
Geologie en Mijnbouw 76: 311-319, 1998. 311 
© 1998 Kluwer Academic Publishers. Printed in the Netherlands. 

Mobility of rare-earth elements and copper during shear-zone-related 
retrograde metamorphism 

Geoffrey de Jong1, Jackie Rotherham2, G. Neil Phillips2 & Patrick J. Williams3 

1 Pottenbakkersdonk 9, 7326 PA Apeldoorn, the Netherlands; 2 Great Central Mines N.L., Melbourne, Australia; 
3 National Key Centre in Economic Geology, Geology Department, James Cook University of North Queensland, 
Townsville Q 4811, Australia 

Received 11 January 1996; accepted in revised form 19 February 1998 

Key words: Australia, metadolerites, Mt Isa Inlier, REE mobility, sodic-calcic alteration 

Abstract 

In Mid Proterozoic crystalline rocks of the Mount Isa Inlier, around Cloncurry, Australia, 2000 km2 of alteration 
and brecciation are the product of high-temperature (> 450 °C) concentrated saline solution activity. During 
retrogression, this fluid was locally responsible for mobility of V, Y, Nb and light rare-earth elements (15 x 
enrichment). Copper and S were leached during alteration and this may have been a significant source of components 
in nearby Cu-Au deposits. Similar rare-earth-element behaviour has been observed in the hematite breccias which 
host Cu-sulfides at the giant Olympic Dam Cu-Au deposit. 

Introduction 

In many situations rare-earth elements (REE) are 
immobile during metamorphism and are used as petro­
logical classifiers (Rogers et al. 1984; Meschede 1986, 
Hellingwerf 1992). Other high-field-strength elements 
(HFSE) like Ti, Zr, Hf, Ta, V, Y and Nb are also 
regarded as immobile in metamorphic environments. 
In other situations, there is evidence that REE have 
been mobile during 'early' sea-floor alteration (Graf 
1977, Hellman et al. 1979, Kwak & Abeysinghe 1987, 
Salvi & Williams-Jones 1990). Research in the Clon­
curry terrain (NW Queensland, Australia) has revealed 
mobility of some HFSE and light rare-earth elements 
(LREE, La to Sm) during extensive albite-actinolite­
dominated alteration (Phillips et al. 1994, De Jong & 
Williams 1995). 

This paper focuses on the regional effects of flu­
id infiltration in mafic rocks at different crustal lev­
els near Cloncurry. Mapping of 1000 km2 during the 
National Key Centre's Cloncurry Project identified a 
zone of extreme brecciation and alteration for 100 km 
along strike. Well-exposed river sections were the sites 
of detailed mapping and sampling of mafic rocks. 
Mobility of LREE and some HFSE (V, Y, Nb) has 

occurred on a scale of tens of centimetres in vein sel­
vages. Geochemical considerations suggest an associa­
tion between LREE, V, Y, Nb and Cl (and/or F) activity 
in the fluid (Oreskes & Einaudi 1990, Ramsden et al. 
1993). 

Considerable loss of Cu and S (and to a lesser extent 
Zn) from the mafic rocks has occurred during the albite­
actinolite alteration. It is interesting to speculate that 
this leached Cu could be the source for some of the Cu 
in Cu-Au deposits found on north-south linear trends 
adjacent to the alteration and brecciation zone (Fig­
ure 1). Although REE behaviour and Cu leaching are 
described in the literature, few regional correlations 
are made between Cu leaching and REE mobility on 
the scale witnessed at Cloncurry (Taylor & Fryer 1983, 
Hannan et al. 1993). 

Geological setting 

Proterozoic rocks in the eastern part of the Cloncurry­
Selwyn terrain, the eastern part of the Mount Isa 
Inlier, consist of psammopelitic gneisses and schists 
of the Maranan Supergroup, overlying profoundly 
reconstituted calc-silicate rocks of the Doherty For-
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Figure 1. Simplified geology of the eastern part of the Cloncurry­
Selwyn terrain. The Cloncurry Fault (partly illustrated, but extending 
towards Cloncurry) is central to the alteration and brecciation. Mafic 
rocks make up approximately 10% of the region. Boxes indicate the 
Fullarton River and Maramungee Creek locations. 

mation. These reconstituted rocks are a result of large­
scale post-peak-metamorphic fluid infiltration in deep­
seated ductile shear zones. Episodic alteration was 
temporally and spatially associated with multiple phas­
es of granitoid emplacement. The alteration style and 
mineralogical composition progressively evolved from 
ductile-shear-related alteration systems, to localized 
breccias, and finally to shallow fracture-controlled 
epithermal-style veining. 

Multiple deformation phases affected the eastern 
part of the Cloncurry-Selwyn terrain. They are man­
ifested in overprinting relationships such as refolded 

folds, crenulations, rotation of lineations and develop­
ment of high-strain zones, in which the latter caused 
juxtaposition of rocks with different metamorphic 
grades. The orientation and nature of the earlier ductile 
deformation phase(s) are somewhat speculative, due to 
the strong overprint of the pervasive D2 deformation 
phase and the post-D2 sodic-calcic alteration effect. 
However, D1 appears to have produced a flat-lying fab­
ric (S1 foliation, Loosveld & Schreurs 1987, Loosveld 
1989a, b). Prograde regional metamorphism reached 
the upper amphibolite facies (sillimanite-K-feldspar 
metamorphic grade, Beardsmore et al. 1988) during the 
main regional deformation phase D2 (1580 ± 17 Ma, 
Page 1994 ). High-strain zones occm in the limb regions 
of regional D2 folds, and are interpreted as thrust faults 
(Loosveld & Schreurs 1987). The general characteris­
tic of D2 is a pervasive north-south S2 foliation, and 
an upright N-S to NW-SE trending ' tight ' to ' close' 
asymmetrical west-verging fold style (Beardsmore et 
al. 1988, Loosveld 1989a, b). 

Thinning of the earth's crust resulted in high 
geothermal gradients, associated with high-crustal­
level granite intrusions, during the D3 deformation. 
Thinning also caused reduction of the lithostatic pres­
sure and increase of the fluid pressure. This resulted 
in the onset of regional brecciation by lowering of 
the effective differential stress, causing tensional fail­
ure to occur. The regional brecciation overprints the 
earlier ductile and brittle-ductile shear zones. This is 
evident by the occurrence of altered clasts with ear­
lier high-strained fabrics and veins controlled by fold 
structures. The brecciation is spatially closely associ­
ated to the Cloncurry Fault and the high-level granite 
intrusions. Weak D3 fabrics and partial brecciation in 
the granites are evidence for the synchronous nature 
of the brecciation with the D3 deformation phase and 
granite emplacement. 

Continuous unroofing resulted in a telescoping 
effect with juxtaposing and/or overprinting of the ear­
lier sodic-calcic alteration assemblage by a later and 
shallower K-feldspar, quartz, chalcedony assemblage, 
and an epidote, prehnite, calcite assemblage. These 
assemblages are partly structurally controlled in exten­
sional Riedel fractures attributed to post-D3 sinistral 
movement of the Cloncurry Fault. 

Regional scale of alteration 

Large areas of the Cloncurry terrain have been affect­
ed by regional-scale alteration with reconstituted rocks 
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Figure 2. Mafic rock outcrops in the Fullarton River Gorge section. (For Maramungee Creek geology reference is made to Figure 6 of Phillips 
et al. 1994). Dashed lines outline the river bed. 

exposed over hundreds of square kilometres (Phillips 
et al. 1994). Major fault zones with a complex reactiva­
tion history are the loci of the more intense alteration 
(Figure 1) and may have been the conduits for the 
large volumes of fluids responsible for the alteration 
(De Jong & Williams 1995). These fault zones have 
been traced over hundreds of kilometres (Figure 1). 

The rocks affected by this alteration include psam­
mitic to pelitic metasediments, calc-silicate rocks, 
granites, felsic and mafic intrusives and carbonate­
rich metasediments. The overall result is one of high­
variance mineral assemblages dominated by albite and 
actinolite in all rock types. Relicts of unaltered rocks 
are preserved within altered areas, providing a basis 
for paragenetic sequencing and for determining ele­
ment mobility. 

Sample sites 

Regional alteration is studied in detail in two well­
exposed river sections perpendicular to strike, the 
Maramungee Creek section and the Fullarton River 
Gorge (Figure 1). The Cloncurry Fault is just west of 
both sections. The Maramungee Creek section exhibits 
ductile late-D2 shear zones which acted as channels 
for pervasive sodic-calcic alteration. In the Fullarton 
River Gorge (Figure 2), retrograde alteration is asso­
ciated with brittle fractures and megabreccias. These 
deformation characteristics imply an early deep crustal 
level at Maramungee and a later higher crustal level at 
Fullarton River. Two suites of rocks (suites 1 and 2) 
were collected from the Fullarton River Gorge. Suite 

3 was sampled in the Maramungee Creek. Samples 
analysed are from unaltered mafic rocks, and from 
selvages (the altered equivalents of the unaltered maf­
ic rocks) of diopside-actinolite veins cross-cutting the 
unaltered mafic rocks. 

Distribution of mafic rocks 

Maficrocks make up about 10% by volume of the Clon­
curry terrain. They include intrusive bodies, varying in 
size from tens to hundreds of metres in thickness and a 
hundred metres in length (Figure 1). These were affect­
ed by D2 structures and the dominant albite-actinolite 
alteration phase. 

Within the alteration zone, virtually unaltered 
relicts consist of medium to coarse-grained green horn­
blende (80 modal % ), coexisting with albite-oligoclase 
and titanite. In the centre of large mafic bodies, primary 
diopside is replaced by green hornblende, coexisting 
with oligoclase. 

Analytical methods 

A Siemens 303 Sequential X-Ray Fluorescence Spec­
trometer, at the Advanced Analytical Centre at James 
Cook University of North Queensland, was used for 
major and trace element analysis of whole-rock sam­
ples in this study. Major and minor elements were 
analysed on fused glass beads, using a lithiumborate 
flux as the oxidising agent. Duplicates were made of 
some samples to ensure the reliability of the analy-
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Figure 3. Schematic representation of an outcrop in the Fullarton River Gorge (most western outcrop of mafic rocks in Figure 2). Albite veins are 
cut by later diopside-actinolite veins, which have produced an intensely red albite alteration zone. Epidote occurs in sporadic, late-overprinting 
patches. 
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Figure4. Gain/loss diagrams for an unaltered and an altered mafic rock (samples 1.1 and l.2 respectively, see Table 1). The diagrams illustrate 
that Fe, base metals and Sare lost, while REE are enriched (especially LREE). Elements that are immobile have zero gain/loss %. 

ses. Whole-rock FeO determinations were performed 
by means of titration against potassium dichromate. 
Carbon and S were determined by a LECO analyser. 

Rare-earth elements (La, Ce, Nd, Sm, Eu, Gd, Tb, 
Ho, Yb, Lu), Hf, Ta, Sb, Th, Wand U have been 
determined by instrumental neutron activation analy­
sis (INAA) at Becquerel Laboratories Pty in Sydney, 
Australia. 

Retrograde alteration 

Pervasive albite-actinolite alteration occurred in and 
around high-strain zones during late to post-D2 retro­
grade metamorphism. The greenschist-facies alteration 

assemblage (i.e. albite and actinolite, locally diop­
side) overprints the regional metamorphic amphibolite­
facies assemblage. This overprinting involved a vein­
style alteration with greenschist-facies mineral assem­
blages (Figure 3, Phillips et al. 1994). 

Widespread retrograde alteration assemblages 
include albite, and Mg-rich actinolite with or with­
out magnetite, clinopyroxene, hematite, titanite, Na­
scapolite, epidote, calcite, prehnite, quartz and K­
feldspar. The overall paragenetic sequence is (Fig­
ure 3): 
1) albite, actinolite, magnetite, titanite (± diopside ± 

Na-scapolite ± quartz) (first), 
2) K-feldspar, quartz, hematite, 



Table I. Whole-rock analyses of unaltered and altered mafic rocks from the Fullarton River and Maramungee Creek localities. 

Sample 

Type 

Si02 

Ti02 

A\203 

Fe203 

FeO 

MnO 

MgO 

Cao 
Na20 

KzO 

P20s 
LOT 
SUM 

Rb 

Cs 
Sr 

Ba 

Sc 

v 
Cr 

Co 
Ni 
Zn 

Pb 

Cu 

Ga 

As 

Br 

s 
c 
La 

Ce 
Nd 
Sm 

Eu 
Gd 

Tb 

Ho 

Yb 

Lu 

y 

Zr 

Nb 

Hf 

Ta 

Sb 

T h 

w 
u 

Fullarton River 

Suite 1 

1.1 

Un 

47.31 

1.67 

12.50 

8.16 

7.58 

0.14 

5.72 

8.85 

4.49 

0.21 

0.06 

2.17 

99.69 

12 

< 1.0 

135 

127 

50 

789 

0 
57 

113 

55 

17 

109 

20 

< 1 
1063 

1396 

4 

6 

7 

2 

0.7 

2.0 

0.4 

0.6 

1.4 

0.2 

17 

50 

5 
1.3 

< 1.0 

< 0.2 

0.3 

51 

< 2.0 

1.2 

A 

56.39 

1.52 

15.28 

2.16 

2.02 

0.05 

2.01 

9.84 

6.64 

0.02 

0.02 

3.07 

99.24 

4 

< 1.0 

298 

< 100 

27 

182 

8 
25 

17 

7 

5 

25 

l 

< 50 

2596 

44 

144 

66 

12 

2.6 

13.3 

2.3 

3.1 

7.6 

1.2 

75 

52 

28 

1.3 

< 1.0 

0.6 

12.8 

129 

13.5 

1.3 

A 

45.61 

1.60 

14.08 

8.62 

2.30 

0.01 

4.14 

19.93 

1.83 

0.01 

0.03 

2.16 

100.68 

4 

< 1.0 

210 

< 100 

42 

449 

2 

35 

31 

14 

8 
15 

46 

2 

2 

< 50 

2026 

49 

150 

65 

12 

3.1 

13.5 

2.3 

3.0 

7.2 

1.0 

91 

58 

36 

1.2 

< 1.0 

1.4 

10.4 

124 

13.3 

Suite 2 

2.1 

Un 

46.90 

1.69 

13.23 

7.13 

8. 15 

0.18 

6.45 

8.30 

3.76 

1.06 

O.Q7 

2.30 

100.13 

36 

< 1.0 

141 

< 100 

50 

799 

0 

67 

122 

56 

3 

197 

24 

1 

2 

1132 

652 

4 

6 

6 

2 

0.9 

2.4 

0.4 

0.6 

1.7 

0.2 

18 

50 

5 
1.3 

< 1.0 

< 0.2 

0.3 

51 

< 2.0 

2.2 

A 

52.89 

2.01 

11.94 

2.52 

2.34 

0.10 

4.77 

14.05 

3.75 

1.31 

0.02 

3.10 

99.06 

42 

< 1.0 

210 

112 

45 

257 

6 

27 

22 

14 

6 

6 

14 

l 

< 50 

2847 

62 

204 

88 

16 

3.4 

18.0 

3.1 

3.9 

9.3 

1.3 

91 

59 

36 

1.7 

< 1.0 

< 0.2 

13.8 

91 

14.3 

Maramungee Creek 

Suite 3 

3.l 

Un 

49.05 

1.20 

14.89 

11.35 

0.75 

0.14 

5.44 

10.22 

3.96 

0.57 

O.JJ 

1.05 

98.78 

14 

< 1.0 

175 

< 100 

36 

310 

96 

78 

62 

34 

74 

19 

17 

486 

806 

10 

19 

13 

3 

0.7 

2.8 

0.5 

0.7 

1.8 

0.3 

22 

84 

7 
l.9 
1.8 

< 0.2 

2.7 

204 

< 2.0 

3.2 

Un/A 

48.59 

1.42 

13.97 

7.49 

4.89 

0.12 

6.27 

10.13 

4.84 

0.75 

0.06 

1.92 

101.01 

14 

< 1.1 

191 

120 

38 

291 

179 

91 

72 

19 
( 

38 

23 

1 

21 

570 

979 

9 
19 

13 

4 

0.9 

3.8 

0.7 

0.9 

2.3 

0.4 

26 

89 

8 
2.1 
1.9 

< 0.2 

2.0 

410 

< 2.0 

3.3 

Un/A 

50.45 

1.13 

15.90 

8.32 

2.27 

0.13 

6.55 

10.36 

3.25 

1.11 

0.09 

1.82 

101.62 

39 

< 1.0 

193 

200 

38 

277 

149 

83 

82 

29 

l 
87 

21 

l 

< 1 
75 

< 500 

9 

18 

11 

3 
1.0 

3.3 

0.6 

0.8 

1.9 

0.3 

23 

76 

7 
2.0 

2.0 

0.2 

2.4 

345 

< 2.0 

3.4 

NUn 

49.23 

1.59 

12.32 

12.55 

1.34 

0.14 

6.18 

11.25 

2.94 

1.25 

0.09 

J.70 

100.74 

32 

< 1.0 

92 

137 

49 

378 

96 

73 

68 

31 

1 
17 

25 

< l 
< 50 

514 

10 

19 

11 

3 
0.6 

3.0 

0.5 

0.8 

2.2 

0.3 

26 

101 

9 

2.4 

< 1.0 

< 0.2 

2.8 

192 

< 2.0 

3.5 

A 

54.0l 

1.49 

14.12 

7.55 

2.33 

0.13 

5.49 

7.74 

2.57 

4.68 

0.13 

J.83 

102.33 

233 

< 1.0 

302 

1450 

35 

329 

62 

57 

47 

37 

8 
22 

3 
2 

< 50 

651 

45 

65 

43 

8 
1.9 

8.2 

1.4 

1.9 

4.7 

0.7 

46 

165 

14 

4.J 

1.9 

< 0.2 

4.3 

233 

< 2.0 

Note: Un: unaltered, A: altered mafic rocks. FeO obtained by titration. Oxides in wt%, elements in ppm. Gold in all samples 
below 1 ppb. 
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La Ce Nd Sm Eu Gd Tb Ho Yb Lu 

Figure 5. REE chondrite-normalized plot of Fullarton River and 
Maramungee Creek values. Trends la (Fullarton) and Tb (Mara­
mungee) are of the least altered rocks. Trends II and III are of 
altered versions of Maramungee and Fullarton River respectively. 
This shows an enrichment of REE, particularly LREE, in altered 
mafic rocks. 

3) epidote, calcite, prehnite, quartz, ± monazite, ± 
allanite, ± fluorite (last). 

Alteration temperatures obtained from fluid-inclusion 
studies of quartz indicate a temperature decrease from 
>450 to 270 °C from sequence 1 to sequence 3, and 
associated salinities of 40 down to 20 wt% NaCl (De 
Jong & Williams 1995). 

Element mobility 

In the Cloncurry terrain, unlike in many other terrains, 
there are no elements that, a priori, can be assumed 
to have been immobile, and we have to start with the 
premise that all REE and HFSE may have been mobile, 
until shown otherwise. This problem can be solved 
by comparison of the unaltered hornblende-plagioclase 
mafic rocks with the products of the alteration process. 
Geochemical data in Table 1 and the relative gain/loss 
diagrams in Figure 4 show that certain elements such 
as Ti, Al and Hf, and to a lesser extent Sc, Ga and 
Zr, are the only elements that have remained relatively 
immobile during alteration. These elements therefore 
can be used as reference for the relative mobility of 
other elements. 

REE distribution 

The REE concentrations in a solution which interacts 
with a rock will be controlled by several factors: 1) 
concentrations of REE in the rock, 2) the partition­
ing behaviour of the REE between the rock phase and 

the interacting solution, and 3) the types of alteration 
reactions that take place (Graf 1977). The LREE have 
a larger radius than the HREE, and are included in 
the group of incompatible or large-ion lithophile (LIL) 
elements. HREE are, in general, more compatible with 
minerals such as zircon (Taylor & Fryer 1983), or with 
epidote ( allanite) in a hydrothermal alteration system 
(Palacios et al. 1986). These features dictate which 
phases they are likely to partition into when crystalliz­
ing. 

In mafic rocks in the Cloncurry region, enrich­
ment is more pronounced in LREE than in HREE; 
an increase from 15 to 300 times chondritic values 
is seen in LREE, and one from 10 to 60 in HREE 
(Figure 5). The unaltered REE patterns are relative­
ly flat compared to the altered REE patterns, with 
a chondrite-normalized LREENIHREEN ratio close 
to unity (Figure 5, trends Ia and b ). Mineralogically, 
the unaltered rocks consist of plagioclase, hornblende, 
quartz and magnetite. The second REE trend shows 
a high increase in LREEN, 15 to 100, and to a less­
er degree in HREEN, 10 to 30 (Figure 5, trend II). 
These patterns are from rocks with a pronounced epi­
dote, clinopyroxene, calcite and scapolite alteration. 
The third trend (III) shows an even further increase in 
LREEN, 100 to 300, and again to a lesser extent in 
HREEN, 30 to 60. Mineralogically, these rocks are 
mainly affected by albite alteration. This last REE pat­
tern has a distinct negative Eu anomaly, also seen in 
trend II. 

Fluorine is present in a late-stage rare coarse pur­
ple fluorite (Fullarton River) and possibly also in the 
apatite-alteration minerals, which occur widespread in 
Maramungee and Fullarton River; chlorine is present 
in scapolite and apatite. The main host minerals for the 
REE are believed to be the late-stage-precipitated mon­
azite and allanite, and additionally also apatite, titanite 
and actinolite. The REE host minerals favour LREE 
partitioning; this is partly reflected in the REE trends 
(Figure 5). The least altered trend I is reflected by sam­
ples from both localities; however, trend II was mainly 
obtained from the Maramungee Creek samples, while 
the most REE-enriched trend III is from the Fullarton 
River samples. 

V, Y and Nb movement 

Tholeiitic basic igneous rocks generally contain 150 
to 350 ppm V (Wyllie 1967) depending on the mag­
ma evolution, and in particular on the separation of 
Ti-V-bearing magnetite (Mason & Moore 1982). In 
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Figure 6. Copper and S values of suites 1 to 3 (1.1, 1.2 etc. are 
sample numbers, see Table 1 ). There is a strong depletion of both 
Cu and S in the altered mafic rocks. 

the Cloncurry region, the unaltered mafic rocks are 
quite rich in V and values fluctuate considerably within 
suites of unaltered mafic rocks and their altered equiv­
alents (Figure 4, Table 1). In the least altered rocks the 
V content tends to be quite high with a few samples 
exhibiting values much higher (799 ppm) than what is 
normal for an unaltered mafic rock. The altered zones 
corresponding to these suites show a strong depletion 
of V (257 ppm absolute). Generally the depletion of 
V in most samples is not this great; however, it is still 
very significant and is possibly related to the Na-rich 
alteration fluids which exert a mineralogical control on 
the Ti, and possibly V, content in magnetite. 

Yttrium and Nb also show mobility between unal­
tered and altered suites of rocks (Figure 4, Table 1). 
The values for the unaltered rock (Y: 18 ppm, Nb: 
5 ppm) are in line with those of mafic igneous rocks in 
general (Wyllie 1967). In the altered zones an increase 
occurs in these elements (Y: 91 ppm, Nb: 36 ppm). 
These are the extreme cases in the sample list (Table 
1); however, the mobility ofY and Nb is demonstrated 
in all samples. 

Leaching of Cu (S) and Fe related to regional 
sodic-calcic alteration 
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The Cu contents in the unaltered mafic rocks at Clon­
curry average 116 ppm; this is typical of mafic rocks. 
The highest Cu value is 197 ppm (Table 1). A consid­
erable drop in Cu (Pb, Zn, Co, Ni) and Fe is recorded 
in the altered rocks indicating that these elements have 
been leached (Figure 4, Table 1). Analyses indicate 
that 90% of the Cu has been leached during alteration 
and Fe values indicate a 70% loss. