscovite from Vivonne Bay on Kangaroo Island is 485 Ma and K-Ar on

biotite from Black Hill gave 486 Ma. Webb (1976) gives K-Ar biotiæ ages from many of

the Padthaway Ridge granites of 48G490 Ma.

Probable contiguity of the southern Adelaide Foldbelt, Antarctica, western

Victoria and western Tasmania was mentioned in chapær 1, all of these areas containing

undeformed Early Ordovician inur¡sives. Mineral cooling ages of a¡ound 480-500 Ma

have been reported from all of these areas (Richards and singleton, 1981; McDougall and

læggo, 1965; Adams and Kreuzer, 1984) though again younger ages also occur. In

Tasmania, Cambrian metasediments simila¡ to those of the Kanmantoo a¡e overlain by the

Ordovician aged tansgressive Owen Conglomerate (eg. Williams, 1978) indicating rapid

unroofing in this part of the orogen. Exænsive westerly derived Ordovician turbiditic

sequences in the I¡chlan Foldbelt (eg. Cas, 1983) to the east of the Adelaide Foldbelt

may represent the more distal deposits of such an unroofing event. Likewise an

unroofing event implying some 10 kms of uplift and erosion at around 500 Ma has been

proposed for parts of Antarctica (Stuwe and Powell, 1989; Stuwe and Oliver, 1989).

6.5.2. A lithospheric mantle source

Isotopic and chemical data from the læe-orogenic suiæ suggests that both the

mafic and silicic magmas evolved from enriched tholeütic parental magma (chapten 3 &
4), whilst mingling betwepn the mafic and silicic magmas (chapær 5) provides evidence

of their close temporal and spatial proximity. Both these felsic and mafic end-members

a¡e LREE enriched and have Nd and Sr isotopic composiúons similar to those of ocean

island basalts derived from enriched mantle sourc6s. \Yhilst some of the isotopic variation

is due to crustal contarnination, modelling is not consistent with simple cnrstal

contarr¡ination of magma derived from the depleted mantle. To obtain the restricted range

of isotopic values and generally constant incompatible elementratios such as ZrÆ.{b,

I¡lYbN would seem to require a rather forn¡ious contamination of asthenospheric

magmas by just the appropriate amount of crustal material for each pluon. This is further

complicated by the probable heterogeneous natrue of the cn¡sl It is intrinsically easier to

explain the isotopic and incompatible element data through melting of a source which

already possessed these cha¡acteristics, specifrcally, emiched subcontinental lithospheric

mantle (K-rich layer of McKenzie, 1989). This is consistent with recent ideas about the

sotuces of continental tholeütes and the composition of the subcontinental mantle

litlrosphere (Allegre et al.,1981, L9ïZ;Hawkesworttr et a1.,1990). Mantle xenoliths (eg.
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McDonough and McCulloch, 1987) demonstrate the existence of such an enriched mantle

lithosphere beneath the Adelaide Foldbelt and show that it had appropriaæ isotopic

characteristics to be the source for the late-orogenic magmas.

Finally the simila¡ity of late-orogenic magmatic suiæs in many orogens and in

some post-orogenic extensional environments affords the possibility that the model

outlined in this thesis, for the southern Adelaide Foldbelt, may have more widespread

application. In particula¡ evidence from some of ttrese other orogens may be able to

further substantiate or negato the ideas put forward here.
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AppendiX A. Analytical techniques and uncertainties

Electron microprobe analYses

Polished sections were coated with approximately 250 um of carbon. Multiple

analyses of each grain were carried out using a KEVEX 7000 series energy dispersive

system (EDS) attached to a JEOL 733 analyser.

Analysis conditions used were 15 KV accelerating voltage and 5 nA electron beam

current. Data was corrected on-line using PIBS style soft'ware (IMare, 1981). Calibration

of the EDS system was carried out using pr¡Ie copper as a primary standffd and olivine

and kaersutiæ as secondary standa¡ds.

Fluorine and chlorine analyses were ca¡ried out using the JEOL wave length

dispersive system (WDS). WDS analysis conditions were 15 KV accelerating voltage and

2 nA electron beam current.

Detection limits are:

Element Detection limit (wt7o)

NazO

Mso

^bo3SiO2

Pzos

so¡
CI

FezO¡

Kzo

CaO

Ti0z
Yzot
CrzOz

MnO

Nio
F

0.0511

0.0517

0.0s90

0.0623

0.0750

0.1037

0.0406

0.0072

0.0565

0.0737

0.1191

0.t2r6
0.r366

0.1435

0.24t2
0.0479 - 0.0870



Whote rock chemical analysis

Samples were trimmed to remove weathered edges a¡rd crushed using a jaw

crusher. Crushed samples were then ground in a Siebtechnic tungsten ca¡bide mill.

Powders for major element analysis were ignited overnight at 960 oC; for each sample

280 mg of ignited sample, 20 mg of sodium nitrate and 1.5 g of flux were mixed and

used to produce a fused button.

SiO2, AlzOs, Fe2O3, MnO, MgO, CaO, KzO,TiOzand P2O5

concentrations were deærmined using a programable Siemens SRS XRF calibraæd on

international standards. NazO analyses were performed on 50-60 mg of sample digested

and made up to 100 ml. Concentrations were determined by atomic absorption on a

Varian Techtron atomic absorption spectrophotometer. In-house standa¡ds were run with

all samples and the following is given as a guide to the precision of the major element

analyses:

Element +l- 7o

SiO2

Ti0z
AlzQ
Fe203

MnO

Mso

CaO

Na2O

Kzo

Pzos

0.6 rel.

