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Abstract

•
A geochemical investigation of the Archaean volcanic successions of

the Warrawoona Group and Gorge Creek Group in the eastern Pilbara Block was

carried out jointly by the BMR and GSWA. 442 rock samples were analyzed for

• major elements, Ba, Rb, Sr, U, Th, Zr, Nb, La, Ce, Y, Li, Ni, Co, Cr, V, Cu, Zn,

Ga and S. The results allow the construction of a regional geochemical­

stratigraphic framework for the volcanic successions as mapped previously and

defined by the GSWA, and facilitate applications of whole-rock geochemical

.. parameters as criteria for stratigraphic identification of isolated volcanic

rock bodies. A screening method discriminating between altered and least

altered samples was designed using LMPR (log molecular proportion) plots, and

the data of least-altered rocks were computed to investigate magmatic

• fractionation models and estimate mantle composition. The geochemical data

reveal vertical stratigraphically controlled trends relevant to the evolution

and zonation of the Archaean mantle and secondary redistribution patterns.

Concomitant migration of volatiles (H 0 & CO ), alkalies, sulphur and copper
2 2

toward tops of volcanic sequences is indicated, with implications for the

development and localization of base metals.

The lowermost Talga-Talga Subgroup (3556 ~ 32 m.y.) is dominated by

• tholeiitic basalt and dolerite of high Ti and low K, Ai, Ni and Cr. Qz­

normative high-Mg basalts are closely interspersed with the tholeiites.

L8nticular units of high-Ai dacite-andesite occur below the thin sedimentary

McPhee Formation between the North Star Basalt and Mount Ada Basalt. Overlying

• the latter is the Duffer Formation (3452 ~ 16 m.y.) which consists of

predomir~ntly pyroclastic Na-dacite, K-dacite, Na-rhyolite, K-rhyolite, and

andesit~ volcanics accompanied by minor basalt and dolerite intercalations. The

Duffer Formation is capped by a stratigraphically consistent unit of chert - the

• Towers Formation (Marble Bar Chert). Overlying greens tones of the Salgash

Subgroup consist of a lower mafic unit (Apex Basalt) in places containing

peridotite komatiites and an upper unit (Euro Basalt) of tholeiitic and high-Mg

basalts. Minor dacite--rhyolite lenses are present. The Wyman Formation - the

stratigraphically uppermost unit of the Warrawoona Group - typically consists of

ultrapotassic quartz porphyry. Thin tholeiitic basalt units (Charteris Basalt

and Honeyeater Basalt) occur within the sedimentary sequence of the Gorge Creek

Group, and are typically low in Ti, and some of the rocks are high in Ai and K.

• A general depletion in Fe, Ti, P, Zr, and Y with time is manifest, both as an

•



overall trend and as repeated cycles in individual volcanic units. Similar

trends have been observed in South Africa and Canada (Glikson, 1979). These

trends are the reverse of tholeiitic crystal fractionation trends, and may

reflect secular depletion of the mantle in siderophile and lithophile elements

due to extraction of basic melts.

The LMPR alteration screening method shows that a majority of basic

vOlcanic rocks plot within the field of least-altered modern volcanics, whereas

silicic volcanics commonly show strong Ca depletion. Correlation coefficients,

standard deviations, frequency distribution relations and stratigraphic

variations suggest high mobility of Ca, Na, K, Ba, Rb, and Sr, and relative

stability of the siderophile (Fe, Ti, Mn, V), magnesium-related (Ni, Cr, Co),

some lithophile (p, Zr, Nb, Y), and in some instances rare earth (Ce, La) and

chalcophile (Cu, Zn) elements. The concentration of volatiles, alkalies and Cu

toward the tops of sequences is attributable to either late synvolcanic

carbonization or/and secondary upward volatile migration associated with

leaching of copper from the basic volcanic rocks.

Petrogenetic model calculations suggest iron-rich mantle source

compositions (Mg number in the range 80-90). Peridotitic komatiites (PK) formed

by greater than 50% melting of mantle peridotite, during temporally distinct

hi5h-temperature diapiric events. As suggested by compositional gaps between PK

and high-Mg basalts (HMB), these magmas are not generally inter-related by

crystal fractionation. The HMB formed by 30-50% melting of mantle peridotite in

a shallow (ca. 60 km) Archaean equivalent of the modern low velocity zone. As

suggested by a continuous chemical spectrum between high-Mg basalts and

tnoleii~ic basalts, the latter could form from primary high-Mg magma by 25-65%

'rystal fractionation, leaving modelled residues of olivine, clinopyroxene,

orthopyroxene and plagioclase. The low-LIL (large iron lithophile elements)

dacites of the Duffer Formation probably formed by partial melting of basic

sosurce materials - such as may be represented by the Talga-Talga Subgroup -

but late-magmatic hydrothermal addition of Si and K is required for the

rhyolites. Elvan-type quartz porphyries of the Wyman Formation were related to

late-stage pneumatolitic activity. The high-K values of tholeiitic basalts of

the Gorge Creek Group may represent effects of sialic contamination. Some

similarities exist between Talga-Talga Subgroup tholeiitic basalts and modern

mid-ocean ridge basalts, and between Gorge Creek Group tholeiitic basalts and

arc-trench or Andean high-AI basalts. These changes may reflect progressive
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•
crustal thickening during the Archaean, i.e. from a simatic regime to a

• continental or continental-margin regime. However, the Talga Talga Subgroup

differs from ocean floor basalts by its high Ti and low Cr and Ni. Comparisons

between chondrite-normalized plots of the Archaean tholeiitic basalts and modern

basalts indicate significant differences between these suites. No strictly

• uniformitarian interpretation of the geochemical data in terms of modern

tectonic environments is justified.
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3
, Si0

2
-FM, CaO-~. Del ineated areas represent

least-altered modern volcanic fields (Beswick and Soucie, 1978). Points represent
peridotitic komati Ites, high-Mg basalts, pyroxenites, basalts, dolerltes, andesites, dacites
and rhyol ites.

LMPR Si02-A1 20
3

plots for individual volcanic units (North Star Basalt, Mount Ada
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LMPR CaO-Si0
2

plots for individual volcanic units.
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LMPR Si0
2

-FM plots for samples of individual volcanic units.
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t
(total as FaO), MnO, MgO, caO,

Na 20, K
2
u, P

2
0

5
, H

2
0+, 03

2
, Ba~ Rb,2S~, Zr, Nb, V, La, Ce, Li, V, Cr, Co, Ni,

Cu, Zn, Ga, S.

b.L St atigraphic-geochemical columnar plots of eastern Pilbara basic-ultrabaslc volcanic
5' .:essions. P - peridotitic komati ites; X - pyroxenite; H - high-Mg basalt; T­
tt,olei itic basalt; D - dolerite; G - gabbro; A - andesite; C - dacite; R - rhyol ite
+ - other rocks.

6.3 Stratigraphic-geochemical columnar plots of eastern PI Ibara sir icic volcanic successions.
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6.4 - Frequency distribution plots of the CaO/AI 0 , AI 0 /TiO , CaO/TIO , Cr/NI,
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10.3 - Incompatible element relations compared to chondritic ratios: Zr-TI, Y-Ti, Nb-Zr,
P
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INTRODUCTION

The northern part of the Pilbara Block, northwestern Western Australia,

consists of thick sequences of low-grade metamorphosed volcanic rocks and

overlying sedimentary units, intruded by granitic batholiths (Noldart & Wyatt,

1962; Ryan, 1965; Ingram, 1972; Hickman & Lipple, 1975; Hickman, 1975;

Lipple, 1975; Fitton et al., 1975). Isotopic age determinations indicate an

Archaean* age for these rocks (Greenhalgh & Jeffery, 1959; Leggo & others,

1965; Compston and Arriens, 1968; deLaeter and Trendall, 1970; Arriens, 1971;

deLaeter and Blockley, 1972; deLaeter et al., 1975, 1977; Oversby, 1976).

Recent U-Pb zircon data, Pb model data and Sm-Nd isochron data indicate a ca 3.5

b.y. age for the lower part of the sequence (Sangster & Brook, 1977; Richards,

1 77; Pidgeon, 1978a. 1978b; Hamilton & others, 1981; Jahn & others, 1981).

The Archaean supracrustal rocks form successions up to 14 km thick, and are in

places well exposed and amenable to detailed study. By 1975, advances in

regional 1: 250,000-scale mapping of the eastern part of the Pilbara Block by the

Geological Survey of Western Australia (GSWA) had provided a regional geological

framework. Subsequently, the Bureau of Mineral Resources, Geology and

Geophysics (BMR) jointly with the GSWA commenced a geochemical study of the

Archaean volcanic formations, as a contribution to the IGCP** project Archaean

Geochemistry (74/1/92). The investigation was planned in two phases: the first

rh~~e, whose results are reported below, has centred on constructing a

geochemica -stratigraphic data framework based on volcanic type-sections in the

eastern Pilbara. In the second phase (started August, 1980) the study is

~tended into the west Pilbara and also includes the late Archaean Whim Creek

G~ up and Fortescue Group. The principal aims of the project are:

(1) Do 'ument principal major and trace-element features of the various volcanic

r:ck types and obtain abundance estimates of the latter in the various

stratigraphic units.

•

•

(2 )

*

**

Correlate geochemical characteristics with the stratigraphy, in a search

for diagnostic "fingerprints" and trends allowing the application of

geochemistry as a stratigraphic aid in areas where the relation of volcanic

rocks to the regional sequence is unknown due to poor outcrop or structural

discontinui ties.

In this report the term Archaean refers to the pre-2600 m.y. era and the

term early Archaean to ca 3500 m.y. and older •

International Geological Correlation Programme.



2.

(3) Attempt discrimination between least-altered and altered samples to enable

the elucidation or original igneous characteristics and secondary features

caused by lava-seawater interaction, burial and thermal metamorphism, and

related element dispersions.

(4) Classify the primary igneous affinities of the volcanic rocks, investigate

magmatic processes as indicated by major and trace element data, compare

the rocks with Phanerozoic volcanics and infer mantle-crust relations and

the tectonic framework.

(5) Examine implications of primary and secondary element redistribution

patterns for the migration and concentration of economically significant

metals.

Earlier studies of Pilbara volcanic rocks were accompanied by limited

geochemical data. A whole-rock geochemical orientation study was conducted by

Ha lberg (1974); 369 samples were collected from 15 localities, mainly near

mining centres, and 28 ultramafic to andesitic volcanic samples analyzed for

major elements, Co, Cr, Cu, Ga, Nb, Ni, Rb, Sr, Y, Zn and Zr. Carbonatization

was found to be pervasive, retarding the investigation of primary igneous

compositions. Hickman & Lipple (1975) reported 34 analyses of dacite and

rhyolite samples from the Warrawoona Group. Sun & Nesbitt (1978a) published

three major element and rare earth element (REE) analyses of high-Mg basalt

(komatiite) from the late Archaean Negri Volcanics, western Pilbara Block. Som~

unpublished whole-rock geochemical data are included in exploration company

reports and theses of the University of Western Australia.

In the present study, sampling traverses were conducted along 13

sections in the Marble Bar, Nullagine, and southeast corner of the Port Hedland

1 :250,000 Sheet areas (Fig. 1.2). A total of 575 samples were collected, of
+3

which 442 volcanic rocks and 16 granites were analyzed for Si, Ti, Ai, Fe
+2

Fe • Mn, Mg, Ca, Na, K, P, CO , H 0+, H 0-, Ba, Rb, Sr, Pb, Th, U, Zr,
222

Nb, Y, La, Ce, Li, V, Cr, Co, Ni, Cu, Zn, Ga and S. The analyzed samples are

classified according to stratigraphy and rock-type in Table 1.1, mean

compositions are given in Table 6.1, and individual analyses presented in

Appendix I. Sampling methods, analytical precision and accuracy controls, and

computing methods are reported in section 3. A series of BASIC computer

programs were written for the Hewlett-Packard 9825A system to enable data

processing, tabulation and plotting. This report presents the principal results

of phase 1 of the project; further treatment of the data will be made in

PUblications, including results of REE and isotopic analysescurrently underway

(Glikson & Hie kman , 1981; Hamilton & others, 1981; Jahn & others, 1981).
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TABLE I:). Classificdtion of Pilbara Supergroup sample according to formation and rock type

Group and Traverse Samples Analysed
Formation Total

Subgroup Numbers + PK HMB TB DG And Dac Rhy Other
and HALB

Negri Volcanics

Louden Volcanics

Rushall Slate

~
~ p.,
w ~ Mons Cupri VolcanicsH w

~
~

0:::
U 0 Warambie Basalt

Mosquito Creek Formation

Lalla Rookh Sandstone

~ Honeyeater Basalt 9 7 2 ) 12 40w Q)

~
r-l
r-l Po Cleaverville Formationu g; 'r! ::l
> 0w

~
Cl) H Charteris Basalt 8 6 15 5 1 27

~
Q) 00

0 J:l ,.0
0 Cl! ::l Corboy FormationC!l r~ en

Wyman Formation 11,12,13 23 23

Euro Basalt 5,7 4 9 2 15
Po Panorama Formation..c:: ::l

Cl) 0
Cl! H Apex Basalt 1,5,6,7 5 23 14 11 5 1 3 62p., 00 00

~ r-l ,.0
0 Cl! ::l Towers Formation 1 ) )
0::: en en
0

~
Duffer Formation 1,6,10 1 5 4 12 42 22 5 91

0 Mount Ada Basalt 1,2,3,4 5 9 45 16 3 2 10 90

~
Cl!

McPhee Formationbll
r-l Po

tx: Cl! ::l
<t: E-< 0 North Star Basalt 1,2,3,4 5 7 39 24 5 8 1 4 93
~ H

Cl! 00
00 ,.0

r-l ::l
Cl! en

E-<

+ traverse lines shown on Fig. 1. 2. Total: 15 57 148 74 27 53 46 22 442

PK - peridotitic komatiite; HMB - high-Mg basalt; TB - tholeiitic basalt; HALB - high-AI basalt; DG - dolerite and gabbro;

AND - andesite; DAC - dacite; Rhy - rhyolite; Other - pyroxenite, intrusive porphyry, schist, etc.
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• 2. GEOLOGY

2
The Pilbara Block occupies 60 000 km of northwestern Australia. It

consists of domal granitic batholiths separated by volcanic-sedimentary

.. synclinal outliers, or 'greenstone belts' which collectively comprise the

'Pilbara Supergroup' (Hickman, in press) (Fig. 1.1). The metamorphic facies of

the supracrustal successions in greenschist to lower amphibolite.

• 2.1 Regional geology

About 60 per cent of the Pilbara Block consists of granitic rocks

(Fig. 1.1), including three main categories: (1) 3.5 - 2.9 b.y. migmatitic,

• gneissic and foliated trondhjemite and granite (s.s.) with minor tonalite and

adamellite, (2) foliated porphyritic trondhjemite and granite (s.s.) mostly

effected by major thermal events about 3.0 b.y. (as shown by Rb-Sr and Pb-Pb

isotopes), and (3) unfoliated, post-tectonic tonalite, granodiorite and

• adamellite (commonly tin-bearing) currently considered to be between 2.7 and 2.6

b.y., but in part possibly as old as 2.83 b.y. (Pidgeon, 1978b). The foliation

of categories 1 and 2 is of tectonic origin and varies from a weak biotite

alignment to a stronger parallel orientation of quartz, sericite and mafic

• minerals. It commonly crosses internal plutonic contacts at high angles, grades

into cataclastic schist and protomylonite, and shows a strong geometrical

concordance with the overall structure of the domes. Oversby (1976), Pidgeon

(1978b) ~nd Cooper & others (1980) consider that the domes were emplaced at

• about 3.0 - 2.95 b.y., though magmatic intrusion may have occurred earlier.

Whereas the maximum total thickness of the Pilbara Supergroup is about

50 km, the true thickness in individual areas is generally only 10 to 15 km.

• Stratigraphic correlations across the Pilbara Block are facilitated by good

exposure and fairly high degree of continuity between greens tone belts. The

stratigraphic succession was first established in the Marble Bar-Nullagine area

(Hickman & Lipple, 1975), and correlations between the sections sampled in the

present study are well established.

The stratigraphic succession of the Pilbara Supergroup is in Table 1.1.

Geochronological data suggest that the Warrawoona Group is 3.6 to 3.3 b.y. old,

• the Gorge Creek Group 3.3 to 2.95 b.y., and the Whim Creek Group about 2.7 b.y.

old (Pidgeon, 1978a; Richard, 1977; Sangster & Brooks, 1978; Hamilton &
others, 1981; Jahn & others, 1981; Hickman, 1980) •

•
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2.2 Sampling traverses

In the following descriptions, reference to individual sampling

traverses are made according to numbers on Figure 1.2. Stratigraphic columns of

traverses from which more than 10 samples were collected are presented in Figure

•

•

•
2.1. Petrographic descriptions of principal rock types are given in Section 4.

2.2.1 Traverse No. I: Talga River-Coongan River-Chinaman Creek

Traverse No. 1 extends from the base of the North Star Basalt (NSB) near Talga River at a
hil I termed The Sisters to the top of the Apex Basalt (AB) In Chinaman Creek (Fig. 1.2). The NSB
along this traverse is atypical of the formation elsewhere by virtue of more extensive
recrystal I ization, as the traverse is Juxtaposed with the Intrusive contact of the Mount Edgar
Bathol ith, and a greater proportion of daclte-andesite at the top. Three samples of peridotitic
komatiite were obtained on this traverse at a stratigraphic level 1000 m above the formation's
base. The Mount Ada Basalt (MAB) contains peridotitic komatiite near its base, passing upwards
into an alternating sequence of tholeiltic basalt, dolerlte, and minor andeslte and daclte. High­
Mg basalt and pyroxenite occur about 4000 m above the base of the traverse (Fig. 2.1.a). As in
the NSB, metamorphic grade attains upper greenschlst to lower amphibol ite facles, and is
appreciably higher than on traverses Nos 2 and 3.

The Duffer Formation <OF) is chiefly composed of dacitic to andesitic crystal lithic tufts
and subordinate lava flows. Both rock types are commonly schistose. Rhyol Ite occurs at a
stratigraphic level of 1 500 m above the base of the OF in Duffer Creek near Its confluence with
the Coongan River (75040046 I, L). Dykes and si lis of dolerlte and pyroxenlte intrude the lower
part of the Formation.

One sample (75040072 B) was collected from the Towers Formation. On the basis of Si02•
content this rock would be classed as an andesite, but examination of its trace element
geochemistry suggests that it is actually an altered basalt. A similar situation exists for
samples from the base of the Apex Basalt (AB) (75040073 A, G, - 75 B). The AB at Chinaman Creek
and Coongan River consists of high-Mg basalt, tholeiitic basalt, dolerlte and locally pyroxenite
(Fig. 2.1.c). The high-Mg basalt contains long needles of cl inopyroxene (partly altered to
amphibole) set in a feathery groundmass of tremol ite and plagloclase with granUlar epidote. Pillow
structures are common. This section of the AB includes thin intercalations of black chert.

2.2.2. Traverse No. 2: McPhee Reward

The McPhee Reward traverse (samples 45062 - 45096) presents one of the best sections through
the North Star Basalt (NSB), the McPhee Formation (MF) (not sampled) and the Mount Ada Basalt
(MAB). Both basalt formations are chiefly composed of tholelitic basalt and subordinate dolerite.
An altered ultramafic unit composed of talc-serpentine and talc-carbonate-chlorite rocks occurs

at the 500 m level in the NSB and is interpreted as a peridotitic komatllte. High-Mg basalt
occurs only near the top of the NSB. Porphyrytic daclte forms a 20 m unit at the top of the North
Star BasJlt and felsic schist was sampled at the 2 760 m level in the MAB. The NSB is
mettmorphosed to upper greenschist facles and the MAB to greenschist facias. Green amphibole
(acinol ite to hornblende) makes up 35 - 55 percent of the basaltic rocks in the NSB, but is
uncommon in the MAB. As seen in Fig. 6.2.2, this formation is highly carbonatized as compared to
the NSB.

2.2.3 Traverse No. 3: Talga River

Traverse No. 3 examines the same succession as traverse No. 2, and is located approximately 4
km to the northeast, along the west bank of the Talga River. Tholelitic basalt and dolerite again
predominate in the North Star Basalt. One sample of hlgh-Mg basalt was collected near the base of
the formation (Fig. 2.1.a) and a tremol Ite-chlorite ultramafic rock of perldotltlc komatilte
composition occurs at the 600 m level. In traverse No. 3 the McPhee Formation is represented by
chert, banded iron-formation, pel ite and carbonlte schist. Above, the Mount Ada Basalt Is similar
to that in traverse No. 2, except for the additional presence of pyroxenite. One sample of high­
Mg basalt was collected and andesite occurs 500 m below the top of the formation (Fig. 2.1.a).

2.2.4 Traverse No. 4: Sharks mining centre

Traverse No. 4 examines the same formations as traverses Nos. 2 and 3 and the lower part of
traverse 1, and is located at Shark mining centre, 35 km southwest of Marble Bar. The North Star
Basalt is similar to that on traverse No. 2, except for a greater proportion of dolerite and

•

•

•

•

•

•

•

•
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gabbro, and greater prominence of epidote and sphene. Hlgh-Mg basalt occurs at the base of the
Mount Ada Basalt (MAB) which otherwise consists of tholelltlc basalt, dolerlte, gabbro and daclte.
Thin units of pel ite, chert and banded iron-formation within the MAB were sampled but not
analysed. Fresh cl inopyroxene is commonly preserved In basic rocks of the MAB.

2.2.5 Traverse No. 5: Camel Creek

Traverse 5 is located on the western side of Camel Creek, about 20 km south of Marble Bar,
and provides a section through the Apex Basalt and the Euro Basalt. Tholei Itlc basalt, hlgh-Mg
basalt and serpentinite alternate in the lower 250 m of the Apex Basalt, and are overlain by a 400
m-thick unit of extrusive perldotite (samples 49328 - 49332). Above the 650 m level is a 500 m­
thick succession of commonly pi I Iowed hlgh-Mg basalt flows. The upper 350 m of the formation Is
composed of tholei itic basalt, dolerite, chert and a laterally impersistent ultramafic unit.
Primary textures are very poorly preserved in most of the rocks. However, some peridotite samples
exhibit rei ict cumulate texture, and In hlgh-Mg basalts acicular amphlbole defines a pal impsest
texture after spherul itic and quenched cl inopyroxene.

The Euro basalt is composed of tholelitic basalt, hlgh-Mg basalt and dolerite. The lower
600 m of the formation was not sampled. It is inferred It Includes a basal unit of peridotite,
high-Mg basalt or possibly dolerite. Metamorphic recrystalllzatlon of the basaltic rocks has
resulted in a relatively coarse-grained asemblage of tremol ite, chlorite, cl inozolsite and
carbonate.

2.2.6 Traverse No. 6: Sandy Creek

Sandy Creek is situated about 50 km southeast of Marble Bar and provides a section through
the upper part of the Duffer Formation (OF), the Towers Formation and the lower Apex Basalt (AB).
Figure 2. I.b shows that much of the OF is composed of rhyol itic aggJomerate and debris flow
material. Intercalated with these coarse fragmental units are thinner members of dacite, dacite
tuft and minor chert. The upper part of the Formation consists of debris-flow and cross-bedded
tuffaceous units. All rocks of the OF are extensively altered and contain secondary epidote,
clinoloisite and carbonate. Plagioclase phenocrysts are heavily clouded by sericite, which has
totally replaced the feldspar of the groundmass.

The Towers Formation consists of sil icified laminated rocks (possible original carbonates?),
tuft and chert. Oomal laminated structures (? stromatol ites) and structures resembl ing ripple
marks are wel I preserved. The contact between the Towers Formation and the overlying Apex Basalt
is intruded by dolerite. Pi Ilowed high-Mg basalt occurs at the base of the AB, and is
intercalated with tholei itic basalt at higher levels. The rest of the formation consists of
pi I lowed tholei itic basalt with minor dolerite. Pyroxenlte and gabbro Intrude the basaltic pile
at the 650 m level. Some of the basalts are porphyritic with altered cllnopyroxene phenocrysts,
and some are vesicular.

2.2.7 Traverse No. 7: Spinaway Creek

Traverse No. 7 is located along Spinaway Creek, 15 km south of Sandy Creek, and provides a
section through the central and upper parts of the Apex Basalt. The base of the traverse is
defined by a unit of grey chert which occurs at the top of traverse No. 6. Thus, sample 49233
(traverse No. 7) is stratigraphically about 100 m above sample 49232 (traverse No. 6). High-Mg
basalt occurs immediately above the grey chert and forms the bulk of the highest 400 m of the
secTion (e.g. 49241 and 49242). Apart from two extensively sil icifled rocks the other samples
from traverse No. 7 are similar to the tholeiltlc basalts

2.2.8 raverse No. 8: Charteris Creek

•

•

•

•

The Charteris Basalt was sampled around the headwaters of Charteris Creek. Massive and
pillowed tholei itic basalt is intruded by dolerite and gabbro in the lower 500 m, whereas the
higher succession is more heterogeneous with alternating units of pi I low tholeiltic basalt, high­
Mg basalt, dolerite, felsic lava and chert (Fig. 2.1.d). The hlgh-Mg basalts exhibit a relict
quench texture, chlorite pseudomorphs after needles of pyroxene being set in a feathery or plumose
groundmass. The gabbros and dolerltes show well preserved Igneous textures. Both the volcanic
and hypabyssal rocks possess original cl inopyroxene, altering firstly to tremollte and secondly to
chlorite. Except for the scarcity of perldotitic kornatlites, the Charteris Basalt is
lithological Iy similar to the Apex Basalt.

2.2.9 Traverse No. 9: Soanesville

The Honeyeater Basalt is wel I exposed along Honeyeater Creek, located about 70 km west­
southwest of Marble Bar (Fig. 1.2). The traverse was made across both I imbs of the Soanesvi I le
Syncl ine and the two sections are combined in Fig. 2.1.d. Hlgh-Mg basalt and dolerite occur in
the lower and central parts of the formation, whereas at higher levels dolerite is intercalated
with tholel itic basalt. The central and upper parts of the formation are pi I lowed. Metamorphism
is of very low-grade and several samples contain fine-grained pumpellyite and prehnite
(e.g. 49378). Some of the basalts contain amphibole and serpentine pseudomorphs probably after
hypersthene phenocrysts, the remaining minerals being auglte and saussuritized plagioclase with
minor chlorite, cllnozoisite and epidote. Quartz is ubiquitous and thought to be chiefly
secondary.
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2.2.10 Traverse No. 10: Bowls Gorge

Traverse No. 10 is the type section of the Duffer Formation, and Is situated at Bowls Gorge,
14 km north of Marble Bar. The lower 1000 m of the 3 750 m thick succession Is chiefly composed
of andesite with minor dacite and basalt. ThIn basaltic units also occur at the 1 050, 1 600, 1
850 and 3 550 m levels. Upwards from the 1 050 m level, dacite becomes progressively more common
than andesite, and fragmental units of agglomerate, tuff and debris-flow material predominate
(Fig.2.1.bl. The upper 500 m of the Duffer Formation Is composed of ignlmbrite and well-bedded
tuff, which In four samples Is rhyol itic. The tuff commonly displays graded bedding, cross
bedding and ripple marks, and has clearly been reworked by water action. The upward petrological
change from andesite and basalt at the base of the formation to dacite and rhyol ite at the top Is
accompanied by clearly defined geochemical trends (Fig. 6.4.1.l.

2.2. 11 Tra verse No. 11: Wyman Wel I

The type area of the Wyman Formation is about Camel Creek, 3 km southwest of Wyman Wel I.
Traverse No. 11 is situated on a northern tributary of Camel Creek and provides a 300 m section
through columnar porphyritic rhyol ite. The petrography of the rock is described in section
4. 1.6.

2.2.12 Traverse No. 12: Emu Creek

•

•

•

•
The Wyman Formation at Emu Creek Is represented by ultrapotassic

12.54 percent) rhyol ite composed of Quartz, K-feldspar and sericite.
smal I laths of K-fel dspar in the groundmass of the rhyol ite Imparts a
Secondary si Ilea occurs in veins and clots.

2.2.13 Traverse No. 13L BUdj an Creek

(K20 levels of 11.05 to
A parallel al ignment of
trachytlc texture.

•
The Wyman Formation along BUdjan Creek displays greater alteration than in traverses Nos 11

and 12. K-feldspar phenocrysts are almost entirely altered to sericite or muscovite, and
sil icification is widespread. Carbonate is also more conspicuous than in the other two traverses
through the formation, although carbonate minerals form only 2-3 percent of the rocks sampled.

•

•

•

•

•

•

•
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Figure 2.1.c Stratigraphic columns indicating position of samples (cont.) 16/F50-8/6
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3. METHODS

3.1 Samp I i n9 Procedures

Maj or cons i derat Ions wh I ch contro I I ed the p Iann i ng of the geochem Ica I samp 11 n~ were (1) th
size of the terrain - the Archaean outcrops in the Pllbllra Block being about 60 000 km In area;
(2) the number of stratigraphic units to be sampled, I.e. eight main formlltions, and the
I ithological uniformity or variability of each unit; (3) degree of outcrop and the Identification
of field relations of the sampled material, I.e. the desirability of avoiding poor outcrops where
possible; (4) avoidance of rock bodies juxtaposed with Intrusive contacts or transected by shear
zones, which may cause major secondary geochemical alteration; (5) the need to spread collections
over a reasonably large area in order to obtain a reglonally representative sample population, and
(6) avoidance of any unforeseeable systematic bias. However, not al I of these conditions can be
met, and sane of these requirements may only be achieved at the expense of other criteria. For
example, whereas well-exposed sections allow detailed sampling on the outcrop sCllle - which results
in a collection of a large number of samples relative to other areas - the area may be geochemically
unrepresentative. If a representative sample suite from any particular arei!! or unit is desirable,
sheared contact metamorphosed and altered rocks must not be Ignored, particUlarly as such rocks may
form hosts of base- and precious metal minerallzi!!tlon. Any single sample collected from anyone
site mayor may not be representative, especially where details of outcrop are obscured, a problem
requiring multiple sampling In single local ities. However, multisample-per-polnt collections may
achieve different results from statistical I y-representi!!tl ve regUlar sampling at even distances along
traverse lines. A major constraint is posed by the limits on the number of si!!mples which could be
analyzed in this study.

In the I ight of these difficulties, two sampl ing procedures have been appl ied in the present
study:

(1) Single sample per point collections at regular intervals across strike. Stratlgraphic
intervals of about 100 m were aimed at, but cOl11'l1only Intervals of 50-150 m appl led, as
allowed by outcrop and avai labi I ity of suitable fresh samples.

(2) Multiple sample per point collections at frequent Intervals with preferred selection of
least-carbonated, chloritized and sheared material. Number of samples per point varied
according to the degree of exposure and I ithological heterogeneity. In this procedure,
sampling was controlled partly by geological criteria and partly by the need for regular
coverage. Hydrochloric acid (10 mol) was used to screen highly carbonated rocks, which were
sampled less frequently than uncarbonated rocks.

As shown by the resu I ts, the two methods prove mutua II y comp I ementary, namel y, the
appl ication of the first method allows a regional coverage to be achieved within the limits placed
on the number of ana lyses, wh I Ie the second method increases the proport I on of I east-a I tered samp I es
and demonstrates the existence of outcrop-scale geochemical heterogeneities. Single point per
sample traverses were carried out along the McPhee Reward, Bowls Gorge, Camel Creek, Shark Centre,
Sandy Creek, Charteris Creek, Splnaway Creek, Emu Creek, Budjan Creek and Honeyeater Creek
(Sodnesvi I le) sections (Fig. 1.2). Multiple sample per point sampl ing was conducted between Talga
River and Coongan River north of Marble Bar and along Chinaman Creek west of this township
(Fig. 6.2.1.).

Bc ause of the I r fine gra Ins I ze, vod I can I c rocks can be geochem Ica 11 y samp Ied by ca 0.5 kg
specimens (Hutchison, 1974, p. 127>. Considerably larger samples (1-2 kg) are generally derived
from gabbroic and porphyritic rocks. These procedures were followed in this study.

3.2 Sample Preparation, Analytical Methods, Accuracy and Precision

The EJ.1R rock spec I mens were broken down in a Jaw crusher. 1-3 an I arge ch i ps were se I ected,
avoiding any red-coloured and discoloured material affected by weathering and joint-related
alteration effects. The fresh chips were recrushed and possibly contaminated dust finer than 5 mesh
was si eved away us I ng comp ressed a I r Jet. The cleaned ch I ps were rechecked for disco Iou red
fragments and milled in tungsten carbide vessels for about 1 minute. Sample batches intended for Co
analysis were pulverized In steel chrome vessels. It is estimated that, by the i!!bove selection,
sleving and cleaning procedure, about 99% of the visibly discoloured altered material was removed.
Although this cleaning procedure Involves loss of finer dust fractions, and Is thus unsuitable for
coarse grained rocks, it Is considered appropriate for fine grained volcanic rocks where chip/grain
size ratio of 500 or higher apply. Because the metadolelrites and metagabbros Included in the
volcanic suites are strongly recrystall ized and thus mlneralogically homogeniZed, the same procedure
was also applied to these rocks. The GSWA rock specimens were cleaned in the field. The method
used was to select a large (up to 30 kg) sample, typical of the locality and as free as possible of
vein and weathered material, and break this until a 1-2 kg fresh, unvelned sample was obtained. No
composite samples were collected. In the laboratory a 100 gm sample was taken for thin section work
and future reference whi le the remainder of each specimen was crushed and mi lied; no fine material
was removed. Samples 45062 - 45096 were powdered using an agate morti!!r, and other GSWA samples were
powdered in a tungsten carbine mill.
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•
Chemical analysis were conducted in three batches:

batch no. 1:
batch no. 2:
batch no. 3:

194 samples from the Marble Bar area (collected in 1975);
35 samples from McPhee Reward (collected In 1975);
235 samples (collected In 1976).

•
The analytical work was carried out partly In the ~R laboratories and partly by AMDEL (Austral ian
Mineral Development Laboratories), as follows:

Si, Ti, AI, Fe (total as Fe203 ), Mn, Mg, Ca, Na, K, P, Ga, Rb, Sr, Y, Zr, Ba, La, Ce, Pb,
Th, and U determined in the ~R la50ratories were measured using a Phi lips PW-1210 automated X-ray
spectrometer (analyst - J. Pyke). Major-elements (except for Na) were determined on fusion discs,
and Na20 and trace-elements on pressed powder pel lets according to the methods of Norrish &Hutton
(1969) and Norrish & Chappell (1967>. Direct measurements of mass-absorption coefficients were made
with each sample and empirical interfering element corrections were made where necessary. Detection
I imits (Table 3.1) were calculated at the 95 percent confidence level using the relation given by
Jenkins & deVries (1967>. The effects of machine drift were eliminated by rellltlng each element to
a reference standard. Each determination was carried out in duplicate, and was repeated if
significant differences between the readings occurred. Precision control was further achieved
through concomitant readings of BMR standards calibrated against internatlonlll standards with each
sample batch <Table 3.2). Accuracy controls were obtained through parallel analyses of
international standards (Flanagan, 1973) <Table 3.3). The most severe discrepancies are observed
near lower detection limits. For this reason, the Ilthophile element abundances In the ultramafic
volcanic rocks are subject to larger errors. To help to assess the accuracy of AMDEL's X-ray
fluorescence spectrometry results, Table 3.4 compares results obtained by this method with those
from rapid chemical and wet chemical methods performed on the international standard BCR-l.
Comparisons between N-1DEL's and ~R's major elements X-ray fluorescence results are given in Table
3.2.

batch no.

batch no. 2

batch no. 3

si I icate
analysis

EJ.1R

N-1DEL

XRF trace
elements

~R

EJ.1R

AA trace
elements

EJ.1R

AMDEL

AMDEL

AMDEL

•

•

•

•
Li, Cr, Co, Ni, Cu, and Zn were determined by atomic absorption spectrometry in the ~R

laboratories (analysts: T. Slezak, J. Fitzsimmons) using ~ Varian-Techtron spectrophotometer.
Precision and accuracy comparisons are given in Tables 3.2 and 3.3, respectively. CO2 and
S03 were determ ined on all samp Ies by N-1DEL. CO2 was determ ined by ac Id treatment and
gravimetric measurement. The precision up to 3.0% absolute is + 0.05%; between 3 and 6% absolute
it is + 0.1%, and over 6% absolute it is + 0.25%. SO was determined by combustion in a tube
furnace and vol umetric measurement. Estimated precis10n is + 0.01% for less than 0.1% S, and

.:!:.. 0.03% for 0.1 - 1.0% s. -

3.3. Computing Methods

Major and trace-element data and relevant sample information (number, formation, rock type,
mineralogy, local ity) were stored on magnetic tape cartridges using a Hewlett-Packard 9825A desktop
calculator, and on Hollerith punch cards. A Storage and Retrieval program (author: M.J. Owen) was
used in conjunction with the HP system, applying integer-precision data storage In 1380-byte size
strings. Every string accommodates 10 analyses, each retrievable according to any chosen search
word in an alpha-numeric 70 word large title group. The program allows modifications and
corrections to be carried out and forms the basis for al I subsequent data manipulations, tabulation
and plotting, the two latter achieved using the HP9871A printer and HP9872A plotter. The punch
cards were used in conj unction with the CS IRO Cyber 76 computer.

A series of BASIC programs written for the HP9825A (+ peripherals) system by M.J. Owen were
used to obtain sample statistics, XY and XYZ plots, regression analysis, CIPW norms, CIPW plots, and
related petrochemical indices. In addition, a series of petrological and special plot programs were
written by A.Y. GI ikson. The geochemical and petrochemical principles underlying these programs are
discussed in relevant sections of this report. In the following, the principal features of each
program are summari zed:

Tabulation: The chemical data and relevant titles (sample number, rock type, mineralogy, location)
are tabulated vertically as 10 analyses per-sheet, as retrieved from tape storage according to any
title group specification, allowing deletion of unrequired data.

Mean, Standard Deviation, Maximum-Minimum values and Correlation Coefficients: Samples are
retrieved according to chosen search words and are sequential Iy printed along with maximum and
minimum values for the group, mean, S.D. and the number of samples (Appendix 11). Printouts of
major/major, major/trace and trace/trace element correlation coefficients fol low - only values
greater than 0.5 or less than -0.5 being printed.

•

•

•

•

•

•
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X-Y Plots and Linear Regression: Samples are retrieved from individual data files to a 15000
bytes master file according to selected parameters, and plotted on chosen scale, pen colour and
symbol type. A and B parameters can be specified as single values, A+B, 'A-B, A*B, A/B, A*constant,
10gA and/or 10gB, and major element A divided by trace element B. Regression line Is plotted,
equation printed, and confidence I imlts outlined. Accompanying printouts provide the following
sample statistics: mean A and mean Bj variance and 5.0. for A and Bj regression I ine slope and
standard errorj regression I ine intercept and standard errorj correlation coefflclentj sum of
squares; degress freedom; mean squarej F-test statistics.

X-Y-Z Plots. Samples are selected as for the XY plots program and are plotted on chosen scale, pen
colour, and symbol type, either as single values or combinations as for the XY program.

CIPW Norm: The norm calculated according to Hutchison (1974) Is printed, along with oxide weight
percent, cation percent, plagioclase an%, SI index (Chappell & White, 1974), Differentiation Index,
Sol idification Index, Crystal Ilzation Index, total Fe and FaO, K?O/Na?O, and Mg number
(lOOMgO/MgO+FeO in mol%). Fe203 for norm calculation Is calculaTed a!: 0.2 of total iron.
Samp le in format ion is pr inted above each norm.

CIPW Plots:: Normative values are calculated and plotted in chosen combinations as for the X-Y and
X-Y-Z Plot Programs.

The following programs were written by A. Y. GI ikson in conjunction with this project:

Frequency Distribution Plots: Data for a chosen chemical element or element/element ratio are
retrieved according to chosen search words, a frequency distribution or percent frequency
distribution is calculated, and a curve plotted according to chosen I ine type. Cumulative frequency
curves can also be plotted. A legend is printed Whereby each group is denoted by a corresponding
title and I ine-type symbol.

Geochemical-Stratigraphic Columnar Plots: The stratigraphic level (in metres) of each sample is
stored as part of the title group of the respective analyses. The program retrieves these values
and plots the abundance of any chosen element or element/element ratio (X-axis) against the
corresponding stratigraphic level (Y-axis) on a columnar diagram. The plot symbol corresponds to
the rock type as identified from the title group.

LMPR (L ro ortion) Plots and Deviation Indices: The program plots log
(Major element A/K 2 versus log ajor element 2) ( eswick & Soucie, 1978), and calculates
any deviation in log units from the least-altered mOdern field I imits for the particular type of
plot (section 5). Field I imits data are stored in the program. The printed deviation indices
facilitates screening of chemically anomalous and probably altered rocks. The latter are then coded
in the title group of stored analyses and thus can be avoided in programs concerned with primary
igneous characteristics of the rocks.

Chondrite-Normal ized Element Ratio Curves: The program calculates the ratios of any chosen sequence
of elements relative to chondrltic abundance (or any other reference values) and plots them as
curves, faci I itating comparisons.

Mantle Mg Number from FeO-MgO Plots: From these plots (in mol%) the pyrollte I iquidus temperature
(T) and fraction partial melting (F) are read from a grid by Hanson & Langnulr (1978) (Fig. 10.2),
anJ entered from keyboard. The following output is calculated and tabulated: MgO(mol%),
FeClmol$), Mg number (100MgO/FeO+MgO) of the sample, F read from ° kb grid, F read from 30 kb grid,
T read from ° kb grid, T read from 30 kb grid, MgO(mol%) of mantle source, FeO(mol%) of mantle
source, FeO(mol%) of mantle source, mantle Mg number, F value obtained by FeO-MgO mass balance, F
Vol ue obt Ined by Zr-based calculation. The F value used for derivation of mantle Mg number is
appl led bt mass-balance, since this corresponds most closely to experimental results of
A. L. Jaques (pers. comm., 1980). Samples which plot outside the primary melt field are marked by a
corresponding statement on the output (section 10.2).

Mantle Trace-Elements Abundance: The program calculates mantle-source levels for any given trace
element using procedures outlined in section 10.2. The fraction of partial melting (F) is
calculated by (FeOt+MgO) mass-balance. The norm of refractory resldues is calculated from the
difference between the analysis and pyrol ite composition, and the bulk-partition-coefflcient (Kd) of
the residue calculated by averaging cited mineral/melt partition coefficients (D) according to the
norm. Tabulated outputs I ist the sample trace-element level, mantle trace-element level, F,
normative residue (01, Opx and Cpx), and bulk Kd values.

Fractional Cr,stal I ization and Primary Magma Trace-Element Levels: The progr8m is based on Allegre
&others (197 ) method for derivation of bulk-dlstribution-coefflcients Kd from log e versus log i
(e - trace-elementj I - incompatible trace-element) plots (section 10.1). Degrees of fractionatlon
(F) are obtained from ratios of assumed primary i element level/determined I element level in
rocks. Rayleigh's Nonequilibrium Law Is applied. Output lists for the selected element give: (1)
trace-element abundance in the rockj (2) trace-element abundance in the primary magma; (3) liquid
fraction (F)j (4) norm of residual cumulates (Cpx, Opx, 01, 11, Pig), and calculated bulk-Kd (in
addition to the value read from Log e - Log i plots). The norm of cumulates Is obtained assuming
the major-element composition of the parent-magma and calculating the difference from the analysis
by mass-balance.

---------
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General Egui I ibrium Partial-Melting: For a given rock analysis and an assumed source-rock major
element composition, the program calculates the norm of refractory resldues (Cpx, Opx, 01, PI) and
deficiencies of 5i02 and KZO. The fraction of melting (F) Is derived by calculations based on
an incompatible element such as Zr (section 10.4). The program is particularly suited for model I Ing
derivation of dacite-rhyol ite magna by partial-melting of basic source rocks.

The fo I low Ing prog rams were app lied to Pi Iba ra data us I ng the Cy ber 76 computer:

(1) R-mode Factor Analysis, documented in Dixon (1971), and using an obl ique
rotat i on method by Hend r I c kson & Wh i te (1964) (not reported here).

(2) Cluster Analysis, documented by Bonham-Carter (1967).

(3) CMA5 Tetrahedron Program, documented by Lenthall & others (1974) (not reported here).

•

•

•

•

•

•

•

•

•

•

•

•
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4. PETROGRAPHY

The volcanic and hypabyssal rocks analysed in this study range in

composition from peridotitic komatiite to ultrapotassic rhyolite. The

mineralogy of individual samples is indicated in the titles of individual

analyses (AppendiX r).

4.1 Petrographic/petrochemical nomenclature

In view of the metamorphosed state of the volcanic rocks, involving

replacement and/or recrystallization of the bulk of the original igneous

mineralogy, the nomenclature used in this report is mainly based on (1) relict

igneous textures and (2) geochemistry. In the following, definitions are

given of the volcanic and hypabyssal rock types described in this report.

Al though the prefix "meta" is not used, all the rocks discussed below have

been metamorphosed.

4.1.1 - ultramafic and mafic rocks

Peridotitic komati ite (PK): Porphyritic and/or quench-textured (spinifex-textured) volcanic rock
with higher than 20% MgO.

High-Mg basalt (H~): Porphyritic, aphanitic or quench-textured volcanic rock with MgO between
10%-20%, or MgO between 8%-20% if MgO/AI 203 greater than 0.6.

Pyroxenite (PYX): Cumulate-textured rocks with rei ic pyroxene or pseudomorphs of amphlbole after
pyroxene and composltional range of high-Mg basalts.

Tholeiitic basalt (TB): Amphibolite or epidote-chlorite rocks with porphyrltlc or intergranular
texture, compositional range with less than 10% MgO (or less than 8% MgO if MgO/AI 203 is
greater than 0.6). Either normative quartz or normative 01 ivine may be present. The boundary
with andes 1te is def I ned at 55% 51°2,

High-AI basalt (HALB): as for TB, with AI 203 higher than 16%.

Dolerite (D): Medium-grained amphibol ite with ophitic or subophitic texture; compositional
range as for TB, HALB or HMS.

Gabbro (G): Coarse grained amphibol ite with ophitic texture; compositional range as for TB,
HALB or HMB.

4.1.2 5i I icic and intermed iate rocks

A classification of sil iclc volcanic rocks was conducted on the basis of the An-Ab-Qr
ternary (O'Connor, 1965) and 5102 values (Fig. 4.1). The following definitions apply:

Na-rhyol ite: Ab/An higher than 3i 5102 above 70%
Na-dacite: Ab/An higher than 3; 5i02 60-70%
Dacite: Ab/An of 3 to 1; 5102 6O-70J
Ca-dacite: Ab/An less than 1; 5i02 above 60%
Andesite: Ab/An less than 1; 5i02 55-60%
Rhyodacite: Ab/An less than 3i Or/Ab between 2.3-4
Qz latlte: Ab/An less than 3i Or/Ab between 1-2.3
K-rhyol ite: Ab/An higher than 3i Or/Ab higher than 2.3; 5102 above 70%
K-dacite: Ab/An higher than 3; Or/Ab higher than 2.3i 5102 oetween 60-70%.



12.

4.2 Peridotitic komati ite

Peridotitic komatiite, with MgO higher than 20% and textures similar to those described from
the type local ity of the Barberton Mountalnland, South Africa (Vi IJoen and VIIJoen, 1969), was
sampled in the traverses at Camel Creek (Apex Basalt), Talga River (North Star Basalt) and
Py ram id We /I (Mount Ada Basa It). Elsewhere In the P I Ibara such rocks are known to occur with in the
Euro Basalt at Pilbara well (Hallberg, 1974; Fltton and Fltton, 1976) and in the Talga-Talga
Subgroup at Ruth Well <Tomich, 1974; Hallberg, 1974). At Camel Creek, massive fine-grained
peridotite forms a 400 m-thick pile passing upwards into hlgh-Mg basalt (Fig. 2.1c). Microscopic
examination reveals large olivine crystals set In a matrix of tramollte, chlorlte, cllnozoislte,
carbonate and opaque oxides. Lower levels of the succession are extensively serpentlnized. At
Talga River and Pyramid Well the rocks consist of tramollte, serpentine and chlorlte with variable
carbonate. Although the general chemistry of the Pllbara perldotitlc komati ites Is similar to that
of the Onverwacht Group of South Africa, normative Q-op-Cp-Ol plots suggest a possible original
predominance of cl inopyroxene over orthopyroxene In the Pllbara rocks (cf. Fig. 9.3 with Fig. lof
GI i kson, 1979).

4.3 Py roxen i te

Pyroxenites were described from the NSB, MAB, DF and AB units. They correspond to the
compositional range of high-Mg basalt (Section 4.4) but display distinct cumulate texture. The
rocks consist mostly of partly or completely altered equant medium-grained cl Inopyroxene and/or
actinol ite-tremol ite pseudomorphs after pyroxene set in microcrystalline matrices of amphlbole,
chlorite, plagioclase leucoxene and opaque Iron oxides. Porphyroblastic pseudomorphs may occur.
Some of the least altered pyroxenites are recognized in the MAB, where fresh cllnopyroxene and
leucoxene-altered sphene abound. Some pyroxenites contain ophitically-enclosed saussuritized
plagioclase, approaching gabbroic compositions. The pyroxenites are Interpreted as coarsely
crystal I ized hypabyssal equivalents of the high-Mg basalts, and in some Instances ultramafic bases
of dolerite sills.

4.4 High-Mg basalt

High-Mg basalt, although defined chemically (section 4.1), can generally be distinguished by
textural and mineralogical criteria. The principal constituents are typically tramol ite and
chlorite and the rocks exhibit quench-like textures with intermeshing skeletal or dendritic blades
of tremol ite as pseudomorphs after pyroxene, or serpentine as pseudomorphs after 01 ivlne. Original
cl inopyroxene, and less commonly orthopyroxene, are locally preserved in the Apex Basalt, Euro
Basalt and Honeyeater Basalt. Plagioclase is less abundant than in tholeiitic basalt. Secondary
alteration products such as cl inozolsite, epidote and carbonate are similar to those In tholeiitic
basalts. Apart from texture (metamorphism of tholelite locally produces a somewhat similar texture)
high-Mg basalt can commonly be distinguished from tholeiitic basalt In the field by virtue of its
darker green colour. Some high-Mg basalt is pi I lowed, as at Camel Creek, Sandy Creek, Chinaman
Creek and Marble Bar Pool, and variolltic textures are locally present.

4.5 Tholei itic basalt, dolerite and gabbro

As shown In Table 1.1 - basalt, dolerite and gabbro collectively comprise about 60 percent of
all samples and almost Ba percent of six of the volcanic formations. These proportions are
considered representative of the actual composition of the volcanic succession of the Pllbara
Supergroup, since in most cases sampl ing was conducted at regUlar Intervals across strike.

Pi 1I0w basalt appears to be more common in the Pllbara Block than in the YlIgarn Block, and
is parti ularly well developed in Apex Basalt and Euro Basalt, which also contain numerous thin
chert unIts. However, it is possible that this impression Is obtained due to poor outcrop and
surface retention of pi I low structures in the Yi Igam Block. The pi I low structures generally fit
closely together and are separated by interstices fil led by dark aphanitic material. The pi Ilows
range in size up to about 3 m in diameter and 1.5 m in vertical depth. Cross-sections are variously
lenticular, planoconvex and concavoconvex and in three dimensions the structures are discoid,
balloon-kike, sausage-shaped or T-shaped. Stratlgraphic tops are generally convex whereas bases are
flat, concave or form cuspate 'tails'. Some pit lows appear to have burst shortly after formation
and are connected to smaller pillows formed by the exuded lava. Radial jolnting is common and
varioles and vesicles are clustered close to pll low margins, tending to be most numerous toward
pi I low tops (a feature also noted by Henderson, 1953). Vesicles are commonly elongate or tubUlar,
long axes radiating from the pillow cores, and may be partly or completely fll led by quartz,
chalcedony or calcite. Each pil low possesses a chll led, grey-green cryptocrystall ine 'skin', about
2 to 10 mm thick. On its outer surface this skin may be smooth, spotted with spherules or
polygonally cracked. Grain size increases towards the cores which consist of acicular amphibole and
xenoblastic plagioclase. On weathered surfaces pi I low cores are normally the darkest parts of the
structures, but pale spotting Is produced by patchy concentrations of feldspar. Interstitial
mater i a I occupy ing the spaces between the pI I lows is composed of crysta I I ine ch Ior Itic rock,
palagonite, chert or altered tuff. The best exposures of pll low basalt occur at Marble Bar Pool,
Chinaman Creek and Sandy Creek, although virtually al I traverses include some pi Ilow lava.
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Flows of massive basalt can be difficult to distinguish from sills of dolerite; indeed the
distinction is probably not important because most of the sills appear to be cogenetlc and penecon­
temporaneous with the surround Ing volcanics, an Interpretation supported by geochemistry. It Is
possible that some of the dolerlte and gabbro are coarsely crystallized central portions of thick
slowly cooled basalt flows. Systematic traverses across basalt formations have revealed that, on
the basis of petrographic criteria, up to 30 percent of such formations Is composed of strati form
dolerite or gabbro. Sil Is are most numerous In the oldest part of the succession, the Talga Talga
Subgroup.

Massive basalt typically forms darker outcrops than pillow basalt partly because of coarser
grain size and less alteration. Alteration visible In the field Includes sll Iclflcation and
carbonatization, both features being more pervasive in pillow lavas. Massive basalt Is generally
jointed at 0.5 to 2 m Intervals. A recti I inear to polygonal joint system is developed normal to
bedding and another set Is oriented parallel to bedding. Vertical joint surfaces are commonly lined
with calcite, which also veins the lavas along discontinuous cracks. Columnar jointing is uncommon
and poorly developed.

Microscopic examination reveals that the basaltic rocks have been partly to completely
recrystall ized by greenschist-to-amphibollte facies metamorphism. Rei ict cllnopyroxene phenocrysts
are locally preserved but more commonly replacement by amphlbole Is complete. Plagioclase Is
extensively saussuritized, original labradorite or andeslne having been replaced by alblte. Lime
and alumina released by this process have probably contributed to the formation of secondary
amphibolte, epidote, cl inozolslte and prehnite. Mineral assemblages generally consist of amphibole
(actinolite, trmolite, or hornblende), quartz (largely secondary), albite, epldote, chlorite and
minor sericite, sphene, cl inozoisite, carbon minerals, opaque oxides, prehnite and pumpellyite.
Texture ranges from microporphyrltic, ophltic or subophitlc, In which mlcrophenocrysts of pyroxene
are set In a fine-grained to microcrysta I I ine intergranular groundmass of pyroxene, plagioclase and
minor quartz. Advanced recrystal I ization produces crystal loblastlc aggregates of metamorphic
minerals. Actinolite, forming anhedral, cOfllnonly fibrous aggregates up to 2 nm long, usually makes
up over ha I f the roe k. Interst i t ia I mater Ia I Ine Iudes f Ine-gra ined a Ibite accompan Ied by flakes of
amphibole and small porphyroblasts of epldote. IImenite Is replaced by leucoxene and sphene.
Vesicles are infllled by chlorite, carbonate, quartz, feldspar and rare apatite.

Bodies of metadolerite and metagabbro generally show less alteration, veining, jointing or
fol iatlon than adjacent basalt lava flows, and consequently are more resistant to weathering. They
crop out as low ridges or scarps fringed by boulders and large angular blocks. Most metadolerlte
sil Is are only a few metres thick and grain-size Is relatively fine. Larger bodies exhibit coarser
grained centres and some gabbro sills are over 100 metres thick. EvIdence of transgressive
Intrus i ve contacts Is ra re, but as yet the si I Is have not been stud Ied In deta 11. Dol er Ite dykes
abound in certain areas, for example between Marble Bar and Talga Talga, and many of these may
constitute feeders to the strati form intrusions.

Ophitlc and subophitlc textures are wel I preserved In many samples of metadolerlte, and
primary cl inopyroxene, orthopyroxene and plagioclase are locally retained. The mineralogy is
essentially secondary, orthopyroxene being replaced by serpentine and amphlbole, cl inopyroxene by
amphibole and chlorite and plagioclase by saussurlte with varying amounts of chlorite, albite,
sericite, and calcite. Quartz dolerite Is common, especially In the Apex Basalt and Honeyeater
Basalt. Despite alteration, such as saussurltlzatlon and carbonatizatlon, original textures In
gabbro are generally wel I preserved. Cl inopyroxene is variably replaced by actinolite or hornblende
ana orthopyroxene by serpentine. Cumulate textures are present In some 51 lis (e.g. 45158).
Plagloclase is saussuritized and epidote, carbonate and sphene are commonly Important constituents.
Quartz gabbro and nor i te occur In some areas.

'_~tonic deformation and thermal metamorphism have locally transformed basalt and stratiform
dolerite into mafic schist or into massive, medium-grained, granular, totally recrystall Ized
amphibole-plagioclase rock. The rocks vary from green to almost black; plagioclase may be visible
in hand specimen but In many samples is difficult to detect due to clOUding.

The observed mineralogy of recrystall Ized amphlbolltes is largely secondary. In thin section
massive amphibol ite consists of randomly oriented assemblage of variably altered plagioclase
(original composition generally labradorite) and pyroxene pseudomorphed by hornblende and/or
aclnolite which may enclose relics of the primary mineral. Gllkson (1972b, p.167) attributed
similar replacement In dolerlte of the Kalgoorl le area to either late magmatic ural Itization and
metamorphic replacement upon which alumina released by saussurltlzation of plagloclase contributes
to the conversion of pyroxene to hornblende and of secondary act/nol Ite to hornblende. Lime and
s iI ica re Ieased by ura I i ti zat i on are represented by ca Icite and quartz, a Ithough ca 1c Ium may be
partly taken up In the conversion of ilmenite to sphene which Is typically cored by relict IImenlte.
Minor components of amphibol ite Include chlorlte, apatite, phlogopite, rutlle and opaques. Some
fine-grained massive amphlbol ite (metabasalt or metadolerite) consists of a mosaic of green
hornblende, dlopslde and altered plagioclase. Large crystals of hornblende may contain cores of
relict pyroxene, cl inozolsite, granular sphene (after ilmenlte), quartz and chlorite. Scapollte is
a rare constituent. Amphibol Ite schist Is strongly foliated and consists chiefly of felted to
granoblastlc actlnol ite or hornblende with subordinate plagloclase, chlorlte, epldote, and minor
quartz, opaque oxl des and carbonates.
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4.6 Andeslte

Andeslte was collected from the North Star Basalt, Mount Ada Basalt, Duffer Formation and
Apex Basalt, but Is relatively uncommon. Many rocks outwardly resembling andeslte are, in fact,
altered basalt, and their major elements geochemical classification, based mainly on Si02 content,
almost certainly includes some silicified basalts in this category. Examples Include rocks from the
upper part of the Duffer Formation, the Towers Formation and the Apex Basalt near Marble Bar Pool
which contain vanadium in excess of 200 ppm and Ni between 100-300 ppm. Likely authentic andesites
occur within the Duffer Formation, and less commonly within the upper part of the North Star Basalt
and the Mount Ada Basalt. Chief mineral constituents are plagioclase, amphlbole, rare rei ict
py roxene and vary I ng amounts of a I bite, ep Idote, ch Ior I te, quartz and carbonate. Saussu rl t i zat ion
and carbonatizatlon are widespread.

4.7 Daclte

The majority of dacite samples were collected from the Duffer Formation, whi le eight were
obtained from the upper part of the North Star Basalt, two from the Mount Ada Basalt and one from
the Apex Basalt. In the Duffer Formation most dacitic rocks are crystal lithic tuffs and consist of
coarse euhed ra I a I bite laths, up to 3.5 mm long, common I y f ractu res and broken, autol ith ic f ragnents
and minor anhedral quartz grains set in a groundmass of quartz, albite, serlclte and minor epidote,
chlorite and opaque oxides. All sections include moderately well preserved vitric tuff units
containing devitrified glass shards (now chlorite), and such rocks are particularly well developed
in the Bowls Gorge section. Concentrations of plagioclase crystals commonly gives rise to weakly
defined layering. Common throughout the pyroclastic units are plagioclase-phyric dacite flows in
which small microl ites of plagloclase define a flow structure. Although the rocks of the Duffer
Formation have undergone weak metamorphism to greenschist facies primary textures are wel I
preserved. Alteration includes carbonatization and widespread replacement of plagioclase by
sericite.

Dacite from other formations is generally porphyritic, showing plagioclase phenocrysts set in
a groundmass of quartz, sericite, chlorite and amphibole. Two of the samples (75040024 E and
75040078 D) could be interpreted as altered basalt on the basis of their high ferromagnesian trace
element composition.

4.8 Rhyol ite

With the exception of a rhyol itic schist sample (45174) from the North Star Basalt, al I
samples of rhyol ite analysed came either from the Duffer Formation (22) and the Wyman Formation
(23) •

Rhyol ite occurs in al I traverses through the Duffer Formation but, with the exception of some
samples from Sandy Creek, is less potassic than the Wyman Formation and is generally represented by
pyroclastic rocks rather than massive lava. Alteration is more extensive than in the Wyman
Formation, with sericite, epidote, cl inozoislte and carbonate being common. Fine-grained tuft is
genera I IY bedded and Iam inated, and lava exh ibits flow-band ing. Some of the samp Ies prov is iona I IY
classified as rhyol ite (e.g. 750400100 A and B) possess unusually high concentrations of trace
~Iements normally associated with mafic rocks (e.g. V, Cr and Ni), and probably represent
metasomatized basalt or andesite.

The Wyman Formation is composed almost entirely of rhyollte. Corroded phenocrysts of beta­
Quartz and euhedral phenocrysts of K-feldspar are set in a groundmass of quartz, simply-twinned K­
feldspar and sericite with minor epidote and carbonate. K-feldspar phenocrysts are commonly
perthitic and may have been anorthoclase inverted to microcl Ine and exsolved sodic plagioclase.
II.-feldspc· is partly altered by sericite. The quartz phenocrysts are embayed and partly resorbed
and are surrounded by corona of mi crocrysta I I ine feldspar. As discussed later, these rhyol ites are
similar to elvan-type quartz porphyrlties described by Henley (1972). Sericite and laths of
K-feldspar in the groundmass commonly exhibit a parallel al ignment corresponding to flow-banding
visible in hand specimen. Rhyol ites from Emu Creek show a perl itic texture, and secondary si I Ica in
the form of veins and clots is a feature of samples from both Emu Creek and BudJan Creek.
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5. DISTINCTIONS BETWEEN IGNEOUS AND SECONDARY COMPOSITIONS

The single most difficult question inherent in geochemical studies of

metamorphosed volcanic rocks is the discrimination between primary (igneous) and

secondary (post-consolidation) element distribution patterns. Secondary

migration may be due to lava-surface water interaction, burial metamorphism and

attendant hydrous alteration, thermal metamorphism, attendant metasomatism,

and/or dehydration (Vallance, 1960, 1967; Walker & others, 1960; Smith, 1968,

• 1969 ; Hart, 1971 ; Miyashiro, 1972 ; 1~73; Jolly & Smith, 1972; Smith &

Smi th, 1976; Condle & others, 1977; Glikson & Derrick, 1978; Glikson, 1979) •

As shown in this study, the composition of basalts, dolerites and gabbro are

very similar. Since the hypabyssal rocks did not come in contact with surface

water, this suggests that, in the main, alteration is of metamorphi1 origin.

Because of the differential nature of open-chemical redistribution behaviour of

the various elements, namely mobility of alkali and alkaline earth elements

compared to relative stability of some lithophile and ferromagnesian elements

(Smith & Smith, 1976; Condie & others, 1977; Sun & Nesbitt, 1978a), references

to rock-bodies as "fresh" or "altered" must be qualified with respect to the

element in question. In this report rocks are defined as "least altered" or

"~ltered" on the basis of their major-element characteristics as revealed on

.. L PR (log molecular proportion) plots (Beswick & Soucie, 1978). Because of the

varia ility of both the original igneous chemistry and superposed alteration

~f1'ects, it is not possible to determine the primary composition of any

:~diviaual altered rock. However, comparisons between altered suites and least­

altered modern volcanic rocks whose primary mineral assemblages are little

~~alfifi are significant to the ldentification of the degree of alteration of

the metamorphosed suites. Beswick & Soucie (1978) have shown that least-altered

modern oceanic, arc-trench, and calc-alkaline volcanic rocks plot wlthln well-

• defined fields on log (major element A/alkali element) vs log (major element

B/alkali element) plots. In this study, the following criteria are used to

discriminate degrees of alteration:

(1) The mineralogy of the rocks and the proportion of phases formed by

addition of H 0 or CO , which may have been associated with
2 2

introduction and removal of other elements. The most important

indicators in this regard are carbonate, sericite, chlorite, epidote,

and prehnite •

•
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(2) The data were plotted on LMPR diagrams and compared to least-altered

modern volcanic fields (Fig. 5.1) (see discussion in section 5.1

regarding the validity of such comparisons). Using a computer

program (section 3.3) the deviation of anomalous samples from the

modern field boundaries are measured and such samples are accordingly

denoted as "divergent". The corresponding analyses are marked in the

title groups of the storage files, given distinct symbols on

subsequent XY and XYZ plots, and screened out in calculations

relating to igneous petrogenesis. The differences between

"divergent" samples and those which fall within least-altered modern

fields can thus be further examined by means of major and trace­

element relations.

(3) The degrees of concentration/scatter of sample populations on

frequency distribution diagrams (Fig. 6.1) are potentially

significant with regard to alteration. Well-defined modal

distribution peaks reflect greater stability than those showing

greater scatter, although the latter may also represent a primary

igneous scatter. The degree of dispersion is also shown by

chondrite-normalized plots (Fig. 11.5).

(4) Correlation coefficients between the various elements reflect

coherent retention, covariant migration, or differential

redistribution - provide a measure for the preservation or

disturbance of primary magmatic patterns and the extent of

alteration (Appendix 11).

(5) Where systematic stratigraphic-geochemical variation trends pertain,

insofar as the latter can be accounted for by magmatic factors and

are unlikely to arise from secondary dispersion, such trends militate

for overall retention of original chemical characteristics (Figs 6.1­

6.5).
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• 5.1 Log Molecular Proportion Plots

Beswick & Soucie (1918) plotted a wide range of Phanerozoic volcanic

rocks on log (A/K 0) vs log (B/K 0) diagrams, A-B oxide pairs being
2 2

SiO -Ai 0 , CaO-SiO , SiO -FM (FM = FeO +MgO) , and CaO-FM.
2 2 3 2 2 total

Two important features are reflected by these plots: (1) least-altered basalts,

andesites, dacites, and rhyolites from a variety of tectonic environments plot

wi thin well-defined fields, including 450 volcanic rocks from Chile, Mexico,

.. Lesser Antilles, North Atlantic Deep Drill Project, Hawaii, and northwest

Iceland; (2) because the rationing oxides are K 0 or Na 0, changes in the
2 2

abundance of these mobile components would result in dislocation of points

mainly within the least-altered field limits, and only alteration which effects

.. other major elements is represented by deviations from these fields. However, a

serious limitation of the method is the lack of data for least-altered igneous

fields for the high-Mg basalt-peridotitic komatiite compositional range,

ultrapotassic rhyolites, shoshonites, etc. This renders assessment of degrees

.. of alteration of metamorphosed equivalents of such compositions impossible. On

the other hand, the fact that the basalt-rhyolite chemical spectrum from diverse

tectonic environments plot within these fields supports a test of this method in

relation to the Archaean data. Beswick and Soucie (1918) devised a correction

.. procedure to derive original composition of individual samples, assuming little

or no migration of SiO and Ai O. An application of this method to
2 2 3

Pilbara samples is being pursued by A.E. Beswick (pers. comm., 1918). In the

present study, the deviation of samples from the main Phanerozoic field has been

.. measured by computer program (section 3.3).

however, many samples in the andesite-

•

..

Warrawoona Group and Gorge Creek Group data were plotted on five types

of LMPR plots (Fig. 5.1), and data for each volcanic formation were plotted and

compared separately (Figs. 5.2-5.6). The SiO -Ai 0 plots yield the least
2 2 3

scatter. Basalts and andesites correspond closely to the main Phanerozoic

field, whereas komatiites, pyroxenites, and high-K rhyolites often plot above

this field, reflecting high Si/Ai ratios. Basalts correspond also closely to

the least-altered CaO-SiO field;
2

dacite range tend to have low Ca/Si ratios, probably due to lime loss upon

alteration. The CaO-Al 0 plot likewise indicates CaO loss of the andesites
2 3

and dacites, and high Ca/Ai ratios of the komatiites and pyroxenites - a

• characteristic feature of Archaean ultramafic suites (Viljoen & Viljoen, 1969;

•
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Brooks & Hart, 1974; Arndt & others, 1977; Nisbet & others, 1977). Many

potassic rhyolites of the Wyman Formation (WF) show extreme depletion of Ca

relative to Al and Si (Fig. 5.3, 5.4). Plots of the Si-Fm diagram indicate

close agreement with the least-altered field for basalts, generally high

SiO /FM ratios of andesites and dacites, and low SiO /FM ratios of
2 2

komatiites. Generally good fits for the basalt-andesite-dacite range are

observed on the Ca-FM diagram, while many ultramafic rocks show low CaO/FM

ratios. It may be concluded that, in the basalt-andesite-dacite range, only

minor deviations from the least-altered Phanerozoic main field occur, and such

are likely to represent secondary processes. On the other hand, as noted above,

the degree of alteration of komatiites and high-K rhyolites can not be assessed

with reference to LMPR diagrams.

Plots of individual formations and sampling sections allow comparisons

of compositional ranges and overall alteration temporally and spatially

(Figs 5.2-5.6). Si-Al relations indicate there is a greater proportion of

altered rocks in the Mount Ada Basalt (MAB) than in the North Star Basalt (NSB),.
particu arly north and west of Marble Bar. The alteration involved loss of

potassium from carbonated basalts (Section 6.1). In the Duffer Formation (DF),

scatter increases toward low SiO /K 0 values, suggesting that extensive
2 2

alteration affected the more potassic silicic volcanic rocks. The relatively

high degree of alteration of many samples in the Salgash Subgroup (SS), as shown

OD other plots, is only partly manifested on the Si/Al diagram. This diagram

suggests little alteration of the Gorge Creek Group basalts. However, plots on

:he CaO-SiO , CaO-Al 0 , SiO -FM diagrams are more diagnostic of
223 2

alterat~on, since they involve elements more mobile than Si and Al, in

particular calcium. The NSB conform best to the least-altered field, although

some samples have low CaO relative to silica, alumina and FM, and some samples

have high Si/FM. The MAB includes many samples of low Ca/Si, either low or high

Ca/Al, high Si/FM, and some with high Ca/FM. Silicic volcanics of the DF show

extensive CaO loss relative to Si, Al and FM, and a wide scatter of SiO /FM
2

ratios. In the Apex Basalt (AB) some chloritized basalts show marked depletion

of CaO relative to Si, Al and FM, whereas lesser degrees of lime mobility are

indicated for the Euro Basalt (EB). The ultrapotassic rhyolites of the Wyman

Formation (WF) show extreme depletion in CaO, forming clusters opposite

extensions of the modern least-altered fields. It is not clear whether the very
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low lime abundances in WF is a primary or secondary feature. Excellent

agreement is observed between the Gorge Creek Group basalts - Charteris Basalt

(CB) and Honeyeater Basalt (HE) - and the least-altered field.

All samples which significantly deviate from the main fields of Beswick

& Soucie (1978) have been allotted special symbols (crosses) in subsequent

plots. XY and XYZ plots confirm the validity of the LMPR method becuse in many

instances divergent samples also display anomalous trace element characteristics

(Figs 7.1-7.70). Some of the notable instances are listed below:

Basic vo canic rocks: Many of the samples which deviate from the main field are

silicified basalts. Some have high or low TiO compared to the main range, or
2

depart from main data clusters with regard to Ni and Cr. Chloritized basalts

plot toward the Al apex on the FeO -MgO-Al 0 ternary, and some show
t 2 3

strong CaO loss relative to MgO and Al O. Some divergent MAB basalts show
2 3

iron depletion. Some show Ti depletion and Zr enrichment, and some have low

Ce/Y ratios. Some divergent AB basalts have high Zn. Enrichment in alkalies

relative to CaO and enrichment in Ba are common in divergent samples.

Sllicic volcanoc rocks: Many altered dacites and rhyolites are characterlzed by

strong CaO depletion, as reflected on the CaO-SiO diagram (Fig. 7.41), which
2

may a so reflect secondary silicification. Potassium and sodium are enriched

relative to calcium in divergent samples. Some divergent DF rocks plot toward

the Ba apex on the Rb-Sr-Ba ternary. Some divergent acid volcanics show high

K/Sr ratios, reflecting K addition and/or Sr loss. There is some evidence for

additi ,n of uranium upon alteration. Some divergent samples have high levels of

Zr and Nb. Some divergent dacites tend to have low Mg and Ni values. Copper is

depleted in some altered DF rocks.

The above relations corroborate the significance of LMPR plots in

designating overall degress of alteration and screening of suspected samples;

however, with the exception of chloritized basic rocks there is no clear

correlation between the major element anomalies and the volatile contents of

these rocks. It follows that the disturbance of igneous element patterns is not

necessarily or solely related to hydration. Possibly, dehydration upon prograde

metamorphism has served to mask such a relationship.
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5.2 Frequency distributions and correlation coefficients as

empirical alteration indicators

Natural volcanic associations, inherent in which are continuous

transitions between petrochemical rock types, are rarely amenable to meaningful

pigeon-holed classifications. Open chemical redistribution tends to increase

the compositional heterogeneity of rock bodies due to the differential nature of

alteration, for example due to differential structural control of chemical

migration. For these reasons, high standard deviations may reflect either

primary and/or secondary scatter. By contrast, where well-defined modal maxima

occur, it is unlikely that large-scale redistribution has occurred with respect

to the element in question, i.e. low variance is suggestive of little

alteration. Furthermore, post-consolidation dispersion can be expected to

disturb magmatically coherent patterns of at least the more mobile elements, as

reflected by the generally poor correlation coefficients of alkali and alkaline

earth elements. Thus, dispersion patterns and correlation coefficients, while

not specifying degrees of alteration for any single sample, provide useful

guides for the overall extent of secondary redistribution.

Frequency percent distribution curves for basic volcanic units (Fig.

6.1) indicate that best defined modal peaks pertain to SiO , Al ° ,
223

TiO , MnO, PO, Zr, Nb, Y, V, Ni, Co, Zn and Ga. A considerable scatter,
225

reflecting high variance, is shown by CaO, Na 0, K 0, Rb, Ba, Sr, Ce, Cu and
2 2

S. These relations support the view of silica and alumina as relatively stable

components (Beswick & Soucie, 1978), and are consistent with references to some

L1L elements (Ti, Mn, Mg, V, Ni, Co, Zn, Ga) as least-mobile during alteration

(Pearce & Cann, 1973; Pearce, 1975; Floyd & Winchester, 1975, 1978;

Winchester & Floyd, 1976; Nesbitt & Sun, 1976; Condie & others, 1977; Floyd,

1977). They equally support the view of alkali and alkali and alkaline earth

elements (Ca, Na, K, Rb, Ba, Sr) as highly mobile upon alteration (Hart, 1971;

Smith, 1968, 1969; Smith & Smith, 1976; Glikson & Derrick, 1978). The light

rare earth element Ce shows a wider scatter than Y, in accord with the

differential mobility of the rare earth elements (Floyd, 1977; Sun & Nesbitt,

1978; Condie & others, 1977; Collerson & Fryer, 1978). The wide dispersions

of Cu and S are significant to sulphide mineralization (Section 12.3). The

conclusions arising from the frequency distribution diagrams are supported by

standard deviations (Table 6.1) and by compositional ranges as
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reflected by chondrite-normalized plots (Fig. 11.5). These plots show tight

distribution of smaller-radii elements (Ti, Y, Zr, P, Sr) as compared to wider

scatter of larger radii elements (Pb, Rb, Ba, Th, U, Nb, K, La, Ce), indicating

considerably wider secondary mobility of the latter.

These observations are corroborated by correlation coefficients

(Appendix 11). The best positive correlations (r >0.75) for tholeiites,

dolerites and gabbros are given by the following pairs:

Fe-Ti, Fe-¥, Fe-V, Fe-P, Fe-Zr, Fe-Ga;

Ti-Zr, Ti-¥, Ti-P, Ti-Ga, Ti-Ce, Ti-Nb;

Zr-¥, Zr-Nb, Zr-Ga, Zr-Ce; ¥-V, ¥-Ga; P-Zr, P-¥, P-Ce, P-Ga; Ni-Cr, Ce-1a, K-Rb

Evidently, close sympathetic relations exist between the siderophile elements

(Fe, Ti, V) and large-ion-lithophile and rare earth elements (p, Zr, Y, Ce). On

the other hand, the only alkali pair whose correlation is consistently strong is

K-Rb, which suggests that any original magmatically-coherent relations within

the alkali and alkaline earth groups (K, Na, Rb, Ba, Sr) have been obliterated

by secondary redistribution.

Considerable secondary migration of alkali and alkaline earth elements

relative to ferromagnesian elements is also suggested for the silicic volcanic

rocks. Frequency distribution diagrams indicate relatively well defined modes

for Si, AI, Ti, Mn, P, Pb, ¥, and Ga, but wider scatter for Mg, Ca, Na, K, Rb,

Ba, Sr, 1i, Zr, Nb, 1a, Ce, Ni, Cr, Co, Zn, Cu and S (Fig. 6.1). Thus, in

distinction from the basic volcanic rocks, large dispersions pertain also to the

light 111 elements, chalcophile elements, and magnesium-group elements, which

suggests higher degrees of alteration of the silicic volcanics. As for the

basic rocks, light-REE appear to have been more mobile than heavy REE. The more

stable components in the silicic volcanics are the siderophile and mg-group

elements - Ti, V, Ni, and Cr, i.e. r >0.75 for Ti-Fe, Ti-Zn, Ti-V. Further,

correlation coefficients for dacites and rhyolites of the Duffer Formation

suggest close coherence of the 111 and REE elements, i.e. r >0.75 for Nb-Zr, ¥­

Zr, Nb-Y, 1a-Ce (Appendix 11); the only consistently good alkali correlation is

between K and Rb. The overall comparison between basic and silicic volcanics

thus suggests greater alteration in the latter, though retention of primary

relations of siderophile, magnesian, large-ion-lithophile, and rare earth

elements is evident in many instances. Thus, while alteration remains a major

problem with regard to the identification of secondary modification in

individual samples, as groups the data are amenable to discussion in terms of

the original dispersion of the least mobile components.
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6. STRATIGRAPHICALLY CONTROLLED GEOCHEMICAL VARIATIONS

6.1 - Basic Volcanic Rocks

The following account considers inter-formational geochemical

variations shown by percentage frequency distribution diagrams (Fig. 6.1) and

intraformational variations shown by columnar stratigraphic-geochemical diagrams

(Fig. 6.2). Both types of diagrams represent wide compositional spectra from

peridotitic komatiite to rhyolite, showing overall geochemical distributions and

trends. Because most samples of the Talga-Talga Subgroup and Gorge Creek Group

are tholeiitic basalts, these diagrams also reflect comparisons between the

tholeiites of these units. The main aim of the comparisons below is to examine

possible stratigraphic and thus temporal trends. The elements are discussed in

terms of chemically r lated groups, i.e. major lithophile elements (Si, Al),

siderophile elements (Fe, Ti, Mn, V), major basic elements (Mg, Ca), magnesium­

related trace-elements (Ni, Cr, Co), alkali and alkaline earth elements (K, Na,

Rb, Ba, Sr) and lithium (Li), incompatible large-ion-lithophile (LIL) elements

(Th, U, Zr, Nb, p), rare earth elements (La, Ce, Y), chalcophile elements (Cu,

Zn, Pb, Ga, S), and volatiles (H 0+, H 0-, CO ).
222

6.1.1 - Variations between formations

Both Si and Al display well-defined modal peaks and little

stratigraphically-controlled variation on frequency distribution diagrams

(Fig. 6.1). A narrow Si distribution range pertains, modes being in the 48-52%

interval. A similarly tight distribution applies to alumina, in line with the

above-suggested low secondary mobility of this component. Distribution curves

for Al 0 are commonly negatively skewed, reflecting the role of low-AI
2 3

komatiites. Most Al values are in the 12-15% range; high Al values pertain to

some MAB basalts. Little systematic stratigraphic variation is evident, except

for the high Al (ca 16%) of some basalts of the Gorge Creek Group (GCG).

Distribution patterns of iron and related siderophile elements show a

general though irregular decrease in total Fe as FeO from the Talga-Talga

Subgroup (TS) to the overlying Salgash Subgroup (SS) and the GCG. This trend

reflects a decrease in the FeO !MgO ratio and in siderophile trace-element
t

levels of the tholeiitic basalts (Fig. 6.1). However, this trend is irregular:

I•

•

•

•

•
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•
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•

•

•
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•
in the TS the level of FeO in basalts actually increases upward, from a mode

t
of 11-12% in the North Star Basalt (NSB) to 12-15% in the Mount Ada Basalt

(MAB). The Apex Basalt (AB) of the SS has a modal peak at 9-10% and the Euro

4t Basalt (EB) of the SS a wide range distribution including high FeO values.
t

In the GCG the Charteris basalt (CB) has a shallow peak at 8-9% and the

Honeyeater Basalt (HB) a maximum in the range of 9-11% FeO. The general
t

decline in the abundance of iron is accompanied by decreases in Ti, Mn and V

(Figs 6.1.2, 6.1.5, 6.1.22). TiO yields a well-defined mode of 1.0-1.2% for
2

the NSB, a wide range of 0.8-1.6% (modes at 0.8-1.0%) for the MAB, 0.4-0.6% for

the AB, a bimodal distribution for the EB, and 0.4-0.8% for the CB and HE ­

indicating an overall decrease by about a factor of two. Modal peaks for MnO

decrease from 0.18-0.22% for the TS to 0.16-0.22 in the SS and GCG successions.

Vanadium decreases with stratigraphic level from 225-375 ppm in the NSB and 250­

350 ppm in the MAB (which has also samples with higher values), to 200-250 ppm

in th AB, a distinctly bimodal distribution in the EB (225-250, 300-350 ppm),

4t 150-200 ppm in the CB, and 225-275 ppm V in the HE. The significance of these

trends are discussed in Section 12.

Tholeiitic basalts show some stratigraphically controlled MgO

It variations, the mode for the TS (4-$%) being less than for the GCG (6-10%)

(Fig. 6.1.6). Thus, the upward decrease in FeO /MgO results from variation in
t

both iron and magnesium. Little stratigraphic variation is shown by CaO

(Fig. 6.1.7), which due to its co~iderable secondary mobility is expressed by

4t shallower modal maxima. Well-defined high-CaO modes pertain in the NSB (10-11%)

and ~illB (8-10%), in part due to retention of calcium in litte-altered

amphibolites and possibly due to addition of CaO upon carbonatization. The

latter factor accounts for very high CaO levels in some MAB rocks (e.g. McPhee

tt Reward), though no consistent CaO-CO correlation is shown. There is no
2

evidence of overall additions of CaO to the formation. Very shallow frequency

distribution curves of the SS reflect the strong second redistribution of CaO in

altered ultramafic rocks .

•
The magnesian trace elements - Ni, Cr, and Co (Figs 6.1.25, 6.1.23,

6.1.24) are probably relatively stable during secondary processes (Section 5).

This is supported by well defined Ni modes for the NSB (50-75 ppm) , although

• wider maxima (25-100 ppm) apply to the MAB, possibly reflecting its higher

degree of alteration. The higher Ni values of tholeiites and higher proportion

of komatiites in the SS are responsible for its higher Ni modes (75-125 ppm),

•
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whereas a lower mode pertains in the stratigraphically higher GCG (50-75 ppm

Ni). Ni closely follows MgO, and is depleted in the low-MgO MAB rocks of the

McPhee Reward section. Three groupings are noted with respect to the MgO/Ni

ratios: the NSB, MAB and DF basic rocks have ratios averaging 960-980, the AB,

EB and CB 500-800 and the HE 1100. Modal distribution of chromium is 50-100 ppm

in the NSB and 0-50 ppm in the MAB. Wide scatter distribution applies in the SS

and the CB, while the HE shows a conspicuous Cr mode at 0-50 ppm. Some of the

volcanic rocks show very low levels of Ni and Cr by comparison to other Archaean

and younger terrains (section 11). Cobalt has a remarkably symmetrical normal

distribution (Fig. 6.1.24), with modes ~variably between 40-50 ppm, with the

exception of komatiites with 80-90 ppm Co.

Whereas the dispersion patterns of the alkali and alkaline earth

elements reflects the secondary mobility, little confidence exists regarding the

original igneous abundances of these elements. Sodium shows a positively skewed

curve for the NSB, with modal peak at 1.5-2.0% Na 0 (Fig. 6.1.8). The MAB has
2

a marked concentration of values about 2.5-3.0%. Bimodal to irregular frequency

distribution patterns occur in the SS. A pronounced K 0 mode of 0.3-0.4% is
2

shown by the NSB (Fig. 6.1.9). Very low potassium abundances, however, pertain

to many MAB samples (below 0.1%), principally where intense carbonatization

effected removal of alkalies, e.g. McPhee Reward section. Similarly low K 0
2

levels apply in the SS, where the positively skewed configuration of the curves

suggest potassium migration. The Honeyeater Basalt of the GCG includes many

tholeiite basalts with high (above 0.5%) K O. Rubidium behaves likewise; it
2

is mostly below 20 ppm in basalts of the Warrawoona Group (WG) and somewhat

higher (mode above 20 ppm) in the Gorge Creek Group. Barium modes are 50-100

ppm for the NSB, 0-100 ppm for the MAB, below 50 ppm for the AB and EB (which

have positively skewed curves). This element has a wide distribution range and

many high values (300 ppm Ba) in the Honeyeater Basalt, which is of possible

significance in view of the occurrence of barite-rich sandstones in the GCG

sequence (Hickman, 1977). Well-defined Sr maxima of 100-150 ppm apply in the

NSB and the MAB, but this element shows a wide dispersion and thus likely

secondary mobility in the SS and the GCG, where in some instances it has been

strongly depleted. Lithium has well defined positvely skewed modal peaks of 5­

10 ppm in all mafic volcanic units.

.-
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• Table 6. 1 Average compositions and standard deviations of eastern Pilbara
volcanic rock types: (a) ultramafic-mafic rocks

Per:jotitic komatiites

• NSB MAB AB
N = C) 4 5
SiO 41 .47 (1 .62) 41 .64 (2.52) 42.36 (1.69)2
TiO 0.'5 (0.18) 0.66 (0.14) 0.18 (0.04 )2

• Al 0 C) • ') 1 (1 .41) 4.66 (0. q"S) 4 .10 (0.80 )2 "S

FeO 11 .07 (1 .02) 11.8, (0.68 ) 8.73 (0. ~9)t
MnO 0.18 (0.02) 0.25 (0.01 ) 0.14 (0.01 )

• MgO 28. 7 0 (4.2R) 2').64 ().05) 31 .56 (, .09)
Cat) 4.02 (2.16) l).6~ (2.25 ) 4.06 (2.20 )
Na 0 0.0') (0.01 ) 'J .05 (0.02 ) 0.27 (0.15)2
K I) O.O~ 10.02\ 0.02 (0.01) 0.02 (0.01 )2

• P 0 O.O"S (0.01 ) 0.06 (0.02) 0.0, (0.01 )? C)

Ba 19 ( 16 \ 27 ( 1g)

Rb

Cir 17 (7 ) 17 (5 ) 16 ( 11)• Pb 1

Th

U

Zr 24 (10) )5 (8) 6 (2)
Nb

Y 6 (3 ) q (2 ) 5 (1)
La ) (1 ) 2 (1)
Ce 5 13 (15)
Li ) (1 ) 3 (1) 4 (2 )
V 122 (43 ) 11"; (38 ) 92 (18 )
Sr 4350 ('361) )721 (2334) 1322 (281 )

• Co 94 (14 ) 112 (17 )

Ni 1435 (451 ) 1771 (354 ) 14"35 (195 )
Cu 30 (14 \ 50 (20 ) 14 (15)
Zn 58 (8 ) 68 (9 ) "34 (5)

• Ga 7 (3 ) 10 (2 )

S 160 (1 n) 200 (160 ) 120 (75)

NSB - North Star Basalt

• MAB - Mount Ada Basalt

AB - Apex Basal t

EH - Euro Basal t

CB - Charteris Basalt

HE - Honeyeater Basalt•
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Table 6.1 (contd) •
High-Mg basal ts

NSB MAB AB EJ3 CB HB

6 9 20 3 6 5

50.40 (1.21) 49·99 (1.68) 50.09 ( 1 .55) 46.90 (5.20) 47.83 (1 .84) 49.29 (1.50)

0.61 (0.12) 0.96 (0.29 ) 0.58 (0.18) 1.03 (0.35 ) 0.55 (0.05 ) 0.60 (0.18)

11 .44 (''I •.'34 ) 10.15 ( 2.51 ) 11 • '50 (1.97 ) 9 ·41 (3.32) 14.24 (0.67) 9.65 ( 1 .39)

9.82 (1 .35) 11 . '50 (1.19) 10.19 (1 .20) 10.90 (1 .04) 9.52 (1 .03) 9.84 (1 .04 ) •0.22 (0.03) 0.20 (0.0'1) O.lq (0.03) 0.19 (0.02) 0.19 (0.02) 0.18 (0.02)

11.27 (2.27) 10.15 (2.21 ) 11 .01 (2.37) 10.08 (2.23 ) 9.52 (0.67 ) 11.06 (1 .28)

10.67 (2. ')7) 10. C() (2.20) 10.11 (1 .50) 10.60 (2.07) 10.14 (1 .83) 12.77 (3.49)

0.'7 (0.59 \ 1.65 (0.84 ) 2.12 (0.99 ) 0.99 (0.91 ) 2.22 (0.83) 1.19 (0.55 )

O.'F (0.30) ).211 (0.16 ' 0.17 (0.14) 0.25 (0.28) 0.44 (0.34) 0.36 (0.33) •0.10 (0.15 ' 0.')8 (0.04 ) 0.06 (0.03 ) 0.09 (0.03 ) 0.0'6 (0.01) 0.08 (0.01 )

T' (76 ) e;9 (38 ) 45 (75) 11 (9 ) 106 (137 ) 346 (2')6)

20 ( 14 ) q (9 ) 10 (6) 23 141 (9) 20 (8 )

71 (4 ) 110 (43 ) 109 (60 ) 98 (49 ) 164 (94) 41 (35) •6 3 (, ) 2

2 3

2 .1 3 (, ) 2

59 ( q) 74 (30 ) 32 (1) ) 58 (11 ) 28 (3 ) 32 (14 )

-i ( I ') (1 ) 4 (') ) IJ

16 (':l; ) 21 (6 ) 12 (2) 16 (1 ) 11 (1) 14 (4)

'i (2 ) 5 (2 ) 4 (2 ) 4 (1 ) 3 (1 ) 4 (1 )

'3 14) 11 (8) 16 (8) 21 (4) 1) (3 ) 16 (4)

";1 ( 15 ) 14 (15) 18 "( 14 ) 12 (6) 20 (1) ) 6 ('I )

26J. r 11 ) 253 (117 ) 219 (23 ) 264 (6') ) 203 (28) 269 (29) •'37') (439 ) 794 (567 ) 749 (431 ) 78') (625) 697 (117 ) 926 (383 )

51 ( 11) 11~ (') ) 49 ('3)

216 ( 22) 137 (48 ) 198 (110) 198 (136 ) 177 (61 ) 158 (29)

~ (9e; ) q2 (42) '35 (')) ) 151 (98 ) 84 (3 ) 6') (71)

69 (9) 75 (17 ) 67 (1 1 ) 76 (10) 60 (7) 55 (1) ) •
( 1 ) 12 (4) 11 (2)

200 (221 ) 63 (98 ) 205 (153 ) 127 (99 ) 317 (173 ) 115 (128 )

•

•

•
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Table 6. I (contd)•
Tholeiitic basal ts

NSE MAB AB EB CB HB
37 36 13 5 10 12

51. 9 (1.91 ) 48.22 (1.71 ) 49.71 (2.01 ) 48.12 (1.18) 48.92 (1.58) 50.47 (1.72)

1.24 (0.50) 1.61 (0.47 ) 0.87 (0.31 ) 1.22 (0.26 ) 0.53 (0.17) 0.81 (0.16 )

13. '3S 1 • '71 ) 12.86 (1.02) 13.46 (0.61 ) 13.75 (1 .04) 14.~ (0.99) 14.38 (0.61 )

11.38 (1.99 ) 13.'52 (1 .86) 10.86 (1 .66) 13·32 (1 .13) 9.16 (1 .02) 10.83 (1 .27)• 0.2' (0.04) 0.21 (0.03) 0.20 (0.02) 0.21 (0.02) 0.17 (0.02) 0.21 (0.03 )

6.28 (1.38 ) 5.,9 (1.\3 ) 6.62 (1.07) 6.31 (1.1 1) 7.71 (1 .'19) 6.31 (1 .62)

'l.9'7 (1.)'7 9.6'l ( 1.68) 10. '31 (,.04) 8.48 (1.08) 10.48 (2.13 ) 8.15 (2.10 )

2.20 (0. 75 ) 2.14 (0.69 ) 1.96 (0.73 ) 2·30 (0.56 ) 1.94 (0.75 ) 1.78 (0.66 )

0.39 (0.22) J.22 (0.2 ) ,J.11 (0.64) 0.17 (0.09) 0.24 (0.40) 0.71 (0.50 )

0.12 (0.06 ) ) .15 (0.06 ) 0.09 (0.04 ) 0.13 (0.03 ) 0.06- (0.01 ) 0.10 (0.04 )

110 (94 ) Q3 (72' '5'5 (65) 19 (12) 52 (47) 401 (615)

l' I 2) '7 ('7 ) 14 (18) 6 (4 ) 15 (17) 21 (17)

40 (45 ' 142 (42) 12Q (44) 112 (19 ) 175 (57 ) 119 (69 )• '5 ( I) C' \
., ( ) ") ( 1 ) 2

2 2 3
10' ;35 \ 122 (40 , '51 (21 ) 74 (23 ) 29 (4 ) 66 (32 )

<; '2\ 6 (2) 2 (1 ) ., (1 ) 1 ( 1• 26 (6 ) 29 (8) 18 (6) 23 (2) 1I (1 ) 24 (5 )
~ (4) 9 (14) 5 (2) 6 (2) 3 (1 ) 5 (2 ),

17 ( I 4 ) 21 (11) 19 (5 ) 22 (5) 16 (2 ) 18 (5)

2'3 (1 q) 20 (8 ) 17 (10 ) 8 (2) 16 (8 ) q C~ )

• 32'7 (50 ) 150 (70 ) 280 (43 ) 324 (12) 201 (41) 317 (30 )
1ljq ( I '7'5 ) 128 (q1) 2)6 ( 112) 109 (56 ) 414 (18, ) 176 (166 )

4'5 (4 ) 44 (4) 32

66 135 ) 58 (1 q) 104 (""57 ) 98 CH) 156 (70 ) 53 '22
.1'7 ('1 ) 72 "2) '10 (46 ) 162 (14 ) 77 (27 74 (,2 \

• 97 (28) OR (29) ~ (16 ) 102 (9 ) 54 (10 ) 84 (14

I .. ) '3 (4 ) 4

279 (46 ) 672 (558 ) 417 (445) 515 (728) 268 (159 ) 168 '176

•

•
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Table 6.1 (contd) •
Dolerites Gabbros

NSB MAB AB NB NSE MAB

14 11 5 11 10 4

50.62 (1.89) 48.64 (0.75) 50.17 (1 .38) 50.00 (1.53) 49·59 (0.91 ) 49.45 (1 .21 )

1. 25 (0.55 ) 1.53 (0.21 ) 0·95 (0.47) 0.61 (0.24 ) 1 .16 (0.32 ) 1.36 (0.87)

14.4'"7 (1 .32) 1).31 (1.08) 13.69 (0.47) 14.92 (1 .35) 14.20 ( 1 .(0) 14.76 (1 .92)

11.65 (2.03 ) 14.)3 (1. 11 ) 10.96 (2.47) 9.9' (1 .05) 12.33 (1 .69) 1'·3' (2.57 ) •0.20 (0.4\ 0.2:? (0.03 ) 0.21 (0.03 ) 0.18 (0.03 ) 0.21 (0.03) 0.18 (0.03)

6.'"7'"7 (1 .44 ) 6.22 (1 .20) 7.53 (1 .45) 7.96 (1 .29) 6.65 (1 .10) 6.16 (1 .47)

9·12 (n. 31 \ '3.54 ( 1 .59 ) 9.14 (0.91 ) 8.83 (1.40 ) 10.01 ( 1 .32) 9.34 (1.24)

2.42 (0. 70;. ) 1.99 I).g) ) 2·53 (0.64 ) 1.87 (0.76 ) 2.44 (0.00) 2.52 (0.59 )

0.48 (Q. 25 \ 0.2'3 (0.20 ) 0.43 (0.24) 0.51 (0.22) 0.41 (0.26 ) 0.64 (0.49) ..
J. 12

,
v. ')P"l O. (0.03 ) 0.09 (0.07 ) 0.08 (0.03 ) 0.09 (0.04 ) 0.15 (0.09 )

3' (64 ) 1 Q 111 ) 769 (1167 ) 242 ( 241 98 (56 ) 212 ( 147)

28 1 ) 9 ~ 7 ) 9 (6 ) 13 (7 ) 20 (16) 29 (25 )

98 ('"74) 92 (1 6 \ 179 (69 ) 153 (66) 179 (65 ) 240 (153 ) •2 'j (, 3 (2 ) 5 (4 )

2 2 3 (1 ) 3 (1 )

., (23) 104 (17) 55 (27 43 (31 ) 83 (32 ) 95 (61 )

4 11 \ e; ( 1 ) 3 ( 1 ) 3 (1 ) 4 (2 ) 5 (2) •24 (7 \ 2° (4 ) n (8 ) 17 (7 ) 22 (5) 24 (12)

q (5 ) 0 (2 ) 5 ()) 5 (3 ) 7 (3 ) 11 (9 )

21 ( 12 ) 22 (9 \ 85 (147 ) 17 (6) 21 (9) 29 (9)

4' 1'11 \ ,e; (8) 19 ( 12 ) 8 (2) 46 (45) 25 (29)

29' (I )4 ) '140 (67 ) 282 (61 ) 256 (43 ) 328 (58 ) 267 (100 ) •22'"7 '2.P) (160) 276 (217 ) n4 (135 ) 141 (113 ) 142 (120 )

45 (9 ) "0 (4) 47 (4) 49 (6 ) 43 (4)

::p ( 56 7: (22) 74 (37 ) 80 (29 ) 94- (4' ) 90 (17 )

'7 135 ) '75 (32 ) 134 (41 ) 60 (13 ) 57 (43 ) 51 (38)

911 (25 \ 0': (25) 76 ( 1f) ) 64 (I)) 94 (12) 89 (32 ) •
16 12 ) q (2 ) 4 (1 ) 18. (3 ) 21 (5 )

, (406 \ 6'Y.: (672 ) 185 (152 ) 107 (74) 500 (520 ) 615 (929 )

•

•

•
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U~S8 - Upper par-c of ~orth Star Basalt

OF' - Duffer Formati.on

\.If - lJyman FOf::\3tion •
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Uranium, thorium, and lead - because of their very low abundance levels

in basic rocks and their secondary mobility - are not considered here with

reference to their stratigraphic distribution. The other 111 (large ion

lithophile) elements - Zr and Nb, have well-defined modes which reflect a

general decrease with time: the NSB has a modal range of 80-90 ppm Zr and

3-4 ppm Nb. The MAB has a three modal distribution of Zr with peaks at 80-90

ppm, 130-140 and 170-180 ppm, and a positively skewed Nb peak at 2-3 ppm (with

many values in the 4-7 ppm range). The AB and GCG have Zr modes of 20-40 ppm

and a wide Nb dispersion which decrease toward the 1-3 ppm range in the

uppermost units. The EB has higher Zr and Nb. These trends (Table 6.1) also

occur on intraformational scale. Modal peaks for phosphorous are between

0.04-0.10% P 0 although upward decrease is evident on both interformational
2 5

and intraformational scales (Table 6.1, Fig. 6.2.2).

1a has consistently low modes of less than 5 ppm throughout the

volcanic sequence but mean tholeiite compositions (Table 6.1) reveal an upward

decrease in concentration, from about 8 in TS to about 4 in GCG. Ce shows a

wide main distribution range of up to 30 ppm in the TS, a well-defined 15-20 ppm

maxima in the AB, a shallow peak of 20-25 ppm in the EB, and 10-15 ppm in the

GCG. A similar overall decrease pertains to yttrium, with a mode of 20-25 ppm

in the NSB, bimodal peaks in the 15-30 ppm range in the MAB, a mode of 10-15 ppm

for the AB, a wide range to 25 ppm in the EE, and a well defined positively

skewed mode of 10-15 ppm for the GCG.

The chalcophile elements show little systematic variation with

stretigraphic level. Cu increases somewhat upward, from a mode of 50-75 ppm in

the NSB to 50-100 ppm in the MAB and stratigraphically higher volcanics. By

tt contrast, Zn decreases from well-defined modes of 75-100 ppm in the TS to modes

of 50-75 ppm in the SS and GCG. Modal peaks for S are invariably below 100 ppm,

while many samples of the MAB have high S values (ca 400 ppm). Ga which

generally follows Al has a peak at 15-20 ppm and shows little stratigraphic

• control.

The volatile components H 0+ and CO have variable distribution
2 2

patterns. CO has marked modes below 0.5%, but many individual analyses with
2

.. higher values; in the MAB extensive carbonization results in values as high as

10%. By contrast the NSB appears to be relatively free of carbonization. The

•
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significance of carbonatization is considered in section 12 (see also Hallberg,

1974). The proportion of H 0+ increases upwards with stratigraphic level from
2

a modal range of 0.5-1.5% in the NSB to 0.5-3.5% in the MAB - indicating a close

relation between water and CO. Modal ranges of 2.5-3.0% H 0+ pertains to
2 2

the AB, 3.5-4.0% to the EB, and 3.5-4.5% to the GCG. The increase in H 0+
2

with time may have arisen by (1) progressively longer breaks between extrusions

and thus greater opportunity for lava-seawater interaction; (2) it may reflect

the larg~r volumes of hydrated clastic sediments associated with the GCG

volcanic units and which could form the source of aqueous solutions during

metamorphism, and (3) dehydration effects of stratigraphically lowermost

volcanic units (NSB) associated with intrusive plutons.

6.1.2 Variations within formations

The above account examines variations between volcanic units; internal

trends in individual successions are considered below (Fig. 6.2). The detection

of such trends depends critically on sampling density (section 3.1). Single­

point sampling in regular intervals commonly shows systematic stratigraphic

trends. By contrast, multiple-point sampling (several samples per locality),

i.e., along the Talga River to Coongan River section (including the TS, DF, and

AB units), reveals wide compositional ranges at individual localities

(Fig. 6.2.1). Here local scatter obscures possible vertical variations, except

for the general upwards increase in the range of H 0+ and CO and weakly
2 2

defined decrease in La and Ce. This raises the question whether single point

sampling trends would be preserved had multiple-point sampling been carried out

in all areas. The multiple-point method has successfully confirmed that local

variations are considerable, but in doing so has by necessity used the skill of

the sampler to obtain a selection of rock types from each locality. Thus

atypical samples have been given equal prominence to typical, and overall

geochemical trends may have been obscured. The chief requirements of the

single-point method is to collect only samples which are judged to be

representative of the most common rock type at each locality. If general

vertical trends are present over hundreds or thousands of metres this method

should reveal them, even if one or two atypical samples are inadvertently

included.

.'
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In addition to multiple-point sampling along the Talga River-Coongan

River section, single-point sampling traverses in the same general area north of

Marble Bar were carried out along the 4200 m thick McPhee Reward section (NSB

and MAB units) and the 3000 m thick Talga River section (NSB and MAB units). In

the following, trends are described for the basic rocks, i.e., tholeiitic

basalts, dolerites and gabbros. Significant trends are revealed by the McPhee

Reward data (Fig. 6.2.2) including a geochemical discontinuity between the NSB

and MAB. the NSB shows a general upward decrease in Ti, Fe, Na, K, R, Rb, Zr,

Nb, 1, 1a, Ce, Zn, and Ga (best-pronounced trends are underlines), and a general

increase in H 0 (total). At its base the overlying MAB has higher Ti, Fe, Mo,
2

Na, P, Sr, Zr, Nb, Y, 1a, 1i, V, Cu, Zn, Ga, S, CO , and H 0, and lower Si,
2 2

K, Rb and Ba, than the underlying NSB. Upwards, the MAB section shows a

decrease in Ti, Fe, Mo, Na, R, Sr, Zr, Nb, Y, 1a, ee, 1i and Zn. The most

important overall differences between the NSB and the MAB in this area are the

high H 0+, CO , and S levels in the latter unit - with implications to
2 2

mineralization (section 12.3). Thus, two cycles, each showing upward decrease

in siderophile, large-ion-lithophile, rare earth, and some chalcophile elements,

occur in the McPhee Reward section. Superposed on these are associated effects

of carbonatization and hydration, i.e. alkali depletion and possibly

introduction of sulphur.

The significance of the above trend is enhanced by similar patterns in

the Talga River section (Fig. 6.2.3). In this area the NSB and/or the MAB show

• upward decreases in Ti, Fe, Na, K, P, Ba, Zr, Nb, Y, La, Ce, Zn, Ga and S. It

is significant that, whereas Si and Mg levels decrease upward (partly due to the

diluting effect of volatiles), Ca shows little stratigraphic variation in the

McPhee Reward and Talga River sections. This suggests that only in some

., instances was CaO added along with CO. It is not clear whether the sharp
2

increase in 111 and REE elements upwards across the chemical break between the

NSB and MAB reflects a primary igneous cyclicity or is due to carbonatization.

The latter interpretation would imply carbonatite-like affinities of the

introduced volatiles, i.e. concomitant enrichment of CO , Zr, Nb, Y, La and
2

Ce. However, XY plots reveal little positive correlation between CO and
2

these elements. Because the systematic decrease in siderophile and lithophile

elements occurs in both carbonated and uncarbonated successions, a primary

tt (igneous) nature of these trends is clearly favoured and the role of carbonate

must be regarded as secondary. These intraformational trends are similar to the

previously discussed interformational siderophile and lithophile element

depletion, indicating that the long-term depletion involved repeated local

tt depletion cycles.
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Trends are weakly manifest in the 4300 metres-thick Shark Gully section

of the Talga-Talga Subgroup (Fig. 6.2.4). The overall trend from the NSB to tbe

MAB, and within each of these units, includes a weakly defined decrease in Ti,

Nb, Sr, V, Y and Zr, and an increase in K, CO , H 0+, Ba, Rb, Cr, Ni, Cu and
2 2

S. Figure 6.2.4 reveals no systematic trends within NSB and MAB at Shark other

than a general upward decrease in CO and an upward increase in Cu. This lack
2

of trends appears to be chiefly due to the large number of dolerite and gabbro

samples collected. When only basalt is examined clear trends of the same type

as at McPhee Reward are exhibited by the NSB. The MAB is chemically more

uniform except with respect to Mg, Ni and Cr which decrease upwards.

A detection of trends in the Salgash Subgroup (SS) is hampered by its

wider compositional range, i.e. from tboleiitic basalt to peridotitic komatiite.

In the 3000 metres-thick Camel Creek section (Fig. 6.2.5) the Apex Basalt (AB)

shows an upward decrease in Mg, Ni, and Cr, and an increase in Al, Ca, Na, K,

Sr, Rb, Y, Ce, Cu and S. The Euro Basalt (EB) shows an upward increase in Ti,

P, and Zr. Compared to the AB, and EB has high Ti, Fe, P, CO , Sr, Zr, Y, La,
2

Ce, V, Cu, and Zn, and low Mg. Clearly, tbis trend is the reverse of those of

the Talga-Talga Subgroup and is produced by petrological variations involving

the upward decrease in komatiites. Thus, peridotitic komatiites occur up to the

600 metres level, high-Mg basalts to about 1100 metres above base, and basic

rocks dominate the upper part of the AB and most of the EB. Geochemical

variations within single rock types must be investigated to elucidate trace­

element variations. Little or no obvious stratigraphic-geochemical variations

are shown by the Apex Basalt in the Sandy Creek section (Fig. 6.2.6).

Columnar plots for the Gorge Creek Group volcanics (GCG) are portrayed

in Figs 6.2.7 and 6.2.8. The Charteris Basalt (CB) shows an upward increase in

Na, K, Ba, Rb, V and H 0 - indicating alkali enrichment with hydration at high
2

stratigraphic levels. The Honeyeater Bsalt (HB) sbows a weak upward decrease in

Mg, Ca, K, Rb and Zr and an increase in H 0+ and Cu. The latter trend, though
2

not clearly pronounced, indicates base metal enric~ent associated with addition

of vOlatiles.

•

•

•

•

•

•

•

•

•

•

•



•
29 .

•
It is instructive to examine variations in element ratios (Fig. 6.5).

The CaO/Al 0 ratio shows a well-defined modal peak of 0.6-0.8 for all
2 3

volcanic units except HE, although values of some komatiites of the SS and other

.. units may be higher than 1.0. Marked stratigraphic variations pertain to the

Al 0 /TiO
232

lower ratios than

and CaO/TiO ratios: both the NSB and the MAB have markedly
2

stratigraphically higher volcanics, i.e. 6-14 for Al 0 /
2 3

and 2-12 for CaO/TiO , mainly owing to their high Ti levels. A
2

of high Al 0 /TiO ratios is shown by the AB, whose
2 3 2

komatiites have ratios of about 22-24, similar to chondrites (Sun and Nesbitt,

TiO
2

concentration•

•
1978). A wide CaO/ Al 0 ratio range is shown by GCG basal ts, reflecting Al

2 3
and Ca variability.

Komatiites of the Apex Basalt (AB) commonly have high Cr/Ni ratios

(3-4) compared to tholeiitic basalts (1-3). Ti/V ratios in the MAB (20-30) are

greater than for stratigraphically higher units, whereas the Ti/Zr ratios of the

• NSB and MAB are low (70-00) compared to stratigraphically higher volcanics (90­

130). Zr/Y ratios of the TS basalts (3-4) are higher than for the younger SS

and GCG basalts (1-3). Low K/Rb ratios (150-200) pertain to the NSB, reflecting

relatively high Rb levels, whereas due to their strong Rb depletion the MAB have

.. higher K/Rb ratios (450-500). Accordingly, some Rb/Sr ratios of the NSB (0.025­

0.1) are higher than for the MAB (0.025-0.05). However, these variations are

probably related to K and Rb depletion upon carbonatization, and are not of

igneous significance.

•

•

•

•

Comparisons between elemental ratios of the main rock types (Fig. 6.3)

reveals that peridotitic komatiites (PK) have a wide range of and commonly high

CaO/Al 0 (mode - 1.0-1.2) bimodal Al 0 /TiO distribution (6-8,
2 3 232

22-24), commonly low CaO/TiO (8-12), low Cr/Ni (1-4), wide Ti/V distribution,
2

high Ti/Zr (100-120), Zr-Y mode at 3-4, high K-Rb (350-450) and variable Rb/Sr.

High-Mg basalts (HMB) , tholeiitic basalts (TB), dolerites (D) and gabbros (G)

have CaO/Al 0 modes of 0.6-0.8. The Al 0 /TiO and CaO/TiO ratios
2 3 2 3 2 2

of basaltic to high-Mg rocks are highly variable, depending on the TiO
2

abundances of the unit in question (see above). High variability pertains also

to the Cr/Ni ratios of these rock types, while Ti/V ratios concentrate in the

15-20 mode. Ti/Zr values of basaltic to high-Mg volcanics are mostly lower than

for PK, Zr/Y ratios similar to or lower than PK. K/Rb ratios are mostly lower

than for PK and Rb/Sr highly variable.

•
~.~--- ~~ ---~
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6.2 Silicic Volcanic Rocks

6.2.1 Variations between formations

Owing to extensive alteration, the geochemistry of silicic volcanic

rocks - in particular porous pyroclastic deposits - is difficult to interpret in

terms of igneous compositionn. The effects of alteration are manifested

mineralogically by widespread development of sericite, chlorite, and carbonate,

and geochemically by strong deviation from least-altered fields on LMPR diagrams

(section 5). The silicic volcanics studied occur in three principal units: the

felsic member of the NSB (FNSB) (basalt-andesite-dacite), the Duffer Formation

(DF) (basalt-andesite-dacite-rhyolite-potassic rhyolite), and the Wyman

Formation (WF) (ultra-potassic rhyolite), in ascending stratigraphic order. By

far the most voluminous is the DF, which was therefore more widely studied (92

analyses) compared to the FNSB (15 analyses) and the WF (23 analyses). Owing to

the extreme alteration of silicic volcanics of the Salgash Subgroup (Panorama

Formation, Kelly Formation), no sampling was carried out in these units.

Analyses of silicified pillow lava at approximately this stratigraphic level at

Soanesville were reported by Hickman and Lipple (1975).

Frequency distribution curves (Fig. 6.1) reveal a general increased

differentiation with higher stratigraphic units, reflected by variation in

silica and alkalies. SiO modes increase from 60-62% (FNSB) to 62-64% (DF)
2

and 78-80% (WF), and K 0 modes from 0.5-1.0% (FNSB) to 1.5-2.0% (DF) to a wide
2

dispersion of 3.0-9.0% in the WF. Alumina modes decline from high-AI FNSB

dacite \16-17% Al 0 ) to a wide range for DF (12-18%) and low values for WF
2 3

(11-12%) rocks. A wide distribution range applies to sodium (up to 5% in the

DF), reflecting both igneous and secondary scatter. Similarly wide dispersions

pertain to Rb, Ba, and Sr. There is a well-pronounced increase in Rb (20-30 to

120 ppm) and decrease in Sr (60-460 to less than 30 ppm) from the FNSB to the

WF. A systematic decrease pertains to lithium, with 14-28 ppm in the FNSB, 6-8

ppm in the DF, and 2-4 ppm in the WF, as contrasted to the behaviour of alkalies

and more akin to variations in trace metals in the acid units (see below). The

low Li abundances in the WF militate against comagmatic relations between this

unit and late-stage tin-bearing granites in the eastern Pilbara Block.

•

•

•

•
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•

•

•

•

•

•

•

•
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Mg and Ca decrease from the DF to the WF, which have negatively skewed

modes of 2.5-3.0% and less than 0.5% MgO, respectively. Although lime shows a

wide secondary scatter associated with carbonatization, it retains a

stratigraphic decrease. Magnesium-group elements (Ni, Cr, Co) and siderophile

elements (Fe, Mn, Ti, V) display a secular decrease. Nickel, chromium and

cobalt show a wide scatter, but well-defined modes pertain to MoO (0.5-0.10%),

TiO (0.5-0.6%), and V (60-70 ppm) in the DF. These siderophile element
2

abundances are notably high for dacitic-rhyolitic compositions. The chalcophile

elements Cu, Zn, and S also display a stratigraphic decrease upward. Cu shows a

bimodal distribution in the DF, with peaks below 30 ppm and between 40-50 ppm ­

a feature pertaining to the Marble Bar, Bowls Gorge, and Sandy Creek sections.

A similar bimodality appears to hold for the FNSB notwithstanding the small

number of samples. Zinc shows a wide and uniform distribution, with shallow

negatively-skewed modes of 60-70 ppm for the FNSB, 70-80 ppm for the DF and

0-20 ppm for the WF. Pb shows a marked concentration in the 4-6 ppm range in

the DF and a wide dispersion in the other volcanic units. All the three acid

volcanic units have Ga modes between 15-20 ppm. Sulphur has a wide scatter, the

mode in the DF being 50-100 ppm and many samples having values in the

200-400 ppm range. The marked abundance fluctuations of chalcophile elements in

the DF have implications to sulphide mineralization in this formation.

111 (large-ion-lithophile) element abundances of the silicic volcanic

u~i s show an increase with higher stratigraphic level. Thorium modes increase

from 0-8 ppm in the FNSB to 4-10 ppm in the DF, while very high values

(22-32 . urn) pertain to some WF rhyolites. Uranium follows a similar pattern and

~s up tu 7 ppm high in the WF. By contrast, P 0 abundances decline from a
2 5

0.12% mode in the DF to below 0.02% in the WF. Zirconium shows also a decline

from the DF (120-120 ppm) to the WF whose mode, largely determined by the Camel

Creek section rocks, is 80-90 ppm, while higher levels (130-140 ppm) pertain in

the Budjan Creek section. Niobium shows a scatter in the DF (0-10 ppm), and has

a bimodal distribution in the WF, Camel Creek rhyolites having high values.

Rare earth elements (REE) show a wide scatter in the three volcanic

units. Modes for the DF are 20-25 ppm 1a and 30-60 ppm Ce, and for the WF

15-20 ppm 1a and 40-50 ppm Ce. Yttrium increases from 10-15 ppm in the DF to

4t 20-25 pprn in the WF, which indicates a general decrease in the 1REE/HREE (light

to heavy REE) ratio with time, in accord with unpublished data (Jahn et al.,

4t
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1981). The high Y levels may indicate occurrence of basic rocks in the source

of WF rhyolites. Marked negative Europium anomalies are shown by the latter

rocks, suggesting considerable fractionation of plagioclase.

The distribution of vola tiles in the silicic volcanic rocks is of

special interest in the light of the widespread alteration. The largely

pyroclastic rocks of the DF have a symmetrical frequency distribution pattern

centering about 2.0-2.5% H 0+, which is significantly higher than the FNSB
2

dacites (0.5-1.5%) and the WF rhyolites (up to 1.5%), and is probably related to

the higher porosity of DF tuffs and agglomerates. Similar relations hold for

CO , which may be high in the DF (up to about 6%) but is mostly less than
2

1.0% in FNSB dacites and WF rhyolites.

The possibility that many of the above trends merely reflect

lithological differences between the FNSB-DF rocks (chiefly composed of dacite

and andesite) and the WF (potassic rhyolite) can be initially examined by

removing or significantly reducing differences between individual samples. When

the mean composition of nine samples of potassic rhyolite from the DF is

compared to that of the WF (Hickman, in press) all the trends are maintained

except those for Na, K and Rb, and to a lesser degree Sr and Zn. Even where

these exceptions occur element ratios still differ, K/Rb being relatively high

in the DF and Rb/Sr high in the WF.

6.2.2. Variations within formations

Intraformational variations in the Duffer Formation are shown on

columnar diagrams (Fig. 6.4). The Bowls Gorge section contains an andesite­

dacite-rhyolite asemblage accompanied by basic intercalations, while the Sandy

Creek section consists mainly of pyroclastic and brecciated rhyolites. The

3750 metres thick Bowls Gorge sequence displays a general increase in silica

toward the top, where highly siliceous potassic rhyolitic tuffs occur. Basic

components such as Mg, Ca and Mn show concomitant cyclic variations. There is a

general increase upwards in CO , in analogy with basic volcanic successions
2

discussed above. This may represent increased degree of contact with sea water

or, alternatively, upward migration of volatiles during burial or thermal

metamorphism. Rb and Ba increase upward parallel to increase in potassium and

decrease in Sr. Upward alkali enrichment is considered to be a primary feature

.-
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•
(rather than due to secondary migration associated with carbonatization) because

it is accompanied by compatible changes in relatively immobile elements such as

Th, La, Ce, V and Ni and in diagnostic ratios such as Zr/TiO and Zr/TiO :
2 2

Nb/Y (Hickman, in press). Th, La, Ce, and to a lesser extent Zr show

concomitant cyclic increases between the 2000-2700 metres levels and the

2700-3500 metres levels. Cu and S display maximum scatter toward the top of the

succession, S levels reaching about 1000 ppm in some cases - relations of

.. obvious economic significance. The 3400 metre level in the Bowls Gorge section

- marked by a chert horizon - is an important geochemical boundary, as

geochemical ranges above this point are considerably wider than below. A wide

compositional spectrum at high stratigraphic levels is also observed in the DF

4t Sandy Creek section particularly with regard to Si, K, Ba, Zr, La, Ce and CO .
2

Marked changes occur in this section about the 900 metres level, where a sharp

increase followed by a gradual decrease occurs with respect to P, Rb, Zr, Nb, Y,

La, Ce and Zn. The sympathetic behaviour of these elements, which constitute

.. a magmatically-coherent group, militates against their extensive redistribution

upon burial or thermal metamorphism.

•

•

•

•
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•
7. INTER-ELEMENT RELATIONSHIPS

The relations within and between major and minor elements are

investigated here by means of XY and XYZ plots, linear regressions, and

correlation coefficients. Interpretations of the observed relations and their

comparisons with modern volcanic suites are made in Sections 9-12.

•

7.1 Basic Volcanic Rocks •
Figs 7.1-7.6 display major-element relations in the tholeiitic basalt­

komatiite association. The best discrimination between high-Mg basalts (HMB)

(basaltic komatiites) and peridotitic komatiites (PK) is obtained on the

Al 0 -Mg number* diagram (Fig. 7.1), on which these groups are separated by
2 3

a compositional gap in the range of 7-10% Al 0 for the North Star Basalt

(NSB), and 8-10% for the Mount Ada Basalt (MiBJ and the Apex Basalt (AB). The

HMB merge continuously with tholeiitic basalts. These relations are also

•

•

•

•

•

•

stratigraphic level and

number diagram (Fig. 7.6)

SiO
2

suggests secondary silicification, as supported by the high

trace element concentrations of some of the "andesi tes" in these

This

tholeiitic basalts overlap. A decrease in FeO
t

The SiO -Mg
2

values of 55% and higher for altered NSB, MAB, and AB

in some altered MAB basalts is evident.

basalts.

The TiO -Al 0
223

relations accentuate the HMB-PK separation, and show that a wide TiO range
2

applies to the tholeiitic basalts (up to 3.0%) in contrast to the HMB (up to

1.0%) and the PK (less than 0.7%). A temporal decrease in TiO is well
2

represe~ted on these plots. A marked compositional gap between HMB and PK

with respect to MgO is displayed on the FeO -MgO diagram (Fig. 7.5), values in
t

the 15-20% range being scarce. By contrast, FeO levels in the HMB and the
t
with

ferromagnesian

units.

indicates high

manifest on the FeO -MgO-Al 0 ternary (Fig. 7.2). Chloritized MAB
t 2 3

basalts plot toward the Al 0 apex of this diagram. PK and HMB are
2 3

separated from each other on the MgO-Al 0 -CaO ratios. This plot reveals
2 3

marked CaO-depletion and Al 0 -enrichment in the altered** samples (marked
2 3

by crosses on the diagrams), especially in the AB.

*
**

Mg-number: 100MgO/FeO +MgO in wt%
t .

the term ""altered" as defined here refers to samples departing from central

least-altered fields on LMPR diagrams (section 5), and may thereofe include

some possible original igneous compositions.

•

•
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Correlation coefficients between the major components - Si, Al, Fe, Mg,

and Ca - are of limited significance in view of the statistical problem posed by

their mutual compensation within the 100% total. Correlation coefficient (r)

values for these elements are mostly less than 0.50 and therefore not shown. By

far the best correlations are shown by siderophile and some lithophile elements

- Ti, V, Zn, Zr, Nb, and P, and between these components and Fe (Appendix 11).

Some of the highest r values are yielded by Ti-Zr, i.e. r = 0.79 (NSB) , 0.49

(MAB), 0.78 (AB), 0.93 (EB), 0.95 (CB) and 0.93 (HB), and even better

correlations are obtained if altered samples are deleted (Fig. 7.7). Altered

rocks tend to plot below the main field on the Ti/Zr vs Mg number diagram

(Fig. 7.8), indicating Ti depletion and possibly Zr enrichment. High-Mg

basalts tend to have Ti/Zr ratios similar to or higher than tholeiitic basalts.

Vanadium shows a negative correlation with the Mg number, and many altered

samples are characterized by relative V depletion (Fig. 7.9). Well pronounced

sympathetic V-Ti relations pertain (Fig. 7.10), i.e. r = 01.75 (NSB) , 0.84

(MAB) , 0.74 (AB), 0.65 (EB), 0.70 (CB) and 0.63 (HB). Positive correlations are

observed between Nb and Zr (Fig. 7.11), r values being 0.85 (NSB) , 0.86 (MAB) ,

0.84 (AB) and 0.75 (EB). P 0 shows good correlations with Ti, i.e.
2 5

!' - 0.09 NSB), 0.90 (MAB) , 0.67 (AB), 0.85 (EB), 0.87 (CB) and 0.84 (HE).

Altered samp es show marked deviations from the main data clusters (Fig. 7.12).

Sympathetic correlations pertain between rare earth elements (REE) and

siderophile and lithophile elements. CelLa ratios are fairly constant and

overlapping relations hold between tholeiite basalt and high-Mg basalts

(Fig. 7 13), whereas Ce/Y ratios show a wider scatter. Low Ce/Y basalts are

principally confined to lowermost stratigraphic units - NSB and MAB. Some

altered samples tend to have low Ce/Y ratios, possibly due to concomitant Y and

Zr enrichment. Yttrium correlates positively with FeO , i.e. r = 0.61 (NSB) ,
t

0.54 (MAB) , 0.51 (AB), 0.71 (EB), 0.78 (CB) (Fig. 7.14), and shOWS the closest

covariance with TiO (Fig. 7.15) and Zr (Fig. 7.16). Thus, for Y-Ti r = 0.88
2

(NSB), 0.85 (MAB) , 0.88 (AB), 0.70 (EB), 0.95 (CB), and 0.92 (HB). For Y-Zr,

r = 0.79 (NSB) , 0.66 (MAB) , 0.88 (AB), 0.63 (EB), 0.98 (CB), and 0.94 (HB). Y

levels in high-Mg basalts are significantly lower than in tholeiitic basalts

with similar FeO. Little or no systematic variation is observed between Ce
t

and Y (Fig. 7.17). As is generally the case for basalts, Ce/Y ratios decrease

with higher Y.
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The Ni-Cr-Co ternary (Fig. 7.19) reflects the very high Cr-Ni ratios

and Cr/Co ratios in HMB and PK relative to tholeiitic basalts. Strong positive

correlations pertain between log Ni and Mg number (Fig. 7.20), log Cr and Mg

number (Fig. 7.21), and log Ni and log Cr (Fig. 7.22). Some altered rocks show

marked Ni loss and either gain or loss in Cr. The log Ni - log Cr curve shows a

marked swing toward high Ni/Cr ratios in the komatiite field, where the ratios

of these components can be about unity. Very high correlation coefficients hold

between log Ni and log Cr, i.e. r = 0.80 (NSB), 0.86 (MAB) , 0.58 (AB), 0.93

(EB), 0.85 (CB) and 0.64 (HB). Cobalt levels vary little for tholeiitic basalts

(30-60 ppm) and are similar or higher for komatiites (ca 100 ppm) (Fig. 7.23).

The Cu-Pb-Zn ternary (Fig. 7.24) shows a wide range of Cu/Zn ratios

(0.1-1.5) and little variations in Pb-Zn and Pb-Cu ratios, which are about 0.05

or lower. Weak positive correlations exist between Cu and log S (Fig. 7.25).

Cu levels of altered samples tend to be low, i.e. in the AB and EB units. Zinc

has a positive correlation with FeO , i.e. r 0.63 (NSB), 0.77 (MAB) , 0.77
t

(AB), 0.75 (EB), 0.64 (CB) and 0.61 (HB) (Fig. 7.26). Altered samples of the AB

have high Zn levels (above 150 ppm). Close sympathetic relations hold between

Zn and Ti, i.e. r = 0.59 (NSB), 0.69 (MAB), 0.59 (AB), 0.63 (EB), and 0.79 (CB)

(Fig. 7.27). Galium has good correlations with FeO , Ti (Fig. 7.28), Zr, V,
t

and Y (Fig. 7.29). With the exception of three dolerite samples, only altered

rocks of the AB have Ga values above the detection limits, which suggests

enrichment in this element due to secondary processes.

Generally poor correlations occur within the alkali and alkaline earth

groups, reflecting the secondary mobility of these elements (section 5). The

CaO-Na O-K 0 triangle (Fig. 7.30) reveals a concentration of least-altered
2 2

basalts near the CaO-apex of the CaO-Na 0 join. Least-altered samples of the
2

HE unit show relatively high potassium. Altered samples commonly show marked

enrichment in K 0, i.e. in the AB and CB units, and also high Na 0 in the
2 2

NSB, MAB, EE, and CB units, possibly due to spilitization. the Rb-Sr-Ba ternary

(Fig. 7.31) shows a concentration of samples along the Sr-Ba join, Rb/Sr ratios

being mainly below 0.03. Altered samples tend to be enriched in Ba, and less

commonly in Rb, relative to Sr. The only consistently strong correlation within

the alkali-alkaline earth group is between K and Rb, r values being 0.93 (NSB) ,

0.95 (MAB), 0.69 (AB), 0.80 (EB), 0.86 (CB), and 0.90 (HB) (Fig. 7.32). K/Rb

ratios vary in the range of 100-1000, showing a general decrease with higher K
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levels in the NSB and MAB (Fig. 7.33). Rb/Sr ratios are sympathetically related

to K (Fig. 7.34), the ratios for K levels above 5000 ppm being higher than 0.1.

There is a wide dispersion of Sr and Ba, which show a weak positive correlation

with each other (Fig. 7.35). Lithium shows an equally wide scatter and has a

weak positive correlation with K. Li values in the NSB and MAB (up to 80 ppm)

are significantly higher than in stratigraphically higher units, i.e. the HB

have only about 10 ppm (Fig. 7.36). Altered samples of the AB tend to havee

high Li values.

Some of the best correlations (r greater than 0.75) are now summarized.

The closest coherence with Fe is shown by Ti, Y, V, P, Zr and Ga. The best

correlation with Ti is shown by Zr, Y, P, Ga, Ce and Nb. The best correlations

with Zr is shown by Y, Nb, Ga and Ce. Yttrium correlates most closely with V,

Ga and P. Phosphorous correlates best with Zr, Y, Ce and Ga. Excellent

correlations pertain within the Ni-Cr-Co group and between Ni-Mg (especially for

komatiites), Cr-Mg, and CO-Mg. Good correlations occur between Ce-La and K-Rb.

The close sympathetic relations between the siderophile, LIL, and REE groups

pertain in all rock types - i.e. tholeiitic basalt, dolerite, gabbro, and

komatiite - suggesting that they stem from original igneous relations rather

than from secondary redistribution which varies between these rock types. It is

probable that the retention of primary inter-element ratios arises from the

stability of minor components in which they reside, i.e. ilmenite (Fe-Ti),

magnetite (Fe-Mn-Ti-V), zircon (Zr-Nb-REE) and apatite (P-REE). Likewise,

metamorphism may not have in many instances severely disturbed magmatic Ni-Cr­

Co-Mg r~lations. Potassium and rubidium, both highly mobile, appear to have

migrateJ together.

7.2 Silicic Volcanic Rocks

Major-element relations of the silicic volcanic units shown on the FAM

diagram (Fig. 7.37) suggest prevalent cale-alkaline affinities of the rhyolite­

daeite-andesite assemblage and tholeiitic affinities of basic components of the

Duffer Formation (DF). Rhyolites of the Wyman Formation (WF) plot very close to

the A apex, which underlines the geoehemical distinction between this unit and

the DF. The Al 0 -FeO -MgO ternary (Fig. 7.38) suggests an increase in
2 3 t

FeO /MgO with differentiation and an extreme depletion of basic elements in
t
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the WF. Strong negative correlations pertain to FeO -SiO and MgO-SiO
t 2 2

(Figs. 7.39 & 7.40), i.e. for DF dacites r(FeO -SiO = -0.89, and r(MgO-
t 2

SiO ) = -0.66. Negative correlations also apply to SiO -CaO (Fig. 7.41),
2 2

i.e. for the DF tuffs r = 0.76. Many altered dacites plot in a lower CaO range

than unaltered samples, suggesting lime removal. A marked concentration of

altered samples also plot toward high SiO values, possibly reflecting
2

secondary silicification.

Although the alkali and alkaline-earth elements were probably highly

mobile during secondary processes (section 5) - K, Na, Rb, Ba and Sr constitute

essential components in the study of the acid volcanics. The CaO-Na O-K 0

ternary diagram (Fig. 7.42) confirms the generally low CaO/(Na O+K oJ ra1ios
2 2

of altered samples in relation to least-altered samples - the former including

some highly potassic rhyolites. The plot shows that the andesites and the

dacites have similar alkali-lime ratios. The Rb-Sr-Ba ternary diagram (Fig.

7.43) draws attention to the contrasted geochemistry of the FNSB-DF and the WF,

i.e. samples of the first two units plot on the Sr-Ba join and samples of the WF

along the Rb-Ba join. Rb/Sr ratios of the DF rocks tend to concentrate toward

tle Ba apex. 0 prounced trend is observed on the K/Rb vs K diagram (Fig.

7.44), K/Rb ratios being in the 200-400 range for andesites, dacites, and

rhyolites of the FNSB and DF, and 200-800 for WF rhyolites, the latter showing a

bimodal distribution. There is no clear separation between altered and least­

altered rocks on this plot. Rb/Sr ratios are very low for FNSB andesites and

dacites (less than 0.2), increase markedly up to about 0.6 for DF rocks with

more then 10000 ppm K, r (Rb/Sr -K) being 0.85 (Fig. 7.45). The Rb/Sr ratios of

dacites are higher than those of andesites with similar K levels, and some

altered samples tend to have high Rb/Sr ratios. WF rhyolites have sympathetic

Rb/Sr - K correlation, Rb/Sr ratios being up to 30. there is a positive

relation between K/Ba and K in the DF, ratios being up to about 80, and in the

WF where K/Ba ratios are up to 1200 (Fig. 7.46). K/Sr ratios are plotted

against H O+CO to investigate possible relations between this ratio and
2 2

volatile addition, showing high K/Sr ratios of some altered samples, probably

due to both K addition and Sr leaching (Fig. 7.47). Extreme depletion of Sr in

WF rhyolites is expressed by K/Sr ratios in the 2000-8000 range. These rocks

also have very high Ba/Sr ratios (5-30) as compared to DF silicic volcanics (up

to about 10) (Fig. 7.48). In summary, there is an increase in potassium from

the FNSB to the DF and the WF, and potassic rhyolites of the latter unit are

de leted in Rb, Ba, and Sr relative to K, and in Sr relative to Ba.

•

•

•

•

•

•

•

•

•

•

•
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•

•

•

•

Uranium levels in dacites of FNSB and DF units are up to 4 ppm, and the

relative abundance of altered samples with U above detection limits suggests a

secondary enrichment of this element (Fig. 7.49). U levels in WF rhyolites are

in the 2-8 ppm range. Thorium abundances are up to about 13 ppm in the DF, and

the WF has a bimodal distribution - including a high-Tb group of a 23-33 ppm

range (Fig. 7.50). Th/U ratios in the DF and the WF are about 2-10, but

Nb/(Th+U) ratios in the WF are diagnostically lower than in the DF (Fig. 7.51).

In the DF K/U ratios rise with higher K levels (Fig. 7.52). Zr-SiO plots
2

show simi ar ranges for the DF (50-200 ppm Zr) and the WF (50-150 ppm) , while

few a tered samples have high Zr levels (300-400 ppm) (Fig. 7.53) and high Nb

levels (10-20 ppm) (Fig. 7.54). The WF is low in phosphorous (less than 0.10%

PO) as compared to the DF (0.10-0.20% PO) (Fig. 7.55).
2 5 2 5

A study of rare earth element patterns in silicic volcanic units has

yielded the following observations (Jahn et al., 1981) (Fig. 7.56):

•

•

•

( 1 )

(2)

FNSB dacites have La IYb ratios of 10-20, with steep light REE
N N

curve sections. An andesite sample is less fractionated (La IYb
N N

7) •

DF dacites have La IYb ratios of about 8-20, with relatively
N N

highly fractionated light REE and little fractionated heavy REE curve

segments. Two DF rhyolites have negative Eu anomalies.

Two WF rhyolites have extreme negative Eu anomalies.

•
(4) Two dacites of the Panorama Formation (Salgash Subgroup) have almost

flat REE curves (La IYb about 1) and positive Eu anomalies.
N N

The Y-La-Ce ternary (Fig. 7.57) shows main concentrations of CelLa

ratios about 2, Ce/Y ratios about 1-4 and La/Y ratios about 0.5-4.0. Some,

though not all, of the basic members of the FNSB and DF have considerably higher

• Y/(Ce+La) ratios than the silicic volcanic rocks witb wbich they are associated.

No distinct differences with regard to this ratio occur between the DF and WF

dacites and rhyolites. The negative slope on the Ce/Y vs Y diagram (Fig. 7.58)

indicates that the decrease in this ratio arises mainly from Y increase rather

• than Ce decrease. Chondrite-normalized Ce vs Y plots (Fig. 7.59) display
N N

a progressive decrease in Ce and increase in Y from dacites to andesites
N N

to bas ic rocks, in this 0 rder.

•
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The distribution of TiO in the silicic volcanics is clearly related
2

to FeO (Fig. 7.60), the correlation coefficient in the DF being r (TiO -
t 2

FeO) 0.69. Ti/Zr ratios in the DF decrease with higher silica, from about
t

40 in basic rocks and some andesites to 10-40 for dacites and rhyolites (Fig.

7.61). Distinctly low Ti/Zr ratios (less than 10) pertain to WF rhyolites.

Vanadium (log V) shows a good correlation with titanium (log Ti), and Ti/V

ratios are about 100 (Fig. 7.62). Plots on the 0.01 Ti-V-Cr ternary (Fig. 7.63)

reflect relatively high Ti/(V+Cr) ratios in the DF dacites relative to basic

rocks, and even higher ratios in the WF. Nickel (log Ni) correlates positively

with magnesium (log Mg), with r = 0.79 in the DF, the Mg/Ni ratio being

approximately 1000 (Fig. 7.64). Andesites show a wider Ni scatter than dacites

and basal s. Chromium correlates positively with Mg, r (log Cr - log Mg) being

0.72 (Fig. 7.65). Some altered dacites tend to have low Ni and Mg values, but

many ~re similar to little-altered dacites. Both diagrams indicate the

extremely Ni and Cr depleted composition of the WF rhyolites, i.e. less than

10 ppm of each element.

The Zn/Cu ratios of DF dacites and andesites are in the 1-10 range.

Pb/Zn ratios of dacites (up to 0.25) are higher than of andesites and basalts

(0.1 and less) (Fig. 7.66) - no distinction between little-altered and altered

samples is evident in this regard. The WF rhyolites display a wide scatter on

the Cu-Pb-Zn ternary, and existence of high Cu/(Pb+Zn) and low Cu/(Pb+Zn) groups

is suggested, the latter showing a wide range of Pb/Zn ratios. The log Cu vs

FeO diagram for the DF (Fig. 7.67) shows a weak positive correlation between
t

these components, whereas in the WF the wide range of Cu variation (up to

1000 ppm) is unrelated to FeO values, which are mostly below 1.0%. In the DF
t

similar eu abundances pertain to dacites, andesites, and basalts, whereas many

altered samples are depleted to levels of below 20 ppm. Generally positive

relations pertain between Cu and S (Fig. 7.68), i.e. r (log Cu - log S) = 0.60

(FNSB), 0.40 (DF) and 0.58 (WF), hinting at their combination in sulphides.

•

•

•

•

•

•

•

•

•

Plots

correlation (r

rocks (Section

on the CO -H 0 diagram (Fig. 7.69) indicate little
2 2

= 0.26) between the volatiles. However, in contrast to basic

7.1) altered samples are not necessarily characterized by high

•
H 0 or CO abundances. Notably low volatile levels are characteristic of

2 2
the WF rhyolites, i.e. CO and H 0 are each less than 1.0%. No clear

2 2
relation between total H 0 and the Fe 0 /FeO ratio is observed in the DF

223
samples, whereas the WF rhyolites show some positive correlation in this regard

(Fig. 7.70).

•

•
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•
Correlation coefficients for silicic volcanic units (Appendix 11)

indicate close sympathetic relations between some 111 elements, REE elements,

and transition metals. The best correlations (r greater than 0.75) in the DF

• dacites include K-Rb, K-Ce, Th-Zr, Th-La, Th-Ce, Zr-Nb, Nb-Y, 1a-Ce. High

correlations (r greater than 0.75) observed in DF tuffs include Ti-Fe, Ti-P, Ti­

V, Fe-Mn, Fe-Mg, Fe-Ca, Fe-V, Mn-Ca, K-Rb, Rb-Th, Rb-Ce, Th-La, Th-Ce, Zr-Nb,

Zr-Y, Zr-1a, Zr-Ce, Nb-Y, La-Ce, and Cr-Ni. Best correlations in the WF vary

• between the Camel Creek and the Budjan Creek sections, and many of the

correlations are difficult to interpret in terms of primary igneous coherence.

The common observation of little understood correlations in silicic volcanic

rocks, e.g. Al-Mg, Mn-Ca or 1i-Co, may be partly due to metasomatic alteration.

• On the other hand, it is noteworthy that the most consistent correlations,

i.e. those observed in all the DF groups, reflect magmatic coherence arising

from coresidence in phases such as zircon, rutile, apatite, and magnetite. This

conclusion supports the consideration of certain 111, REE, and metallic elements

• in tenns of primary abundances.

•

•

•

•

•

•
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8. CLUSTER ANALYSES

The cluster method (Bonham-Carter, 1967) classifies objects (Q-mode) or

observations made on these objects (R-mode) using a weighted or unweighted pair­

group clustering procedure. As a measure of affinity between chemical analyses

correlation coefficients or coefficients of proportional similarity are used.

At each clustering cycle the col.urnn corresponding to the highest coefficient is

scanned to ensure that the highest value between each pair of analyses is

obtained. Such analyses are linked as pairs and each pair represented by a

single parameter of intermediate value in the subsequent cycle. Similarity

values are calculated between groups of analyses by taking the arithmetic

average of the similarity coefficients between their component members. With

the weighted method an equal weight is assigned to each group being linked

irrespective of the number of samples that each contains. With the unweighted

technique equal importance is assigned to each sample, so that larger groups are

given more weight than smaller groups. The successive linkages are represented

as a two-dimensional hierarchy diagram (dendrograms) with the samples equispaced

on one axis and the degree of similarity on the other axis (Figs 8.1-8.10).

Cluster analyses of Pilbara geochemical data was conducted in several

batches according to (1) Rock type and (2) Formation. Rock type runs are

intended to test how effectively the method discriminates between rock types

within each volcanic formation. Formation runs are intended to test whether

individual rock types differ systematically in accordance with their

stratig~aphic classification, cf. whether high-Mg basalts of the Apex Basalt

vary from those of the Charteris Basalt, etc. Most batches split into several

blocks and subblocks, suggesting natural major and trace element geochemical

divisions. The significance of the clusters is in some instances evident ­

namely, peridotitic komatiites, high-Mg basalts, tholeiitic basalts, andesites ­

dacites, and rhyolites may plot as separate groups. In other instances overlaps

occur and mixed groups are observed. In the following, some of the principal

clusters outlined by rock type tests and by formation tests are discussed.

•

•

•

•

•

•

•

•

•

•

•

•
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• 8.1 Rock type tests

•
Cluster analysis was carried out in 10 batches, based on both formation

and section locality, the purpose being to examine unbiased geochemical

clustering within individual units and the geochemical basis for such groupings.

In the following the dendograms of each batch are discussed in terms of

(1) groups (major clusters) and (2) blocks (smaller clusters within groups).

Only groups and blocks for which geochemical distinctions are identified are

• discussed below.

•

•

•

•

•

•

Batch No. 1 - NSB (North Star Basalt) and MAB (Mount Ada Basalt) (Talga-Coongan),
114 analyses (Fig. 8.1).

Group A (blocks 1-4) consists of NSB and MAB basic rocks (tholeiitic basalt, dolerite,
gabbro) and minor intermediate components, whereas group B (blocks 5-9) is dominated mainly by
komati itic volcanics. Thus group 1 has relatively high Si, Ti, AI, Na, P, Ba, Sr, Zr, La, Ce and
5, whereas group B has relatively high Mg, H20, V, Ni, Cr and Co. Block 1 consists of basic
rocks characterized by high S. Blocks 2 and 3 contain mainly tholeiltic basalts and only few
dolerites and gabbros. Blocks 1, 2 and 3 consist chiefly of low-Mg basic rocks with high Fe, Ca,
V, Cr and Cu as compared to Block 4, which is distinct in consisting of dacites (6), andesites
(6), high-AI basalts (4) and other basic rocks, containing high Si, AI, K, Rb, Ba, Sr, Pb, Zr, Th,
Ce and La.

In group B Blocks 5 and 6 contain both basic and high-Mg basic rocks with high La, Ce and Ga.
Block 6 has high AI and 5, Blocks 5, 6 and 7 have high Si, Ti, AI, Ca, Na, K, Ba, Rb, Zr, Nb, Y,

Li, and V. Block 7 contains high-Mg basalts and pyroxenites. Block 8 consists exclusively of
peridotitlc komati ites. Both blocks 7 and 8 show very high Internal correlation coefficients
(r values). Block 9 is characterized by high-Ba basic and high-Mg rocks.

gatch No. 2 - NSB and MAB (McPhee Reward, 35 analyses (Fig. 8.2)

Three blocks are distinguished, each containing both NSB and MAB rocks. Block 1 (5 samples)
consists of tholei ite basalts of high K, Ba and Rb. Block 2 consists principally of carbonated
basalts of the MAB (15 sampies) with high CO 2 , Sr, Cu and 5 and high internal r values. Block 3
(8 basalt, dolerite, gabbro and andesite samples) consists of basic to intermediate rocks
characterized by high AI, Mg, Ca, K, Ba and Cr. Both Blocks 1 and 2 have high Fe, P, Pb and 5 and
Blocks 2 and 3 have high Na.

~atch No. 3 - NSB and MAB (Sharks): 34 analyses (Fig. 8.3)

Two principal groups are distinguished. Group A is dominated by MAB basic rocks (14 out of
18) wh ,-eas group B consist mainly of NSB basic rocks (12 out of 16). The principal distinctions
between the groups are the high Mg, K, Ba, Rb, La, Cr, Ni, Cu and 5 in group A and high Mn, CO2 ,
Zr, Ce and V in group B. Group A includes 3 distinct blocks: Block 1 is characterized by low-Mg
dolerites of high 5, block 2 by high Mg and Ni basalts and block 3 by Iow-Mg , high Ba MAB basic
rocks. Within group B, block 4 (mainly NSB) has basic rocks with high Fe, Na, K, Rb, V and Cr,
block 5 has two schists and block 6 contains hypabyssal basic rocks of high Si, Fe, Sr and Cu. A
seventh block is defined by 3 si I icic volcanic rocks.

Batch No. 4 - OF (Duffer Formation) and granitoids of Mount Edgar Bathol ith near Marble Bar;
39 analyses (Fig. 8.4).

Three smal I blocks can be defined. Block 1 consists of 5 samples including 3 of the Mount
Edgar Bathol i th, noted by high Li. Block 2 cons Ists of 4 OF samp Ies marked by high Ba, Sr, V and
Zn and Block 3 consists of 5 OF samples marked by high Si, Rb, Th, Zr, Nb, Y, La, Ca and S. The
rest of the group can only be divided by low r values, though a basic to ultrabasic block
consisting of 8 analyses is outlined as block 4.

Batch No. 5 - OF (Bowls Gorge); 41 analyses (Fig. 8.5)

•

•

The dendogram contains four blocks. Block
consists of 5 dacites characterized by high S•
andesites with typically high Ca, Na, V and Cu.
Rb compared to block 4. The latter consists of
Na, Sr and Ni •

1 cons ists of 9 dac ites and rhyol Ites.
Block 3 consists of high-AI dacites and
A1I the three blocks have high K, CO ,

5 high-AI dacites and one andeslte wi~h

Block 2
2
Ba and
high Ca,
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Batch No. 6 - OF (Sandy Creek 17 analyses, and Apex Basalt (AB) (Sandy Creek)
18 anal yses (Fig. 8.6).

The dendogram includes Sandy Creek section samples of both the OF and the Apex Basalt,
showing a clear separation from one another. The diagram thus constitutes an example of the
degree of discrimination cluster analyses al lows between basic and acid compositions. The OF
group includes two blocks. Block 1 is characterized by high K rhyol ites and rhyodacites and block
2 by high Ba basic and acid compositions. Principal component comparison reveals the high Si, K,
Ba, Rb, Th, Zr, Nb, La and Ce of the OF blocks and high Ti, Fe, Mg, Ca, H20, V, Cr, Ni and Co of
the AB. Oolerite sample 49215 is an exception In that it groups with the OF block 2.

Batch No. 7 - Salgash Subgroup (Camel Creek); 26 analyses (Fig. 8.7).

This group contains four distinct blocks: Block 1 contains 7 tholeiitic basalts and
dolerites of the Euro Basalt; Block 2 consists of 4 hlgh-Mg basalts and a dolerite of the Apex
Basalt, characterized by relatively high AI, Sr, Cu and S. Block 3 consists of 9 samples of
mainly high-Mg basalts of the Aoex Basalt. Block 4 consists of 5 peridotltic komati ites of the
Apex Basalt, typically high in Mg, H20, Cr and Ni.

Batch No. 8 - Wyman Formation; 20 analyses (Fig. 8.8l.

The dendogram allows an effective discrimination between Wyman Formation rhyol ites derived
from Camel Creek (samples 49318-49324), Budjan Creek (49351-49359l, and Emu Creek (49360-49363).
The Budjan Creek block has typically high Si. The Emu Creek rhyolltes have relatively high Ti,
AI, Mn, Sr, Zr, Ni, Cu, Zn, S, and the Camel Creek rhyol ites have relatively high Fe, Ca, CO2 ,
Rb, Pb, Th, U, Nb, La, Ce and Li. The K levels of both Emu and Camel Creek rhyol ites are
extremel y high.

Batch No. 9 - Charteris Basalt (Charteris Creek); 27 analyses (Fig. 8.9).

The dendogram can be divided into three well defined blocks. Block 1 (6 samples) contains
tholei itic basalts with high Ca and Sr. Block 2 contains high-Mg and tholeiitic basalts of
relatively high AI, Na, Ba, Y, and Cr. Both blocks have high Mg and NI. Block 3 contains five
high-Mg and tholei itic basalts with high Fe, P and S. Basalts of blocks 2 and 3 are characterized
by high Si, Mn, K, Ba, Zr and V.

Batch No. 10 - Honeyeater Basalt (Soanesvil le); 36 analyses (Fig. 8.10).

Four blocks are geochemically defined. Block 1 consists of 4 dolerites and one basalt. The
second Block consists of 4 tholei itic basalts and one dolerite characterized by relatively high
5i, Fe, V and Cu. Block 3 contains 4 tholeiltlc and high AI basalts and block 4 consists of 2
high-AI basalts, 2 tholei itic basalts and one dolerite with high K and Ba and some with high AI.
Blocks 1 and 2 have high Fe while Blocks 3 and 4 have high Na, Rb, Zr, La and Cr. Low-r clusters
between blocks 3 and 4 contain 5 hlgh-Mg basalts.

General conclusions arising from the observed clustering are discussed in section 8.3.

8.2 Formation tests

•

•

•

•

•

•

•
In an attempt of discerning stratigraphically controlled overall

geochemical differences within the major rock types, all tholeiitic basalts, •
dolerites, gabbros and high-Mg basalt from areas except the Talga-Coongan

section were run in four respective batches (Figs. 8.11, 8.12, 8.13, 8.14).

These are discussed below:

Tholei itic basalts: 80 tholeiitic basalts from the McPhee Reward, Sharks, Camel Creek, Sandy
Creek, Spinaway Creek, Charteris Creek and Soanesvllle sections were run for cluster analysis.
The dendog ram sp I its into 9 blocks, but on IY in few cases is correspondence observed between the
stratigraphic and geographic distribution of the samples and these clusters (Fig. 8.11). Block 1
consists mainly of MAB tholelites of the McPhee section. Block 2 Includes a coherent cluster of 5
MAB tholei ites of the McPhee section. Block 5 Includes coherent clusters of 5 HB and 3 NSB
tholei ites. Block 7 consists of 4 HB tholeiites, block 8 of 6 CB tholelltes and block 9 of 6 AB
tho le i ites.

Oolerites: 32 dolerites were run for cluster analyses (Fig. 8.12). Six blocks can be
distinguished. However, little correspondence is observed between the strati graphic and
geographic distribution and these blocks and these clusters. Block 4 (6 samples) include 3 HB
dolerites, block 5 (7 samples) includes 5 HB dolerites and block 6 (5 samples) Included 4 MAB
dolerltes.

•

•

•
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Gabbros: 14 gabbro analyses were run for cluster analysis (Fig. 8.13). No distinct blocks are
observed and no differentiation according to strati graphic unit or section locality is observed.

•

•

Hlgh-Mg basalts: 37 high-Mg
4 bloc k.s, to wh I ch, however,
shows I ittle correspondence.
incl udes 5 AB samples.

8.3 Conclusions

basalts were run. The dendogram Is amenable to division In terms of
the strat I graph I c and geog raph I c d istr I but Ion of the hi gh-Mg basa I ts
Block 2 (7 samples) Include 5 AB samples and block 3 (10 samples)

For the Pilbara samples of the present study cluster analysis has

• proven an efficient method of discriminating between geochemically distinct rock

types, for example peridotitic komatiite, high-Mg basalt, tholeiitic basic

rocks, dacite-andesite and high-K rhyolite. However, exceptions occur, as

reflected by the occasional inclusion of distinctly different lithological types

• within the same block. Thus, an overlap is observed between tholeiites and

high-Mg basalts; in some instances the distinction between these types is

reflected by their varying proportion in the various clusters, rather than in

complete separation (Figs. 8.1, 8.3, 8.7, 8.9). This is in accord with their

.. compositionally continuous range. By contrast, peridotitic komatiites plot in

distinct blocks on the dendograms (Figs. 8.1, 8.7). Little or no separation is

observed between tholeiitic basalt, dolerite and gabbro. Likewise, andesites

and dacites tend to fall within the same clusters (Fig. 8.5) as do dacites and

.. rhyolites (Figs. 8.4, 8.5). In other instances good separation is achieved

between dacites and rhyolites (Fig. 8.6) or between same rock types with

different chemical attributes, i.e. high-Al dacites (Fig. 8.5) or high-Ba

dacites (Fig. 8.6). Some separation is obtained between some trondhjemites of

• the Mount Edgar Batholith and Duffer Formation dacites and rhyolites (Fig. 8.4),

suggesting some chemical differences. Potassic rhyolites of the Wyman

Formation plot in three distinct clusters in accordance with their geographic

derivation from three different sections (Fig. 8.8) •

•
By way of contrast with the rock type test runs, Formation runs were

aimed at investigating possible overall geochemical differences within single

rock types in accordance with their stratigraphic (volcanic unit) and geographic

.. (section) derivation. The results have proven disappointing, in that little

overall correspondence is observed between single rock type attributes and

stratigraphic/geographic source. However, this result cannot be interpreted in

terms of detailed similarities. Thus, it is known that distinct units have

.. diagnostic element characteristics, e.g. the high Ti and low K of NSB and MAB

tholeiites, high Al and K of some Gorge Creek Group tholeiites, low Zr in the Ab

and GCG and high Zr in the EB tholeiites, low Cr in the HB tholeiites, etc.

(Cahpter 6). It is concluded that these minor, but highly significant,

• differences are "swamped" by the otherwise overall similarities within

individual rock types.
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9. PETROCHEMICAL AND NORMATIVE CLASSIFICATIONS

The major-element characteristics of least-altered samples (section 5) al low an Idea to be
gained of the petrochemical affinities of the metamorphosed volcanic suites, using diagrams such as:
(1) Na20+K20 vs 5102' on which the fields of alkal i basalt, high-AI basalt and tholel itic
basalt are defined 1Kuno, 1966); (2) FAM ternary (FeO -Alk-MgO), separating the fields of
tholeiitic basalt and calc-alkall basalt (Irvlne & Barlgar, 1971); (3) normative Qz-Cpx-Opx-ol
quaternary, al towing distinction of quartz-hypersthene tholel Ites from olivine-hypersthene
tholei ites; (4) normative An-Ab-Or ternary (O'Connor, 1965), allowing classification of dacite
(tonal Ite), Na-rhyol ite (trondhjemlte), rhyodacite (granod lorite), quartz-Iatite (adamell ite), and
K-rhyol ite (granite). Other useful plots include differentiation-index (Qz-or-Ab-Ne-Lc) vs
crystal I ization-Index (An+Di+Fo+Sp). For si I icic volcanlcs, the normative corundum (C) versus
normative Quartz (Q) plot, Qz-Ab-Or ternary, and the SI index (AI,03/(Na20+K20tCaO) (mol%)
yield useful petrogenetic information. The SI index (Chappell & White, T974J discriminates between
magmas derived directly from igneous materials (SI below 1.1) and those derived from materials which
underwent a sedimentary cycle (SI higher than 1.1).

Plots of basic volcanics of the Warrawoona and Gorge Creek Groups on the Alk vs SiO diagram
(Fig. 9.1) indicate an absence of alkaline basalts In the Archaean suites. The FAM dia~ram suggests
the contrasted affinities of basalts and the andesite-dacite-rhyol ite suites of the Warrawoona
Group. The majority of basic rocks plot within the thole/ite field, although some overlap the
bouhdary with the calc-al kallne field, whereas the more si I iclc to intermediate compositions
concentrate in the calc-alkal ine field (Fig. 9.2). Alkali enrichment of altered basalt samples is
manifest. The above contrast also pertains between basic components (basalt and dolerlte) and the
predominant si Ilcic to Intermediate components of the Duffer Formation, which argues against a
fractional crystal I ization relationship between these end members.

The Qz-Cpx-Opx-Ol quaternary (Fig. 9.3) indicates a predominance of quartz-hypersthene-normative
compositions among the basalts and the dolerites of the Warrawoona and Gorge Creek Groups, 01 ivlne­
hypersthene-normative compositions being minor. The majority of komati itlc lavas are 01 ivine­
hypersthene normative, but some hlgh-Mg basalts are quartz-hypersthene normative. This feature
distinguishes the Archaean komatlites from picrites, e.g. Hawaiian picrite basalts (Table 11.1).
The compos i t i ona I gap observed between hi gh-Mg basa I ts and per I dot I tic komat i i tes of the Onverwacht
Group (Barberton Mountain Land, Transvaal) (Glikson, 1979) may also pertain to the Pllbara suite, as
suggested by the gap between Ol-Opx-dominated komatl Ites and Cpx-Opx-domlnated komatiites of the
North Star Basalt (NSB), Mount Ada Basalt (MAB), and Apex Basalt (AB). However, insufficient data
for peridotitic komati ites are available to confirm this division.

An-Ab-Or plots of si I i c i c to i ntermed I ate compos I t Ions (F i g. 9.4) I nd i cate accord I ng to
O'Connor's (1965) classification a predominantly Na-rhyol ite (trondhJemltic) affinity of Duffer
Formation rocks, although dacitic (tonal itic) and K-rhyol /tlc (granitic) compositions are also
common. The Wyman Formation consists of K-rich rhyol ites. Rhyodacites and quartz-Iatites are
uncommon. A comparison between the Duffer and Wyman Formations on the Qz-Ab-Or ternary (Fig. 9.5)
points out the fundamental distinction between these units. Wyman Formation rhyol Ites are almost
devoid of normative albite and show a wide spread of Qz/Or ratios. Andesites display a wide spread
on both the An-Ab-Or and Qz-Ab-Or ternaries, and although they concentrate in the fields of dacite
their scatter suggests that at least some of these rocks are secondarily sil iclfied.

Plots of the differentiation index (01) versus the crystal I ization index (Cl) (Fig. 9.6) reveal
the dist ~ction between tholelites and komatiites, and support the suggested compositional gap
between high-Mg basalts and peridotitic komatiites. In distinction from other units, the W\B
includes a group of tholelitic basalts of very low Cl (about 10) and high 01 (about 40) values. The

01 and Cl indices show strong negative correlation with each other, as expected. A wide scatter of
Euro Basalt points out the relative alteration of this unit. 01 values of dacltes of the Duffer
Formation (OF) concentrate about 60-80 and rhyolites about 80-90. K-r/ch rhyolltes of the Wyman
Formation (WF) have 01 values between 90-1000 and Cl values less than 2 - representing the extremely
si I iceous, al kal i-rich and ferromagnesian-poor composition of these rocks (Fig. 9.6).

Plots of normative corundum (C) versus normative quartz (Qz) (Fig. 9.7) reveal the high C values
of many rhyol ites, dacites, and andesites of the OF and rhyolltes of the WF. A distinct positive
correlation is shown between the C and Qz values In the latter unit. The OF and WF display
distinctly different dispersions of SI indices and C values; the 51/C ratios of the WF unit are
consistently higher than of the OF. The better SI-C correlation shown by the WF may be interpreted
in terms of lower degree of alteration. The commonly very high C values in the Of, and the lack of
a good SI-C correlation in this unit, may be interpreted as the result of secondary redistribution,
involving carbonatization (which results in excess C in the norm) and leaching of alkal ies. For
this reason, it is questionable whether the high C and cOlllllonly high SI indices (above 1.1) reflect
a prior sedimentary cycle.

•

•

•

•

•

•

•

•

•

•

•
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10. lGNBOUS PETROGENESlS AND MANTLE COMPOSITION

The dominance of metamorphic minerals and paucity of relict igneous

phases in the Pilbara greens tones requires that investigations of magmatic

processes hinge on whole-rock geochemical data. Only least-altered samples, as

screened by the LMPR method (Section 5), are considered here. The role of

fractional crystallization will be tested using log e - log Zr plots (e - any

trace elern nt) after Allegre & others (1977), which allows the deduction of

bulk-disni bution-coefficients (K ), and from that of the parental magma
e d

composition (C ), fraction of residual liquid (F), and the mineral composition
o

of the resldue. The CMAS tetrahedron scheme of O'Hara (1968) is used to discern

fractionation trends and the controlling residual minerals. A discrimination

b tween primary magmas (mantle melt product) and fractionally crystallized

magmas is achieved through Hanson & Langmuir's (1978) MgO-FeO (mol%) diagram,

whicl allows reading of degree of partial-melting of pyrolite (F) and liquldus
Fe ~1g

temperatures at U kb and 30 kb, applying D and D mineral/melt partition

coefficients of Roeder & Ernslie (1970) and Bickle & others (1977). These

parame el'S & low calculations of trace-element abundances and Mg values of the

mantle. Final y, the implications of these models to Archaean mantle

eochemistry will be discussed.

10.1 Fractional Crystallization of basic magmas

ivine tholeiite magma may form by 20-30% melting of mantle

peri otite, leaving a residue of olivine, orthopyroxene ~ spinel (Green &

?ingwoci, 1967; Green, 1971). Alternatively, this composition may arise by

fracti0na crystallization of picritic or komatiitic liquids (Arndt & others,

19TJ). A. legre & others (1977) modelled the derivation from whole-rock traCf:;-
e

element data of (1) the bulk partition coefficient K
d

for any element (e; ;rom

log e vs og i plots (i - incompatible "hygromagmatophile" element whose K~

relative to mantle residues is practically 0). According to Rayleigh's

disequi ibrium fractionation law (Neumann & others, 1954):

•

•

••. (1 )
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Ce - rock (analysis); F - wt% residual liquid
1 •

Ce - primary magma
o

i
where the K

d
for an incompatible element (i) is about nil, the approximation

pertains:
•

... (2)
•

•
substituting for F in Rayleigh's equation:

•
C

i
(K~-l) C

e

Ce Ce 0 ) C
e 1 ... (3)

C
i

or ........--
1 0 0 Cl e

1 (~) (Kd-I)
Cl •1

e e
to derive the parent-magma composition C , the partition coefficient K and

i
the initial abundance of the incompatible element C must be known. As a

derivation from equation (3) above:
•

elog(C 1)

•

e
= 1 - K

d
, the slope of

representing a constant

since
e

straight line on the log (D ) vs
e 1

K , is used to derive this value
d e e

If the slope is positive, the slope equals (1 - K and K is
i d d

less than unity. To derive C the assumption is made that Ni level in the
o

parent magma is 450 ppm (Allegre & others, 1977; Jaques & others, 1978), and

1tog (Cl)
log (C ) plot,

1
(Fig. 10.1).

•
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• the abundance of (i) is read from a log (i) - log Ni diagram. Primary magma

abundances of other elements can then be computed according to equation 3,

or can be read directly from log(e) - log(i) graphs. The residual liquid

fraction (f) can be calculated from equation 1:

•

•
F = .. (5)

•
The minc:I'al composition of the fractionated solids may be inferred from the

e
measured Kdvalues, and from De coefficients cited from the

mineral/mel t
literature, by means of solving simultaneous equations for more than one

element:

•
... (6 )

u - element aj b - element b; 1 - mineral no 1;

2 - mineral no 2; X - fraction of mineral no 1;
1

X - fraction of mineral no 2.
2

Ln the present study Zr was selected as the reference incompatible
Zr

element (i), thanks to the low K relative to residual mantle phases (Allegre
d

& oth8rs, 1977 j Frey & others, 1978) and the analytical accuracy of this

e ement ection ).2). Log (e) vs log (Zr) plots (Fig. 10.1) allow the
e

derivation of K coefficients, listed in Table 10.1. Only least-altered
d

basalts are included in these plots, whereas deviate samples (section 5) and

ultramafic, andesitic, and dacitic compositions were deleted. this was done in

view of the possibility that the high-Mg basalts may not be related to a

• fractional-crystallization sequence, and that the dacitic rocks may have been
e

derived from distinct sources. Only K
d

values derived from well-defined

regressions are listed. Good positive correlations are obtained for Ti-Zr, P-

•

•

•

21', Nb-Zr, La-Zr, Y-Zr, Zn-Zr and V-Zr, and negative correlations for Ni-Zr and

41 Cr-Zr. Poor correlations pertain to 8r-Zr, Ba-Zr, Rb-Zr, and Ce-Zr. From the
e e

K
d

values, the Co' F values, and residue nonns were computed (section 3.3);

•
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e
the results are presented in Table 10.2. Only K

d
values read from regresions

whose correlation coefficients are better than 0.5 were considered. Where the

slope exceeds 1 .0, factors other than crystal fractionation probably operated

Allegre & others, 1977).

•

•
Good regressions, and thus probably valid K values, are derived for

d
Ti, Y, P, Ga and Nb, and in some volcanic units for Zn. The North star Basalt

and Mount Ada Basal t show higher correlation coefficients than higher units,

reflecting either lesser degrees of alteration in the lower volcanics, or •
alternatively an increasingly heterogeneous nature of the source with time. For

Zr
the calculation of F, the C of the primary magma is derived from average

0

VEtl ues of the high-Mg basalts of the corresponding units, as shown in Table 6.1. •For the calculation of normative residual mineralogy, the parental magma was

assumed to be a high-Mg basalt of the composition:

actual P and T conditions pertaining to the rocks in question.

•

•

the literature.
e

K
d

values is

val ues for the

MoO = 0.2%;12%;

The bulk partition

FeO
total

K 0 = 0.2%.
2

graphs

= 0.6%; Al 0 = 11%;
2 3

11 %; Na 0 = 1.0%;
2

read from the log-log

TiO
2

CaO =
e

Kd has been compared with calculated
e

v&'ues derived from equation 6, using D values from

coefficient
e

bulk K

SiU = 51~;
2

NgO = 13~;

Very poor correspondence between the observed and calculated

obtained, probably reflecting the uncertainty in selection D

The results of the above model calculations are summarized according to

the various formations (Table 10.2): •
North Star Basalt: For 37 tholei itic basalts, the cumulate fraction separated from a parental
high-M~ basalt magma consists of 31% Cpx, 35% 01, 20% Opx, and 13% Pig. Computed trace element
levels of the primary magma ar~; Ti = 4227 ppm; V = 18 ppm; V = 281 ppm; Zn = 69 ppm.

Mount Ada Basalt; For 36 tholei itic basalts the modal residue consists of 35% Cpx, 24% 01,
19% Opx, and 20% Pig. Average parental magma values are; Ti = 6227 ppm; V = 21 ppm;
V = 299 ppm; Zn = 91 ppm. •
Apex Basalt: For 13 tholel itic basalts, the average residue contains 31% Cpx, 26% 01,28% Op, and
16% Pig, and the model parental magma contains 3428 ppm Ti, 13 ppm V, 247 ppm V, and 65 ppm Zn.

Euro Basalt; For 5 tholel itic basalts, the average normative residue contains Cpx, 23% Opx,
19% 01 and 19% Pig, and the model primary magma contains 6227 ppm Ti, and 22 ppm Y.

•
Plots of F versus percentage normative plagioclase yield a negative

linear correlation, indicating a progressively ultramafic nature of the residue

with increasing melting, as expected. Primary magma model abundances of Ti, V,

Y and Zn (Table 10.2) show generally excellent correlations with the unit

averages of high-Mg basalt (Table 6.1), supporting the validity of the above

calculations.

•

•



•
51.

• It may be concluded that the tholeiitic basalts and dolerites are

likely products of fractional crystallization of olivine, clinopyroxene and

plagioclase from high-Mg primary magmas (direct mantle melts), which are

represented by the broadly equivalent high-Mg basal ts interspersed with the

• tholeiites. This view is supported by the continuous transition, and lack of a

compositional gap, between the fields of tholeiitic and high-Mg basalts

(Figs 7.1-7.36). The model primary high-Mg magma considered here may form by

about 33% melting of pyrolite composition, as calculated by MgO-FeO mass balance

• (equation 4 in section 10.2). In view of the availability of analytical data

for the komatiites, estimates of mantle composition are best made with reference

to these rocks rather than by calculations based on the model primary magma

composi tion.

•
10.2 Partial Melting of the mantle

The abundance in Archaean greens tone sequences of high-Mg to

• peridotitic komatiite lavas allows a direct investigation of mantle source

composition. Cumulate ultramafic rocks (pyroxenites) are ruled out from these

calculations (on textural basis) as they can not be direct mantle derivatives.

Hanson & Langmuir (1978) calculated a FeO-MgO (mol%) grid from which primary

• partial mel ts of pyroli te (Ringwood, 1976) can be discriminated from products of

fractional crystallization, and degrees of partial melting and liquidus

temperatures can be read (Fig. 10.2). The method assumes equilibrium batch

melting according to Henry's law (Shaw, 1970; Arth, 1976), which is applicable

• to major elements within stoichiometric limits:

l/(K~( ]-F)+F) ... (1 )

e e
C - element abundance in primary melt; C - element

1 e 0
abundance in mantle; K

d
- bulk partition coefficient;

F - fraction of melting

K values for Fe and Mg for partial melting at 0 kb are after Roeder
d e

& Ernslie (1970) and at 30 kb from Bickle & others (1977), Cl is represented by

the komatiite data, and F read from the FeO-MgO grid. This enables the

.. derivation of mantle FeO and Mgo levels and, given appropriate K values, of
d

any trace element abundance, from:

•
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•

... (2) •
Inherent in the method are uncertainties arising from the assumption of

pyrolite source and composition and of equilibrium melting, and the incomplete

knowledge of variations in D coefficients with pressure,
mineral/mel t

temperature, and melt composition. Thus, it is likely that complex melting

relations, including dynamic melting, disequilibrium fractional melting,

continuous melting, and magma mixing (Langmuir & others, 1977; Arndt & others,

1977) have operated. However, in the absence of experimental data pertaining to

the Pilbara suite, the method outline below allows a useful approximation of

melting processes.

In calculating mantle trace-element abundances, the bulk partition
e

coefficient K
d

of the residual mineral assemblage is given by:

•

•

•

ne X + ne X + ne X + ne X ... ete
01 01 0px opx cpx epx sp sp •

x - fraction of the mineral relative to total solids

In order to obtain the X values, the normative composition of the residue,

obtained by subtracting the magma (rock) composition from pyrolite (Ringwood,

1976) composition by mass balance, was calculated. D values were cited from

Allegre & others (1977) and Frey & others (1978) (Table 10.3). The results are

presented in Table 10.4, which lists degree of partial melting (F) obtained by

mass balance (see below), normative composition of residues and source-pyrolite

element abundance.

Assuming that, within stoichiometric limits, mantle levels of FeO and

MgO can be derived by applying Henry's law equation (Hanson & Langmuir, 1978),

an attempt has been made to estimate mantle Mg values from the komatiite data.

As an approximation it is assumed that, for high degrees partial melting (over

40%), only olivine remains in the residue. This assumption is also applicable

if the residue contains orthopyroxene with a Fe/Mg ratio similar to the olivine.
Fe Mg

C and C can be derived from equation 2, applying F and T values read
o 0 Fe Mg

from the FeO-MgO grid and D and D derived from Roeder & Ems1ie's (1970)
01 01

temperature-dependent equations. However, because inherent in the construction

•

•

•

•

•

•
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• of the grid is an assumed pyrolite composition - which is not necessarily valid

in detail for the Archaean source - an independent test of the mantle Mg value

requires an independent derivation of F.

•
element

i
IfK

d
sec tion

One method for deriving F is by means of using an incompatible (i)

with very low K relative to mantle resid~es! such as Zr (Arth, 1976).
d l. l.

0, as a derivation from equation 2, F = e le. (equation 2 in
o l.

10.1). Another method for the derivation of F is through mass balance

• calculation of major element partitioning between the mantle source, partial

mel t (primary magma tic rock), and resid ual minerals. Assuming, for komatii tic

liquid, a residue consisting mainly of olivine, the following equation pertains

to the Mg+Fe distribution:

•

•
FCMg +Fe CI_F)CMg +Fe

liquid + 01
CMg+Fe
mantle

... (4)

•

According to Ringwood (1976) the MgO+FeO (mol%) of pyrolite is 53.15%; as

stoichiometrically the molecular proportion of MgO+FeO in olivine is 66.6%, the

fraction of partial mel ting (F) is given by:

•
F •.. (5 )

•

The knowledge of F allows an independent derivation of the mantle Mg
Mg Mg Fe

value (100C Ic +C ) (in mol%), deducing initial mantle levels by:
000

CMg cMgCDMgCl F) F) cF
o

e = cFleCDFoelCI-F)+F)o = 1 01 - + ; ... (6)

• The D values are derived from Roeder & Emslie's (1970) temperature-dependant

formulas:

•

•

MglogD01 = 3740/T - 1.87; FelogDol 3911/T - 2.50 ... (7)
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T (liquidus temperature) is estimated from Hanson & Langmuir's (1978)

FeO-MgO grid. However, as the liquidus temperature varies with source

composition and pressure, this constitutes a weakness of the method. The

application of the above procedure to 18 basaltic to high-Mg basaltic

composi tions obtained by experimental partial mel ting of pyroli te under

temperatures of 1150-1550'C, pressures of 2-15 kb, and 16-51% melting (A.L.

Jaques, pers. comm., 1979), suggests a remarkably good agreement: For 11

compositions, the mean deviation of the calculated F value from the observed F

value (found by a combination of SEM* and modal analysis**) is +0.04. The mean

deviation of the T values read from Hanson and Langmuir's diagram and the
o

measured T values is + 50 C. Mantle Mg values deduced from the experimental

data by equations 4 and 5 are in the range 88-91, in agreement with the starting

pyroli te composition used in the experiments.

Excluding data which plot outside the primary melt field (which

suggests crystal fractionation) as well as data whose MgO+FeO (mol%) exceeds

53.15% (which suggests crystal accumulation), calculation results for 12

peridotitic komatiites are presented in Table 10.4. The data include three

samples from the North Star Basalt (NSB) , four samples from the Mount Ada Basalt

(MAB), four samples from the Apex Basalt (AB) and one from the Euro Basalt (EB).

Ng numbers range from 76 to 86. Degrees of partial mel ting vary in the range

of 46-95%, although it is likely that the highermost values reflect crystal

accumulation effects. The normative residues are dominated by olivine (ca 90-
MgO FeO

100%). Calculated mantle Mg numbers for low-P and low-T Dol and Dol

coefficients are in the range of 85-91 with an average of 87.2, and for high-P

and high-T D values in the range of 78-89, the average Mg number being 84.9.

Because of the probable high temperature origin of komatiitic magmas (Green &

others, 1975), the latter values are considered more likely. It therefore

appears that, in agreement with earlier suggestions (Glikson, 1972; Green et

a1., 1975; Sun & Nesbitt, 1977; Bickle & others, 1977; Glikson, 1979), the

Archaean mantle may have been characterized by high FeO /MgO ratios relative
t

to modern mantle (section 10.3). Further comparisons between the calculated

Archaean trace element abundances and modern mantle and carbonaceous chondrite

abundances are made in the following section.

•

•

•

•

•

•

•

•

•

*
**

scanning electron microscope

the experimental liquid composition was obtained by point count of analyzed

phenocrysts and mass balance calculation assuming Fe/Mg(ol/liquid) of 0.3.
•

•
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.. 10.3 Inferences on Archaean Mantle Composition

Principal methods of estimating mantle composition are based on the

study of Iherzolite and harzburgite inclusions in kimberlites and alkali

basalts, eduction of initial isotopic ratios of mantle-derived magmatic rocks
87 8b 207 206 238 204 143 144

( r/ ':>1', Pb/ Pb, U/ Pb, Nd/ Nd), theoretical

derivations from the composition of carbonaceous chondrites and stellar spectra,

thermodynamic implications of phase equilibria, and high-pressure experimental

• petrological work (Urey, 1960; Anders, 1968; Anderson, 1968; Brett, 1971;

Ringwood, 1975). The discovery in Archaean terrains of peridotitic lavas

(Viljoen & Viljoen, 1969; Naldrett & Mason, 1968; Lewis, 1971; Nesbitt, 1971)

has allowed a new approach to the study of early mantle geochemistry. Nesbitt &

Sun (197b) and Sun & esbitt (1977, 1978a, 1978b) have studied the relatively

immobile L1L (large ion lithophile) and siderophile elements - Zr, Nb, P, Y,

REE, Ti, and V in spinifex-textured peridotitic komatiites (STPK) (above 20%

MgO), with implications to the primary mantle ratios of these elements. The

underlying rationale is related to the very low K coefficients of these
d

elements relative to mantle residues (mainly olivine, accompanied by

orthopyroxene and possibly clinopyroxene), i.e. the strong partitioning of

these components into komatiitic melts has resulted in a retention of original

~ mantle trace element ratios in the latter. Comparisons between these ratios and

those of chondrites lend support to this suggestion.

Tab e 10.5 lists some of incompatible element ratios of interest -

• ":.i/Zr, Ti/Y, Ti/V, Cr/V, Zr/Y, V/Zr, Cr/Ni, Cr/Co, and Ni/Co, as based on Table

10.4, with comparison to Nesbitt & Sun's (1976) spinifex-textured peridotitic

kom ti~tes (STPK) and to chondritic ratios. In Fig. 10.3 the Zr-Ti, Y-Ti, Y-Zr,

: b-Zr, ~ -Zr, V-Ti, Zr-V and P 0 -TiO relations are compared to
252

chondri tic ratios. The Al 0 /TiO vs TiO and CaO/TiO vs TiO
23 2 2 2 2

relations are compared in Fig. 10.4, after Sun & Nesbitt (1978b). The following

-.

•

•

observations are allowed by these data:

There is a general increase in the calculated mantle Mg number, and a

decrease in model mantle Ti, Cr, V, and possibly Zn from the Talga­

Talga Subgroup to the Salgash Subgroup. Likewise, there is an increase

in Ti/Zr and V/Zr, and a decrease in Ti/Y, Zr/Y, Ti/Y, Cr/V, and Cr/Ni

with time .
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The mean Pilbara mantle model composition is similar to Nesbitt & Sun's

(1976) average STPK with respect to Co, Cr, Ti, Zr, Zr/Y, V/Zr, and

Cr/V. It is very similar to Ringwood's (1976) pyrolite with respect to

i, Cr and Co. It is low in Ti and Zr and high in Cr compared to the

model mantle peridotite (3/4 average peridotite and 1/4 average basalt) •

of Turekian & Wedepohl (1964), but little confidence can be placed on

the latter average. Cr/Ni and Ni/Co model mantle ratios are similar to

those of pyrolite.

•
Excellent correlation is shown between Pilbara Komatiites and average

chondrite with respect to ratios of 111 and siderophile elements (Zr,

Y, Ti) (Fig. 10.3). The Zr-Ti regression line of Pilbara komatiites

and pyroxenites (r = 0.93) nearly coincides with the chondritic ratio

line (Ti/Zr = 100), although many samples have Ti/Zr and Ti/Y ratios

somewhat higher than chondrites. High Ti/Y ratios pertain to some

komatiites of the Mount Ada Basalt. The Y-Zr plot reveals the tendency

of Talga-Talga Subgroup komatiites for high Zr/Y ratios, whereas

stratigraphically younger units have ratios closer to the chondrite

value of 2.5. Zr/Nb ratios are close to the chondrite values of 16,

but not enough data for Nb is available for this comparison. However,

i/V and Zr/V ratios are conspicuously high compared to the average •

chondritic ratios of 10 and 1/12 (respectively), due to the high Ti and

often Zr of the komatiites relative to chondrites. There is a strong

departure of TiO /p 0 ratios of the komatiites from chondrites,
225

suggesting possible primary differences between the mantle and •

chondrites with respect to this ratio.

(4) The Ti-Al-Ca relations (Fig. 10.4) are investigated relative to

chondritic and mantle pyrolite ratios. Komatiites of the Mount Ada

Basalt have high TiO /Al 0 and TiO /CaO ratios relative to
223 2

stratigraphically higher komatiites whose values are more akin to the

chondritic ratio of 0.05. These differences reflect the high Ti

abundances of the Talga-Talga Subgroup volcanics, as also reflected by

high Ti levels in associated tholeiitic basalts (section 6.1). The

comparison on Ca/Ti vs Ti and Al/Ti vs Ti diagrams (Sun & Nesbitt,

1978b) emphasises the Ti-rich composition of products of high

percentage melting of the Archaean mantle relative to modern pyrolite.

•

•

•

•
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.. 10.4 Petrogenesis of felsic Volcanic Rocks

Contrary to basic and ultrabasic igneous rocks, whose origin by

partidl melting of mantle and further crystal fractionation is experimentally

• established (Green, 1972; Ringwood, 1976), silicic magmas are capable of

arising by anatexis of a variety of source compositions, including basic rocks,

older silicic igneous rocks, sediments and their metamorphosed derivatives.

Discriminations between products of these processes hinge on isotopic data,

major element ratios and trace element data: the higher the initial
87 86 143 144

Sr ISr isotopic composition, the lower the Nd INd , and the

higher the concentration of 111 (large ion lithophile) elements, the more likely

it is that the magma was derived from a sialic source. Alternatively, highly

.. differentiated compositions may arise by advanced crystal settling from basic

and acid magmas. A distinction between melts formed by equilibrium batch

melting according to Henry's law and by nonequilibrium fraction according to

Rayleigh's law (Gast, 1968; Shaw, 1970) is not generally possible. The melt

4t fraction (F) is generally derived from incompatible element (i) relations, where

K = 0, assuming that little or no Zr is left in the ultramafic residue. The

equation pertaining to both partial melting and fractional crystallization is

•
i i

thus F = le
o i

i
C - concentration in source;

o

... (1)

i
C. - concentration in melt

1

• To derive the composition of the fractionated residues in relation to

any assumed source rock or parent magma, mass balance equations for major

element' can bused:

e e e
C FC + (1-F)C ... (2).. s 1 r

e e
(C - source concentration; Cl - liquid concentration;

s

e
C - resid ue concentration, for major element e)-. r

Substit ting for F from equation (1), the composition of the residue is given by

•

•
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It is thus possible to test if a derivation of any given magmatic rock from an

assumed source composition is consistent with stoichiometric mineral formula

requirements, i.e. whether sufficiently high levels of any particular element/s

exist in the assumed source to give rise to the directly observed (analysed)

rock. An indicated deficiency of any element would suggest derivation or

addition from other sources, i.e. the abundance in the assumed model parent

would be insufficient to account for the observed composition. Such additions

may ensue by zone refining, wall-rock contamination, magma mixing, heterogenous

source melting, hydrothermal activity and metasomatism.

Assuming a basic source similar to the average NSB tholeiite (Table

•

•

•

•

6.1 a) (SiO = 52.00; TiO 1. 3; Al 0 = 14.00; FeO = 12.00;
2 2 2 3 total •MnO = 0.2; MgO = 7.00; CaO = 10.50; Na 0 = 2.60; K 0 = 0.40), and using

( i)
2 2

Zr as the reference element due to its relatively immobile nature and

analytical accuracy, mass balance calculations were carried out. The following

conclusions regarding the degree of melting (F), normative residue compositions,

and principal normative deficiencies, pertain:

Upper North Star Basalt dacites and andesites: The average F for 8 dacites is

0.76; residues of dacites shows some deficiencies in K 0 and Na 0, implying
2 2

that, had the silicic melts been derived from basic source, extraneous addition

of alkali elements to the melt was required.

Duffer Formation andesites, dacites and rhyolites: The average F value for 6

rhyolites is 0.49, for 26 dacites is 0.72, and for 10 andesites 0.73. Though in

the right order, these values indicate that, either these rocks were derived

from different sources, or alternatively the Zr values offer a poor basis for

derivation of F. The residue is of ultramafic composition and for rhyolites

shows marked deficiencies in K 0 and in Na O.
2 2

The above results cast doubt on models of basic source melting with

respect to highly potassic and siliceous rocks. It is likely that some of the

excess SiO and K 0 in high-K rhyolites reflect advanced fractional
2 2

crystallization of plagioclase and late magmatic concentration of alkali-rich

siliceous fluids. Rare earth element evidence (Jahn & others, 1981) indicates a

fundamental difference between rhyolites of the Duffer Formation and the

ultrapotassic rhyolites of the Wyman Formation (Fig. 7.56). The first group is

•

•

•

•

.-

•

•
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• characterized by moderate light/heavy REE fractionation accompanied in some

The fractionated light REE patterns

instances by weak negative Eu anomalies. The second group displays strong

negative Eu anomalies. Both groups display little fractionation within the heavy

REE ran e (see section 7.2). These features indicate a controlling role of

plagioc ase fractionation for Wyman Formation rhyolites, i.e. due to high DEu

Plg
(2.1 for 'acitic melts: Arth, 1976).•

•

sugges s separation of ferromagnesian minerals whose D values for intermediate

REE is higher than for light REE, i.e. pyroxene, amphibole and/or garnet (Arth &

~ Hanson, 1972, 1975; Condie & Hunter, 1975; Arth & Barker, 1976; Frey & others,

1978; O'Nions & Pankhurst, 1978). This suggests basic minerals fractionation,

but could also be an inherited feature from a silicic source. The relatively

flat heavy REE curve is contrasted to ~he commonly fractionated pattern of these

• e ements in many Archaean silicic rocks (Collerson & Fryer, 1978; Glikson,

1979). It may represent extensive contribution from a little-fractionated basic

source with flat chondritic REE patterns, and militates against fractionation of

garnet, whose D (ca 40) is significantly higher than D values for the

intermediate R&nh
Srn

= 2.66; D
Gd

= 10.5; Arth, 1976).
gnt gnt

:t is thus likely that remelting of silicic source rocks, or wall-rock

con,amination by such materials, has contributed to the silicic volcanic magmas,

• P3.rt· cular y the Wyman Formation. However, for the andesi tes and sodic daci tes

this process is constrained by the low abundance of 111 elements except if total

mel ting of a sialic source of tonali tic composition is assumed. Thus, North

Star Basalt dacites (average of 8 samples: K 0 = 0.77%; Rb = 26 ppm) and
2

ppm)• Duffer Formation dacites (average of 26 samples: K 0 = 2.14%; Rb = 62
2

(Append ix :i::;:) are unlikely to have arisen from a sialic source, as this could be

unless

Such

in higher levels of alkalies and other 111 elements,
K Rb

melting occurred. The D 0.26, D 0.048, and

for dacite melts (Arth, f§76) must re~~Yt in strong

to resultex pec t",

to_al simultaneous
BaD = O. 36 val ue s
plg

enrichment in these components in melts arising by ensialic anatexis.•
enrichment of K and Rb is evident in Wyman Formation rhyolites (average of 23

rhyo ites: K 0 7.11%; Rb = 146 ppm) , which could well have formed by acid
2

source anatexis. By contrast, even the most differentiated members of the

uffer Formation have significantly lower alkali abundances, i.e. the average of

6 rhyolites being:

2.61%; Rb = 66 ppm.

•

K 0 = 5.36%; Rb = 100 ppm and of 17 tuffs being K 0
2 2
It may be argued that, due to secondary

•
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redistribution, alkali element abundances can not be used as differentiation

guides. However, because the variations indicated between units and between

rock types appear to be consistent, whereas individual samples may be altered

(Table 5.1) these averages are still meaningful, i.e. secondary redistribution

processes took place on a local scale but did not necessarily result in en-mass

depletion of large rock bodies in any particular element.

The above considerations are consistent with field observations, as to

date no sialic rocks which predate the Duffer Formation and Talga Talga Subgroup

and which could act as potential source for silicic magmas have been directly

observed. The continuous geochemical spectrum from andesites to rhyolite in the

Duffer Formation is suggestive of comagmatic relationships, either by varying

degrees of partial melting of basic source regions, or as products of fractional

crystallization of basic magmas. The presence of intercalations of tholeiitic

basalt and dolerite in the Duffer Formation could lend support to the latter

interpretation. The calc-alkaline affinities of the silicic volcanics as

contrasted to the tholeiitic affinities of the basic rocks argues for separate

derivation of these magmas, i.e. by concomitant ensimatic anatexis and mantle

melting events. Alternatively, the calc-alkaline affinities of the silicic

'avas have resulted from oxidation or iron and separation of magnetite attendant

on an increased oxygen fugacity in hydrous silicic melts.

.~

•

•

•
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11. COMPARISON WITH MODERN VOLCANIC SUITES AND TECTONIC SETTING

Kuno (1966) and Dickinson & Hatherton (1967) demonstrated an increase

in Al 0 and K 0 levels across oceanic - arc-trench - continental margin
232

boundaries with increasing depth to the Benioff zone. Condie & potts (1969)

applied this method to infer the palaeo-thickness of the Archaean crust in North

America. On the basis of K O-SiO relations in andesites from eight
2 2

Canadian greenstone belts, they suggested a palaeo-thickness in the range

10-25 km. However, Arculus & Johnson (1978) pointed out significant departures

from the alkali element level - Benioff zone depth correlation from studies in

the Lesser-Antilles and Papua-New Guinea. The low-K levels of Archaean

tholeiitic basalt were pointed out as possible evidence of ocean-floor affinity

of these rocks (Hart & others, 1970; Glikson, 1970, 1971) - a correla tion

supported by Ti-Zr-Y relations (Hallberg & Williams, 1972; Pearce & Cann, 1971)

and rare earth elements (Sun and Nesbitt, 1978a). Several authors suggested an

arc-trench origin of Archaean tholeiites (Folinsbee & others, 1968; Green and

Baadsgaard, 1971; Goodwin, 1978; White & others, 1971). Stratigraphic­

geochemical trends in Archaean greens tone sequences were used to infer secular

evolution of tectonic environments and changes in mantle composition (Baragar,

1966, 1968; Condie & Harrison, 1976; Wilson & Morrice, 1978; Gelinas &

others, 1978; Glikson, 1979). However, inherent in attempted assignments of

ancient volcanic suites to tectonic environments are three types of problems:

•

•

•

•

•

(1) A correlation between modern basalt classes and tectonic environments

is not well established. With further accumulation of data, major and

trace element compositional ranges for each type of tectonic

domain increase, which correspondingly decreases the diagnostic value

of the various chemical parameters. Green (1971) suggested tha~

variations in the LIL and other incompatible trace elements in basic

magmas principally result from vertical and lateral mantle

heterogeneities due to chemical migration in the low velocity zone

and/or earlier melting events. This concept is supported by

geochemical variations observed in ca 3.5 b.y. old komatiites of the

Barberton Mountain Land (Glikson, 1979) and in the present study

(section 6). If evolution of mantle composition is a factor, the

tectonic significance of geochemical parameters may be doubtful.
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(2) The correlation between ancient volcanic suites with modern tectonic

environments involves a uniformitarian assumption. However, it is

probable that temporally-unique tectonic domains existed in the

Precambrian which fundamentally differed from modern tectonic regimes.

This is supported, for example, by the unique occurrences of

peridotitic komatiites and the abundance of high-Mg basalts in the

Archaean. For this reason, the use of chemical parameters established

in modern tectonic environments to identify ancient domains is

uncertain. On the other hand, as geochemical parameters are

inherently diagnostic of source composition, they allow an

identification of the crustal geochemical environment in question,

e.g. as either simatic or sialic.

(3) Because of possible addition and secondary migration of alkalies

through sea water-lava reaction, burial, and thermal metamorphism

(Hart, 1971; Jolly & Smith, 1972; Condie & others, 1977), the use of

K and Rb in primary igneous classifications and thereby identification

of tectonic environments is uncertain (Smith & Smith, 1976). At the

same time, because potassium is usually added to, rather than removed

from, the volcanic rocks, its abundance provides an upper limit for

the original composition.

In view of these considerations, it is unwarranted to classify

Archaean geochemical data strictly in terms of modern tectonic domains.

Nevertheless, comparisons between ancient volcanics and modern rock types

constitute a useful exercise, and may allow identification of temporally-unique

geochemical features not observed in the Phanerozoic rocks. In the following,

element distributions in basic volcanic suites of the eastern Pilbara Block and

modern or Phanerozoic rock types (Table 11.1) are compared:

Major I ithophi le elements (Si, AI) - The dominance of Qz-saturated normative compositions among the
Pilbara volcanics (Fig. 9.3) is an essential characteristic of this Archaean suite. By contrast to
modern picrites, i.e. Hawai ian picrites (Gunn, 1971), Archaean high-Mg basalts are mainly Qz­
normative as reflected by higher SiO levels (48-52%) compared to the Hawaiian rocks (46-48%).
The high-Si tendency of Archaean roc~ may suggest little or no fractionation of orthopyroxene has
occurred, thus hinting at low pressure crystal-melt equil ibratlon. The North Star Basalt (NSB) and
Mount Ada Basalt (MAB) are dominated by low-alumina tholelltes (13-14% AI 0 ) (although some
high-AI tholeiltes occur in the MAB, whereas hlgh-alumlna tholelites (15-f7%) a re more common in
the Gorge Creek Group. High-alumina tholeiites occur among Mid-Ocean Ridge Basalts (MORB), Ocean
Island Basalts (OIB) and Arc-Trench Basalts (ATB), whereas low-AI levels appear to be more
characteristics of Continental Plateau Basalts (CPB). An Increase with time in the Importance of
high-AI basalts was reported from the Abitibi belt, Superior Province, by Baragar (1968). According
to Green cl. others (1979) high-AI ollvlne tholeiites arise by olivlne fractionatlon of tholelitic
picrite equil ibrated with harzburgitlc residue at about 20 kb. The comparative scarcity of hlgh­
alumlna basalts in the Tal ga-Tal ga SUbgroup supports low-pressure fractionation, In agreement with
the Qz-normative composition of the high-Mg basalts.
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Siderophile elements (Ti, Fe, Mn, V) - Ti shows a systematic decrease with stratigraphlc level,
from a mode of 1.0-1.2% TI02 in the NSB to 0.4-0.6% in the GCG. These ranges are wel I below those
of CPB and OIB (Table 11.1), but accord with a transition from MORB to ATB. The TI and AI evidence
could be amenable to a uniformltarlan interpretation In terms of a temporal transition from low-AI
MORS to high-AI ATB. The TI abundances In early Pllbara greenstones are generally higher than in
greenstones of the Kalgoorl le Province of the Yilgarn Block (Hallberg, 1971). There is a general
decrease in total Iron as FaO, from a mode of 11-12% FeO In the NSB and 12-15% in the MAB to 8-9% in
the Charteris Basalt (CB) and 9-11% In the Honeyeater Basalt (HB). Total iron values In the Talga
Talga Subgroup (TS) are thus higher than MORS (main range of 8-11%), and similar to OIB (main range
of 11-14%), higher than ATB (9-11%), and similar to CPB (11-14%). Gorge Creek Group (GCG) values
are similar to Island-arc tholeiltes. The NSB and MAB show MnO modes In the 0.18-0.24% range, which
tends to be higher than modern basalt groups. Vanadium shows wel I-defined peak values for the NSB
(300-375 ppm) and MAB (225-350 ppm), and overlap with the main ranges of modern MORB, OIB and CPB.
V decreases with stratlgraphlc level, the modes for the Sal gash Subgroup (SS) being 225-250 ppm.
The Charterls Basalt (CB) peaks at 150-200 ppm, In analogy to high-AI basalt and andesite of arc­
trench domains (Taylor & others, 1969).

Ma~or basic elements (Mg, Ca) - Modal MgO peak values for the NSB and MAB are In the range of 4-8%
an for the GCG basalts In the range of 6-10%. The abundance levels of the TS tholel ites are lower
than MORB and OIB but commensurate with those of ATB and CPB. Because of the wide range of MgO in
the tholei ite-high-Mg basalt-perldotltlc komati ite range, I ittle correlation can be achieved with
modern pier i tes. Because of its mobil i ty In the metamorphosed basa Its, Ca is of uncerta rn
diagnostic value. The main range In the TS (8-11% CaO) is commensurate with that In MORB, lower
than some OIB, and higher than some ATB and CPB.

Alkal i and alkal ine earth elements (Na, K, Rb, Ba, Sr) - Sodium shows a regular concentration range
of 1.5-3.0% Na 0 in both Archaean tholei ites and the modern groups, being of I ittle diagnostic
value. Potassfum levels in Warrawoona Group basalts are mostly below 0.4%, whereas the Gorge Creek
Group Incl udes many samp Ies have 0.7 to 0.9% K O. Assum Ing that K Is genera 11 y added to, rather
than depleted from, basalts upon alteration (H~rt, 1971), these values provide the upper I imlts of
original abundances. The Warrawoona Group tholei ites are therefore akin to the MORB-OIB range, and
the Gorge Creek Group tholei Ites to the ATB-CPB range. Rubidium modes in the NSB (0-20 ppm) and the
MAB (below 10 ppm) are distinctly higher than MORB, with the exception of carbonated samples of the
MAB from which Rb was probably secondari Iy removed. The Sal gash Subgroup basalts show a wide
distribution range, a I ikely indication of open chemical migration, whereas the GCG basalts have a
bimodal dispersion with peaks at 20-25 (HB) and below 5 ppm (CB). As for potassium, these
abundances provide only upper limits of original levels, suggesting more continental-like affinities
for the strati graphical Iy uppermost basalts. However, since it is probable that rubidium has been
secondarily remobil Ized, little confidence can be attached to the primary significance of the
determined abundances.

Barium distribution maxima for the NSB and MAB are 50-75 and 25-150 ppm, respectively, above the
common range of MORS (5-20 ppm), below or similar to OIB (100-200 ppm), analogous to ATB, and lower
than CPB (200-400 ppm). The Gorge Creek Group Honeyeater Basalt has some samples of high Ba levels
commensurate with CPB. For strontium, distinct distribution peaks at 100-150 pertain to the NSB and
MAB, whl le wide ranges likely to reflect open system migration pertain to the SS and GCG basalts.
The Sr levels of the TS basalts are comparable to MORB, and are clearly lower than OIB (150-300 ppm)
and CPB (150-500 ppm). The Honeyeater Basalt has a peak at 50-100 ppm, suggesting a decrease In Sr
parall el to the Increase in Rb shown by the Gorge Creek Group.

Large-Ion-I ithophi le elements (Zr, Nb, P) - Thanks to the wel I-pronounced modal maxima, zirconium is
a most useful element in these comparisons. The sharp 80-100 ppm maximum of the NSB and MAB is
comparable to, or higher than, MORB val ues and OIB values, is higher than ATB values, and Is
distinctly lower than CPB values (100-400 ppm). Salgash Subgroup and Gorge-Creek Group peaks fall
in the :'_-50 ppm range, representing a marked decl ine compared to the Talga-Talga SUbgroup - a trend
Interpreted in terms of mantle depletion (section 12). The NSB has a Niobium peak of 3-4 ppm and
the MAB a main distribution range of 2-7 ppm, values similar to or higher than MORB, but
significantly lower than OIB (10 ppm and above). Nb levels for higher units are mostly below 5 ppm.
The general decl ine in P205 from the Talga-Talga Subgroup (0.02-0.22%) to the Gorge Creek Group
(0.04-0.06%), is possibly Similar to the change from OIB to ATB.

Yttrium and the rare earth elements (La, Ce) - Wel I-defined principal distribution ranges of Y apply
to the NSB (15-25 ppm), MAB (15-30 ppm), AB (10-15 ppm), and GCG (10-15 ppm). Y values are lower or
similar to MORB (20-40 ppm), overlap OIB and ATB, and are lower than CPB (30-50 ppm). The Y levels
of the stratigraphically high units are anomalously low, although some Viti-Levu and Iceland basalts
have I ikewise low val ues (Table 11.1). This accords with the low-Y characteristics of the Archaean
igneous suites as pointed out by Lambert & others (1976). Modal La peaks for all eastern Pilbara
volcanic units are below 5 ppm, which Is in accord with MORB but less than OIB and CPB. A main Ce
distribution range of up to about 20-30 ppm pertains to the TS, whereas the AB has a wel I-defined
maximum of 15-20 ppm and the GCG basalts of 10-15 ppm. These levels are in part similar to and In
part higher than MOOB.

r~agnesium-related trace elements (Ni, Co, Cr) - Nickel level s in Pi Ibara tholelltic basalts are low
compared to MORa and OIB tholeiltes, but are higher than those of ATB and similar to those of CPB.
Modes for the NSB and MAB (50-75 ppm) and the GCG (50-75 ppm) show little strati graphic variation.
Tholel itic basalts of the Eastern Goldfields, Yi Igarn Block, have NI levels higher by about a factor
of 2 (80-170 ppmj Hallberg, 1972; Hal lberg & GI ikson, 1981). A wel I-defined Co modal peak of 40­
50 ppm appl ies to all the eastern Pi Ibara units, in similarity to MORS and higher than ATB. These
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values are somewhat lower than the average of 83 Norseman tholeiites (60 ppm) and 13 Coolgardle
tho le i i tes (54 ppm) (Ha I Iberg, 1972). Chrom Ium abundances of eastern P1I bara basa I ts are
surprisingly low in comparison to MORB, OIB and CPB tholelltes, but are commensurate with typical
arc-trench high-AI basalts and andesites. Distribution frequency peaks for the TS are 50-100 ppm
for the NSB and below 50 ppm for the MAB. A wide range pertains to the SS rocks, reflecting the
abundance of komati ites. The HB has a maximum below 50 ppm, whereas the CB shows a wide dispersal.
These modes contrast with the characteristic MORB, OIB and CPB range of 200-500 ppm. Cr-depleted
basalts and andesites of island arc domains are discussed by Taylor &others (1969). Tholeiitic
basalts from the Eastern Goldfields province, Yilgarn Block, have generally high Cr levels In the
300-400 ppm range (Ha 11 berg, 1972; Ha I Iberg & GI Ikson, 1981).

Chalcophile elements (CU, Zn) - There is I ittle variation between the principal Cu ranges of the
eastern Pilbara basalts (below 100 ppm) and the values of MORB, OIB and ATB, whereas CPB have
generally somewhat higher Cu abundances. Higher levels (100-200 ppm) pertain to the komatlltes.
The average Cu level of 429 Eastern and Murchison Goldfields basalts is only slightly higher (103
ppm;i Hallberg & Glikson, 1981). Zn yields sharp bimodal distribution maxima between 60-100 ppm
for the ITS rocks, 50-100 ppm for the SS rocks and 50-75 ppm for the GCG basal ts. The hi gher
abundances are generally simi lar to OIB.

The above comparisons indicate affinities between Talga-Talga Subgroup

tholeiites and Mid-Ocean Ridge basalts with respect to Ti, Ca, K, Sr, Zr, Nb, Y,

La, and Ce, and between Gorge Creek Group tholeiites and arc-trench basalts with

respect to Ti, Al, Fe , K, P, Y, V, Cr, and possibly Ni. However, important
t

departures from these correlations are evident, e.g. the high Ti and low Ni and

Cr of many TS basalts. To test possible geochemical-tectonic correlations

•

•

•

•

•

further, he data plotted on the O.01Ti-Zr-3Y ternary and O.01Ti-Zr-O.5Sr •were

ternary (Pearce & Cann, 1973 ) (Figs 11.1 and 11.2), the TiO -K O-P 0
2 2 2 5

ternary (Pearce & others, 1975 ) (Fig. 11 .3) , and the FeO -MgO-Al 0 .

(Pearce 1977) (Fig. 11.4) .
t 2 3

ternary & others, These authors showed that many

modern basalts concentrate in separate fields according to their tectonic

settil~, i.e. mid-ocean ridge, ocean island, spreading-centre-island, arc­

trench, orogenic, and continental environments. The Ti-Zr-Y diagram shows a

strong concentration of eastern Pilbara basic rocks in the MORB field, although

boundaries with other fields are commonly transgressed. The Ti-Zr-Sr diagram

indica es a concentration of NSB and MAB samples in the Oceanic field, Apex

Basalt samples in the fields of oceanic and arc-trench low-K tholeiites, Euro

Basalt samples in the oceanic field, and Charteris Basalt samples in arc-trench

low-K tholeiite field. As the continental basalt field is not defined on this

diagram, a correlation with this class is not possible. The Ti-K-P diagram

shows a strong coincidence of Warrawoona Group samples with the oceanic field

and a transgression of Gorge Creek Group basalts across the boundary of oceanic

basalts and non-oceanic basalts. The Fe-Mg-Al diagram reveals a concentration

of Talga-Talga Subgroup points about the boundary between continental and ocean

island basalts, i.e. in the combined field of within-plate basalts. Apex Basalt

samples plot across the MORE-ocean island-continental fields, Charteris Basalt

data in the MORB field, and Honeyeater Basalt data across the MORB and

•

•

•

•

•

•
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•

•

•

•

•

•

continental fields. These ternaries generally support oceanic affinities of

Talga-Talga Subgroup basalts and arc-trench or non-oceanic affinities for Gorge

Creek Group basalts, the Fe-Mg-Al diagram constituting an exception.

Sun & others (1979) have characterised the chondrite-normalised trace

and rare earth element features of depleted mid-ocean ridge basal ts (MD),

enriched mid-ocean ridge basalts (ME), arc-trench tholeiitic basalts (AT), and

arc-trench calc-alkaline basalts (AC), indicating distinct distribution patterns

for each type. Comparisons between the Pilbara data and these patterns with

respect to Pb, Rb, Ba, Th, D, Nb, K, La, Ce, SI', P, Zr, Ti and Y (in order of

decreasing ionic radius) are shown in Fig. 11.5. In view of secondary mobility

of the larger-radius elements, little reliance is placed on patterns shown by

the alkali and LIL elements (Pb to K), and as confirmed by their wide scatter on

the diagrams. By contrast, coherent patterns are often shown in the K to Y

range, reflecting characteristic elemental levels and ratios, as follows:

Peridotitic komatiites (PK) (Fig. 11.5.1): Contrasting patterns pertain to the

NSB, MAB, and AB - the first two showing SI' depletion attributable to secondary

leachil~. one of the patterns is similar to Nesbitt & Sun's (1976) spinifex­

textured peridotitic komatiites - which reflects possible mantle heterogeneity .

High-Mg basalts (HMB) (Fig. 11.5.2): Both the NSB and the MAB show enrichment

of Zr and Y relative to Ti and P, although to varying degrees. Significantly

smoother profiles pertain to the AB and CB, but HMB of both units show strong SI'

.. and Ce enrichment not shown in the lower units. All HMB patterns for the small­

radius elements are more depleted than those of mid-ocean ridge basalts (MORB).

Tholeiitic basalts (TB) (Fig. 11.5.3): Chondrite-normalised patterns for both

.. the NSB and the I~ show consistent enrichment in Zr relative to Ti, Y and P,

quite unlike modern MORB. Large-radius alkali elements (Ba, Rb, Pb) are

significantly enriched relative to MORB. AB and GCG tholeiites show Y, Ti, Zr

and P depletion relative to MORB, though Euro Basalt tholeiites fit more closely

.. into this field. As for some HMB, SI' and Ce are distinctly enriched in some

uni ts (CB) .

•

•
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Andesite and dacite (Fig. 11.5.4): Andesites and dacites of the upper NSB and •

the Duffer Formation (DF) show very close pattern similarities to arc-trench

calc-alkaline basalts, though they tend to be even more enriched than the latter

in the incompatible trace elements. Thus, marked positive K, U and Th anomalies

and negative Nb anomalies pertain to the Archaean and modern curves. By 4t

contrast, the Archaean Zr/Ti ratios are significantly higher than modern

values.

While the above geochemical-stratigraphic variations are significant to 4t

mantle source composition and petrogenetic processes, as discussed at the outset

they are not necessarily diagnostic of specific modern-type tectonic domains.

•

•

•
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12. DISCUSSION AND CONCLUSIONS

The major and minor element study of 442 volcanic rocks from Archaean

success ions of the eastern Pilbara Block allows an insight into the chemical

constitution, igneous petrogenesis and secondary alteration of these rocks. The

geochemical data show that the Talga-Talga Subgroup (TS) is dominated by high­

Ti, low- i and Cr, low-K, tholeiitic basalts and dolerites. Only about 10

percent of the TS sample population concists of ultramafic rocks, i.e. high-Mg

basalts and peridotitic komatiites and pyroxenites. Minor dacite and andesine

lenses underlie chert between the North Star Basalt (NSB) and Mount Ada Basalt

(MAB). The Duffer Formation (3452 + 16 m.y.j Pidgeon, 1978a) consists of sodic

to potassic dacitic to rhyolitic and some andesitic agglomerate and tuff,

interspersed with minor basalt and dolerite. The silicic volcanics are of calc­

alkaline affinity whereas the basic rocks are of tholeiitic lineage - implying

different origins. The overlying Salgash Subgroup (SS) has a significantly

higher ultramafic component than the Talga-Talga Subgroup, with about one

quarter of the samples being high-Mg basalt, peridotitic komatiite, and

pyroxenite. The rest of the SS consists of tholeiitic basalt and dolerite, and,

in places, of dacite-rhyolite lenses. The ultrapotassic rhyolites of the

overlying Wyman Formation are chemically distinct from those of the Duffer

Formation. Basic volcanic units intercalated with the clastic sediments of the

Gorge Creek Group - the uppermost Archaean succession of the Pilbara Block ­

consist of i-poor, K-rich, high-Al tholeiitic basalt and dolerite showing some

affinity to arc-trench to continental basalts, and minor high-Mg basalt. An

overall geochemical-stratigraphic siderophile and certain lithophile-element

dep etion trend is apparent, i.e. the basic rocks show an upward decrease in Ti,

Fe (tot 1 iron as FeO), V, P, Zr, and Y independently of the MgO values of these

rocks. Similar smaller-scale geochemical cycles are also shown within

individual successions, i.e. in the Talga-Talga Subgroup, showing that the

overall trend is composed of local repeated depletions. -These features can be

used as stratigraphic aids for identification of volcanic sectors whose relation

to the regional sequence is unknown. In the following, implications of the data

for igneous petrogenesis, mantle evolution, diagenetic and metamorphic

processes, and economic mineralization are discussed.
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•

•
From mass-balance (Fe+Mg) calculations the peridotitic komatiites

incorporated in the Warrawoona Group (Mg number above 75) can form by over 50

percent melting of mantle peridotite (section 10.2). The physical conditions

for such extreme degrees of fusion are not clear, however, and the ascent of

peridotitic liquids to the surface without crystal fraction must have been very

rapid. -t is possible that, in part, peridotitic komatiites resulted from

olivine accumulation and subsequent remelting in shallow-level magma chambers,

but this mechanism requires extreme geothermal gradients and is therefore

unlikely. The generally fine-grained texture of these rocks and the occurrence

of skeletal "spinifex-textured" features corroborates the view of PK as quench

products of liquidus temperature or superheated ultramafic liquids (Naldrett &

Mason,1968; Lewis,1971; Nesbitt, 1971; Arndt & others, 1977). Green (1972)

inferred that the catastrophically high melting indicated by some peridotitic

komatiites of the Barberton Mountain Land (sample 49J, MgO = 30.05%) could

result from extraterrestrial impacts and rapid adiabatic melting. However, the

occurrence of similar rocks at stratigraphically-high positions and in the late

Archaean suggests endogenetic factors (Green & others, 1975; Glikson, 1976).

This is the case in the eastern Pilbara, where peridotitic komatiites are

comparatively abundant in the Salgash Subgroup. Conceivably the ascent to the

surface of highly magnesian magmas without olivine fractionation is best

accounted for by superheating, i.e. peridotitic liquids may represent adiabatic

fusion at shallow levels of mantle diapirs derived from depth greater than 200

km. The steeper the Archaean geothermal gradient, the less the required

derivation depth of such diapirs. With a gradient of about 40'C/km, the maximum

gradien: derived from metamorphic and structural considerations (Glikson &

Lambert, 1976; Lambert, 1976), dry liquidus temperatures (1650'C) would be

achieved at a depth of ca 40 km. With a more conservative gradient of 15'C/km

such temperatures would be attained at a depth greater than 100 km. From Green

& others (1975) PT diagrams, 50 percent melting of dry mantle peridotite

0.1% H 0) would occur at about 1400'C at atmospheric pressure and about 1850'C
2

at 50 kb. With mantle H 0 contents of 0.1-0.2%, 50 percent melting would
2

occur at somewhat lower temperatures. During such events, very high geothermal

gradients of 35-40 'C/km would pertain in the vicinity of mantle diapirism. If

Archaean mantle peridotite was more Fe-rich than modern pyrolite, as indicated

in this report (Table 10.4) (see Sun & Nesbitt, 1977; Bickle & others, 1977;

Glikson, 1979), lower liquidus temperatures would apply.
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The compositional gaps between peridotitic komatiites (PK) and high-Mg

basalts (HMB) with regard to Al 0 (7-10%), Mg Number (60-70), MgO (15-25%),
2 3

Ni (above 1000 ppm in PK), V (about 100 ppm or less for PK) (Fig. 7) on the

OL-Op-Cp-Qz diagram (Fig. 9.3) and on Cl-Dl plots (Fig. 9.6) is inconsistent

with an interpretation of HMB as crystal fractionation product of PK magmas, as

in this case a continuous compositional spectrum should have been observed. On

the other hand, the geochemical overlap between HMB and tholeiitic basalts and

dolerites (Fig. 7; Fig. 9.3) suggests their relation by fractional

crystallization. The HMB can be modelled on the basis of major elements as

either a product of olivine fractionation from PK liqUids, or of 30-50 percent

melting of mantle peridotite and subsequent olivine fractionation, but the PK­

HMB compositional break favours the latter. Liquidus temperatures of liMB

liquids range between 1200-1500'C for dry melting and 0 kb, and lower for higher

partial-H 0 pressures. The intimate spatial association of high-Mg basalts
2

and tholeiitic basalts in the field, as well as their compositional continuity,

favour a view of HMB as approximate primary magmas which underwent small to

moderate degrees of olivine fractionation. The quartz-normative chemistry or

many of these rocks argues against equilibration with (siliceous) orthopyroxene­

bearing refractory residues, and suggests that partial melting occurred at less

than 20 kb. The evolution of tholeiitic basic magmas by fractional

crystallization of primary high-Mg melts has probably taken place at yet

shallower depths because the scarcity of high-Al basalts in the Warrawoona Group

requires equilibration of parental tholeiitic picrite with harzburgitic residues

under pressures of less than 20 kb (Green & others, 1979). This may have been

the depth of the Archaean low velocity zone. Under higher geothermal gradients

it can be expected that incipient melting would occur at shallower depths than

the ca ·10 km deep modern low velocity zone. Thus, the extrusion of HMB-TB

lavas can be expected to have been a more continuous process than that of PK

melts, whose generation depended on transient mantle diapirism. Modal

calculations based on Rayleigh's non-equilibrium fractionation law (section

10.1) indicate that the tholeiitic basic magmas have formed by 1/4 and 2/3

fractionation of clinopyroxene, olivine, orthopyroxene, and plagioclase (in

order of abundance), from a parential high-Mg magma (MgO = 15%; Al 0 9%).
2

Andesitic-dacitic-rhyolitic units occur as units and lenses generally

discrete from the tholeiitic basalt - high-Mg basalt association, e.g. the upper

part of the North Star Basalt, Duffer Formation, Kelly and Panorama Formations

of the SS, and Wyman Formation. The 10w-LlL element abundances of the sodic
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dacites argue against but do not preclude their origin by anatexis of sialic

source rocks, and are consistent with partial melting of basic rocks or

fractional crystallization of basic magma. Henry's Law equilibrium melting

calculations, assuming a basic source (AI 0 - 14%; FeO - 12%; MgO-
2 3 t

8%; CaO - 10%), suggest that the LIL-depleted sodic dacites of the North Star

Basalt and Duffer Formation could form by 40-50 percent melting of such source,

leaving a residue of plagioclase, clinopyroxene, and olivine. Rhyolites would

either form by about 25 percent melting of such source, or, more likely, by

fractional crystallization of plagioclase from dacitic magma. However, melting

or fractionation of basic materials can not provide all of the Si and K of the

rhyolites, which must have been derived from external sources, i.e. by wall-rock

reaction, pneumatolitic or hydrothermal late or post-magmatic activity. The

role of volatiles is emphasised by the fragmented pyroclastic nature of the bulk

of the Duffer Formation. The general concentration toward the top of the Bowls

Gorge section of this Formation of Si, K, Rb, Ba, and CO -rich rhyolitic tuffs
2

may be a primary igneous feature reflecting late-stage extrusion of

differentiated, silica and alkali-rich hydrous pyroclastics. The concomitant

increase in Cu and S at this level points out the economic significance of this

process.

The ultrapotassic rhyolites of the Wyman Formation are geochemically

distinct even from the most differentiated rhyolites of the Duffer Formation.

these rocks have a close affinity to elvan type quartz porphyrites (Henley,

1972), and in analogy with the latter are characterized by embayed, partly­

resorbed, phenocrysts of quartz .. The exclusive concentration of the rhyolites

along the Qz-Or join in the Qz-Ab-Or ternary (Fig. 9.5), and their high

normativJ corundum, agree with features of elvan dykes, interpreted in terms of

late stage pneumatolitic replacement of upper granitic cupola sectors by Si and

K-rich fluids. In this process, albite is replaced by K-feldspar and muscovite.

The high volatile pressures result in fracture and escape of hydrous magma to

higher levels, where decrease in pressure then causes resorption of quartz

phenocrysts (Henley, 1972; Green, 1968). The Wyman Formation could therefore

be a volcanic manifestation of late-stage development of the Pilbara batholiths.

However, the marked difference in lithium levels of the Moolyella granite

(190 ppm; Hickman & Lipple, 1975) and Wyman Formation rhyolites ( 5 ppm or

less) is inconsistent with comagmatic relations.
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Andesites are a significant component of the North Star Basalt and

Duffer Formation, forming about 1/6 of the latter. The commonly high-alumina

composition of these rocks (higher than 16% Al 0 ) suggests they are primary
2 3

andesites rather than silicified basalts. It is unknown whether the andesites

and the associated sodic dacites have arisen by high-degree melting of basic

source or by fractional crystallization of basic magma. Although the occurrence

of tholeiitic basalt intercalations in dacite-dominated low stratigraphic levels

of the Duffer Formation may support fractional crystallization, the calc­

alkaline affinity of the silicic volcanics is inconsistent with this

interpretation. The andesites display a wide range of trace metal abundances,

including some rocks with high Ni, Cr, and V values, as distinct from trace

metal-depleted modern arc-trench andesites (Jakes & White, 1972; Gill, 1970).

Taylor & Hallberg (1977) compared Archaean andesites from Marda, central

Yilgarn Block, to Andean calc-alkaline volcanics. It is uncertain whether

geotectonic conclusions can be derived from the andesitic components of the

North Star Basalt and Duffer Formation. On the other hand, the high-AI low-Ti,

high-K tholeiitic basalts intercalated with the clastic sediments of the Gorge

Creek Group may signify crustal thickening toward the close of the Archaean,

i.e. the high Al levels may indicate equlibration at depths of about 60 km

(Green & others, 1979), and the high-K levels may have arisen by sialic

contamination.

12.1 Secular Geochemical Evolution

The eastern Pilbara basic rocks reflect an overall secular decrease in

TiO , V, Zr, Y, and related elements ­
2

descent - were recorded in the Abitibi

However, reverse geochemical trends showing increases in FeO , MnO,
t

reflecting a tholeiitic liquid line of

belt by Gelinas & others (1978) and in

siderophile and certain lithophile elements, namely, lower TiO , FeO ,
2 t

PO, Z~, and Y abundances with higher stratigraphic level (section 6.1;
2 5

Table 6.1; Fig. 6.1). This trend is analogous to those reported from the

Tjakastad Subgroup, lower Onverwacht Group, Transvaal (Glikson, 1979), from

comparison of Hallberg's (1972) data for low and high greens tone units west and

northwest of Lake Lefroy, the Duparquet and Aigubelle sections in the Abitibi

belt, Ontario-Quebec (Baragar, 1968), and the Kenogami-Matheson, Birch-Uchi, and

Lake of the Woods greens tone belts of the Superior Province (Baragar & Goodwin,

1969) .

•

•

•

•
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the Snake Lake-Kakagi Lake area of southwestern Ontario by Wilson & Morrice

(1978). A comparison between the averages of stratigraphically low and high

greens tone successions in the Yilgarn Block (Hallberg & Glikson, in press) also

indicates an increase in Fe, Ti, Mu, P, Zn, Nb, Y, V, and Zn. The latter trends

are akin to Proterozoic-type iron-enrichments, e.g. basic volcanic successions

in the Mackenzie District, Canada (Baragar, 1969), and Mount Isa area,

Queensland (Glikson & Derrick, 1979). Whereas iron-enrichment trends are

explained by crystal-fractionation of olivine, owing to the low K values of
d

siderophile and lithophile elements (relative to mantle residues) crystal

fractionation does not explain the decrease in these components in successive

melt fractions. The similarity between the MgO levels of tholeiitic basalts of

the Talga-Talga Subgroup, Salgash Subgroup, and Gorge Creek Group, indicates

that the decrease in FeO and TiO in these rocks are unlikely to be related
t 2

to crystal fractionation effects. The most likely explanation of these

variations is, therefore, in terms of progressive removal of siderophile and

lithophile elements from mantle source regions through successive melting

events. Phanerozoic analogues of this process have been reported by Smewing &

others (1975), Church & Riccio (1977), and Sun & Nesbitt (1978b). The commonly

low TiO abundances of arc-trench basalts (Table 11.1) may likewise be
2

ascribed to remelting of lithosphere previously depleted beneath mid-ocean

ridges or back-arc spreading centres. It would be of interest to examine

whether early Proterozoic basic volcanic rocks in the eastern Pilbara show

further depletion, or whether by analogy to other Proterozoic basalts they are

rich in siderophile elements (Baragar, 1969; Glikson & Derrick, 1979), implying

mantle replenishment events in post-Archaean times.

12.3 M tamorphic Processes and Implications to Mineralization

The metamorphic assemblages documented in Pilbara greens tone sequences

(section 4.3) could have developed during (1) late-magmatic hydrothermal

activity effecting uralitization of pyroxene and clouding of feldspar;

(2) interaction between lava and seawater (3) sea-floor diagenesisj (4) burial

metamorphism, and (5) dynamo-thermal metamorphism. Although a distinction

between geochemical results of these processes is not generally possible, the

similarity between the compositions of basalts and hypabyssal dolerites suggests

a relatively minor role of processes (2) and (3). As indicated by the decrease

in metamorphic grade away from intrusive contacts, the low-grade metamorphic

mineralogy must have developed in association with thermal effects induced by
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the batholiths. An important clue for the nature of secondary processes is

furnished by systematic stratigraphic-geochemical variations in individual

areas. Thus, the increase in H 0 and CO with higher stratigraphic levels
2 2

in sections of the North Star Basalt, Mount Ada Basalt, Duffer Formation,

Charteris Basalt, and Honeyeater Basalt, and less consistently in the Salgash

Subgroup, is clearly related to vertical redistribution of mobile elements, i.e.

alkalies, alkaline earth elements, sulphur, copper and zinc. This feature is

capable of two alternative interpretations:

(1 ) Uppermost volcanic flows became more heavily hydrated and carbonated

possib y due to a lower rate of extrusion and greater opportunity for

lava-sea-water interaction or due to late-stage hydrothermal activity.

(2) Upward migration of volatiles, alkalies, and base metal during

metamorphically-induced dehydration, resulted in the concentration of

hese constituents toward stratigraphically-high levels or beneath

relatively impermeable units.

Both processes may have operated. However, the existence of sharp

breaks between little-carbonates volcanic units and heavily carbonated units,

i.e. the NSB-MAB transition in the Marble Bar area (section 6.1; Fig. 6.2.2.),

is difficult to interpret in terms of secondary volatiles redistribution, i.e.

an interpretation in terms of mechanism no (2) is unlikedly because of the

absence of gradational relations between the non-carbonated and carbonated

units. It appears more likely that, in this instance, syn- or post-volcanic

addition of CO has occurred with respect to the Mount Ada Basalt, and that
2

the Nor~h Star Basalt was originally relatively free of carbonate. Hallberg

(1974) suggested that the carbonated volcanics formed by permeating CO -rich
2

fluids which affected the volcanic piles during deposition. On the other hand,

the increases in CO in the Duffer Formation section at Bowls Gorge and the
2

Salgash Subgroup section of Chinaman's Creek (both west of Marble Bar) are more

gradational (Fig. 6.5) and could involve considerable secondary upward

migration. furthermore, the occurrence of carbonated hypabyssal dolerites

suggests secondary redistribution of CO , as these rocks were unlikely to
2

react with sea-water .
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Whether carbonatization occurred by syn-volcanic magmatically-related

processes and/or by post-burial diagenesis and metamorphism, it was invariably

associated with strong hydration, and in several instances with addition of

sulphur. Other concomitant element migration patterns appear to have been

highly variable. Thus, the carbonatization of the MAB in the Marble Bar area

has involved extreme leaching and removal of K and Rb, whereas in the Shark

Gully section of the Talga-Talga Subgroup concomitant increase in CO and K in
2

recorded (section 6.1). In the Bowls Gorge section of the Duffer Formation, a

parallel increase in CO and K is observed. The significantly wider
2

compositional ranges observed for most elements toward the carbonated higher

parts of the volcanic sequences establish the considerable mobility imparted on

the rocks by volatile migration. As shown by the weakly-defined frequency

distribution curves (section 6.2) and the very poor correlation coefficients

(below 0.50) of alkali and alkaline-earth elements in the silicic volcanics

(section 7.2), these components were highly mobile. 1MPR diagrams (Fig. 5.1­

5.6) suggest considerable loss of Ca from these rocks. On the other hand,

relatively coherent relations are shown between Ti, Fe, V, Ni, Cr, Zr, Nb, Y, P,

and Ga (Appendix 11), which suggests their relatively stable behaviour even in

silicic volcanics. The relative stability of siderophile, magnesium-related,

and some 1IL elements is better pronounced in the basic volcanic rocks, where

well-defined frequency distribution curves pertain to Al, Ti, Mn, Mg, P, Zr, Nb,

I, V, i, Co, Zn and Ga, and high correlation coefficients occur between Fe, Ti,

Mn, V, P, Zr, Nb; Ce, La, Y, and Cu, Zn, Ga, S. Among the alkali and alkaline

earth elements, the only good correlation observed is between K and Rb.

t has been noted above (sections 5.1 and 7.1) that altered basic rocks

- as dE:ined on LMPR diagrams - tend to have low Cu abundances. On the other

hand, Cu is commonly enriched toward the top of both basic and silicic volcanic

sequences, commonly along with H 0, CO , S and/or alkali elements (Figs 6.2
2 2

and 6.5). This is the case in the McPhee Reward Section (MAB), Shark Gully

section (TS), Bowls Gorge section (DF), Talga-Coongan section (SS), Camel Creek

Section (SS), and Soanesville Section (HB). These components do not vary

sympathetically in all cases; however, the pattern is well pronounced within

the limitations of the number of samples studied to suggest base-metal leaching

and concentration upwards by alkali-bearing carbonate-rich aqueous solutions.

The upward concentration of base metals and sulphur in these regions thus

renders them favourable loci for sulphide mineralization. This mechanism is
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commensurate with Cu-leaching and consequent copper-carbonate ore formation at

Mount Isa (Smith and Walker, 1971). The transport of Cu may have taken place

through its complexing with CO molecules (see Collerson and Fryer, 1978).
2

The whole-rock geochemical orientation study of Pilbara volcanics by

Hallberg (1974) demonstrated pervasive carbonatization spatially associated with

mineralized centres, e.g. Pear Creek, Big Stubby, Pilgangoora, Soanesville,

Sherlock, Hong Kong, Roebourne, Mt Sholl. The distribution of mineralization

therefore appears, in many instances, to be closely related to CO influx.
2

Following the widening of the geochemical data base to include the western

Pilbara and the Fortescue Group in the eastern Pilbara (Phase 11), a

stratigraphical-geochemical positioning of the various mineralized centres in

terms of the regional stratigraphy (Hickman & Lipple, 1975; Hickman, 1975;

Lipple, 1975) and the vertical geochemical trends indicated in this report is

planned Phase Ill). This investigation, including the study of along-strike

geochemical transitions from least-altered into carbonated and mineralized loci,

should allow an insight to be gained into the geochemical distribution patterns

associated with metal concentration as possible guides for exploration.
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iO
\'3'

125
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-_"-CC:._
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"
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(I
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,k~)(Type

" "
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. Fe203"

FeO"
MnO,
MgO :c
CaD,
'Na

2
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K 0'",·1 '
'Y20S
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)-00-
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!c{fOTAL
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[{'Pb
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1,0
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~\ <;
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i\
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:1/~~(:~:
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>~:k:,
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'\:~':' ...
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"
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1','.

il

"

1, \'

I
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\' L'

60

13

22'

51.
S;,

160

10
,11

'228
39'

.. ~ "86'
63
65

,:-",

40

24 '.

13

11
15,9
1:s'~

, 62
49
62

40

92
47
62

25

240 \l
"~

L:::. ,

36

70';

!f'49

3
261

15,07 :,'.
'.'

19

10
3

11
4

238
893

'~i:' \ ~

4,~

50:;
70,

19

11
2

15
1(;1'
","","'"

200

74 "
.: ·9

i05

237
.,50

10.8
;55""

65

c '9 ~05

);,.~r, 'I.'

'0.29
0.05

99~67

1,;

.~.

Rock '!'y~e

1:, .1~;Jn';:I".., Ii _,,<_' \~::;.!, __', ," ':. _, _ ,t.

Ii' traYck 0; ;file"54 - F,~lbara,W.A./GOrgeC:ceek'i.Gr,Qup/!lonE!yeat~fF.l~jsalt/Soanet:',ville'l '>',~ _'::.,~< 'r;

Sample no.<:~>·;7;~::~~J;A]93,6.4',. 4936~ ..,' 49366.,..... '. ". 493,67.':", 49368 "'~~'z';:'~~369\:4~~'70:' it'S3jT-'='-~~-~='~;=j;2£~";~ '~9373 i

Forma tion, . "<~~oneyeat~ i: Honeyea ~iar Honey.r-tltE7::~:.~ne~ea~er Honeyea te re B()tH,1Y.~a ter ;rHoneY~~J:~~;<}:'~.OI~,~x,~iterHoneyea te r Honey'ea ter
'~~~,~l~, Basalt., Ba~alt" .B.:\~,1,t,,',,:Baaalt Bagar,:~/, ,:/'BaSal~HJ~:Il~l\~1; ,I' ~~salt Basalt
PXo·&~,~tr. ep. sr .'ca '.CP-K. Se. ~n.~plt;'~2~ch/;.~ppx.;pl. c!:'tx;'~'gr.pl<~ cpx.sr., ca.~f~~' ca"/ sa. sr.
ep.B"Mdti'~~r p~~~o'let: ~;HMB:.;, .:';;~'H~":>::"':;~;)doleri.£e dOler:lte"," ~ol~rite' .' ,a~~a ,'i,HALB" ~lo1erite

Gr or photo pt.,,11910:: 212~.,l1910;'212 11909:;{.125~,~1.\l909:212S'c,11909z 2125 11SG9;~125 1190~n2125 ',I-1909: 2J,26 ,11909: 2126 11909: 2126
stratig. le'vel ' '630m~'~:U 4'eOm ~.. ';·;4.:3~f~\""; 290m 't>,GOm>:~ i::;;" 52Srn' '620m. '~", 670m7?Oril

It">' ....~'..'., ' :, ... "K ",_:'." 1<~~~~~:~ <,-:-.< ," ~,\,.' ' , .

4~'~S]' '<i5!~~~~~~·;~1,.27 47.06 5,L(n~.. 50.,S6J'" 49.39 :~1'6.05 49.i41:5l-~Ol
O.3a",.~."O.90:':;>;S: O.4;5\,6"~'4~ e O.(>5j">/ ,;€).69 1.08\'0.40 0.<13 0_44

"'7r,s.1.4c~~~~"l~,.60"~:~",.:8.76 l.~9';1:5.l2 .14'~ 26 14.30 \16.1,3 16.21, l5. 77

\',.""2.08 1.28 "'~':~7~{,,--,t,'~·'",. ~:81'~":"":" "',~. "7],.2380": 17;;~15 ,,2
8

.7
7

6
0

' \ 1.12/'1.73 2.89
":J0S.35 8 40 ' "VN ,~.. ...., ',,J \.7 95" 7 50 7 3Q. • IV'

I
"'. • '~~"~ (', I' ',' ;,i:,::". . ~'L : • '. 0', ~ ",' .

o.'19 Q'!"~J~ ':0 .lfj''':''~,~O:;.l,?' (h'15 o. 14 0.1,9 ' ',0. ~9 . . 0,',29 0 •'19
9,:.,2~: 6.80 lO.'!,m -"~>:::-,",1~.6'(}\'7. a'j,: 7.0',5 7 .es f."J~ 05i~:6·.8:5 ;>"1, 7.13
7.66 ·9.6~\1 14:88 ~~:~ij.~,70c f\.S'4 "" il..25 a~41 ~7"9~~i'7':S4"'\,_r/9'.04'
L 11,'2 iD s'ltl {~2'n, ,.' .0",23. ' 3 ~ O~ \ '" .~.<~o 1. 8,0 \ ~ .28 (:;'1.160.65

.c~h~·:3-c,,~-=:.~-,--,-~;,~~=-,;';c,y·= ......u~'1Jlf=;-''''-='.'C,'' ',l;~f :,."".=:"o7:"7~u~7iJ~> {} • 8OU ~' 6'1 ' 0 • 57'1 0,. 26
0.12 ' o"oa} 0.08 ' ,O~{)B :O~09' \', 0.13 Ih04 0.05 ()'~'05

3.,6'2 (1;" 2.~f5 3.02 i'3.40' ;;3.'1(; <:, 4;10 5~08 4".6'6 4 ..'62
0.16 0:23 O'~26 ,0.16 0.'34 0.36 O.:lO ::,0.1'8 0.16
1:.05 ,'{'O .. 30 '~:f).SO:: 0\45: O}:35 ,:; 0.05 3.80 ,.,1',2.,600.25' I

(, ,99.87 '100.08 99.93 ,99,.62, 99.83 99.98 98.9,4 rOOI/llB", 99.76

\1 '(!', 79 6 I; \;'311 ,305 \) 345' c.:, \\ \{iss':- -,\

15; B \' ,,:~ '):d~ 'l;i ~~~ ';;;
Ba
Rb
Sr
Pb
Th
u'

"':'zi
~b'
y

La
Ce
Li
V

Cl'

, 120 "
I(~ !'1,"

L_,_,;;,.., M"...1..- (~'l.~_,_,_> , _._._)~.iL:~ (;'~-_::-.-.
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,,7.50 <

0.14.
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13.. 31
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f,l.02

f 1 -" .,,:

1:0 ~09
4~.67

(f.07;"
;.

0.35
~6. 9~

49383
Hcmeyea te.;
Basalt· '
p,px,. pr. pu.
TB , ~,

11909: ~126
270in

".:

128
48
73

23
9

266
,"61

'74

··66.~
\.

21'"
152

"., '\'24 ..

"5.''::' "

.':~

2
'3'1

3tH)

157
183

74

16
13
21 .. /,

6
i49
583

367
11
87

,9.in
Ll1
7.8..0

." 0.21
10.4,'0'
11.75
1~5S
0.39
0'.07
3.21
0.:07
3.50

99.77'

149.18' ,~_

i~5

I" 6.
21

91

279
,451 .

114
50 .
17

100

;.'.'

1~15

I'. 2£L
" 185

47.46

11

n '1'7
"",*'lJI

14'/. 4~i7

1.51
'.' 9.15
:',.0.21

8.10
;:,. 9.44

2.2:{'
LIS"
0.12:
3.417
0.13
1.GO, .

99 .93l~>

2

1642
33 .,

1'50,,,

,,60

,7~/;
\~\'22

lQ
:316
327

\ '.

"".22 :

2i.04"
iJ~129

J'j I

4J'~ 1'4 I

'3 .. 95;
0",2&'
OJ;15
99~92' 1\

, 53
C~~~, 54

79 .~

50~ 38 '
0.99,"

1J;..li-2 .
\"'1 y-"

11;5~ ,
9.10

\ O~20

S. }5

(.)60

, (.~;

59
21
'44

1,6,S
:.' 24

14

r{

: Sl~a3

,r; 1\ () .,65
1,1"; ,...... l/

'::.:/ .".:~II,i\~ '<14
:",,~m

\f,.A;~ 27
"" ':'\'8. 55

(3.15 1\

6.'20
.ll~41

.. '1.52

} ..~53
_(OW)7 \'

,"/ 3.\41 >~,

6.07
0.90

.99.70

"

·10',
'to

.~6

51
5''''

1528 ....
.39 ii
1"35

"(:' n'

500 ;i
35, \\

1,32

"0.05
'5tH)

,\ 0~'i8

"1~4,O

99;.40

.48.80
O~4.1

16.28
1. 72
7.60
o.2df:
8.SS
6.38
1,.SS!!

/tJ

/,'

in
. 4~

50.

" I',-~

'g~/;. ,.
7'

14

,!{
10 '~-:'/d~"
~\, i!

2.
13

,. jio
20.0

I 31

<.."

30

18

12
;/6
!/

285
" 20

;.

:"~:l

" \'

(r "p ;.

tfaci~ ogcfi:~'e::?s') ':':.: Pilbara, \q.A.IPo~ge" cre~k,,:~';GrOU~>HqneyeaterBa~a1t/s~a:nesvi.;~le
493 74 4~3 js 1""'\; 4$3761( il9'3~K7' ','c= 4;h';a '~93W9':'"') J' ,"~93'a'~'.. 4'938i" ~493132
HONEYEATER,Honeyea"ter Horneyeater HoneyeaterJ~ONEYEATERBB~~;~aYl..:eta.':'t~.. ~,;,'~. HB'Oa'"ns'f~Y1et" ater Hon~yeater Honeyeater
Bar>al t OC'siisii1 t Basal t IBasa,"l,~,' -Ba1381 t uc "':-I.".,;~" ~ 'BasaltEa~cLlt=' ;',
sa.sr. sa.sr•.... ,·ca .. ', v ca. cpx.·~pr.:pu. CPX.)li·' cp~t.ca. cPx.~~~~.c,a.. 'cp~.n;a~Ch.
doler i te, 'do1erite(I'BALB. "HALB .,.,~ ca.ITB f'\ TB; It J:,i TB . HMS '~iJ~~ a~.HMdole~

.;11909: 21\26 IlJ~~09,~ 2126;,,11909: 2126 ~1~90~:21\2'6 l:~S{l9: ~11'126 }!1909;:,52126 11909.2126 1190.9 :'2126 11909: 2126
870m !' 920nn "'1 ,520m 450m, 420m, ',0 if '400rn . ~'-' 330m 340m I~ \3~Om

'/~'" !··\i'.' .
50.97 ", . 46. 7~"! I,

0.55 ,,-'- 0.31
.l~., 71. 18.47

2.42\\ 2;39::
9.75 .7 .60 \~

.,)),. ~.;;

0.19 "":"0.18 ')';'
63. 6 5,. 7 .. 4.5'

'. 6_.~69. 14
2-.10 ,-~. 1.45
~cri~'170.3~h;

,,0. ~5 R.04
'5.31 ,.5.4£1

if
O.39,;Ot38
O.OS;;~, O~'05,

'99'.6B ;Ul(O.lL

(,;

r;

" Ba"
r Rb

Sr:
Pb
Th
U·

Zr
Nb
"l

I .,La

i' C?
ILk
IV
I. er

I ~~
Cu
Zn
Ga
S

Rock Jype

Gro,r photo pt.
Stratig., level

Si02
TiO,
A1203
Fe20:L
FeO
,MnO

. MgO ..
,.I!

CaO:
Na20

·-;I<20
P20S

1H20+
.. H 20-

<;°2' C'.

TOT,AL

'I',

\. . ...,i Sample no~

Formation,



J,

:' r , 'I' j; ~

"

I; j}(t (;~\,
q

.\ , ..

'.',
,\
\,

,.fJ,'

"I)

I:

..
"

------------'\; ,-

It
/1
'.'

50".55
0.5S

15.01
A;! 3.42

1I}. 70
0.26
5.55
5.79
1 .. 14
0 .. 84"
0.06'
4.89
0,.25
0.00

99.14 ;

74 .: 'i ~
.,.\.\

1i'
68

\.)

/>, 36\' -,-'-,

~
21,

3
,~ 11

7
350

c,

38
119

98

120

27
24 '
68

15.:01
2.BS

·8.15
0.20
4.62
6.16
1.50
0.93
0.06
4.27
0.19.
1. 75

99.42'

, 523
22
S,4

179 _,
62 :
40

,~,

3 ,',
98"t 32 27 30 52 36

2
.' I ~

"

29 18 17 16 19 22
,V~~ 5 3 2 6 3

u " I:"
" 19 13 ,11 14 17 14"

9 0'· 11 ,;,,13: 13 8 12..... '.'

;',2~J5 296 305 324 311 319
3Jr). t, \. 15 16 15 5899 11

IjlO' en r, ·t'l',;cp \~ ,I':

61j,,~( "
c· 62 'i 61 ':J 55 123 47

',' "li 1.'1.0044 ,~.J 76 86 73
" 123

74 87 79 113 . r: 58 73
o·~

60 ' .100 " 160 520 10O, 80!1":':

"

; 34

20

1:4 (-J 15
'4' . ,." 3

,1315
, ~. \ il..--'--:--

1i';~ ~~~

281 ;:A~; 246
10~O Jj 434

($/

162 96,
,la 56',
57 4b.

22 (,

e:
11
,6
11

7
;243
.147

r./'
~{79

<, 44
46

I·"

20

,f

'1:

Nb
Y
La"
Ce
I,i

!3a
Rb'
Sr;~

p~,:;,:,';,::

Th"
U
Zr'

"...v
,'C"t
'cco .:'
i!ni
CU,

Zn
Ga
S

trac~:OJ file 56 -F,p~'~Aara~" ~J~A./GOrge,Creek Gr'oup/Boneyeater llasait/so~nefWilf~ :;
{t, ~,:I {:~•.~~-::\;<;"r:,) '" I ~ '<~I

Samplet\o.. 1.
1

49~~4 , "4~~854:~:38~r,,.,.,. ,,493~7.. 49380 49389' ",."\~9390 49391' 49392 49393
P·orma t~Bh Honeyeaterf,i Hcmeyeatet'.;liCNEYEATER' Honeyea_ter HONEYEATER Honeyeater" Honeyeater Hone:yeater Honeyeater Hoileyeater '1

:, \ ~, a~salt' , i(f Basalt );'gasa1tt.tCDA Basalt Basalt" Dc Basalt . Basalt.. B~sa1t <.' Basalt ' . Basalt
i.RO,cktJ;'i'·pe "ch.,'" ilcpx .. sr.. cpx~ch.l;a.c~.. ca., pl.ca:"c.ca. cpn. .. ch.se. ca.ep.. ch. ep.ch.,qz.

. /'; d 1. /1 )'j /' b , ....~... ' Tl:l "B . c' "'-' ..: "';s'
,.; .,: !. .. KM o ...er 'i,'; HMS :~,.a8~J,;'t<Q ~ .' v,!fWry'~" T HMB qz. TB TB
.'Gr or,'photopt. 11,909:212§f;119),O:2l26 1'1909:2126 11909:2126 11909;2127 1190,9:2127 1190,9:2117 l.lS08:2126' 11909~',,127 11909:2127

;iStratig. level '249m :\\: 2t:a,Om 500m 600rn 770m, '~8oili" 9J90m :lOOm 970m 900m

i~i02 . " If9~12 49.30 52.95 I 50.52 ,;;. 5rd1~\:!'fG' 48.19' "50;7619.6-4 53.0,~
TiO~ >C 0'.. 49 'c, O.63~.60 0.93'" 0.56 ~~55 "O~5e i}.B·t ,; O.6~

& '~

.AJ.20 3 13.74 9.95 9.,87 13.72, 15.04 14.97 . 14.84, 11~66\

. Fe203 '1.54 1.08 2.58 2,,27 / {~:"·2\.la'J 2,,"24,; O'~8i 1.76'
Fe01.55 9'.35 5.35 8.05 1,0.10 9.00 8.76) 9.,80
MnO 0 ~ 15 " 0.19,\, 0.16 0 .22 . " b,~:" C, ,.0.26 /) .23 " 0 '.17' '
l'lgO \, 9~20 12.20 6.80 7.60 i,6.§.~4..78 4.70\ 9.60
CaO;' 1(f;'46, 9~::S5'r 15.74 '8.3:3 \)~ ~··5.80i i9;~_2' (' 6.75 '1 9.56
Na20 ", t,~50;'1 ~,52';~' 0.20 '2.50 1. 31 1. 19 1. 95, 1'.40
K20 "-0,68,0:./12 0.02"'0.79 u;;'liOol~ l.601,' ~,Oo64
P~5 " :O~05 0.07;' !',,06 '0.13. 0.06 0.06 O~06 ' O.iO
820+ ({\3.52 /3. 62,;J 3,,4'9 3~60'! .5.65 . 4.36 4 •.25 4~41
1~20:" ',;,'0.36 0.35, 0.11 0.22, ,,:~> O.lS: 0.28 0.15 0.33
CO2 0,05) '0.35' \1.30 0..70'0.65 3.5S '4 .. 51 0.,10
Tb-TAL '~9 .. t{? 99.29~.23,.99 .. 58 99.!H" 99.97 99.95, 100.01

1\! }{t';/I () :'1

~f~ 4~; \, 3~~,~'2~ ,. '3~;
',~ ~,YI, ;54 ' 9",172..,' 102, 260

I '; ..2~~'
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" ! ,.
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0.00 t1~fOO
)1 \:

0.00 \\-().;QO "
0.00 0.00

\\
o!~'j)n

" o.ao
0.00 0.00 O.~O 0.00
O.Op O~OO

'_'t, ".,-,

O:.~OO;~~O'O

o'~OO 0.00 (~ O~,~,:OO 0.00
0.00 0.00

';' ~;

0.000 .. 0,0
0.00 o.on o.00i' "0.00

ik' })Ho 00 0.00 0.00 0(,00
,~: '1l1~ 0,0 ,,(J 0."00 0 .. 00 O.. GO:,5

a-~ 0(1' 0.00 0,,00 o.CO\";:~':' :...J;',F )

"iD .'00
1 Ill,;, ')? ~D 0.00 0.00, i

!~J,;I""(k/JO "1).060.00 0.00" ",.-:~ r
9.,00 ~;o;~(O;OO 0.00 0.00
0 .. 00 ~~ 0.00 0 .. 00 0.00

/~,./
"

\:,

.,. ,:::,.; ",:t ';~. I~ "-0

~ l (,~;) (, 11

I' 'l..z, 100
3

29
... 6

'··'~3-.<,:,.. :::-.....:'1

9 '.r:

'300
250'

49.57
0.95

·1.f~t:5c...
2.13'
8.2,0
o~.2b
1.65
8.10.'
2.30
0.68
0.13
3.75
0.35
0.95'

99.11

f. ,1~4
If 17
, 121

49,
54
67

-, ~'~ -, - ,

(\

'd' 49.31
. ,\. ",iF! .. 01

(l14.91-'
2.57

.8.50
:'0.20
7.8a,
7 .i81'1.
2.46'.
o.. rh f,
Q .l~\,
3.66'1;
0'.32
0.05

99.62

261
19 ~,

137

/F

,~O '
\r- ilT~ :-;:,:"9

" 92

50.Ba
O.9S

1:3.51
:~ .16
7.90
(.to 11
.7;>55
~.OO ::>

1.8;3
.0.41
0.15

1:3.61
0.19
o.as

\~-

99.16

'-l',
I

0 3,
6101 103

3 4
,

30 t;-:'!' 31
';(8 \ 6
25

.J"

-: '. 25CJ

8 it:,;)

286 321
248( 292

"''\

I,';

61
11
72

52.68.
il.62

,. 15~07
3.28
9.05
O.2~

, 5:.90
'6.37
1.69
0.55
O.~S

-t.37
0':\"9> :,'
O~ 10

100.28

'iJ:\

45

30
109
.93,,0

25
, 4

.(~12

6
372

8

,53.21
(i0. BD

.'14~OO'

3.84
9.50
0.22
5.35
6.10

~ 1.47
0.06
O.,'OS
4.49
0 .. 25
0.05'

'99~~2
('t,

('.

49~79
0.39

14.96
2.94
7.95

. ,0.19 I~
,8.90 <

7.26,.
1.46,: ',;
0.48' \1

0 •.05 c
5lO0~ I:~"
0.62,
0.05

,10 0 :~"io

17
10

'/;/1' .

92,
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,22

c, 12
,.-;: ~2

19
8

223
47

110
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Rock Type

Sample no.
Formation

,~ ~

',::~ c::t1/" ,
,... .I!!' ;

~.:' ,I; '{}~''',.' (~'fn It
/:" /, r) : I' ,... ",.~ ;., 1,)

L. • '&-', c/ \1, . 10'

track O~ ~'i:le S7 - Pilb~r%f~(, W~A./~\~Xget .~eek Gioup/Honeyecq;er Basalt/So~nesv,il1e
. ;;~J{j:~:, " t'~:""" I ,,:,""" \

49:194 49395,49396<,~:"(r.}i"49397 49398 4~395f /,.:j

H:::.meyeater Ro,ney~ater,,;,:a(:t~~~~;;i'b,icHoney~ater .,Honeyeater Honeyei'i.ter "\
Basal,t IBaB'~'ltjf,~~'a1t" B~all so;,sa.Vi '\! Bas'alt
c?x.am.sr. ch!: px.am.sr~, C'f'~.ca. p~;., ca.

,; doierit~, .TB doler i te ,TB '.'-'- 7:8'" TB. .;.
Gr or photo pt~' 11909: 212711909~2127 1190'"9: 2127 1190'9: 2127 1].:909;: 21~b If9Q'9:21:ita
Stratig. level BOOm \c:,\ "680m:' 5,70m 460m360m ,'I,! , .' '26C'm; c.

SI;

Pb
Th
U
Zr
Nb
y

La
Ce
L:';,'
V \1

Cl",",
Cc'
Ni
Cu
Zn
Ga
S

Ba
Rb

I:~~~~
A120 3
FeZ03
Fee ,~,

, !MnO
'MgO'
CaO
Na2C

,K20

P20S'
H"O+ ~

(.~(', .-:"

t~20-

CO 2
TOTAL



,.
~ i', ,.",

;"-,

"

.'\

\1

o



i ~ , z

.J

\J

/,,'

278'
2400

20,
461

300 'J

400
2400

300
200
100
300
200
60

.20

S

1040
480

40
80
40
40

40
40
8-0·

1040
240

80
80' 'r',
80

240
40

1'60
40

160
160

40
'360

Ga

-
11-':';

25
12

3

22
20
20",·'·
1"
10is
16
16
17
16
17
13
13
12
1:3
1,5
13
16
16
15
18
I ",£0'

21
14
25
19
20
18
11
18
'18
1,3

97 ()
205
62

" 28

Cu ,Zn

47
l:n

4
33

Ni

45 66
54 206­
~7 9

4 " 35

Co

49 62" 99 106·
51. 57 99 1-20
SO !'.' 8? 8 121

,42 56 46 103
41 71 64 90
42 71 ", 75, 87
49 51 33 88;'
47 " :1:'- 52 \ 88 95
45 4Q 15 88
40 -:,···3-5<·· .. ,75 "'.. ~S6 .,
S2 95,'" 61 95
40 93 47 64
44) 105 56 66
450 102 45 63
43 lOl' 47 62
51 99 .43., 95

,,44 '20646" 68
41 50 57 (, 86
40 52 8 \88
37 48 7. 't!3
43 51 57° ~O
46 lLS ~O 12
54 56 S2 91
51 108 7 122
49, :9 13 139
52 56 11 30 20.5
41 51 137 0 89

,,44 49 "84 94 ')"
, 42 4'6, "46 70
4'1'!i7, ~ ~17 98
42 49" 68' 88
45 >-52 10 ~~

74 64 ,,16
58 6 127
42 22 114
10, 4 149

:' 27 7 133

,.
Crv

!~.
,)

La Ce LiNh.ZruPb ThSr

11, 317 2 ':'_~ 1 131 5 33 5 28 31 11 374 132
11 ,. 258 2 "-7 '145 ,7 35 5 29 36 3!?2· 116
120:15 ." i47 633 '.' 10 24" 16 391 181

8 144 '129, '. 6 ,,;. .32 5:';;)" 13 \\' 21 312\52'
4 119 .', 196 5 '" 26 41::'J, , 3 19 349 199 •
.e~':;~115 ,( 1 81 , 24" 4 . '(;: .. 5 1·1 332 194

10107 106 4 25 D "2 1221 'e 302' 70
6 103 ')104 4 ,.;,25 :t,~ Cl 1 27 345 7e,

-,~';; 14~"'''':\ ~~"~.. :~ ,. "'.. , 98,'c' ,4. 23 cc. ,3. 6 18. 3,21 4,5-
,. ,.. €> ~s, ;};S 5 .. "\,~,-",:",,,,~,;·:'·+_·&5:-.,;,,;,<,,;~'!,·.45';"·'" ,,·24- ,~ . ., ~,l.~·,,::, "'~"6:' .····40··, .. ·-323, ,<". 55,
"lD' :1:20 '" '·i,' 74"'3 '. 26 "'. ''": ,:·8."~ SO "':385 147 (

3'5/1 130 lC ',1./'" " • 62 .~. , 19 . '. .67 286 320
49 i1 ' 165 71 <;. 4 ,:21 . 3 3' 6.7" 250 316
49 163 2711 ( 4 r20 2 '62 244 313
43 '179.;", ]6 u; 5 19 6 57 246 319
.1'5 '12J' n. '62 '2 23 53 354 ,,161
15 144 r; " 63 2 21 2 7 \\ 12 272,985
16 104' e, ':" 94 5 27 11 54 364 77

l~ • .'i;\:.:::

20 " 116 2 B8 4 24 '0 6 9 15 324 &6
9151 2J '. 89 ·4 24 2 J; ~a 18 319 77

10 122" 2 1!' '89 3 24 4 9 36'3S7 92
','..

IQ 71 77 4 20 8 1 46' 240 361·
5 13Q 2 . 105 4. 29 \'4 210.42074
3 95 ~ 71 2 19 5 6 26 278 331

1:9 123 9 2 210 ,0 9 39 l~ 52 51 407 " 19
17 125 9 2 138 7.2,9 14 46· 35 324 1'20
, 8 188 8 'f 2 151 7 29 10\ 32 I !;,~19 320 139

6 120 6 'I 4 92 4 22 9, 24 'c\ 10 363 90
2 122 7' 95 5 23 lu 236( 277 (J 78
5 . 116 3 .'", 2 2 1064 '24 Qi. '357 75
3 129 6 'l 2 91 4 22 3 21 12 338 69
4 144 a 74 3 17 1'2 14 "'14282 • 95

139 ,.. 72 19 ,. 6, 28 11 245 '421
2 ~,' 84 c, i05" 4 27 : 6 20 5 ' 356207
4 ~187" 5 I! ' 123= c 3 346 31 5 "n40~ 117

13 "160 ·203" 8 45. 13 >48" 12 '~22 5
20 131 1'26 5 33 11 . 3'1, 5 ",!;396 21

}"J.') '1~'~ ·;,5" '2 1/' 103 5 26 7 ._., 15'72'f'J'~,r7·~;\l4,2'l.. 70(\ 0196895
49 317, , . [;:"9 I) 4 2. 210 9 '.<;, 45 IS _.Y ,"

2 7i":'A£~~ 2 2 .1 ", 62 2,.c:17 2 ''''-~ 5 24p ,5
12 "45 3 1" 0 3S 2 6 4. ~~, 1950 175

'(J

Ba

81'
538

52
,106
105

82
'67,·
65
51~ .

104,
103
134

r. J,83
18 S:-'
15'3
175
1-68

4!)
27
66

. 5"9
79

~·J.'e9 .
1&

1132,
234

) 104'
242

46,
15H

48
51
18
32
63

127
21

.1.10
" 538

"18
94

~-,.k¥tC'f1116,.5-&.. jtM -----ffl--R'£-i1r~"et'rftlilNff5Yt=p'eQ=t_yu..§l2XWGI*fif?R&Yi\'ctMWR·re¥fV"MiW''5'f'W1ffWfi~

Sample no.

Mean
l>~D,xim,um

M1nimum
S l, Dev. "

~\ .:,j

15V40002A
7504000~.IJ

·750400048
75040005 ~

- 75040007 A
750400oi~"
7504Q008 A
75040008 El
7504QOO~

-···7-5D4-o01,,·, '"
75040016 eT
75040015 F "
75040016 /1
75040016 f
15040016 ;r
150400160
7504001,6 YJ
7504.0017 A
75040017 ~
75040017$
75040017 ~

,;.... 75040024 A
7504\)026 A
750400268

45062
45064 1

45066 "
~S068

45069
45070
45071
450.73
45183
45189
45190
~5192

45193



Mean
Maximum
Minimum
S.. Dev.

\\

I)

(;

:;.-:

'i,

r.~

'.

0.12
0.. 25
0 .. 04
0 0 07

v"· ,-
-0.15;
0.:05,
0.13,
O~Q5
0.:04
'0.06
0.11

I' 0.11 ~

0.22
0.25
0.17
0.10
0.. 18
0.06

! 0 .. 48
0.88

"0 .. 08
H 0.25

" ~

.)

',' -::~

2.42
4.04
1 .. 58
0 0 75

3.. 1S 0.4'9
2.. 66 ,0.. 68
1 .. 61 ;'O~(6

i:~:':')",g:~~
2 .. 06 0';37
1,.,90 0,,43
1.. 58 0.47'
3 .. 21 0 .. 77
4..04 0.29
3 .. 1V't 0 .. 18
1.SI'oil 0 .. 08
2.68 0.16
2~SOo- 0.. 81

.; C&O

9.12
10 .. 54

7 .. 73
O~81

"
~ ..10\,
;... 37
9.C4
9 ..80
9.08
8 .. 72:
9 .. 83

(lO .. 5~
7 .. 73
8.23
9.09,

,10.18
".8 ..9f
) 7.97

6.01
" 8.85
5.89

",,7.37
8 .. 99
6.57
6 .. 31
6;.50
5Cl52~

5.35
5.95
6.20
5.45
9.80

\I

"

"~,.:'-o .r, " ,,(\ ;'\'

"Nol!."tb Star Basa1,t\... ~;''ti'leri tea
:) . ...., ,""; '\{, \A.l,~

'1'1°2, A120 3 Fe~Q;'" ~~o :Tot.~~ '~MnO: . MgO
t" (?,:, ",,(I "

q ;. [", > _ IY~~(.1l'l . (\

1.08 15.9'5 ,4~'1 ..840.0tt 10",66'0 0 ..17
O.E~' 15 .. 2l3dO.ifl30.CO ,,9(,3'9 O:~.i8
1•.75 13.31' ".117,,\,)49 0.00 'l~.,74 ;, 0~27
0.'76 14.83 9.96, O.OO'8.~6 0,;'16
0.83 16 .. 65:", 12.61 0.00 "11.35 0'c<c2:2
1 .. 14 15.87,12.68 0.00 \,11••41 0 ..'20,
1 .. 53 14.14 i16 • 53 0.00 14.88 0 .. 27
1.14 ';14,,19 13'\48 \\ '0.00 12.13 0 .. 21
1 .. 29 15 .. 42 11~'~5A O~OO 10.16 0.22
2 .. 70 12.41 c 6'~:(J5~'{ ,Jr.2513.'lO 0.16,
1.66 14 .. 70'" £:3 .. 5~~:" 8 .. 45 11 ..,65 0.18'
0.92 13.93 3~5l' 7.20 1o.~39 0.17
1.36 1~.70 3.46 9;55 12.68 0.19
0 .. 61 12 ..10 1.,O'~i 8.45 "9 .. 38 0.. 17

50.6~~ 1.25 14 .. 47' 9.,Efaj :,8 .. 38 11.65 0.20 6.77
53.7.1i":,,; 2.,70 16.65 17 .. 49 'flj;9, .. 55 15.. 74 0..279080·
;47.!l3'h-:} 0..61 12.10 '1 .. 03 ·~]7).20 8.96 0 ..16 5.35
1.89} 0 .. 55 1..32 5.i2q~1.63 2.03 O~04 1.44

'i,"

Ij;

51 .. 21
SO .. 69
48 .. 22
53.61
47 .. 53
50.87
1~8.25

5h~40
5f~74
49'~38
49 ..~B
.52~18
50.71
51 .. 4h

!!

Sample no.
e,

75040004.4
75040005 A
75040016.4
75040C116 :P
75040016,E
75040016#
75C;4{)016A'
7,;';,)'4001,7 c::
750,400338

45180
'45181

45182
45167
45191

I
I

~~~~r of samples is' 14

sGa

17 160
13 80
18 1000
13 ,(240
14 ;3~O

17 1200
18 340
17 880
17 36Q

100
80

r, 40
100

60

16 390
18 .1200
13 40

2 406

ZnCu

72 ,9.~

151 150
lO'()l
35 25

63 86
69 64

117 131
81 61
63 ISO
57 103

(165 122
8.4 94
10 79

100 84
40 84
6B' 86

151 95
37 " 83'

,;"

Ni

40 65
40 109
55 76
38 81
58 250
44 80
S4 88
II~ 53
33 41

44
\; 71
, l!: \~9

" ,,47
160

Co

45, 87
58, 250
'3341 .'
g5~i

er

146
865

9'4
240
341
172
181
8,~\

12~~

40
lSe'

25
30

'067

2J27'
865

25)/
247

v

293
511
155
104

229
248
454
293
15'5
212
403
344 '

239
511
335
221
2:>~~,

i~8

Li

32
39
56
76
75

127
46
43
47

5
9

fo
-. 7 I

2S
(!

43
127 "

5
34

L 21
36

4
12

23

5

4
9

13
34
32

'Cl 29
<}.29

:? 36
:',~21

(-5.\\'1

r'
La Ce

12
3

,: ;

5
'2

,?,

17
11

7
9

, 12
6

a
17

2
5

yNb

5 21
~.}"2 16

4 32
2 ,.,,18
2, "'lG'
2 21
5 20
5 ,21
5 24
536
3 31
424
3 1 no

15

4,24,
5 36
2 15
1 7

Zr

84
46

109
65,.,·,

.~(),

6e
94
95
99

126
104.

97
130

54

87
130

40
"v,28

1

Pb

c

2
:C:, ..~:3 ::-; ..~;c:~.=-;·i~~;.-, '

:2
2 "il ,"

3
2 2>:.

Sr

,336
191
120
~lJH1 \
232
2ge
131
135
274
113
162
148
234
115

186
336

:113
74

Rb

43

32
57
16.
30'

46
19
15
25
40

5
3

f."

Ba

216
232

71
112
137".

56
75
63

159,
176

65
34
51.

141

113 28
232 ' 51

3.4 3
6't 17,

75040004.A
75040005.4
75040016 A
75040016 ;p
75040016.c

< ,75040016 AI'
"~1 5040016 J?

75040017 c
75040033.8

4S180
45181
45182
45187
4'5191

MeanI f.!aximum

~,. Minimum
§ S. Dev.

I j

i;,

.. ,

;',~



G

I

ij
i:;

(;

;,'-
I ~:-.

I.

,';,\

(',
~)

-0.64

0.. 85'
"

0 ..67

0 .. 78

0 .. 73

0 .. 68

-0 .. 56
0 .. 52

-0.58.

- ~"

r~' "

0.75

0 .. 58

0 ..1£1/

0 ..96

-0;72

" -0..58

O~65

0 .. 70

-0 .. 51

-0 .. 53

..--:'.'

<,)

r;

(~~ajor" ~clementB)

CaO" .' Na20 ii' ~20

,,''')

0.56

(",",

l I,o.ai l

-{)'~s~

0;.87

-0..85

"

\.\

'-,.

"

~Y~~T;""~,,:~~;~~~~!fol,·lr61'.lwi\iIli.IliiYlii!llrjl.1liilliill!lllll>Wlimil1l\i.lli~f~~~

'. iJ
, \\
I.'

0 .. 74

0..64

"'·,9~11

()

,·=~O .. 62

G....63 I,

0 .. in
0.53"

'-:',
, ':.,,-'

0.,74-:

-0 ~52'

0.710 .. 68

"
'l;.otl'Pe UnO

,A) ..11

-0.55"

0 ..79

/1
!I...

') 0 ..63

. '.'
u

0,.'56

0.53

0 .. 76

-0 .. 51

-0 .. 50

, <.: '. i2

"NQl:thStar Basalt:t doH~rites

0.. 11.

. ,\

.0.75

0.76
0.76

\:'.

'-0.70

0.61

'-'\\'

Q~74

(; .

C',

jl
'-'<\

AlO"2 3

0.56

-0.55

o.·n,
0.51.

0.91.

0.51

t}
0 ..74

0.90

"';0 ... 80 1

-0.70

0.84
,.

-0.57

0 .. 52

-0.78

··0 .• 1li8

-0.51

-0.95

,~

1'102

A1203

F.e203

"FeU

Tot .. Fe

""~nO

Ni
CU

Zn

Ga

S

Co

MgO
CaO,

I Na~O

1,/K20

P205

Ba

Rb
Sr

PO
Th

U

La

Ce
Li
V

Cr

I
Zr

Nb
I

Y

','
;;;,/

. -/'
./

~1IS!II__II:l!I!llI!llm_EmllIU!!~l! ',M~l!i•.l!i!llm!! R!tII!_r,m"_Ilml!"""".,,,........"""""~L::::~.~ ..u ~_~_, ...__'--_



I)

C, \".

1..;.

l' :

GaZn

0.51, 0 .. 68

c,

()

/1

" Ca

~)

, '~_\

() Ni

"

CoCr" '

0 .. 50 ~p.1J

'.'

Le' Ce Li v
t.;'.

G

"/
()

l.
,)

y

, j..

0 ..8S

Nb

0 .. 76

\'-
Zr

\:';

u

~1 . ''$
North Stnr\Bs$&lt

,I;

0'

I'
r}

:,,'

. ('\"
Ph 'Tb""

0 .. 53

0.50

SrRb
'.'

Ba

0 .. 53

0.59

-0.73 "'0 .. 58
. O,,56c 0.75,

Ba

R~

·····Sr

Pb
Tb
u:

v
~ er

Co
Ni

Cu
Zn,

Ga
S

,i',

:1, "r,

, )

(\

D

;



Number of' samples i~- 10

b

0:

(" "

18 560­
22 1400
13 130

3 520

',:

191,;,

19
18' ,
17 440,
16 360,
21 1400
22 20~

1') 11) C-
\1 '.

.~.

-. ':':-c

Co Ni.-. Cu Zn
,,~,,;.

~~;.=-.; 51 13 91-\'.~~
1,'1~ S9 19 92 ,
~;'<,

S4 ItHl 18 96
44 91 127 83
52"... 123 82 94
50 36_ 63 195
57 ()'S' 2S 107
42 117 ~2 66

72 128 9S
.i l .SO '. 36 106

49 84 -'f 94~.

51 168 128 107
42 36 13 66

6 41 43 12

Cr" VLt

'S~"
u ,

"
JO: '<J;:

~-r
If.

Na20 K2G ,P20S (,

('.
.~:::~,

:2'.84 " ,
0.34 0.. 07

.2 .. 08 0.32 0.07
1:77 0.10 o.:~a
1 ..94 G.94' (}.O6

,·f 2.06 0 .. 54 0.09
3.94 0.. 21 . 0 .. 20

,'2·.,53 ;!' 0,.3} 0,.;06
1.01 O.4~ 0.05 h
\~"S6 0;06 0.09

'.\'J

2~87 0.. 11 0 .. 13.":'-,

2 .. 44 9.. 41 0.09
3 .. 94 0 .. 94 O.. ~O
1.01 0.06 (L.05
0 .. 80 0.. 26 0." 0-1

Ce

65 355 57
68 362 sa

1,\, ,10 312 126 -"

".~~\./ 105 360 352
133 355 169

j4 30 341 140
19 13 .~6 22
20 19 'a27 286
24 " ? 221h' > la
2:'" c,5' "')'35 189

-
-::.:.-:;; ,,#~ ... ~

\) 2i \' 46 328 141
\'3~' 133 " 4061. JS2
·.• )i . 6 227 10

·!t 45 58 113

CaOMgO

0.. 21 6.65 ',10 .. 01
0.23' 8 ..61 11;.24
0 .. 14 5.38' 6.74
0.03 1..10 1.32

.-: ,
Nb y: La

() ,.
0.22 6.. 08 ,10.;7
0.22 '," 5'..93 10.61

cO.23 8.25
"

11.24
~J.20 6.60 11.19
0.23 7.~6 10.19
0.20 ,;., 5.;38 6".. 74

" 0.21 ·6.30 10.63
(} .. 14 8.61 9.60

·0.21 6 .. 15 ~o39

.1).• 23 5.70 9.. 53

14 .. 30
12';'45
15.,11,'
14.98
12.94
13.78
15.05
14.13
13 .. S1·';·

1.16
1... 03
1 .. 13
1.18
1~.'73
l~lla

0.50
l~OO

1 ..53

49.75"
,49.~4

50 ..~9
48.10
48 "lO
50 ..'7) "
4'9.04

, 51.10 '
49.26
49.26

Sample no..

750400J9A
750400196
75040022

,75040032A.
75040032.8

" 45063 ­
450'61
~5074

45175
45188

--'--_.~. ~. .'

;-'.
I.

I !I

j , , ~. " ,

j'(.

;>'
c.

( r

u' .

c

" 0:0" •

,.
~-":"""';' .........__\._~--..~....,;,, _._ .....:.__~~..... M.i. ... ~:...-.__...__~:..__. ._._

. ... ,,~ .. ~~-
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./ ,'. ~.'-r'

i! '7

","

.:1'

i ,,;

\~.. " !,)

1\
'\,

\,

c. t'

~'

\"\

0:.

(.

;c.:

..:,:

" 't.;

"

O~97

0.. 57

,P,O""... ;,

j\
r/

, (I

0.. 64

I.'.;

0.10

0.57

0.66
0.64

0.68
"le

-O.S8h

" 0.75

.,.~.

,'""0",14

0.. 80
0.89

{major" elements J

,C'aO'NIJl20 R2()

0.51 -0 .. 80
rv

-0.88
-0 ..'97

-0':'61

-'O .. 8S

-0.91

-0.. 61

,'I

-0.61

O.SS
"'-0.86"

(1

0.92

i.J.,c

'. /;;.O~ 16

1.00" 1 ... 00 ~:-l.OOi

-0.91
0 .. 55

-0 .. 53

0.54

0.51

1.00

0 .. 74 ' -,9.65

0.54 -0 ..78

-0.16

1',

0.,91

0.10\
,.: ..1

0'.74';

0.67

0.54

0.80

~.S<i

O.5~

,
i.~oo

L.OO

1.00

il.OO

L (,

c' -1.00 ','-0.66(,

1... 00
"

" 1 ... 00 -~- O~,GO

1.0U"
,1 1.00 0.15

\\ '

-1.00

-t}.57 -1.00
0.64 i\

-1 .. 00

-0~79

1.00

0.61 -0.54

, J 'I'

1 ... 00 -1.00

k-:90", -0.58
"0.'59 "<;:;:\" '-

,'\,
(;

-0.78

-0 ... 52

0.. 88

0.6'1

-1 .. 00,-1.00

0.72 -0~63

0.62

0.85 -0 .. 63

-0.;5$\;

0.56 -0.90
-0.56 0 .. 65'

0.57
"',

....0 ..65

-O~59

f;:.
,~

'0.92 -0 ..64
0.17 -0.54

" ·O.S5" -O~,67

8

Sr

Pb

Th

U

Zr
Nb
y

La

Ce

Li
V,

Cr
/r*'o

'\>,..",

Nl
Cu

Zn
Ga

8\, S\

,
\

\
\,
\

\

,~~,

Si02
·.;;Si02

TJ:02 ·
,A1203 ' r,1

l?e203

FeD,;"

Tot.. Pe

I
MnO -0.. 59

'!"lg0

CaD

Ha20

K20

P205

Ba

Rb

'\ \.'
,\,



c

',::" ,',

z~:

O~j90'(\'

0.51

'----,----~-------..,..,,~--....,,'r_
8\

~,

Cu

0.53 -0.,57:' 0.78
:.

0.19 -0.7Y goS' -0.&0
-0 .. 75

(.

Li"'".I'..)

-0 ..65

-0.. 53
~', ~,/, i

:!)

0 ..85­

0.50 -0.12

3!.'

0.57.

O~61

0,.68

O~99

0.96

Zr Nb

""I'

Nprth S:tar B,~,sal t
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0.15

875
1450
, 430.,'
"439':'

:U24 1409.
24) J' '430

,;;"',~'. ,';I_i.;..~
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0.02

:0037
0089
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0.21
0.20
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Co Ni Cu :'Zn Ga S

'.::::; ','

27 .68 46 66 1 I', UO,9.,
28 se i!2 59 :,I~ 1.~'\": 240
14 5 ':', 78 18 80

68 c:ia "

1.8'123 68 31
28 68 ~6 78 \-?~:;;19 " 240
14 66 5 ~~""~"\1~~~ 60
a 0 ~ 23

~

92
'1::'.~

;:;,

P20S
iI
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0 .. 15
0 ..,35

0.22
0.35
!.letS
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'Cr

6§
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,71
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c
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0 .. 39
0.10"
0 .. 20'
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(O .. ~O
0,.27
U.'70
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CaO '" N820
\') :':J
'~ (','.

,3.. 85"" .67,; 3.~3
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~.42 7.01 ~ 2.92
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XkS2
Q,"i!46

MnO
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"

,4Z 93 144
5 16: 26 '.,\ 39 '2- 110, 1~9
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,....,
7 19·" 43 13 78 lO\l
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3 ., 5 31 56 41 10

0.. 14
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18 450
21 16,40
12 80

3 493

Zn

25
64
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0.26 0.04 "
0.32 0 .. 03

V Cr

222 ' 449,
9S :' 66

,; 22 5
92 67
10 7 ,I

90 76
98 ' 42

, -104 113,.
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28
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7 .. 35
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8
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18
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,,:,19
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1,,16'
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24"
12
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9
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0.09
'0.11
0.09
0.. 11
0.10
0.12

143
223

04'
47

Zr

84
115 n

223
117
20:1'
119'
145
'142.

3.40.;
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'2.03 ~2.\44.i 19.57:\1\,0.00 1';'.61 0!t28'" 4.62 7.41 3.00
1.38.1JtI.l~ /\\5,,05" ':( 0.00 ',13 .. 55 0.19\; 6 .. 98, 9 ... 39 2.78
1",2913.82 ~14."7 IIO.OO,\"13.p2 O.24~ 5.61" 909-7 2.57
0.87 12.76 !~;2.91 ,'0.00 11.62 Oo2fr}J €.87 1.2021 1~21
1 .. 14 13.71 13.71 ",O.0012 .. 38cO,,22'~' 6.3810.28 .2.06
0.86 12.92\{\:'12.86,IO .. O:tl: 11.51~ 0.19/\ 7.54 10.28 1.98
'2.09 I2 .. at~ 11.46 0.00 IS .. 71" 0"23,,,/" 4.286:30 2.06
2.11 12.72 '16 .. 67 0 .. 00 lS.OOOr20" 3.30,,6.55 2.36
2.00 13.83 13.94 0.00 12~55 0.20 6.36 03.44 3.02
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1.95, 13.'10 14.57 0.00,13 .. 11 n:~19'/" 6.~6 8.05' 2.75
1.89 13.80 15.56 0.00 14.00, A1.23 5.71 8.952.42
1.43 I3.Sa 16.22 0.00 1~.,,(i'0 /0.24 6<05'5 8~34 '·1.'~$8
2.1712 .. 11 18el:2 0.00" ,16.31; 0.21 ~~94 6.12" ~r2'8
1 .. 97 13.65 15.90 O~ftJO D14.31" 0.23, 5 .. 3;9 8.92 't'~j27
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1,,99 12.'GO 15_ 97 0.00 14 .. 31 G.<.i!2 4 .. 44~ 6.43 2,,63
1.55 13.04 13.80 0 .. 00 12:'42 O~22"" <3~189.89 2~Oa
2.. 05' 12 .. 43, 15.11 0.00 13;60 0.26 ,3,,09 8.12 '1.,92
2.08 .l2.€ifi 17,55 0.00 15 .. 80 0.19 4 ..~45.41, .1~69
2,,12 1:2.04'; 170270~(JO 15 .. 54' 0 .. 213.99 ,,1.21 1.19
li.60 12 .. 61 14.79 0.00 13 .. 31 Od.7 5.11 ';'6, •. 56 1,,77
1..02 11.51 12 ..65" 0.00 .11.390.175.95 8 ..81 LOO
0.9010.,90 '12~40 ,0.00 ,,11..16 0,,1.6' S.;t~ ,li,~32 1.53·
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0.09
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0.17
0.15," (i

0.11':
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36'8:3 ',;7, 148 5 1 160 7 43 co 5 ~, 16 430 62 46 36 100 ,.187 19 7207504,0031 P 60 ' 7 \\'\ 155 4 :,137 6 36 ,it ' 17 45- 455 6"'''' 55 41 155 199 20 320 <~.';...75040034 .A 76 'S 144 2 1 88 4 2~ 4 lXi, 32 409 176 46 76 la, 19 1S " 4015040037 '" 38 <I, 4 16'3 103 s 2i 6 'lcS 10 }30 78 47 49 108 108 17 401504,0039 I!I 45 \1:2 119 69 c;' ,3 20 3. 11 2Sa 356 ,45 84 78' ~8 ' 1'3 320 ,
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75040047 P 90 '3 107 69 3 19 2 9 246 )',337 '4~ 76 SO 90 13 40075040054A '250 ' ':,6 171 2 1 114 7 37 10 2~ '0 20 ' 385 71 48 45 SO 131 ,23 4075040054 $ ~~0_ ;c t3 128 2 172 Si 34 lQ 21 17 332:. 34 3'9 26 '-:\ 49 125 ~1 1560iS040055A ,139 )":!:' .2 ," 123 6

..
35 3 11 14 '0-, 434 '" 218 41 56
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320
40

169
240
200

('2000
140

1~,20

1:80
),480
('520

18 600
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16 40
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z~ Ga

. "

85 17
113 " 16
120 17
115 17
112 20
127 20
113

93 •
126

G·B
., 49

-102
127

li 49
25

o

76
105
17
32

Cu

99"/
. 17

62
6fJ'"

:~\
103

87
83

105
20

\ '

Ni

69
76
68
79
31
48

121
80
7)
'81
11

72
121
:U
22

50
54
42

"

Co

49
50
52
53
42
54

Cr .

0.~,3

0.. 18
.0.10
(j~03

119
192
137
157
13
72

639
'·211

191
153
14~'

190
639

13
160

340
416
208

"Y('7

0.. 28
O,~64

Oc08
0.'20

V

o 'C)

lS
28
,5

8

Li
I:) -::'

26 415"
2(1 208
21 400
19·, 391
2e .414
11 ." 386

8 '. 285
11.322

u· 10 313
8. 281
5 ·327

'­
:'

22
31
'8
·····9

ee

10
8

lO
30
,31
27
'27
31
23

. 22

4

3'
8
9
9
6
8
7
4

6
9
3
2

La

,
!i

.I!

..:;:-,

6.22
9.,;05
4.38
1 .. 20

y

29
37'
24

...

\\
"')

. '\': t{
MgO' CaO Na~'~~: K20" P20S

\,
,'" \:". \,

. 6.56 9.38' 2 .. 88 '\, 0.32 0.11"
5 .. 97 lO.)~~,,,;,2,,6a \, 0 • .59 0 .. 10
S.. 79 . 7 .. OO.,'~'O;.S9_.0' .. 08 0",1~
6.18 6.28 1 .. 04 ;,>,p.08 O.llJ
4.38 8.05 1 ... 4~ ~~;i4 .0.. 16
5f'21 '1 ..8j31.01' O~,lO .', 0 .. 18
9 .. 05 11.. 25 1.56 0.. 23 \0.12 ,I,
5 .. 90 ,- 9 ..59 2.30 0~64 0.14 'U

5 .. 80 9.41 :l .. n2 0.. 3~ 0.. 17
6 .. 20 8.41 2.. 9,'6 0 .. 4(1'( 0.. 12

,~7 .. 35 6.50 3048 0.13(\ 0.13

28
24
33
29.
27
31
27
29
37
26
30

I
<:'1\

5
7'
3
1

4
S 1

5
5
7
6.
3
5--
4 () I

··.·3

0.22 C'

O:'!t~~·:

0 .. 16 r
0 .. 03

Nb

o
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,
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n
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1\104
.132

85
;17

'\ ,~
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I)

"/: ,.
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'-.:

c

li

lC.29 lO ..49~ ..14'.. 03
1&.08 11.50\ 16 .. 27

2 .. 33 9.3W\12.05
6.74 . 0.-81·\ 1~11

f.i i~~~J\<~~:

t!. K~zr
'\., \\

~;g.-1
~'a'"
t,1:\

~').G7\\,

111~­

c ri7
(r ;,90

'99
112

8S
97

c
2

5

5 2 1\ 0
9 "2 0
2 2 0
3$$$$$$" 0

3
4
7
9

Pb ;;

13 .. 31·
14~29

10.91
1.08

Sr

163
1%;1
333
481

95­
189
121

.124'"
14,5'
209.
123

192
481

c 95
116

6
~

2
·7

"

Rb'

is 11
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"" Mount Ad~\ BafSalt ~ ~oleriteB
\ '. . \~. '.. "', ,

F~:i0i! FeQ \1' Tot.Fe MnO
\'~'I' il . \

1.42 q,...1'4 14~94 0.00' '13 .. 45 \ 0 .. 24
1'..,41 14 .. 01 :15.. 6\1 0 .. 00' 1'4 .. 05 \0 .. 26
1 .. 85 13 .. 19 e16.Si:t O.;c-tlO =14 .. 92 U.. 24
1 .. 63 14.25 .15" 96'\~ . 0.'00 '14.36 O~;~2

1 .. 83 12.10'(,~S.. 41 '\,.\P.03 11 13 .. 67 O.. Ztl
1 .. 76 12 ..80 (10 .. 08 \\ 0.00 16.27 0.,26
1 .. 27 ,.lO.97 l' 2.61 ,lO~70 .t3~OS" Q.. 20,
1 .. 43 1$,.,54 ~. 2\' l~'..00 13 .. 92 0", 20
1 .. 58 1'2JiSO "3.82 11';.50 14 .. 94 0.22
1 .. 31 14~29 4;60, 9~'30 13 .. 44 0 .. 19
1 .. 39 (7"11i .. 06 ' .. 2.33 ~ ..~S 12.05 ;0 .. 1.~

48.6:~ \\. 1 .. 53
4-'i/.6rJ ....: 1,,,:,95
~6 .. 68 \t.27

0.'.15 0.21

Ba

lS19
~28

31
11\~ Q

SiO~
Olj

72 8
'144 "\'.\.i:25

31 \E-~ . 2
4,28 ""~ ~ 2

61 ~;
65 ''<--.+3
72 4

148 14
129',.:;5

,: 132 9
31:' 3 '.

49 ...69
48.99
(4~,,"93 .
(9.~2

, 46.88
, 49,,14

~ff:97
48~,S7

48 .. tU
'Uh09

, 48.16\
I,'

':,;..

. c:

,----------_..._.._.. -_.

NUmber of ~amp1es
I.

e I'
I',
!

75040034.6
75040036
75040098 A
750400~8.8

45085
450:,90
45153
45154

'I 45155
I) ,.5164

45165

Mean
Max~mulll

Minimum
.S. Dew. "

, - ,: 1.

Me:tln
Maximum
Minimum
s .. D~v.,

"
<' '

Sample no..

.....~

75040034 B
75040036

. 75040098.4
75040098.P

45085
'. 45090

'-' 4515)
45154
45155
451'64
4516,~,

r
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0.81

0.55

/(
_0.561.1

0.66

C, I',

0.53
-0.61 '-0.52

0.. 66 0.53

O.S,8
"0.55 !'

0 ..88

-0:.62

-0.,78

-0 .. 75
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dole!: ttess . (major elemental

0.69 '

,,,/' -0.84

0 .. 61

0.79

0.75c:
-0.59

0.,,83

/

.:'1

0 .. 54'

0.65

0 .. 70

0.92
0.64

0.81
I'':;

0 .. 60

0 .. 71

I;

-0.52

Mount Ada Basalt
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KnO

,)

0.50

-0.'5,2

0",57
d!~76

-0.56

-0.53 "

0.56

-0.92,
'.i

0.5,8

0.65

0 .. 9,5

0.;80,

0.51
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0.68

-0.61

-0.74

0.81
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Q,.58
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Li
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Ni
Cu
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Ga

Cr
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v
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5iD1~
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Tot"Fe
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CaD
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Se

..
Pb

"Th

U

Zr
Nb

Ce
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40
2:000

" 280
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615
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Ga

, 21
'24,
11

5

Zn

102
115

43
, 5}4

89,
i115

43
32

'7-"
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'.:~

Cu

51
105
17
38

17
42
40

105,

'gO
196"

13
77

Ni

,,196
, 13

84
67

84 45
,7, .,40

202~ ,-'
2-76
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!'

, Co

'0.1'5
0.27
0.10
0.07

0.15
0 .. 27

, ,0.07
0 .. 09
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"
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\
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A
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\
\

\
\
\,
\
\
\

V',
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\:

;
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~\
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V
\

167,
404
237
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0.. 64
1 .. 23
0 .. 04
G.. 49;

,i,1
j' ~o

'1.23
0.. 04
0 ..65·,'
0 ..65
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"
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La

1924
,41/ :; 11
17 5

~ la<~~
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5
7
3,
2

4

3

.,.
,"

0.18
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184

SO.'
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5'9
,50

,; Zr
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9~'~9
,,15~08

'10.73
9.62

o

,0
'0
o

'0

(\

C'

',0.':00
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8 ~70
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l.65 11.31
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6.60'9.62
1.48 2 ..57

3
2

3
j
2
1

Th

u

'8 ..31
1,6.76

2.26
6.61

Cl

I) .:';"';

5 : '. i, ,
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2
4

Pb

;::;'

14.76'
16.~5

12~O~ ,
1.92

.... , I:

5I
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458
119"
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,. ~',

t"·,··
~~

458
235
148
,119

.,(...:
""'."

1.36
2.66
0.88
:0 .. &7
:,~' ':':',:; - .. -...::

'. -,:;,>

O~96 ~~J33 10.88
2.,66, '12~;04 16.76
0~93 15.10 2.26
0.88 '16.S'3j)tj 3 .. 35,
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5~\

14,
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29"
58,
14
25

4

::, ,1'

:. -,
.- ',-;

428
10~

17~

139
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48.76
46 .. 20

" Ba
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\" 48 '~20'

1 .. 21

; ::,
....;
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Saml'len\').

,Number of samples is
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- '- \'::--'.·~_'<;I-r.

(Maxi-mum' 428
I:' '""\.;'1.:..-

~Minimum 105
I s. Dev. 147
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Mohrit.<Ada~i$.asalt' - Ht9h":MgBasalt
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,',S

240

eo
120
120
280

80
280
100

163
280 ;:

80 ~,:

88

•

Ga

12,
19

7
4

,19
B
7

12
12
12
13

.r'I'",

,

Cu Zn

91 57
.'8 47

96 56,
1~S: 91
62 87

116 79
71 i~6

141 "",:64
138 92

92 75
141 92

8 47
42 17

,r:

r;

(I : -. ,:::

{:

..--;-

. K2 ()
"

"';'
" '

':, CaO

( :

MoO

J',\

('

0.13 9'.21 9 .. 28'" 2.41 O.14'z~'\O,.16
0.22 '14.12 14~42 "0.95 0.32' ,,()~,04
-,0.22 ,13053 lir~59 1,,·00 0.31 O'\"~4
(1).21:a~45 ,9.;;1' 1 ..11 O.l-D o,*,i~,
0,:0 22 9~Jl 10.'72· 1 .. 51 (>O.l~, 0;05\,
0.20 7.9510 .10 1~91 0.24 O~08\
O.21~ 9 .. 12 9.76 0.150.,01 O,.l'ic'l"
o~22 S. 80 ',1C'.::J38 ' :2.42 0.57 i'l ~;:\ t,l'~1 ,
\O~20 '100510 8;.36,' 2&76. 0026 _ 0\10
C~2010.15 lO:.9l> ,'.' 1 .. 65 0.2,4'- 0.08

~

0.22 14.12' 14.592.. 76 0.57 0,,16
0.13 7.95",8.36 '0.l5, 0.1:'1 O.O~,
0.03, 2~21' 2.20 O.~\4 ,0 ..16" >"0.04

\, ' .",,
ria idZr 'Nb i! Ce V, Cl' Co Ni>,'

'.-;'
"

13' ','137 6 36 7 B 374 260 47 84
40 2· 16 52 2;S6 1730 ,,40 188
39 2 l~F=\, 9 2<48 ~, ,1760 47 185i1 3 Cl 20 3 10 253 409 ~7 \ 74
53 2 17 4 8 2.35 653 SO <:134
7S :3 23 3: :'7 '~18 Ci 447 45 :~ 94

':82 4 '22 3 5 18 271 :1 385 50 111
84 4 21 ;6 .. c: ,-6' 235 SSB3 r. 1'73
83 20 ';j 8 22 9 222 812, \,193.. "/

\j,r, /;/
'.';' .,

','74 3 21' 5 11 .:(, 14 ~,sa 784 ·47 ",137
.137

..
6 36 I·a 22 52 3'74 1760 50 193

'39 2 '15 3 ;'4
' I,

218 1746 280 ,40
:30 + f.,c.=,.=.=.=.,..2"", B 15 47 567 3 48

::) "

" 0.:00(;"13"'13
rU009 .. 73,
'~.OO 9.86
'f)" 00 12.02 r,

0.'00 11.. 71
0 .. 0.0 ,l,O,~67

0 .. 00 11",56'"
9,,25 12.35
9.25 12.,52
!'J.25' 11.50
9 .. 25'13.13
9 .. 25, 9.13
0 .. 00' 1.19

,
"J

H' r, ~. J;

,'; il
I.; 11

'!I
il

·I!
if

11

I1 "

H
i:~;

}

, I;

() "

,
Ti02" A1 20 3 Fe203

9

1~64 12~34 14~59
O~ls8 6.~52 10.'81,

,0 .. 69 6 .58~ '10 .. 9:; :
O~90 13~17 13.36
ft~17 11.86;. 13,,01
0.S3 12~lt 11~B5

, 1. 02 ''10 0 9 0 12 •8 <4
1 • 07 , 8 .9 L "i 3. 44 ,
1.04: '8.90 3.63
O,5~5.; HL.lS 10.50

'. ,1.64 '13.17 14.59
0.68 6.52 3.44
0.29 ~ 2.51 4~12

48.68
51.55'
52.05
50'.50
49;, 841·
51 .. 34,
46 ,,(iC
50.13
49.,18
49.99
52'.05
46 ~'50
1.68

Ba Rh si Pb Th , U
(~~

C'

27 :2 .i4
99 23 92 v

" gi'
"

19 90,0

36 103
51 2 101 3

120 4 . 115 :
12 193 2 2

:;.:;:.~

41 7 157
36 4., 61 " " ·4

Sample no~:

.-.'

it'

75040029£"
750400296
75040030 6,

75040047.1S
75040047"c
75040041.P
75040094

45172
·~Sl·73

75040029$.
75040029G
75040030
75040047 £I:,
75040047 C
75040047,P

, 75040094
45172 ,!J

45173
Mean

,£>iaximum
, ~,~g,:;limurr

,,'5. Dev.

Nurober ,of samples is

(.()

Mean 58
Maxiwum 120
Minimu~ 12
S. Dev. 38
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--:--' 7
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".'<;aCu Zn {~S

'1 ;12\~6 " 58 ,40 ,
20 66 e \ '200
62 69 11 3'50
59 79 9

50,: 68 10 200
62 79 12 366'
20 58 8 '40
20 9 2 160

::"~

o

Li, V ' ex Co Ni
"
,".

3 203 4780 107 1480
3 1:!2 5650 127 2093
3 20B 4100 '90 1450
4 149 352 124 2061

3 173 3721 ,112 1771
4' 208 5650 127 2093 '
3 132 . 352 90 1450
1 ~8 , 2334 17: 354

Ce

... 0
o
0'
o

La

. r.r',-~ 'L..l " ~

'" ".

;,"; l',

(,

'if

.. I~; 0C ,.

C~'\O Na;;'l:~ K20 P20S'.A; i.l·

)~
Q

':!
6,,,,80 o,i1'7 ~ 0 .. 03 0 .. 07
4!,lO' (I ((os 0,,01 0.04
6 .. 19 O~D6 0 .. 02

((I '0 .. 07
3.. 42 O~iJ2 0.01 0 .. 04

"
5 .. 63 O~O5 0.].02 ~fOO6,: (J

8 .. 19 0 .. 01 0.;03 °t07
3.. 42 .::::' 0 .. 02 0 .. 01 0004
:t~25 ,; 0 .. 02 0.. 61 0 .. 02

o
~. "0

o
a

'i

11
7

, "-1
ffl

o 9
o "11
o 7
l) , 2

0.1,5:; 25 ..54
0.. 2'7 2&.6.7
0 .. 24 22 ..~n
0:01.3.. 05

i.,'~.,'

0 .. 25 · 2r~ .. 4S
0 ..'25 28,,61
0.,24 22 ..61
Oo~1 27 .. 82

42, ..
26;~
41 .
29

35
42
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El

.C

o
o
U

I'a
"

):~:4/iq',:f'
0,' \;\~r

00 .. 00 14 .. 27:"
0.. 00,14 .. 02
0.. 00' 12~83
lY .. 00,'14 .. 22

0 .. 00 ,l:..;'3.S3 ..
0,.. 00 tf4.27
0 .. 00 ~,\2 ..8 3
0 .. 00 -"i) .. liB

o
',,0
o
o "I

15 .. 37
15.>.85
1~ .. 2S

Ih'. 7~

15 .. 65
1S.S8,
14 .25~~
15.. 80

17
23
12
15

"

0 17 0
,U 23 ,; ~'O

0 12
C'

0
0 5 0

4

9
53
17
28

27
,53

9
11 19

f.:

,(

r;.

Z4o!Jnt Ada

5i02 '1'iO .1\12°32

42.07 0 .. 79 5,,58
39 ..12 \10.. 50 3 .. 57
44.95 0 .. 75 5.. ~1
40 .. '41 0 .. 58 4",23

(. "

41 ..64 0..66 4 ..66
44 ..95 Q.. 79 5 .. 56
39'~12 0.. 50 3~57

2.. 52 0.. 14 0.:93

Ba Rh Sr

750~00134 e;.
75040034$
75l)40034 r
15040035

Sample 11'0.

Mean
Maximum
Minimum
S.. Dev..

Number of Uamples is
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(Minim~lm

5 .. De,,!.
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Samplel.\ no.
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75040034 r
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Si02 T~02 A120 3 ffe203 FaO ,TotaFe 'Milo MgO C~O' : t~l!120 1\2° !;'P20S"
", t, D,;' ../5'2 ..660 O~97 15 .. 91 11"~ 28 . 0.00 10 .. 1.5 0.16

i.1'
5~3,1·. 8.,01" '2 .. 54 0(>64 0 .. 1251.94 0.87 13.62 12 .. S4 O~OO 11..29 0&21 6.8& .10.52' 1(137 0043 O~O7 <\50 .. 14 2.33 12 .. 71 17;93 O~()O 16~14 0 .. 25 4.40;, 7",75. ~.4~ 0006· 0.19

"47.20 1.16 14 .. 80 " 1.QO 11.:20 12 .. 10 O,~,U 5.;:15 0,,5<1 1.11 1.93 0.11"58 ..47 ~.46 11 .. 05 " 1.,16 6.25 1.29 O~'16 ,-, "le8S 5..n. 2 .. 66 ,; 0.84 6.07

7504004'5#
75040060c
75040060.1'

49285
49314

Sample no.

16 367 -
11 131'

287
56 1:38

" 'IS 230
)-1)
/'

2:5 231
56 361
11 131

, () 21 100

~:

lU' Cu co Zn " Ga S

76 57, 79 15 280
~O 60 f;;(i 97 15 200
37 '4 5'"\!. 150 21 40

118 100 ,101 760
183 54 ()'(:) 56 520
,_t' !,,; I

95 63 ;;\'~7 17 360
183 100 ,; 15,0 21 760

37 45 58 15 \l 40
57 21 34 3 283

37
43
39"

Co

40
43
37

3

er

0.11
0.19
0.07
O~05

163 146
282 225
519 223
222 1'17
122 710

262 296
519 710
122 .' ,,146
-l56~;'i- 234

0.. '19
i'l.S3
O.()6
0 .. 70

, V

l ..ge~
2.66
1 .. 11
0" '10

7, ..11
10~52

5.11 ,
10B3

La Ce Li

14 28 14
3 10 6
4 27 8

10/, 21 28
9 ,24 14

8 23 14
14 28 28

3 10 6
5 8 9

~~'5 .. 93
\7.85
4G46
1~40

I" (~

y

5 25
8 44
2 13
3 12

0'.. 18
0.25
0.14/
OoOS '

.' Nb "

~.: \7, 25
4C: 23
e: 44

!.~\ IS" 'OC

"',2 13
;~
\,

.',-',

P ;:;'

Zr

127
Sf);'

168
56
61

98
168

56
48

11...39
16 .. 14

7.29
3,.22

:;';::.:.,.,.;-

u

.) .

~f.73 .
11.20

6 ..25
3.50,

2

5 .. 78
17.93

1.. 00
7.46

13'i66
15.91
11o~5

1088

Sr

5

1.16
2.. 33
0.46
Oe70

Rb

38~

175
"31

339
811
:cl:

52.08
58.47",
41.20,;

<, 4.15

349
.' &11

3.1
2~4;

sampi~s ''is
I:

'f
1/

Sample no.

Mean
MaJ:imum
Mhtimum
S. Dev.

,~

75040045 #'
75040060 c
75040060,.1)

,492eS'
i(4~~,14 ~

Mean l
" "

, Maximum
Minimum
S.. Dev.

i)
th.lmber of

I.

.':

'I~
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,\

" I
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Zn "Ga S

107 16 " ., 3'20';1

98 16
116 16 920
123 18 1440

III 17 89;1
123 18 14/~O

98 16 ,~~20
11 1 ~?60

,>

It

Ni CU

84 110
104 1HI
89 87
49 'I' 52

~,~ .

\1

, ~ 0>

Na 0 «2° P20S2

~o51 0,,56 0.08
2t>26 , .0 .. 25 ' (t.07
1.54 0.. 22 0.09
:h25 0.. 47 0.18

, 2.,11 0.38 0 .. 11
2.51 0.56 0.18
1.64 0 ... 22 0.07
0.37 0.17 0.05 ';

Lt V er Co

14 414 151 42
8 342 147 45
8 3S4, 154 45
9 434 250 45

14 10 "'° 396 ,176 44 ·82 91
19 14 434 250 45 104 114

9: 8 342 141 42 49 52
~ ,,-, 3 40 SO '?~-=T7i~i~ 28u ''\-.

Cl

Ce

.,9
').9

CaO

o

La

5.86
,

9.09"

6.61 9.72
6~43 BeJJ6'

, ~.85 1 .. 22

5094 8 ..12.. "". 9.12o.o~

4 .. 85 7 ..22
:0.\79 1.07

I'

" 27 1
35' 7
19 ~-': 1

7$$$$$$

0.22
0.22
0,.25,
0.24'.,
. (I'

0023
O~25"
0 .. 22

.. 0.02

130197
15.26
12.21
l'~ 31,

() ,)

1

o Zr ,'Nb

1

6 (, 0 1 92 4
7 0 1 144 6
6 0 1

,
56 3

1 0
... :::

0 37 2
t)

(,

" ,',

~(, " : :' ::0..\:,1<,
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A1203 Fe203 /; F'eO Tot.Fe '~O~.M90
'1i~i-c

Sr",' Pb

186
243
190[
321

\~'35
321
186

63

1.35 13<1>78 ·15./32 0.0°0 13.19
1.08 14 0 50'" ,.13.S~; 0.00 12.21
1.33 13.28 16.23 0.00 14 0 61
2'~18 13.47;· 16.95 OeOa lS.;2fi '

50 .. 05 1$49
SO.f9 2 Ql'18
49.66- ,,\1.08
0 ..28, 0.48

50.29
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SQ'';04
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\; ~ ~,

(' Ba Rb

936' 24
80 5
84 5

368 22
: ~',

342, 14
836 24

80 5
356 10
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\" ~~\

Mean
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S Dev/'et 0. ;£1

.; 'J,'
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(i'

75040043.4
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7504'004 6 :J
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I

I
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(f~82 0.22 \~,

2..09 Q.. 35
fl:2080 :;:"O'~30

c
1..57 n,,'~'4 fJ

'I.
0.85 (J.l?
3 11 95 . 0 6 41'
<2~88 {t;,,18 \'.~,

~ ; ,;' Sy3.34 <t.'17
0.73 0:17 :J :-
1.55 0 .. 12 (,

:'-'

0 0 24 "2.06
3.95 ,0'.47 I.:'

0.73 0.12
1.14 0.11

f: V er Co Ni CU Zn Ga 5

24 J.29 22 19 13 68 18 ~O .
183 74 28 I"~ <.-, 12 114 16 80228 16," 23 .5 25 91 18 280
180 14 22 " 6 41 89 17 440
220 76 54 186 90 92 17 720, 121 ll~ 65 47 o \i

91
,

520
114 50 38 55 ' 57 60
147 60_ 29 122 87 160
138 34 49 27 10 6091 24 52 7 79

~; r:145 (, 60 30 52 44 '84 17 ; 267
228 129 5\4 186 122 114 18 12024 14" 2'2 6 7 51 16 60

62 41 14 54 37 ,16 1 241
I,

Ci
\\

"
1 ..0

C

12
10

8
8

40
12

'-" 6
1.1

9
1

, Cl

,":1

Ce' Lt

50
74
26
1~

5.63 3.37
7.18 ('5 .. 10
,3~'7i 2 .. 34
1 &23 "0.9S
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'25
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11

9

i\ ''':;r;i'
~90 '~~() tia",O

2} ~

5:~92 'C 3.37
5::.13 2.56
1.11 /,"2.34
G~4;5'; 1 2 .. 75
5..65 3.11.
;5.. 17 '3.22
4.555.10
7.78 2.34
4.83 4~64
,,3.71 4.26

23
41
12
e

0.15 3 .. 16
0 .. 21 ~ .. 16'
0.10 1..80
0 0 04 O~84

Nb Y
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r;

6
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2
3

0.. 12 3.. 82,
a'~~'~i: . 4~16'
O(~t~') . 3~ 31
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'J}.1§ 1.tl.O
0.. ,12 2.,04 ,j

0.10 2 ..26
0.. 15 3~32

0.14 Jt'SO '
0.12 3.84
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..

2 ~O4 12 41 40 72
1 125 7 26 ,,22 45
1 ~, 1,16 8 29 3Q 55,.
1 lIS

,

8 24 "21 36
1 158' 7 2.4 ,'. ~; 19 39

178 8 23 34, 7~
131 ". 3 13 33 91
123 "'.~ 5 24 (22 ",45
124 " ,4" 18 21 0 49

99 :,2 ";,' 12 tl '~5 26,.
1:/

u

(\

4.47 7.43
5.'75 10.12
3.25:, 4.'12,
1.06 1.88

,0.00 '6'067
'G.ac 10 e12·
a .00" a~Sl

"0 .. 00 8 ..13
o~OO' 9.80.
3 .. 55 4.'86
3.25 4.72
5.20 . 7 ~~6
S01S, 1 ..18
4.60'" 60 22

9
4
5
5
2
7
,9
.4
7

Th

7 .. 41 .
U.• 24

9.'45
9 .. 10

10 ..89
1.~S

1.63
"2 .. 51
1.59
1 0 80

6, .f 150
9 " ( 2:, 304( <i
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-' ....
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"
-el':
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~\,\~

~ J

:..,1;
('.1

" ".)

()

l'

5.,77
:1~\.24

1.45
4~31

, Pb.'r
5
II
6
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8
2
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';1
~.
)'

'S
1.0

2
I'}

15.5$
11 .. 34
14.02
lo~8

Sr
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-'92
513
435
3(8
434

337
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12h

,I'

r.;,'. '

'I'.i02 Ac1i>l'
"~,,

o.84\~ \15 0 16
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1. 37 14'~65
1.22. 14'~02
1.15 14.08
1.06 16.56
0.61 16,.:iS
0.91 17~ 34'
O.8~j 15.31
0.75 1(;.93

(;.
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59.27
53.98

0 53 • 4,4
55..;;7ti
56 •.11
55.32c

'

58 ..29
50.91
56 0 43
58.16

<.. ',

Mean 55.17 1/J03
Maximum 59.27 1.58
,Minimum 50.91 0 0 01
:S'~ Dev. 2.52 0.30/"J

, S'~mp1e no. Ba ilb

1'5040046 H 851t. 47
7504'0066 A (' 1020 42
15040066tJ 783 31
75040066.P 541 i3
7S040069F " 420 2i

49219 SOC' 115
·1,9301 1261 ~7
4~9304 \', U,2~<:f' 69
49305, 336 19
49316' 501

~
32,

(,Mean 736 47
Maximum 1281 1l!J
Minimum 336 ' 19
SI> Dev. 326 ' 30'.:

Numbel· of samples is 10

Samplenoe

l'

75040046~
. 75040q,56,,4
.. ,750400664

75040066.;11
75\)40069 F '

49279 .
49301
49304
49,305
49316



\.

.-

,' .... 1' • '.

, "'.'

\\

(,I

~I

\ '

'\ .

\1

...--.-------..-----..-..../1,---------.."....,- "--..,z--~..·,""Il
'.' ,-,' ,. /. ".. 7

/~

'.'

':. !
I

I
I,
I,

0.59

-:,O~74

'0';53

-0 .. 55

(.

()

,.
0.66"I,.
0 0 73',_ -O.Sli

"~.51

'~,(J.59

/
!

-0.77

\)

"

c·

I~

.0

"

';':1

-()".73

-(J.85
()

0.69

-0 il6 3 -0.74"

-0.50

0.55 ~O"S3 ,e

-0.56 Z''<

-0.56 0.53
..' 0.,70. ~.82 -0.78

-0 .. 62 -0 .. G'3' 0.73
t ~ ;' -0;71'.

0.96,-

0.87

0.8Ii~

" 0,,52

-0.62 -0 ..820

-0«:66

-0.64

-0.51 .-0

-0.67

-O~57

\1 ::.

'Cl
O~86

0.79

0.58
0 .. 55

0.55

-0,,63

0 .. 54

-0.58

-0.86

".

O,..f'O
"'O ..~2

;', .

0 ..59

~(f. 76

0" 70

.0.78 ...0 .6~

0.93 ':'-0.58

0.63

-0 .. 57
0.. 79 -0.83

-0.77<, " \,

0.56 "

-0, .. 51

0.90

-0.66

siO2

.\\

-0.61

-0.10
0 .. 73

-0.53

-0 ..62

-0.53
-0 .. 63

l'

8i02

TI02

A1203

Fe203

Fea
Tot.Fe
HnO

·'!~,go
".

CaD

N~?O

K2C,:

P205

Ba

Rb
Sr

Pb

,Th ...
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1.99 5~04 C~13

2.24 4~55 °<:46
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4 .. 10" 1.81 O~12
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69.07 ,(2.49 lc3~73 (·;.n,.. 7~., l~'OO 1.71 0 0 11" 1.J2 3.8,8
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64.32 o 0 .. 53 "J5.. 3S O.li8 ,.3.35 4~14·.' ·0 .. 05 1.73 1.73
63.48 0'05315 .. 1(; 0.66 ',2'.10 3.51, O.. OS 2.58' 2.04
600 .. 28 O..'51:c14 .. 37· O",,6Q~ _ .;j ~.lO,'i 4.8~.0.07l 2.98 2.97
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64.01 "0 .. 55 (12 .. r;,tO,1.,:Jtl 3 .. 00 4.60 ;,0 .. 15 2,..60 ;,4.,.29
56.94 0.6,2 12.Si6(· 1.60" 5.65 701.090,,20 2'..64 € .. 50
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65~5'9 O... 41l n o 03. l'-;O ",,2 0 1511 i3.,$O' 0 .. 08,: 2.013..76
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492.9"
49298
4930 :;
49305

Number of samples is 17

I
I



f{
~,

\ J\

'.l'.'
. ()

' ..

<1.

;l,

,-::-..

'I

0.68

R\;J 0
2,:;;.

~ ','",,'

0.5Q
!).90'·

-;,0 ~52

-0.60
-0.76.

n.. 51,

-0.62

, ;,.. !~

";'0.54

-6.. 61
~'

-0.55
0.64

-0.,72

-O.!Jl

-0.55
--0.57

-0.60

I; ;)

. -0.52

G

6.0713

~~71 i 0.54

0..81-0 .. 16

'--O!~:/·'

0.70 O",5~0655

-0.52

Cl

-;) .. 55 "'0062

-0.52' -0.51

,.

0,,65

0 .. 55

"\ ,;. I

,0.72

'o~ 73

O.S8

,I"
"

'o~~~;.::-?~
1.:

0.,54

Ci

".' (; -0.53
(0,

',; -O.Sl -

- ~'::.~. -,-_.~ ~ ~ '~'/ /',

. ~~'BR POilV2/..(ON
'" . '/.~ .' r..'.. ' i •. '

8102''1'102 A1203 Fe203. Fee Tcrt;'~?e MllO"

0 •.64

-0.82 r:

,
\

0.67

-O~>86 0 ..5j
-0.89 0.81
-l).69

,..
()

(\

-0 ..$4 ' 0 .. 64

-0.76 0 .. 74

-0.50

-0.. 03

Pb

Th

U

Zr
Nb
y

La
Ce
Lt

5i02
Tlh2

A1203
~~

Fe203'

FeO

Tot.Fe
MnU

14gO

CaO

Na20

~20

P20S
Ba~:'"

Rh .i

Sot:

i.- .
k

('. \' . ,
;~ .

O~11

0.57

-o .. sa-0 ..95

-0 ..65

-0 .. 5)

"

0 .. 57'

0",61<3.56

0$51
0.91
O~69

0.53
~ )'

0.. 67 Cv 71

0.61 /i~
('... 'c:f/
)).. '.

'. (/ .

I'

:4) .. 58

0.67

0.. 64

,-0.68 0.",89 0.73 0.11 0 .. 78·

-o~ii ,-...
-0 11 97 0.86 0 .. 98 0 ... 93

;',. I:'J • ",?

0 .. 86,Q.~~

er
Cp
Ni'
Cu
Zn
Ga
S

,



()

,

j
\

,,I
"I

I

.!

.)

I}

":',

s

It
,j

"~.

0.66

zn)
/

0 .. 50

~) .

/1
,/1. ,

---------,~..~.:-,---~~--- ...............---.......,

.:.,

~'.

"'Co

0.,56

1.00

0 .. 53

0.85

- ...~

"1:

to."
,,\.)
;~"1.

.,~

'.
l

(/

0.54

<.;~ .... "-:"1

(,tra'Be e?lements). .j
I'
.'i

"'"1F>.' ~"!-.,.-.•,,'~...•'
(~;(", '.

Ce L,:t,;·\~.(~~~?" C~

'-.'

"".

'0

tuffs

.;\
'~'. ':'

.,~._ ":':A~~~';:':! ::.J'
"
I'
.\

\~\

'"r\;:,

"\:;\;\;..);.
'',7;-

\':,'):.~~,>.

0.71
O~62

\;J.'~ .-~: (1,

(;

;.(

c

0..,89 ./

'0.'79Y 0 .~,5Jl
n ' 0117"
~ .86,v 1/".4

0.92'/ ;/'0 .. 68
, . /'

,()

Th

t'

0 0 ..,61 /i
'I'

/1,.;~
I. ' .. "\-

/ I ' ;
. y( ,j

/.t,1

lr~ 19r.'

-0" 52 '

c'

,~)

Pb

O~S4

\;)

;,

'Rb Sr

()

-0 ... 70

O~75

0 .. 51

0.73

-G.74

"-,.'

\\

Ba

0.51

0.58

-O.~2

()

" I

La
Ce l

Li
V

er
Co

Cu
Zn
Gel

S

~~a
Rb
SI"

Ph

'l'h



J
I

jJ
If

'i. .,

)j

\"i;~f

j'

17Cf,..
440-,.).

8il'
180·

,59 17
'<'89 17
\,~.31 17 '
('25$$$$$$

fi';S'
:,:,,:r~

\ Zn " I (:i'a'~''c .
\': r:t:·

89 17" 4'4iJ
66 ,S) 'so
49 80
31 80

I',

r.'..
~: ·0

(1

.'.:

~5

52 '
~1

".5,

41<
~2 :' i

142
46

"Cu

(\

6
23~

32,
19

Ni'"

c;

"

• t,;

. c, '

41' 22
5422
14 22
18,$$$$$$

14 ';22
52

. Soi
;~2 '

11 \~

O.2~

O~'2l:t,
O",l~L:,
Q'.QS'

er Co

,'-.'c.,

v

180
68 ..
71"
70"

97 "
. 180

68
'SS

Ca

36
,90

'/79"
6~>
~,;r

·':i~·:~l

~5 .. 171.~ .1~45 i "'S055
7 ...S0 ;/~i:-i75!'.8<863

;;2 ..15 . "'a:;;3J) 1,,5,'
2 .. 35 1~@1;· ..2~9S

/,
L:1 '.,

! !l~

CaO

3'~20 °,6 ..45
3.10 '. 7.80
:n'07 ,3.. 69
1.11" i2~,7S

2,,111 \
~-3~,20

r({..'07
1.17

\,

;:'\

y\;, L1l
\" ~~

'~23':'
2S{
Hr'

3

9
10 (;

7
.-1,

r.1riO"

0.18'
O.:t'8
0.05 '
0.05'0

O.12~

'0.18
..,6,,,,05

"0,,:08

I;

S
9

, 10
7

Nb
, I::i

/::

, [I

194
'~137
115
S~

U~·73
5.92
2.21-
1.17

4'•.66
8:'73

'- ~. 7,7.
3(f~9

115
'1 220

237
20Z

u

I

2.10.
3.80
1.05·
1.49

0.00
'3. iJ:O""
1.4'5
1.05

','"\ ..... '.

3 .. 42
9.70
0.80
4.. 25

Pb

A1,2?t. Pe203<~ieo
~.

. '[~.,

l~:'~O
16.77
14~02

1.28

.DUFFRIrrORMA'lION - ~~99<lomer~tes r;

/
i4i.O.2 9.70
,15.70 '.' 2 .. 35
1,6.69' 0.84

'. 16.?7 ".0.80.,

163
379­

80
145

,. i ~ 1

4.

j 1 •.~;2
O.l'il

.0.63
0.48

TiO.....
..'J

11.4_....

,,~ .

,{;i.

23 '. 379:'::" ·10 5
155 ',60 ..;,7- 10
141' 111 ".; "!J.,. ,-';10
131 83 6 ~:z- 9

60.'75
65.45 .
55.. 76'
. 5.:04'

Ba';

,371
54cl'
167
172

/55 ...76
. 57 ~oa

64.71
65.45

541
"'296

167
401

~~ean

~atj.mtJm
Mlnimum
S.'pev",

,i:;

75040066.:Y
45200
4920!5
49206

:.:.,
, /'1
.~) ..

(,

Mean .
Maximunl,
Minimum,
,S. DEW.

Sample' nd.
;'.' ' .

'75040066..P
45200

"'49205
49206,

11
,i
I'·I' Numb~r of samples is

~, ii

;r' _",

r; o

;:

-
"

:')1

i!1 \'::;i~

.t.":!

I,'; i'

',:. ,

i~ ,

",

y,

',"" ,

'.1

, ,-.:'



-/'1 "f'

"','

(\ '\,

35',.

y:...
".

;,,.

" \

"-

:Cu Zn . Ga S

127 ~9 14 40
61 66 lQO
84 65 " 100
18 ' 62 220
49 54' 140'
e,~ 64 120 \ ~

i';),i14 113 " 320
144 as 1320
140 64 1040
139 90 1080

91 92 560
,~42 87 360
,19 85 20
Oi' '::

11 0 2:80 236 32. 104,;.. 9~' 80 14 41·,'"
A.~ _::. '!·~~-~~~~:,!::~~:~·:-.-==::----~~~_-: __._~~_b-~~~~-'-:-l:;:;·- ,~~-l:;;-;~~=----~';-~~l-3-~v--=--=' -~- --"

2 . 214 13 32 36' 14 ,~:, ,j, . 54 14 I. 2.0
10 43 13~$$$$$§ j7 " ~6~ (16$$$$$$ 445

Li 'v Cr Co Ni
\\,

16 289 72 32 36.
,32 246 ;348 10'9
;;40 2341' 34~ ('r 102
23 237 349 101
IS ~14 345, 97
21' 254 3~5 97
22C~' 361 . 13 42
~l' lO5 168 181
10 308 166 126
13 320 158 119
11 303 152 97

8 310 158 121
2 '254 447 128

Ce

17
l~;
16'
16
18
26
17
18
17·
29
18

"27

3·

3
e·
.4
6

-'

4
3
5
7
~4

",.'/

5 19
"R. .20_.

3, .' i3
2 5

~
i;

2

Nb.

'2 18-
...-3 ,_ ..33,',

'·--'2'.---' 1'2---
" J

,> 1 6

(,

Zr

44
4'
35
34
29
33
66
45
51
56

109
58
62

1:0.86
13.54'

8.'51
.1.66

n .

8.40
10,070

6.00
1.46

., FeO

A~e:X~·Bal§'al,.t -';,;,thpl~jites
,1· \.'

3.. 46
10.96

1.68
2 •.3'4

\, .

o

Pb

13 .. 46 .
14~36
11.86

0.61

·Sl'·

37 48
2;: 7.S

45 '92
72"

3 150
4 c",l:~-=
5 159

178
loa
150

\ 157
4 1'59

"136 c reI

Rb
,:,

125
25
73

5
Y.

49 "
243

37
22
34

026
63.;

I)' 1

75040080,8
49n9
~9220
4'S2:t2
49224

o 49225
49230

. 49tt 'i4
'.1 . ..t.:~'\ .

4'9 :Z:;S
49236
49239 ~'.

4924.0
49325

'.\
:-e'a ri(c....

'cMllXiJTlum
'Minilrurn
So:Dev~

7'5040080,2;
. .;;:;r:<~ 9 219

!;)419220
I( , 492'22
y', "
~:.•-, 49.224
'r!\jh q9225

49230
49234
49235
49236
49239 .
49,240'
49325 .

lotean '
M~xirourn

. Minirrulll
S. Dev.

'0 Sal:Jp;' e, !'lo.

NUJrber"'bf,:>amples is 13
'. (, .,'

'.
(.~-

. (.

I.; f',

I; I'.

(\

.jr
./1. ,,' ;



Ii.
'l~~'

0.;

j', i7:.

c: (r~ (;

"1'
I'

. ,V
\,' if' U'

.'
,',

C'i ,
{,\Apax 8'asa1 t ,;- doler{tes .' ;"\ .

"::".

',I
f~:; "

Sample no. .' S102 'l'i02 A1203 Fe203
I: PeO 'rot. Fe HnO MgO CaP. Na20 11\2° 'P20S

"
5;-

75040076,4 '~9.07" 0... 81 14.31 11.90 0.. ,00 10.71 0,,19 8.10 5 ..:36 3 ..10 0.. 37 O~04 .
75040076.$ 50.11 1.09 13.50 14 .. 51 0.0,0 13,06 0.24 6.47 1~gO 2 .. 75/ 0.. 41 0.06

49215 :48~70 1.7iJ 1'3.35\ 3.50 '10 ..60 13 .. 75 0.20 5.8al i 9.. 32 1 .. 74, 0.71 0.4:2
>" ,g229 50.81 0 .. 56 13 ..22 0.91 1.00 ' 7 .. 82 0023 9",50 ' .8 .. 75 3 .. 09 "O~56 9 .. 06

49341 52 .. 14 0.59 14.05 2~O6 ,:::::.• 7 .. 69 9.45 0.17 7.eO ,'. 10039 1~97. Oc08 O~O7,. c,

. \,~'50 .17 (1)3 ... 69 10.96
.,

Mean 0.95 6.;.58 [I 8.;-,40 0.21<:. 7.53 9..14\ 2.53 0.43 0.09
Maximum 52.l4 1 .. 70

,
14':31 14'o51 lO~60 13 .. 75 0.24, ·9 .. 50 10 .. 39 3alO 0.. 71 0.22I'

Minimum 48.10 0.56 13.22 0 ..'91 , 7~OO 7.82 0.17 5.80 7~90 1 .. 74 0",08 0.04'
S .. Dev. i.38 0.47 0.41 6 ...19 1.93' 2.:'1 n.G3 1.45 O..9~ 0~64 0.X4 0.01

:,~ ~.

\'
Sample no.. Ba Rb ~r Pb Tb U Zr Nb y La. Ce Li V Cr

:, ;:~ :'i' "
75040076 A 91 6 149 45 .2 16 14 278 244
75040076.B 91 7 123 !61' 4 22 ~'r 3 1.2 366 21..

,,49215 2507 4 290 Ii', 99 4 33 6 305 \" ,22 314 164
49229 387 ~7 203 '\ 34 13 7 16,+'<:: 39 213 597
49341 '-;:', 1$5

,', 34 ,13 2 17 I", "<~ 238 356:H; v .... ,..:.,~,

.()
~c '11. ,; () '-'::

76-9 179 Oi' 0 0.0 SS 3 19 " ~~ ~\2a2Mean 9 5 55 276
,. Maximum 2507 17 290 0 /0 ,0.. 99 c4 3~ '1 305 39 '~6S 597

Minimum 9'1 4 125- /;. 0 0 if 34 2 13 '\ i.3 S 213 ,21
"

ilti .

S. Dev. 1167 '6 69 0 " 0 ri 27 ,1 a "J .... 147 ,~ 12 61 217
- ;:~';'

"

(

,Co

44
4S

',I i'30 i

::'

(~.

Ni Cu ~n" Ga S

'93 161 63 ,13 ao
45 173 8\3 15 ,80
~1 86 89 440
2S 93 70 120

109 156 74 220

74 134 76 14 188
'i~g 173 89 15 440

25 86 63 .13 80 -:..~)

37 41 10 1 152
_1,.,

,
.; "

:;:: ~~,

(\

'J '

(I

/:

"

(.

\)

".



,',

),

Co Ni' Cu Zn Ga ,.S

60 354 58 59 9 520:
50 loa 92 69 12 240
44 93 84 Sti 10 260
42 91 104 60 12 230

131 90 64 . 160
99 /.12 64 : lOO

125 /:81 69 100
101 I"~ 86 61 l~O

__ __.'j:.A ..

____ 1 _________ .

66 UfO ....- ~U'f '. ',' . {~

100 ., 54 61 20
104 \68 67 140
:270 164 78 240
110, 132 106 160
291 77: 76 20
376 7,0 63 160
305 20 65 120
306 6'5 70 80
267 ,60 66 340
365 150 63 32!J
227 76 58 6(l0

49 198 '85 ~7 11 2{'5
60 .~es 164 106 12 61>0
42- 91 20 56 '9 20.a . 110 33 ii "" 153i:.

219. 749
26~' 1518
185 . '232
'23' 431

1l:Jli:"- T43(f"
2504ti7

'211 390
246 232
206 584
234 323
237 458
244 331
239 333

CaO t-JB20 I<20
" {I

4

4
11

2;

'L2c.....,

9
,13
13
13
13
13
12
13

.S'1:3
11,·,­
14-""
i7
1u

8_
9-'

10
la

'. 12/
. 11

11

1

Nb

0.19
0.29,"
0.1)5
0.03 .

""'32
ea
11

1,13
',\;1 )\~~~;,!,~;.

Zr

,2~~
3'5 ,.
36,
32
29
33
jl
31
3~

~O
44
68
62
11

"23
22

,- 26,
29
:17
27

2

u

8 ..65 10.19'
12.30 13.88
7~30 8.99
1.34 1.20

. "

3,Ai3
13.,;18

0.9.1)
4,{jO

2

11.26
13,.18
10.17
10.60

1.32
2.12
2.25
2 ...69
2 ~'6}

1.62
1.88
1..76
1.S8
1..27
0,,98
1.19
l,.6tJ

.. 0.99
1.77
1.64

11.50
14.04

13;92
r.97

109 . 2" .3
198 2 .. 3
. 26 2 -:u .3-
60$$$$'$$$~$$$$

C•• 58
1.07
0.38
a.1S

3
6

. ,3
4
9

14

55
116
198
64

9 51
17 .184
10, 185
Itf "166
"~ 119
"'19 176'

183 (,
. 84(1 (.

51
26
31

100
39 "
64

144
156

4Sr:· 10
309' 19

5 j
15 6'

Ba

20
309
101,\

, ,.11
25
30"lolr ,.,
46

5
~:
6

12
7
8

14
12

/ 27·

50.23 0.46 9~74

48.23 .' i~i.6611~46
51,.2.~ 'PeS7 12.93
52.5.'2' 0~62 ,12.76
51.02 0.55 {!'L,i5

,'51.56 0;;58'13.41
50.64 ~0~57 '12.96
50.96 0.'0 13~41
SO.61 0.60 " 13,.53
50.93 0.4,0' 14~IH

51.9fl 0.6 il'i1.:h68
47.7'11. 0.,1" 7. <tfJ
SC. 42 1.01 ,ll~89

46.€5 0.38 6.92
50.21 0.47 lO.(JL.
49.72 0.48" 9. 9~ ,"
49.65; 0.48 '(,)9.77
51.11 O~51 12.18
47.80 0.46 11.51
48.56. 0.50 12.18

50.09
52.52
46.65
1.55

49233
4~2.4.i: '
49325
493?7 ~

49333
49334
49335

" ,49336
49337
49338

Sllmple no~

750~O(n8 ,ea
7&040079 A
75U40079 .~
750400793"

49216
49217,
492J.8
49221 '
49223

\;~9232
.'~4;9233 ~~

49241
49326

,49327
4'933')
493'34
49335
49336 "

ci 49337
, 49338

.1.'

M~an
M'tlxirr.urn
Minimum
S. Dev.

J '.'

75040078 JF '
, 750-10079,,;,·1
75040019 $
750.t0079.P

49216
49217
49218(,

49221
49223 /
--4.923~- -/"-

1\.

it

\.1 '1 '::.

~a,lJIple no.



(; .
--- - ---'-:'~--"""'-

I~" ;,

(,

t.:

Zn Ga S

Z,7 140
39 200 '
37 120
31 20
34

34 0 120
39 G, 200
27 0 20

5 0 '15

t
/,
t!

/
~J.1/

\,

I'. / '

f' (,

t..

o

,-

c

,':'

~Co Ni Cu

1:770, 16
13S~'" 1
127a 39
14.i.1 r 5
1325 4

,', ,:;,

0 .. 01
0.04
o.oi
0 .. 03
0 .. 03

0~03

0 .. 04
0.01
0.01

Cl'

951
1630
1285
1176
1570

\\
\.

92 1322
.

0 1435 .. ;J~~"

106, 1630 c!, "0 1770 ·,,;,9
6'1 951 c, 0 1275 4
18 281" 0 195 15

v

ti1
94

102
96

106

1
3
4
(;
5

O~27 0.. 02
0.48 0.. 01
Q.. 07 ," 0.01
O.;;lt Lt 0 .. 01

'"".
Ce r)

CaO N820 £<2° P20 S
(:'

O.~6 0.07 O~I)1 Cl

4.39 0.29 0,004'
fLi4'''1 (0 .. 48 '._~...\02.
4~81::i 0 .. 31;\" O.Q2
4.15 0.1&0 0.02

I'

4~06
, 6.~{1
0.46
2.~O

3

2
2

y

. 31.56 "­
36.00
27.40

3 .. 09."

" 4
4
5

;:J 5

C 5
0 5
0 "0 1

('j

'J..'I [~

Nb

q.. 14
0.15
O.i2
0 .. 01

,:. 0 ~.12 36 .. 00
Cl O;;l~ 31 ..50,
0.15' ',27.40

. O.14~2.20'
0:,,15 ;30 .. 1'0

7:~1?

e.. /i·S"
8.65'
9~0'8"
S.30'

3
,) "S

8
6
8

o b
o 8
o 3
02

a~73 '
9.30
; .. 71
o~
~.

U)'~/ Zr

FeO

t,

S.45
6.35
4.S5
0.57

o ' 0"
o 0,
o 0 '
0, 0

Pb 'I'h

\)

0.12
r.o .19
0 .. 19
,0.19/
'1 .. 23

p ,:u ~\ ,~

'~ "'c\\, Ap's'J\' Basa,!.t-; Per idotttic koltatiites
\\ '<c" • ",_, . '

, '1'102 ,< AJ:20j&-.,Jr~203 '
!. \;",
'--)

2,.70 ',;: 2'108~ or' 5.20
'4.301~'4'4 4.85
4~3~;~ 3:19 5.60
.4,.47 (.' ~~(h 6.35
:i~:6'7 "4.50 5 .. 25 '

Rb SI

2
, 15

27
9

25

0 16
0 27
0 2
0 11

.0
5

,;t;

Ba

o
o
o
o

SiQ2"

"3~.46
4,2.89
,43 ..65

,42.87
42.99

,~) 42.36
430365
39.40
1.6~l

49328
49329
49330
49331
49332

49~~8
4932.9
49330
493ji~.
49332 .

Numbar 0.£ samples is

Sample no.

Mean (~

Maximum
lHnimum
S .. Dev.

Samp1 e no.

MeGln
Maximum
Minimum

,', S.. Dev.'

J ,- .,~; .'

..~. ,

. :~I



Buro Basal t - tholeHte,s"

S

40
200

1600
22'0

o 515
o 1600'
o 40
o ,,728

GaNi Cu Zn

126 140 98
105 172 109
101 173 92
120 158 115
~R tg~ 18~

12.6 173 115
40 140 92
34 14 9

o
o
o
o

CoCt,

, 16!1~'

94,
89' .

167 (1

ias,
H?

33
56

v
·c

Cc 'M.

',', .
"

....
;.,

: :

CaO Na20 1<2° P20S

8 .2~l 1.84 0 .. 28 0.10
. \"1;;

"9.44 2.04 0.09 0.'13
9. 7~, ,1.96 0 .. 16 0;1.2 :.i,.

7~a8 2.46 0.25 0.12
7.16 3.22 0.08 0.;17

8.48 2'.30 0.17 0.13
9.14 3 .. 22 0.28 0.17
7.16' l'.. 8i1· O.OS\ 0.10'
1.08 0 .. 56 O~O9 C.03

La

....... '

y

,6.31;
7.45 .
4 .. 62
1,.11

'2·

t":
:'Mg(l '

22' 8 7.1 10Y 340
2 . 22 -4 -17 ,,"6 309

22 6 18, 5, 329,
2 22 6 25 9 317
1 ~§ e ~~ a ,~~~
4 26 ·8 30 la 340
'2 22 4 17 5 309
1 2 ' .2 5 2 12

-
v'

c;~:-_

HnO

0.21
0.22
0.l-8
0,,;02

Nb

(!; •.: .~...,-

FeO>' /X~p t. Fe
.......• , "

10.3012..60
10.40 13.21

9.30' '12.61
10.80 12.• 90
10.50 15.29

2.56
3.12

,~ 3.68
2~33

. 5.32 .

48.12 .'J.. 2 2 13.75. 3 .40, 'lQ"2~,, 13.32
49.27 L67 14.53 5.3t; 10,,8.0 15.29
46,.22 .1.03 11 ~ 9!r~, 2. 3:S 9~30 12.60
LlB 0.26 1.04 1.19 '. 0.57 1.13

Ba Rh Br Pb Th W
fi

Zr
r,

,31 .. 10 76 60
10 " .;159 '. \\

67~,

14 3 i45 I,,"; 2 .. 64
25 6" '\106 62
19 6 11~ 0 0 2 11~
37 10 159 0 0 ':;'2. 115

7 3 74 0 , o 2 60,;:0
12 4 39, 0 O$$$$$~ 230

49.27
4.8 ~46

47.85 ,0

48.aO
46.22

!J

~amp1e no.

49344
'49345
493A6
4934i
49349

Mean,
t .

MaxImum
Min~,mum

S. Dev.

49344
49345
4934'6
49347

Mea~9349
Maximum
Minimum
5.' Dev.

\

Nun·ber of samples is 5

Gample no.
:~!j C'

C)

f,)

:.', ....

c,
'.'

I)



8uro B~~81t - .High-Mg ,Basalt

Sample flOe

49249
49343 ;, .

·49348

" Mean
t-faximum
Minimum
S. Dev.

. '/:
'\ l,~ _', ,;

" /i
Sid:. (··2

41..60
47 .. 10
52 .. 00 '

46 •.~O
52.00
41,,60

5.20,

'l.~O

l.)~,

0.69

1.03
1.39
O~69

(1.3S

li1203

7.7'"
7.23

13.24

9.41
.13,,24
7.:n
:~. 32 '

Fe\tO~F~O

t,;' . ' !, ",
1.08:, 10.)0
2.22' 9.7-0
2.35,' 1.$0,

\. '. I'

1.8,9, 9 ~20'

2.35 10.30,
1.08 ".60
0,,70.. 1.42

Tot.Fe

. 11. 27
11. 70

9.72
10.90 ;,
lL70
9~~2
1.04

.M~O~, . MgO CaO

0.20 9.30, 9.63
0.19 12.60 ~12.98

0.17 a.35 9.20

0.19 Id.08 10.60
0.20 12.60 12.98
O~17 8.35' 9.20

.0.02 2.23 2.07

O~03

1.10
L83

0,,99
1,83
0.03
U.,91

, ,

0.!;7
0.07

,.0.10

0 .. 25
0 .. 57
0 .. 01
0 .. 28

0.07
0.12
0.09

0.09
O~12
~). 07
0.03

I,
I

l'

/..

, f

~.
, I~.,

Nureber ~f sampl~E in 3

';.:,- '
"

~6
\53

0 ~~
\l'

0 0 0
0 0 0 66 0
m 0 0 46 0
0 0 0' 11 0

l'

"

s

~t40

80

129
240

60
99

Ga,~n

.'

C\iiNi

~33: 121 86
335 260 76

O' ',ig~ 1St' , ~l 0'
0 '~55 26JL 86 tl
0 107 72 61 I 0
0 136 38 10 0

~, Co
.' ~,

40,.'
1504

183
1S'04 '

401
6.25

vl-!Ce

24 19
16 10·
'2'.'1 7.
zt:"" 12,',:, ".
~4\ \,19
16 ,.."7
4' 6

. 5
3
~.
S
3
1

·i15
, 16

l~ ,
16
15

1

Th, Pb,lJa Rh Sr

4 2:L 41
22 ;"'.' 124

l~ 23 '<ia~
2.2 23 !~9

4 23 41
9$$$$$$ .P,g

Sa:r.ple rIp:
49249;
49343

Mea~9348

foIaximum
Minimum
S. Dev.

. ','-::-: '--~.:', ... ;,; - ':.:,::::.:- '-



, ,)

200
240

20

20
.40

20
40

40
160

40
20
20

Ga

480
40

600
720
280

40

14 168
17.",· 720
13 20

2 219

13
13
17

I " T~'

13
37
..3
8

s ,,/116
4 " 14
5 f 19

,; 21
,~.'

3
20
10
11

7 ','
1

23
5
5
8

11
8

14
<i,:l
'11
37
18

6

2
1
1
4
3

16
3
5

11
9
6

","3
43
29r"
24
15,

<i, . ~

Ni. /,Cu

'\; i

. 4 10
11 43
.. I 1
2 11

.1!
.' 2

5 " ,~

5.
5

,2

4
4
1
'2
2
2
3
3
2
5

11
7
J

[J

3"
2
3

CJ

Co

4
4
3

11
22
18
17

0.05/
0 .. 3'5
0 ...02
0:~08 '

3 ..~\
i~":

~~: I' 4) ,

f· 3
3

I.')

4
6 ,
1 'r

3
1
'1
4
j

18
2

2

7
14

32, •
43
37
38

,}l (/ Cl'

KO2

, 7.11
12.54

3 .. 14
2 .. 7~

, ;,.
(/::5.

,\
, 6 Iji,D7. O~\O 0
6.34 O.\~O

6 .. 11 beti,O,
7 .. 08.9 0 03"",
9 .18,1> 0 .. 0 3\
7 ;; Sa,:y:, ," 0, .. 0,2\,

'0.62' 0.03'\,
8 .. 37 0.03

0
,"

8,.44 ":, 0 0 03~,

8.11 .0.02
3 ... 14 O~05

4.72 0.02.
3 .. 88 O. 02,~'
3~630.02)
3,.. 6ti 0.02

::~t~~:~'~
,,5.15 0.03
6.62' 0.02

11.,97 Q 0.36
12.54 0 .. 09
11.05 0.07
11.25 0.08'

0.35,
,3~69

0,.06
~'.. 79

"tee

0034 "0.;30
0.68' 1.09(·
0.08 0.U1
<O.lbO:~33 '"

,'\
21 >23 50 5 1'6 t- 6 3

.,29 31 77 15 ,r;,
43 ,,22 " 3

iQ, :';i:; ," 9 .,26 '.'.1 .. .... 2 i '';~2 ..
't: 8 14 4 16 '6 1a· ,-'--'" <"''0

0.03
P.17

'0.01
0.04

Zr iu

ll.,4~ 0.46 0.18 0 .. $7
1.t.S8 1.09 0.;35 0.9'8

re .53 0.0'1 0.05: 0.11
\l.~l",O.30 O.. lC)"" 'J..•24

(~::) I~--~ 'r'-' .

l? b '. Tll')"-Sr

.10 5 24-4 :~;;i02 'l,g- "1:':,- 21 ,36,;-:.' 61 11 /,j
12 7 ' 2~ ;{;lQ;1. 10 27 37~. 65 ,,9 / 3
12 ;5 25 {••' Ha 10 29 37 62 ,12:.,:"'; 3

43 19"" 28 ~) ~,./':86·; 8. 24 13 4.115". 3
6 1031 7'1,:" 82 10 23,1~ 4'1 3'
'7 H;"";:3,l":''';~~' 6'''· .a2 '. 10. 22 ,.23 5"9
6 I," 13 2"9 5, 1r.81 10 27 ,. 33;1 ,8
5' 1131 4 /':80 11. ,25;,21, 67, i
9 13 32 ·h ("<'84 11" 2~ , . 26, 65 7
9 11" 29 ' 6' 80~"9 z.~ 31 75 'J 7

46 3' 9 2;,; lr4 3_·- -10 a3, .1'3 ""3
11 5 13- .' 'iJ·:t',· 8'6 /):>'-'4 16 19 47 4

6 3 13 , <; . 6:2 5 19 17 ~O; 3
12: 9 10 ",,:!ft 125 '~ 1:2 21 >, 36 2
10 5, ll! J.:344 ~'19 26 I) S3 3

6 ~r' 8 2 c:,'C"ti9· ;;,4 13. ' 11' 31 3
le I::i 9 2:, 13~'., i~: :',,: 15 20 ' 42 3 .

d21 46 12 3',147 5 24 19 41 ''3
9 '7,,'11 2><1139 't: 5' 22 L' 24 ~7 3

26 7 ", 6 3 127" 422 . 9 26 2
,,18 6 5 2 193 7 23 20 45 ,~>, 2

c'~2 5 6' 2, '(177 4 l8 15' 36 .:; 2'
18 ,7 6 .'. f73 5 17 29 39 .... f

RbBa

~ C:;-:-._-l.';:;~.~~~ _

71;91" O,~16

as.48 0.59
70.21 0&04
3.59 0.18

247 . 146
493 220

59 ,,7:t
17,1 " 50

131 '211
146 207'
135 220

65 '- .211
1Q 180
67 191
63:::-'190
6P 179
59 194
72 189

405 82
r ,,93 91
'r'1442 _, 72

3D:/. "\\68
110 91
183 90
23213.4
411 13~,

480 121'
·;~':::;'S '120
;t:,> 4.45 h-22

".' 442 12,2
422 111

,',
Sample '00.

Mean
Maximum i)

Mini~um
5.; I)ev ..

Sample "no.
:>

75040105A
75040105..8
75040105C

49318
49319
49320
4932,l.
49),0:::"

,.~,'4 93:2"3
4'~~24

" 4935Cf,.
49352

i;~;';3:'J4935 3
" 49354

4935Si
49356
49357

,,49358 11
1!49359 .
49360
49361
493,i2
49363 '

r~ean /1
I

M8ximwrl
,,;~U.nimwi\
'S .. Dev o

I~

d~8 r 3 113'~: 7'
(,;32 / .'...193 11

5'~i,. '2 Ji2, ".3
10 /~?:, <;~"'~;:""; 3

.; Nun1l;ler of samples i~'23 . ; . ','
_l1BQliii£i&CJWiliJiJ'dH!llI~~ ~__j~~::~~~_



'>.

\.'j
, I

.7_--J.~

42'" I
I

It"-'.

',:..

i
!:,

[.

. -'';''''

ri

• cl

.'~\

Z)

,-:'

0 ..83

0.12

-0.5'3

. -',-

0.53

0".83

" C..~17

·~O'.99
0.57

"" 0 .. 65

,.

.C
''-

,
0.15.

CtlllO., Na~O
, ;.-

0.54

\
(

MgO

'''.
-(),,54

c 0.99'"
, '';':',

-O.~,2, .
:':"-

-0.52
-0 .. 50

",:,0 .. 90

'..:::a. 69

0.,63"

-0.59

~O~68

rhyollt'BS' (major elemef!ts)

. '

\ :

()

0&54'

(.

. .r,
0.71

.,

1 .. 60

0.50

0.. 72

-0.61

1).67

:D.S3

: \.

c;

fle.51

j
I

.. ~d.S9
I.

'J .. t: "
I
I
I

,)
I

O~51

~ FOR.MATION
- . -.~

Feo . "Tot&Fe, ;~AnO

0.57

. i.',

0.91

1.00

0~55

0.51

o. 7~'
0.51
0 .. 79

-0.73

\' . .

0,93

~.55

1.0(k
U.6<!

"·0.57
: :' __ ,';to,_._,

-0;54
0.99

0.92

0.50
Q:a67

O.f(4

0.78

-0.54

-0 .. 87 0.61 (' 011> 70

-O.GO 0,;65 ,0.60"

(}~S6 -0.. 5.7
.-;~' 0.66

0.58
~ ,~- ~l

~0.11 O"S2
-0.52

, 0.. 81 0.59 0

-0090

-0.79

0 .. 62

-0.. 66

-0~58

-0.51

-O.7~

-0 .. 87

c

er
Co
Ni
Cn '::1

Zn

Ga

S
''''. I~.:

Si02

TI02

A1203
, Fe203

Peo
,

Tot.Fle

MnO!I!
It I,

MgO'\i;iI\J
CaO ff

o.
N.a20

I) ,K20

P,205 ..

Ba
Rn>
Sr

Pb

Th

U

Zr
.'
Nb

Y.

La
Ce

L!
~'! '

V

\ "



J u (;I

l)

o

.'.'

______. -:..~~=-' .~ ..."MIJ'I

::. ;l

.;,.,

b 'M'¥~

Ir ~

.W!lMA~ 'FORMATION
,'(';

,.... ,

{,

sGaZn
c

CUNi,erv

f·

o..'g<6

'O09~ -O~,50
:,

O~'~(j 0.. "12'
. "((

0.,79 0.,71 1 ..00 (\
\.~v

Q.S.O' 0 0 55 ..

0 .. 76 -1000 9.. 5,0 0.50 0 ..92

oosa 0 .. 65' l<l~HJ 0 .. 78 0 .. 72 1.00
~'l

Li

-0.62

Ce

11

O.. 5,O\~·

(i '

-6 .. 65 -0.64

Nb

o;~ 50 -d. 50 -0 .. 97

0.18 .. O.5~ 0.66
'·CS.7; 0 .. 64' O':Sr" 0 .. 51

"",--0051
" .~:::;'

~O .. S6
0.90
Oc-Si

,. Zr

(\'v
It'

u

0.59 --

O~76 O~S3 -O~~l

0.75
,;',";,.'

-0" 71 -0 .. GO·

-Oosf
O~50 L,no' 0.50

;::J

0.79 i,'•.

!~:~
>~,I~ •

-0.76 -U.12 ,~

J:':' -9:530 .. 91 0.,69

0 .. 64 \-, O~80 D
.-

0.52 O~ 6Ji, 0 .. 51

0 .. 95 0 ~ 50 2(ci'~ 50 1.;0,0 0.50 -0.50
I/q ,,,"..-

O~55!_:

00S5 -0.53

0.61 '<

0,. 14 -O .. 50~1600

';: ..;;:::

0,.,91

,·5.) .. 83

0.57
':.~

0.. 67
·1 ,

0 .. 84

.C

-0 .. 66

-0 .. 61

0 ..66
0 .. 55

-0.91

Ba Rb "'S,r' I'b 'rh

";O~71
I:'

" ,~.

i·/,' ~ ,',

o. 54 -':'~j
t::'!

-0 .. 82

'-0.51

.,0 0 59

-0.75

er
Co

Ni
Cu'

Zn
Gel

S'

Ba,

Rb
Sr

Ph

Th

U

Zr
Nb

y

La
Ce

Lt
V

, ,';
',I

D"')

..' ~\

--, ...



(r' •

\ .. () '".'

" l~~ (J
(;

J\

~.05

.0.05
,~ o. t116' ':'

0 .. 08
,0.0&;

O.OIS
0.0:;
o.os
0.06
O.C6·

t.

1.;:1
,0. I?!
0.05
0.13
O~1:9
~.04.:­

0.02
0.02
0,,03
0.46

;.'1 j' ,-~', "

KO' ~. 0"·····2 :2 I~
i

2 .. 20
2.,64

.1.73
1G93
~(~60

1.13
'1..59
0.87
3 .. 46
2.24

CaO\ MgQ.
\ ~ :.::

'Tot'~ Fe/: MnO'PeO

8.55 11:~48 0.15 4.0-6 6.45
7 ..4tf9 .19 Q.c:..168.20 10.t4
7~6S :)9.4'2 0 .. 15 6.90' 7.29

. 8,,00 10.3..9,,,,' )~h21 7.35 lL80
6fOl~8.. oR: 0,,16 .. 8.65 12,,30
·6~lO !U34'c', 0.16 8.32" 11'.64

6.45 ,E\&i:U n~16' 8.60 12.39
6.~5 8 ..370.·17 8.30·iOI2~20

7,,65,8.77 0.16 8.40 9 ..~4
7 ..,25 a. 92 0 • 17 8 .25 lO .. 59

Ch&~terls8as~lt~ €~cleiites,. ' -, ! . ,,- ~

, \

3.26c

1.. 99
1.97
2.43
2,.14
2~27
2.62

(, 2.36
1.24
1..85

50 .. 96·0'2 75
49.66 "0.54
51.~67·' 0.,65
47.51'f 0.51
48.42' 0.10
47.38 ,,0 .. 51
46.88 0.53
4~.59 O~56

49 .. 13 0.54
47.99 0.50

49250
49256
49259
49260
49261
49262
49264
49265
49269
49276

Sample no.

. .
~,--------~-----~.._----"----_._._-

Numbar.of samples ia 10

0.53 14",90
0.7S; 15.91
0.10 12.95
0.17 ;; 0.99

C '

0.17 7.71 10.48 1~94 "C;24 0.06 .- ..
0.21 8 ~65" 12.39 3.46 le 31 0.08
0 .. 15 ~.O8 6,.~'5 0.87 I O\"cp2 0.05

G0.02 '.39 2.13 0.75 .. O{~U O~Ol
<'

1' .. ,

Nb 1

'C'i:"y La Ce Li V Co Ni Cu Zn Ga S

l~. 12; 23 283 { 5 31 (J.
,:: 35 40;:)

11 J" ':;14 12 200 .390 101' 91 ( 60 160
13 3 16 20 255 250 . SO 98 67 400
12 2 17 '''I 227 419 n 157 88 ·68 560~~"

1· '.

9 5 18 12 177 462 199 86 cS1 260
10 3 13 .13 159 704., 263 87 53 280·;.=~,..
10 3:' 19 8 169 492 204 83' 56 440 )\ :
11 ' 3 19 12 ' 176 527 203 75 45' 'HW '
11 I; 3 l~ 22 1~S 477 192 69 52 .' 116
11 3 15 33 167 407 \133 69 56

:,~, ,~,

240(
I,

0 11. ;3 16 16 201 if 414 0 156 77 54 0 268
0 ; 13 ~ 19 33 233 i . 704 0 263 9S 68 0 560
0 9 2 12 7 159 ,5 0 31 5 ~5 (I 40
0 1 1 2 e 41 183 0 70 .27 ',' 10 0 159

()

37
25
3!i
30
26

.'29
.28
>J5.

'29
30

29
37

.25
4

7.17 9.16
8.55 11~4a
6.15 '8 .. 08
o.84() 1. 02

U.· Zr

":.;.' U

,;"

, ,

2.21
3.26
1~24S
0.53

2.

(102
002
o u~';"2

o (1$$$$$$

St

71
'197
161
14'4
242
190
223
239

93
166

175
242

11
Si'

7
2

18

15
43

;2
17

Rb

43
5

48".92
51 .. 67
46.88
1.58

Ba

1;!8
51

Cl 2
69
72
15

2

13
112.

52
128';

r,; 2
47

49250
49256
49259
49260
49261
4926 :2
49264
49265
49;269"
49276

Mean
Maximum
Minimum
S. Dev.

Mean
l>ta"imum '
Minimum
S. Dev.

. Sample no.



. \',

Cu. Zn Ga S
;,;,

86 63 360
85 59 300
85 49 600
87 58 180
80 63 360
80 :69 <;-

100/,'

84 ~,:l60 0' 317
87"

;,1
69 ';";. 0 600

80 ! 49 0 100
3 " 0 173

'·r ii

'I.:·.Y

0.06
0.06
0.05
0.01. ..
er "Co Ni

642 96
alO 222
622 244
853 221
54.7 139
71(.'. 134

\,
\'

597 0 177
8S3 0 ~ 244
547 0 96
il? 0 61

P2US

0.05
0.05
0.06
0.06
0.06
0.05

v

0.44
0.90
0.03
0.34 .

K20

0 .. 90
0.39
0..',03
0.25

i· 0.81
0.28 f:

:",-

'{ q,.
. ' :'

,

Li

2.22
3 ~54

1.02'
0 .. 83

2.55
::,12, .os
1.02
1.87­
2.28
3.54

13 221
16 187

9 ,160
23 . 200
13 210
44 242

13 20 203
18 44 ,242

9 " 9 160
/3 -13 -, - 28
\ - '..::\./

,CaO' Na20
:~'

, :".

3
4
2
1

-;. 12
14

4 18
2 9
3 11
4 16

10.14
lZta6
7,.28.
1~83

, '~

\\ .

~\

9.52
fo ..~o

8.'fio
0.6 ';j

(,

,11
10
"9
12
12'
13

11
1!

9
1-

lr-'

14 .24
,13.68
15.49
14,. 3~1' --,'
13.68 '
14.01

0 .. 56
0.50
0.49
Q.54
O.S8

. 0.61'

4e ..54
47.94'
48,('02

t,., 4'f.t2
49.07
49.16

}
I

" ,"I "S15mp},e,<;ot>.
,f
~9254'

/49255
- / 49263

49.271
,49,2.72
49275

M,ean 47.83 O~55 14.:24 1.80 7",90 9.52 0.19,
Ma~iJr.ulii 49.16 0.61 15,(149 '2 ..'07 9.60 10.82 0.21
Minimum 44.22 p.49 13.68 1'.35 6.00 7.77 0.15S ~~ Oev.. 1.,84 ',"0.05 ' 0.67 0.2,7 1.2~ 1.03 0.02' .

r:..',1
;;.

"Th.' SClmple no. Ba Rb 5r (tlb U .. , Zr l'JbI~

0,
f,. l,t49254 384 24 109 27

49255 67 l'J. 256 :' 23
i<
,c,

':;;'f~'
,,49263 13 302 27:
49271 51 6 151 \:; " 27
49272 ,59 23 I:: 86 31
49215 64 5 ".', '17 I";, 32

c.? ~
,',

14 :, 0
'.- eMean 106"

t;i~~ fj' :~j, 0 28 \,
,,~

Ma:/dlt'um 384 24 O""C;:~~i - 0 0 32 0
Minimuill IJ, 5 71 0 0 0, 23 0s. Dev" 1376-:(: ,g. i:

'".-94' 0 0 " 0·'" 3 0'. 1 ~

\i

NUll'ber :of samples Is 6
. ;~,

:1,

!t, I
',-C'



~$

,H(tri~yeate r ,Baael t tboleiites
'\};'

" ," ':!,- ('!

()

','
_..!Sample 8i92 ',uO A120J Fe203 FeO ,Tot~Fe MnO MgO CaO N820 /) K20 P2'%.no. 2 It" ~~~ ...,1: s

2':0449379 50.30 O~99". 14.~,2 i.52 ·9.10 10.47 0.20 ~.15 7e22' 1.29 O~14
, -:;:

"~49,380 47.46 Q. 8'~'-\' '14.47 1.51 9•.15 10051 0 .. 21 8.1G 9.,14 2.22 1.18 ~1.12
.1,'49'383 51.71 0.78 13 ...39 2.90 ;:' 1,.50 lO~11 Ool~ /,3.92, 13 .. 31' "0.13 0.. tl2 O.OS","7'4$'1'37 50.52, 0.93 ,13 .. 72 2~27 8 .. 05' 10.09 0.22 '7 .. 60 8.33 '2~50 u.79 '£1.13

j/ ')49389, 48,,19 0 .. 55 14.97 ,2.24 '9.00 11,,02 ; {) .. 26· ., 4.78 9 ~'fJ2 1 .. 79 O.:\.2 (I" 01; r"'" 49390 50.76 0.58 14.84 A).87 a~70 9.48 /";:0 .. 23 4.70" 6.'75 1.95 1.60 9.06 "\,.i'4939~; 53 .. 06 0.54 15.01 2.aS· 8.15 10 .1~ <' "0. 20 4 .. t12 6.16 1.50 0.. 93 G:.06 ~~~\
.: j.\'

'",\ "49J,93 ", 5,0;.55 . i).GB 15.01 3 .. 42 10.70 13.78 0.26 5.55 5.19 1.14 0.84' ,,,(l.06
493~5 53 ~,21 0.80 14.00, 3.84 9 .. 50 12.96 0;22 5.35 6.10 10,47 0.'06;' i:'(i,~8
.49397 .SO~:88 . O~95 13.51 ' ,c",2.16- 7 .. 90 9 .. 84 0.11 1.55 9.UO 1-:."83 o.n." '~!r:15
49398 49031 hOI 14.91 2.57 8.5(1 10.81 0.20 \ 7.8.0 7.61 2~46 () .,87<· ,',\1-';'15
49399.· 49.57 0.95 14.15 ' 2.13 8.20 310.12 0.20 7.65 8.10 2.30 o.6~ ':' ",'" 0' .13 ~~,

(: ..... "
,~:j ,',", u

50.47 0.81 8.70 10u63 ,;,0.21 '",O~15 1.78 0.73 0<010Mean 14.38 2.36 ,6 ...31
Maximum 53.21 1.01 15.01 3.84 le}'. 70 13.78 ,'0.26,. 8.15 13,,31 2~50 1.60 0.15Minim,urn 47.46 0.55 '~3 .. 39 0.81 :, 7·S.0 9.46 0.14"" 3.92 5;79 0.13 0.02 0.06S., Dev. L72 0.16 . '.i ~),. 61. 0~64 0.~.6 1.2,7 0.03 ,,1.62 2.10, ,0.66 0.50 O.O~I" \.'..;, '

Sample f,lo. Ba Rb Sr Pb Th 'U 'ZK" 111b Y La Cec 'Li V ~~1 Cr Qo. Ni Cu Zn Ga(;
0 "r. ',~, I,',

i'49379 1642 33 150 2 93 3 ?~ 7 2~' .;10 316 327
..~;

53' 54 79049380 1615 28 1~5, 78 ., ,.
~5' 6 21 9' 2,79 4.51 11,4 50 77.. /'

49383 5 2 44 19 2 17 ),3 3!)O "' 5 28 32 5849387 310 21 172 <'~8 ~, 29 5 19 9 275 311 61 44 7449389 39 3 260 27 .. '17 2 11 ..
'I~ 13 ,305 16 61 ',,100 79"

493~0' 179, 62, 40 30 1~i 14 13 324 15 55 66 11349392 27 24 aa 36 22 .3 14 i2, :319 'lE 47 123 7349393 74 17, 68 36'; 21 3 11 '~~ 7 350 ,i 38 119 9349395 6 2 :t08 45 i, 2S 4, 12 6 3'/2 '. 30 109 9349397 60 9 92
3'~

101 3 30 8 25 8 286 248 47 53 8149398 261 "19 137 J93 q 31 6 25 a 3 .... 292 56 61 90~1

49399 194 17 121
('

;~'-, 100 ;) 29 6 23 9 300 250 t9 54 87Mean 401 21 119 '0 2, :3' 66,' 3 24 5 18 9' 317 176 Q 5~ ;74 84 0Maximull'! 1642 62 260 0 I' (, 2 3 103 ~ 31 8 25 13 372 451 '0 114 123 113 0Minireum 6 ':~,2 5 0
\\- ,

2 2 ,,,'. 2 IS -'2 11 3 '275 5 0 Us 32 58>"..::f:-.:< ~, r,
0

I: 56 Dev. 615 i1:,. 69 O$$~;$$$ '. '1., 32 1 5 ,/;2 5 3 30 166 0 22 32 14 0~r- "'~'~""j ~,. -':

»NVlT'ber ~of samples: is J.2 "'-"
-~.

s

60
100
100

60
160
520

80
120

80
560
lOC

SO
168
560
60

). 76

":', ~,.,:, -.\'



,.\',

.3\,
\\
\'
t

\\
\' '

"

Honeyeater Basalt"';:' dolerite6

('

!.' •

I 0

"

O~18 7.'6 8 ..83
b~22 10 .. 20 11.25
U.14 5~90 6.31
0.03 1.29 1.40

4936·'
49365
49368
"\9369
49370
49373
49375
49382
49384
49394
49396

Mean
Maximum
Hinimum
s. Dev.

49.51
,51.US
51.07
50.~6

49.39
51.01
46.78
49 .. 01
49~12

49.79
52.~8

50.00
52.68

. 46.78
1 .. 53

0.38.14489
.0.90' 11 .. 60
0.65 15.12
0.69 14.26
1.08 14.30.

. O.. <f,Jj 15 ..17
0.31 18.47
0.81 13.93
,0.49 " 13 ~74

0.39 14'.98
0.62 15.07

0..61 14.92
1.06 18.47
0.31 13.60
0.. 24 1.35

2.08 S.. 3S
1.. 2,~ '8~40

~... )8 7~20
1.41 ,7.55
'2.76 8 .. 7;)
2.89 7.30
2.39 1~60'

':'"1.668.10
l..54 1.55
2..94 7.95

~ 3.28 9.05

,2 ..15 7 .. 98
3.. 28 9.05
1... 26 7.20
0.73 I 0.60

10.. 22
9.55
8 .. 44 .,
8 .. 82

11.. 18
9~90

9.15
9 .. 59
8.94

10.60
l~.OO

9.91
12.00

8.44
1.(\S

(.

0 0 19
0 ... 22
ll.IS
0.14
0,,19
0.19
0.16
0.18
G.lS
0.19
0.22

MgO

9.. 28
6.80
7..83
7",05
1 .. 85
7.13
1.. 45

19.20
'9",,2Q;
8 .. 90
5.. 90

, 7.66
'9,.64
8.54

11.25
8.47
9.04
9 .. 14
9.29

10 .. 46
1.26
6.37

1.11
2 .. 80
3.02
2.60
1.80
0.65
1.. 4t;i
1.:fo
2.. 50
1 .. 46
1 .. 69

1.87
3.02
0 .. 65'
0.• 76

0 .. 32
0.. 23
0.17
O:~38

0.. 80
0.26
0.39
O~80
0.. 68
0 .. 48
0.55

0.51
0.80
0 .. 23
0.. 22

0.05
0.12
0' .. ott
0.. 09
0 .. 13
0.05
0.04
0.. 12
0",05
0 •.05
0.05

(\

0 .. 08
0.13
0&,04
0",03

",

9205
6 157

23 217
11 152
~2 ,·289
;·"5 160

I' \ 91
21 152
18 93
lQ:\ '!>2
11/2

Ce. .Ll

11 8
26 11
a . 5
G 2

Sample no.

49364
49365
49368
~9369'

49310
49373
49375
49382
49384
49394
49396

Mean
Haximum
r-tinimum
S. Oev",

Ba

74
79

311
305
345

51
87

666
667
17
61

242
661
1,

1Jjl

Rh

13,
,23

5
7

Sr

i~53

2~9
\;2
6\,

,0
o
o
o

Th

o
o
o
o

u

o
o
o
o

Zr

19
95
36
40
98'
22
14
74
22
22

,I( 31

43
98
14.
31

Nb

2

3

'3
j

1

,::'1

1.1
29
16
15
31
13
1()

,24
11
12
19

.17
31.

'1.0
7

La

2
6
5

13
5

2
5
6
2
2

5
13 ,

2
3

15
26
19
19
22
J.O
13
23
11
19

8

c

11
6
6
5
7

11
10

9
7
8
7

237
264
219
275
338
228
200
266
243
223
321

256
338
iOO
.43

Cr

50
272

88
13~

191
39
31

461
147,

471·
9;,

13~

461
9

135

Co

o
o
o
o

Ni

108
46
71
55
43
86
81'

128
79

110
S6

eo
128

43
28

Ca

55
50
70
55
65
63
46
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