1.5 rel. +/- 0.0lVo abs.

1.0 rel.

1.0 rel.

+/- 0.0LVo abs.

1.0 rel +/- 0.I0Vo abs.

0.5 rel. +l- O.027o abs.

2.2 rel.

1.5 rel. +/-0.01 abs.

+l- 0.0l%o abs.

Trace elements abundances (Sr, Rb, Y,Zr, Nb, Ba, Sc, Ni, V, Ga, La, Ce, Nd,

U, Pb, Th, Cr) were determined on a Siemens XRF using pressed pellets produced using

approximately 5 g of unigniæd powder. For mce element analyses, the lower limit of

detection flfD) is used as a measüe of the precision of the data. It is defined statistically

as that concentration which gives a count-rate equal to three times the standard deviation

of the nett count,rate for peak minus background. This means that if an element is present

in this amount, then there is a99.77o probability of it being detected. Obviously, with

less stringent statistical criæria the LLD values will be reduced- Because ttre LLD is

dependent on the mass absorption of the individual sample the following I T p's are given



for a typical gabbro (487G7-510) and a typical granite (487G15-301) from the thesis

work.

Element LLD (+/- ppm)

7-510 15-301

Cr

Ni

Sc

V
Pb

Rb

Sr

Ba

Ga

Nb

7r
Y
Th

U

I.a,

Ce

Nd

5.6

2.9

1.1

2.3

2.9

1.1

1.0

3.9
))
1.7

2.r
1.2

2.5

3.1

4.1

8.6

5.0

5.2

2.r

0.9

1.6

2.3

0.9

0.8

2.7

t.7
t.4
t.7
1.1

2.0
)A

2.8

6.2

3.7

Fluorine abundances were determined by specific ion electrode analysis.This

involved fusing 1.0 g of unigniæd sample with 8.0 g of Na2CO3 in a platinum crucible.

The contents were then digested in 1.5 M HCI and 5 ml aliquots mixed with 50 ml of

TISAB (Total Ionic Strength Adjustment Buffer). F- concentrations were determined on

these solutions by standard addition æchnique. The deæction limit is 100 ppm and the

error range + 50 ppm.



Rare earth element analysis

Selected samples were analysed for the rare earth elements (REE) La, Ce, Nd,

Sm, Eu, Gd, Dy, Er and Yb. 500 mg of sample was spiked with a multi element spike

and disolved for several days in a teflon bomb using IIF and HC[O. The REE were

seperated following the cation exchange column techniques of Crock et al. (L984), fintly

on a HNO3 based column and then on a HCI based column. The samples were run, at

The University of Adelaide Department of Geology and Geophysics, on a Thompson

thermal ion solid source mass specüometer. The mass spectrometry methods are

described in:

Nesbitt, R.Vy'., and Stanley, J., (Eds), Compilation of analytical geochemistry reports

1973-1979, Research Report #3, 1980. The Department of Geology and Geophysics,

University of Adelaide.

In-run ratio varianco was less than 0.27o andthe following results were obtained

for BCR-1:

25.29

54.33

27.82

6.25

1.90

6.45

6.07

3.48

3.25

lÅ,

Ce

Nd

Sm

Eu

Gd

Dy

Er

Yb



Rb-Sr and Nd-Sm isotope analysis

The same samples run for rare earths were also analysed for thei¡ Nd and Sr

isotopic compositions. Approximateiy 100 mg of unspiked sample was digested for

several days in a teflon bomb using IIF and then converted to a chloride using 3 N HCl.

Sr and Nd were then separated from the sample solution using a two stage cation

exchange column proceedure essentially the same as that described by Richard er ø/.

(1976). The resulting Sr and Nd samples we¡e loaded onto single tantalum and double

rhenium filaments (respectively) and analysed for their isotopic compositions, at the

University of Adelaide Depa:tment of Geology and Geophysics, on a Finnigan Mat 261

thermal ion, solid source, mass spectrometer. Data blocks of 10 scans each were run

untill acceptable in run statistics were achieved (8-16 blocks for Sr using a double

collector, and 15-35 blocks for Nd using a single collector). The following results were

obtained for duplicate samples and standa¡ds where (n) indicaæs the number of analyses

(errors quoted are 2 standa¡d errors of the mean of in-run statistics):

143N dl l44Nd (measured) error 875r/865r (measured) error

r 0.000021 (3)

+ 0.00003s (2)

+ 0.000024 (1)

+ 0.000025

+ 0.000024

0.708001 + 0.000037 (1)

0.710234 r 0.000025 (10)

0.703426 t 0.000027 (2)

0.704679 + 0.000044 (2)

La Jolla 0.511838

E&A
NBS SRM 987

BHVO-1 0.512968

BCR-I 0.5t2507

A779-û 0.512363

Duplicate 0.512361

BHN-II
Duplicaæ

0.711419

0.7rt422

+ 0.000039

+ 0.000019

Average procedural blanks during the course of isotope analysis were as follows:

Rb 0.5 ng

Sr 1.1 ng

Nd 0.09 ng

Sm 0.06 ng



1475r¡¡143¡d was calculated using the concentrations obtained from the rare earth

analyses. 8786i865¡ was calculated from accurate Rb and Sr analyses obtained from an

extended XRF routine.

Constants used in isotope work are:

87p578s85 = 0.38571

885¡p65¡ = 9.3752

XnU =1.42 ¡¡ 1g-11t-1

Bulk Earth 87p67865¡ =0.0927

Bulk Earth 875¡7865¡ = 0.7045

Bulk Earth 1475¡1r143¡qd =0.1967

Depleted mantle 1475¡1¡143¡¡ d = 0.2157

ÀS^ = 6.54x 1g-12t-1

Bulk earth 143¡6rrl44¡d = 0.512638

Depleted mantle 143¡r¡6,r144¡¡d = 0.513108

Nd isotopic compositions normalized to 146¡6rt144¡q d = 0.721903

Average error in eNd 10.5, error in Nd model age < 40Ma.



Appendix B. Complete listing of analyses of Black
Hill gabbros



Sample #
Tvnn

876-5-727 87G5-742
npridolife

876-19-467
rnrrlnfe

876-5-s75
ol-sehhro

876-5-756
frncfnlifp

876-5-7L9 876-5-473
trocfolite

876-5-572
frncfolife

sio2
T¡02
At203
Fe2O3+
MnO
Mgo
CaO
Na2O
K20
P205

3ó.68
0.78
4.37

16.06
o.23

31.60
3.03
0.49
0.08
0.04

^R7

w87
1249

l6
r79

1

40.51
0.43
7.29

13.33
0.20

29.35
4.38
0.93
0.r6
0.10
2R4

1738
tr76
t2.5

80
4

41.03
0.26
8.25

14.40
0.r9

23.t5
4.21
0..4
0.20
0.07
61S

42.95
0.17

17.32
9.52
0.13

r6.93
9.23
1.31
0.09
0.02
1.30

43.76
0.14

18.99
7.25
0.r1

15.98
9.34
1.68
0.06
0.02
170

44.22
0.16

18.56
7.37
0.10

15.98
9.42
r.69
0.06
0.02
lRr

44.46
0.18

19.28
7.44
0.11

14.36
10.28
r.69
0.08
0.03
1.73

44.77
0.21

20.55
7.39
0.10

12.62
10.88

1.81
0.11
0.03
or0

¡rt.;rlT )a 99 s2 sg 15

79.69 81.4 76.68Iltg#

Cr
Ni
Sc
v
Pb

Ilt)
Sr
llr
Gr

Nl¡
Zt'
Y
'Ih
tl

t.a
Cc
N.l

,)

57
l6
6

526
876
t5
4l
I

2.3
32

5.8
1.3
nd

78.00

115
609
9.5
27
t2

2.3
34'l
44
t2

98.97 ss 0i

81.46

510
635
8.1
25
nd

1.8
288

23
1t

0.5
lt.1
2.t
nd

2.4

sg 39

8r.21

369
627
r0.2

28
I

t.4
283

.,.,

t2

99.&

79.37

7r7
493
11.3

36
I

r.4
312

34
11

0.8
l0

2.t
r.2

I

98 57

7't.30

r32
527

3

367
47
13

l0
33
nd

2.6
48

r0.9
r.5
1.2

0.9
l1.6

1.6
0.9

7.9
67
28

6

5.9
90
26

6

2.9
58

9.3
0.6
nd

0.9
9.6
2.6
0.9
0.6

I
9
I

3
23

7

I
8
4
.6
.8

J
J
-1

I

8
I6
16

4
l8
4

nd
4

nd

0.5

J
24

J

I
7
1



Sample #
Rnck Tvne

StGS-760 876-2-856
ol-nworenite

876-5-395
ol-sahhro

876-5-5M
troctolite

876-3-834
troctolite

876-3-851
ite

46.5r
0.54

17.38
9.54
0.15

r2.76
9.s8
2.07
0.25
0.07
0.71

876-2-830
troctolite

876-2-823
nvroxenite

S¡02
Ti02
at203
Fe2O3t
MnO
Mgo
CaO
Na20
K20
P205

44.80
0.15

18.55
7.6r
0.11

17.00
9.23
t.82
0.08
0.02
or0

45.31
0.20

19.47
8.25
0.ll

11.00
9.72
2.t5
0.33
0.04
1.00

45.49
0.22

20.02
7.tl
0.11

12.42
l1.35
t.75
0.10
0.04
0.10

45.49
0.29

22.35
6.59
0.09
9.84

10.65
2.22
0.r6
0.04
1.78

46.48
0.48

19.22
8.55
0.12

t0.62
9.80
2.32
0.31
0.07
1.32

47.38
0.35

18.16
8.14
0.u

10.82
10.35
2.3r
0.31
0.07
0.60

48.26
0.36

20.76
7.10
0.11
8.17

10.70
2.47
0.40
0.06
1.09LOI

I\lg#

Cr
N¡
Sc
v
Pb

Itb
Sr
Ba
(ìa

NI,
Zr
Y
'I'l ¡

I)

l.¡
Cc
Nd

13

356
79
l5

9.1
319
6
t4

2.9
36

9.9
1.6

4

72.73

257
300

19

90
I

6.8
295

61
t4

l0
332

78
6

7r.23

336
463
l5
89

3

81.66

727
769

8
I

nd

0.5
23

4
0.2
1.3

AA

3

282
24
l0

4
3.5

3

s7 5R

72.6

r23
nd
14

4t
8

qR 7l

77.69

194
426
l5
44
I

I
1l
4

na
2

9S.50

74.85

1l
29r
7.3
4t

2

4.6
4tL
49
l5

1.8
26
3.4
nd

2

99 29 sq 56 98.60

72.ffi

51
481

22
67

5

9S 4R

69.&

248
330
l5
&

,)

10.5
402
109

16

2.9
35
8.2
nd
1.3

8
26

9

I
8
3

nd
t.2

3

362
33
14

9
10

J

9
l5
t2

4
J
3

6
9
3

3
JJ
10
nd
3.4

J
3l

7
t;l
0.5

.,

10
1

1
2l
t4



Sample # 876-19-824 876-5-451 876-18-426 876-2-620 876'5-429 876'7'707

-.,-^---i+o ^-rn*anifa f a oqlrlrrn cqlrlrrnnnrife côârse zone
876-3-801

sâbbronorite
876-6-440

sâbhronor¡te
47.75
2.W

15.99
I1.54
0.22
6.52
9.06
3.65
0.90
0.52
o55

gR 70

52.97

156
93
31

248
4

24
314

51
3.6
4.2

Dn¡L'F.¡no

s¡o2
T¡02
Ar203
Fe2O3*
MnO
Mgo
CaO
Na2O
K20
P205

49.48
0.86
6.86

13.26
0.23

14.08
11.83
t.2l
o.44
0.09
nR7

49.û
0.84

12.23
6.18
0.14

10.58
15.09
't.72

0.50
0.15
2,19

41.98
t.6

18.66
14.70
0.20
7.29

t2.78
r.20
0.29
0.10
r00

46.08
0.25

19.63
6.88
0.13
9.s4

10.08
2.54
0.46
0.03
i6r

99.23

73.43

46.69
0.58

15.40
8.29
0.14

13.90
12.07
r.62
0.13
0.04
10,

lrn 28

76.97

397
455
34

t25
2

2.2
250

54
12

46.93
2.3t

14.r9
15.78
0.19
6.M

10.05
2.72
0.60
0.r2
o?o

47.û
0.63

17.o9
7.59
0.14
9.05

tt.47
2.r9
0.75
0.06
167

77.34

1332
t37
74
58
4

T

Cr
N¡
Sr:

v
Pb

Rb
S¡'

Ba
(ìa

¡rl:rl

I\,Ig#

Ntt
Zr
Y
'I'h
TI

67.92

575
322
4t

r92
2

t7
103
l0l
l0

6.3
77
30

2.2
0.7

l5
48
l8

49.7r

3l
l4
36

M6
3

7

. 672
66
22

)
26

7
0.5
3.1

198
233

13

45
5

),1 99.22

20
r99
69
11

sq 86 qs 6i

44.86

32
161
44

548
5

9824

70.39

996
170
35

r49
5

2.6
50

15.8
0.9

I

4
26
10

47
302

90
l5

18.3
272
t49
2t

6.8
84
27

J
t.7

l3
4T
2r

4.1
76
30
2

0.8

9
25
15

19

323
63
t4

2.8
28

5

l.l
0.2

2.3
42

15.4
t.4
0.5

t7
400
290

20

46
85
46

l.a
(le
Nrl

8
15

6

8
17

9

8

26
10



Sample #
D¡rrl¡ Twnc

876-GMl 876-5-s01
aolrhrnn nrifa anqFse 7ône

876-2-590
oehhronorite

48.55
0.38

19.00
6.74
0.r2
8.56

IT.24
2.24
1.1 I
0.05
l?q

qs ?R

876-6-377
oqlrhrnnnrife

48.57
1.87

t6.22
I1.43
0.2r
6.t9
8.98
3.63
1.10
0.42
n¿o

qo fì?

51.91

876-11-875
hh-hf-onhhrn

876-2-451
qâhhronorite

48.89
0.44

18.54
6.74
0.r2
8.89

11.41
2.59
0.28
0.07
030

9827

72.45

5r7
293

34
100

7

4
40
13

2.2
1.1

876-t9-768 t76-9-3&
pabbronor¡te shearedsabbro

I ¡.II
T¡rf .-¡l

si02
Tioz
Ar203
Fe2O3t
MnO
Mgo
CaO
Na2O
K20
P205

48.46
1.86

t6.42
11.35
0.18
6;t6
9.3t
3.5'l
0.83
0.45
n?n

48.54
0.88

13.79
5.83
0.13
9.46

16.45
1.78
0.24
0.10
r {lì

48.83
0.M

t9.17
7.26
0.13
9.r7
9.44
2.7r
0.73
0.08
roo

49.56
0.94

15.33
8.99
0.r5
8.95

10.77
2.84
0.54
0.14
o50

qR 7l

66.50

344
218

38
185

5

49.62
2.79

14.98
t2.57
0.22
4.06
7.77
4.20
r.34
L.4l
r rN)

99 96

39.t7

7
10

32
220

6

36
427
368

23

28
327

78
3.4
3.5

89
t52
82

qR q6

l\'lg#

Cr
N¡
Sc
v
Pb

Rb
Sr
Ba
Ga

r57
7l
32

246
4

7r.57

174
240
l5
67

3

26
330
105

16

oo ¿o

54.28

189
2t
33

248
3

qR 7n

76.39

682
153

58
t94

5

3.7
67

19.2
4.4
nd

7r.69

379
207
26
83

5

28
396
292

22

4t
83
40

8
21
l6

6.6
254
r08
t3

13.9
4M
2't4
2l

4t
94
42

74
350

97
l5

I7
254
ll3
l5

4
l8
76
15

3

NI,
Zr
Y
'l'h
ti

18.5
280

46
5.5
1.4

J.J
30

tt.2
1.3
nd

t7.6
282

50
2.1
3.3

5
47
ll

3.6))

7
82
23

4.4
j

t.u
Ce
Nd

6
t7
11

74

t]
9

13

18

6

l3
26
15



s¡o2
Ti02
A1203
Fe2O3+
MnO
Mgo
CaO
Na2O
K20
P205

49.9r
0.94

16.14
10.25
0.17
8.40
9.34
2.88
0.65
0.14
n¿4

50.25
0.70

16.94
7.74
0.13
8.69

11.02
2.82
0.43
0.07
0i0

qq oo

10
282

94
t4

4
69
l8
nd
t.7

50.26
1.01

16.46
8.47
0.15
7.74

11.34
2.79
0.45
0.13
o59

50.45
0.96

17.30
9.28
0.15
7.33
9.47
2.87
0.52
0.14
0.40

50.54
0.88

16.t7
5.00
0.14
8.66

r0.23
2.90
0.67
0.12
o2,o

50.68
1.59

15.60
l1.07
0.19
6.60
9.01
2.97
1.19
0.24
o?1

50.93
0.30

15.66
10.14
0.16
6.84

10.15
2.92
0.70
0.16
o5s

Sample #
rrk Tvne

876-7-510 876-19-s36
sabbronorite

87ó-19-1031 876-7-554
sabbronorite

876-19-900
sabbronorite

876-5-629
f.s. bhro

876-7-634
sabbronorite

876-7-569
øahbronorite

51.04
1.09

t7.07
t0.37
0.18
7.3r
9.02
3.05
0.62
0.14
otl

100.00

58.42

\9.4
351
I'12

18

6.5
7t

20.1
3.6
1.8

T4

31
12

Lftr
Tnlll 99 iR qR R7 95 5l

77.54

99.4'l

54.31

98.51

57.35

227
81
42

250
2

oo ,Á

62.03

t9.9
337
169
t7

8.3
115

24.4
4
2

I\lg#

Cr
N¡
Sc
V
Pl¡

Rb
Sr
lla
(ì¡¡

Nb
Zt'
Y
'Ih
tl

La
Ce
Nd

&.56

701
96
40
l9l

I

14.5
262
108
t7

5.6
96
24
1.5
0.3

9
44
20

61.16

36
109

30
t62

4

t2
350
t49
l8

8
65
l9

3.2
1.9

26
270
r22

17

136
151
29

163
3

69.r2

243
r49
36

160
nd

I6
29
t2

13

18

5

t4
39
18

398
163

34
t76
l1

176
78
36

29r
6

52
t26
26

184

3

22
306
159
t7

9
108
29
,>)

2.8

38
290
265

20

7
49
22
3.9
1.1

13.2
169
39

3.5
r.7

15

25
10

t7
34
17

22
53
26



Sample # 87619-1310 876-19-801 876-19-1233 876-rr-938 876-19-1278 876-12-391 E76-10'550 876'7'743

S¡02
Ti02
Ar203
Fe203*
MnO
Meo
CaO
Na2O
K20
P205

51.31
0.55

t7.29
6.91
0.13
8.52

r0.47
2.70
0.52
0.07

51.78
0.72

t7.34
7.38
0.13
8.59
9.35
2.6
0.57
0.t2

52.08
0.61

t7.M
6.41
0.ll
7.39

t0.76
2.93
0.49
0.06

52.73
0.79

16.22
6.72
0.14
8.27
8.10
2.69
1.15
0.09

52.76
1.07

t4-91
9.13
o.t7
8.77
8.73
2.57
0.79
0.13

52.83
r.20

t't.69
8.31
0.15
4.45
7.6
4.00
1.56
0.37

53.62
2.01

15.26
9.68
0.20
3.49
5.37
4.50
2.36
0.66

53.97
r.57

15.10
r0.29
0.r6
5.2r
7.35
4.02
0.41
0.27

7r.M

306
136
29

r20
3

69.68

339
95
34

124
4

184
ó5
27

119
6

Ms#

Cr
Ni
Sc
v
Pb

7r.08

329
IM
32

107
4

18.1
294

97
l5

69.88 65.69

296
163

34
176

2

30
253
153
l8

51.63

44
4l
22

t82
5

4l
1190

592
22

4t.82

5
t2
24

189
6

104
375
484
23

53
455
67
12

4.4

60
100
48

50.23

55
77
30

249
8

52
302
302
l9

23
224
5l

9.4
1.8

Rl)
Sr
lÌ¡
Ga

19.7
303
114

15

6.1
82

16.5
5.9
1.1

l5
301

98
16

5
56
13

3.6
I

53
253
l6l

15

9.2
u5
22

7
3.5

Nl¡
Zr
Y
't'h
II

4.1
53

14.8
3

0.7

18.1
r54
25
2.9
1.9

27
61
36

8.9
129
24

4.4
3

l,a
(le
Nd

1l
18

8

18

41
18

t]
48
16

33
75
4l

t2
32
13

l1
2't
l0



Sample #
rtn^r,'T.,na

876-7-676 87G4-225
--t l'¡nnnrifa dinrlfo

87G18-677
¡linrite

56.97
0.70

16.20
6.21
0.11
4.43
8.23
3.52
1.93
0.13
1n7

qs so

58.71

3l
13

20
159

9

189
419
315

25

25
88

t9.4
9.8

4

876-ll-750
¡l inrif e

876-5-590
nl-ochhrn

876-5-417
ol-sehhro

44.05
0.27

13.56
l l.l0
0.16

20.13
8.60
r.2t
0.07
0.04
127

1$),42

78.33

131

674
16.6
t92

2

876-5-4E2
nl-oqhhrn

876-5-514
ol-onhhro

sio2
Ti02
A1203
Fe2O3*
MnO
Mgo
CaO
Na2O
K20
P205

54.94
2.48

t5-12
r0.63
0.23
3.19
6.89
3.74
1.19
0.52
n<7

56.r7
1.42

17.6
2.96
0.03
5.18
9.06
5.23
0.34
0.56
lì 5R

û.52
0.64

15.19
5.58
0.09
4.15
6.11
3.81
l.l4
0.11
1 Á',|

43.45
0.16

18.56
9.91
0.14

15.43
9.95
1.34
0.10
o.02
o'tg

44.46
0.ll

19.69
7.49
0.ll

14.01
r0.25

1.62
0.10
0.o2
1 6).

46.02
0.41

17.41
8.22
0.13

t2.71
tl.57

1.80
0.r2
0.07
100f rìr

Tntq I

I\lg#

Cr
N¡
Sc

v
PI,

lìl¡
S¡
lh
Ga

l'l t¡

Zt'
T

'l'h
TJ

oo <n

37.43

5
16
33

2r7
6

34
233
72

9.5
4

qq lq

77.72

25
16
40

203
6

t4.2
688

82
2l

2l
297
40
3l
6

qq 1r

6r.39

25r
66
l9
97

3

45
236
245
l8

2t
168
5l
t]

6.7

ss ß5

1.5
339

63
1l

nd
8.7
0.5

I
1.4

gs 48

78.85

99.52

75.50

396
347
2I
67

1

r.7
311
49
14

2.5
33
't.8
1.6
2.1

4
t2
2

1.3
227

26
10

1

r0
I

75.63

t96
484
8.4
27

2

6
1<

8

2M
474
9.7
23

5

2.3
351
28
t2

32
50
t2

4l
90
52

58
273
130
23

43
96
40

1.6
15.3
4.3
1.7
0.2

0.4
6.3
0.8
0.3
nd

30
&
27

l,a
Cc
Nd

J
I6
5



S¡02
Tio2
Ar203
Fe2O3+
MnO
Mgo
CaO
Na2O
K20
P205
I,OI

Sample #
Rnnl¡ Tvrre

876-19-495
nl-cqhlrrn

46.U
0.62

t6.74
9.45
0.15

13.24
8.66
2.4t
0.29
0.07
r lll

qq 57

87G5-738
nl-ø¡hhrn

47.08
0.13

28.M
2.69
0.04
4.25

t3.21
2.53
0.12
0.01
t54

99 (r4

3.r
MO

33
r6

876-3-726
nl-snhhro

47.95
0.&

r6.88
8.27
0.14

10.25
10.55
2.22
0.83
0.07
1&

99 17

7r.r9

2.8
29

10.7
1.9
2.1

876-19-714
nl-oqhhro

48.36
0.70

16.35
9.25
0.16

10.49
9.39
2.69
0.44
0.09
o50

qR 4)

ll3
274

94
t6

6
7l
l6

1.3
2.7

876-3-750
ol-ochhrn

876-2-543
ol-srhhro

48.88
o.32

20.52
6.6
0.11
7.88

11.20
2.67
0.51
0.07
o?o

99,52

'r0.23

414
r38
23
6
4

2
29

9
4.7
2.r

8t6-2-Ø8
nl-oqhhrn

48.94
0.33

19.58
6.32
0.l l
8.r8

rt.47
2.56
o.27
0.04
oR6

qR 66

8.4
355
7l
15

2.8
4t

8
0.2
1.1

876-2-732
nl-o¡hhro

48.48
0.58

18.85
7.W
0.10
8.87

r0.79
2.93
0.29
0.07
oio

loo 03

49.05
0.42

20.20
6.75
0.r2
8.73

I1.35
2.31
0.34
0.06
070

10.7
361

99
n

4.t
44

10.4
3.7
t.4

Tntnl

Ivlg#

Cr
Ni
Sc
V
Pb

Nl¡
Zr
Y
'l li
ll

73.&

150
336
20

105
nd

7.2
272
6
t4

sR 35

71.3875.90

484
156
5.7
22

3

195
l6r
32

133

3

72.05

348
186
20
74

J

9
2',7

10

5

31
t4

1
I4
4

5
l5
11

t79
135
25

102
nd

69.33

453
203

27
130

)

4
229

8

nd
I

72.07

354
185
23
67

2

I{b
Sr
Ila
Ga

4
35
t2

t.a
Ce
Nd

47
318

87
l6

9
362

77
l3

l5
354

95
t4

3.8
59

14.2
1.4
1.1

0.4
10.4

I
2.5
0.8

I
8
5

9
24
10

13

t4
3



Sample #
I)nnL Tvø

s76-11-10S1 876-2-790 87G19-458 876-BHG-1 876-BHN'2
nl-rolrlu¡ nl-oqlrhrn nl-aehhro K -colrlrrnnnrife K-oqhhrnnnrife

876-4-894
lnorfhos¡te

876-4-926
ânorthos¡te

876-4-807
nx-monzon¡te

I rìr
rf¡rf.rl

s¡o2
T¡02
ar203
Fe2O3*
MnO
Mgo
CaO
Na2O
K20
P205

49.t9
0.84

16.41
9.45
0.15

t0.42
8.99
2.75
0.53
0.09

49.47
0.39

19.90
5.70
0.10
7.69

t2.74
2.38
0.28
0.04
r fì?

49.81
0.63

17.74
8.97
0.14

11.09
8.65
2.62
0.59
0.05
n 1<

193
249
l9

100
2

9
23
11

47.30
t.20

15.&
10.81

0.18
6.r4

10.15
2.18
r.37
0.34
L^1

52.26
t.29

16.17
10.10
0.17
4.55
8.69
2.ffi
2.5r
0.43
N fYì

52.38
l.l9

19.58
7.38
o.r2
2.t9
7.87
3.03
3.52
0.48
o40

52.98
1.08

20.5r
7.34
0.r2
2.t7
8.46
3.22
3.M
0.49

^1)

53.83
r.43

r7.36
9.40
0.16
3.6
7.3r
2.96
3.47
0.67
-o 15

^1n
OO /'1,,t oo 

"Á
lmÁÁ

7t.r4

oo 1R

53.10

5.9
8l
22
8.6
4.1

qq 51

37.08

100 l0

2r9
547

1059
aa

oq ?q

48.49

l0
t27
24
l3

5.9

sR 14

37.r7

t7
2r8

24
22

llt¡
Sr'

Ba
(ì.r

68.73

t94
228

24
145

I

r7.3
273
104

15

6
84

17.9
3.2
2.3

7
380

86
l5

11

t2
15.8
108
r6

12.4
279
23.5

2l
5.1

72.90

458
t43
28
82

2

43.70Msf

Cr
Ni
Sc

V
Pb

103
4l
30

328
6

tr7
37
28

143
23

t7
23
19

146
l9

75
s96
338

19

22t
62t
798
23

25
l5
2l

192
t6

Nb
Z¡
Y
'l'h
IJ

2.9
34
l1

1.6
r.2 8.7

148
5&
635

23

l9
294
107
t4

7
57
20

3
2.3

t5.2
208

33
24
5.3

45
107
47

182
6't6
558

23

33
72
36

t.¡
Ce
Nd

10
25
t2

32
69
34

23
55
25

43
19
34

8
27

6



S¡()2
TiC)2
AI2O3
Fe2O3*
MnO
Mso
CaO
Na2O
K20
P205

53.90
0.75

22.0t
5.43
0.08
2.26
8.ó0
3.01
3.24
0.47
n?<

54.01
0.92

20.79
6.52
0.1r
1.90
8.55
3.16
2.58
0.49
o?o

54.33
0.92

20.86
6.02
0.09
1.89
8.01
3.39
3.30
0.27
o10

54.92
r.29

r7.28
8.66
0.15
3.0r
7.06
3.07
3.90
0.56
o26

100.16

54.98
1.39

16.&
8.16
0.r2
3.25
7.42
3.54
3.16
0.60
o51

Sample #
Rnnk Tvne

876-4-991
qnnrlhmile

876,+1044
qnnrfhosifp

876-4-879
nnorfhosite

E76-4-42E
nv-rnnnznn ifc

54.81
1.37

16.79
8.88
0.13
2.89
6.44
2.90
4.23
0.5s
n)ñ

99 r9

39.35

876-4-348
nx-monznnife

54.87
1.34

16.ó3
8.90
0.16
2.9s
6.35
2.87
4.r3
0.55
O?R

99.03

39.t9

876-4-201
nx-monzonite

876-4-265
Dx-monzon¡te

876-4-565
nx-monzonite

55.02
t.32

17.t2
8.45
0.13
2.65
6.43
3.08
4.07
0.53
o2.o

99.00

38.47

22
22
20

173
20

252
493
828

22

20
r92
36
28

6.1

53
96
44

I TìI
Tofal

I\lgf

Cr
N¡
Sc
v
Pb

Rb
Sr
lla
(ìa

Nb
Zt
Y
'lh
t,

l,a
Ce
Nd

rrn 10

45.35

11

12
ll

107
I7

10.8
77

19.2
22
6.3

9927

36.75

rl
r72
24
39

99.38

38.49

t2
6

t4.2
219

18

I l.l
l0

r7.3
28
7.1

40.93

2r
12
23

184
19

M.26

26
L2

27
t29
1l

180
545
707
20

99.79

16.7
136

33
2r

6.4

16
T7

t5
n9

19

27
23
2l

t79
l8

20
l3
22

r82
l8

238
535
982
22

46
97
41

5l
98
48

52
98
45

34
77
33

2t3
484
861
20

253
494
813
20

2tl
734
843

24

195
679
247

26

207
7U
395

25

21
57
23

ll

44
88
4l

2L
158
21
26

6

r7.7
194
34
26

6.3

14.5
t70
3l
22
9.r

39
87
40



sio2
T¡02
A1203
Fe203*
MnO
Mgo
CaO
Na20
Kzo.
P205
t,oI

55.39
r.28

t7.47
8.45
0.14
2.83
6.73
2.99
3.7r
0.51
-0il

55.50
r.28

16.60
8.05
0.13
2.87
6.92
3.47
3.34
0.55
0.41

56.4t
t.22

17.06
8.t2
0.13
2.40
6.08
3.15
4.44
0.52
020

Sample #
Pnclr Tvne

876-4-387
n*-mnnznnife

55.r7
r.37

17.25
8.75
0.15
3.03
6.60
2.99
3.99
0.54
-o lg
qo Á5

40.u

26
14

20
175
l5

252
497
798
20

20
212

33
u
5.4

50
r07
48

87tr-1E0
nv-rnnnznnifp

876-4-340
nv-inonzonife

876-4-634
nv-mnnznnifp

56.09
1.20

17.53
7.86
0.r3
2.94
6.27
3.02
4.29
0.51
o08

qq q?

42.72

17.2
l8l
30
22
6.1

48
103
42

876-4-726
nY-monznnifp

876-19-877
norife
48.69

1.19
15.38
11.04
0.16
8.60

10.85
2.54
0.28
0.05
o.73

s9 5r

60.83

277
TT7

43
297

3

6.2
27r

77
r7

6
34
16

876-19-835
nnrifp
s0.20
0.76
6.18

12.33
0.2t

14.61
10.14

1.19
0.57
0.1l
12,O

q7 5n

70.26

789
631

40
169

7

24
9l

116
7

r6
)',

6

876-Ll-7L6
norife
50.58

0.95
15.46
8.87
0.16
8.66
9.78
3.04
0.52
0.15
040

sR 57

6ó.06

457
105

38
184

I

t2
2&
tt2

16

Cr'
N¡
Sc
v
lÌ l¡

Tnf:rl

l\{g#

Iìlt
Sr
lla
(ìu

qq îq

40.M

25
t2
l9

r67
l9

18

273
32
3l

8.1

42
100
46

99 1).

41.55

25
l6
23

178
T4

48
105
48

20
1l
t8

t49
l9

20
20
l9

147
l9

qq 73

37.08

298
477
837
20

'l
93
2l

I
0.6

15

30
15

l0
79
23

4.2
r.9

3.8
48
22
3.5
1.9

20
231

28
29
8.5

53
94
48

214
5ù1
851
22

209
527
672
t9

17.5
235

34
27

7.8

252
501
793
2t

NI.l
Zr
Y
'Ih
t,

t,,a

Ce
Nd



s¡02
Ti02
A1203
Fe2O3t
MnO
Mgo
CaO
Na2O
K2o.
P205
I TìI

Sample #
Rock Tvne

87G11-1064
hf-nnrife

50.87
0.74

14.80
8.94
0.r6

11.75
7.78
2.50
0.53
0.10
fì ?n

oQ L',l

20
243
109
l5

7
't3

l8
4.6
1.3

87Gll-687
nz-norite

5r.50
1.07

15.39
9.16
0.17
8.56
9.û
2.87
0.55
0.14

^R)oo Á1

65.07

403
98
40

198
I

18.4
273
lll
l8

6.9
96
26
1.6
4.1

876-t9-t4ll
norite
51.74
0.69

16.09
7.23
0.15
8.70

10.90
2.62
0.M
0.07
1 )6,

oo Rq

13.9
284

98
t7

3.6
60

18.6
3.5
0.6

876-t9-136
hf-nnrifp

51.91
0.66

t4.t9
9.t2
0.17

11.04
8.41
2.65
0.46
0.07
n?ô

qR, R.R

70.70

l3
254
100
t4

E76-11-910
norife
52.23
0.61
6.79

13.79
0.25

19.04
4.r2
1.18
0.53
0.ll
o?o

qR R5

73.35

876-19-635
norife
52.28
o.67

15.50
7.73
0.16
9.25

t0.44
2.47
0.45
0.08
o20

ss ?3

876-19-1349
nz-nnrifp

52.62
0.73

t5.73
7.79
0.14
8.60
9.t6
2.65
0.67
0.11
14R

99 68

68.76

25
26
l3l
r6

876-11-903
norifc
52.65
0.74

t6.42
7.r7
0.16
9.08
7.3r
3.01
1.00
o.2l
r45

99.20

7r.63

275
184
25

119

3

39
278
r54

15

8.8
124

22.4
5

2.4

'n,\rôl

Ivlg#

Cr
N¡
Sc

v
Pl)

t4
28
l5

5

49
15

0.8
3.1

1l
l6
6

Nb
Zt-
Y
'ìh
ll

70.58

345
120
40

143
7

8
35
t2

10
32
T7

72.38

580
238

29
136

3

t4
r7
13

318
184

35
135

5

237
t97
33

131
J

&7
638

33
r25

7

70.46

280
t07
40

148
2

14.7
26
105

16

5.6
&

18.5
3.1
0.9

lllr
S¡

ll.r
(ì¿

2r
96

l0l
9

l,¿¡

Cr:
Nrl

'7

74
t7

2.7
0.7

lt
22

J

ó.8
73

17.8
3.5
1.3

t4
38
r4

l1
32
10



sio2
T¡02
Ar203
Fe203+
MnO
Mgo
CaO
Na2O
K20
P205
t.or

53.15
0.59

16.99
7.37
0.16
9.22
7.90
2.78
0.65
0.08
117

53.20
0.67
7.00

11.81
0.23

18.08
5.36
r.3l
0.60
0.09
0.35

Sample #
Rnck Tvne

876-t1-1027
lrf-nnrife

52.82
0.74
9.78

10.98
0.20

t5.u
6.13
1.86
0.56
0.09
o?o

qR RO

73.71

23
t&
il5
t2
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Appendix C. Complete listing of analy_tgf of
granites and grañophyres from Black Hill
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Appendix f). Black Hitl Drill Core Logs
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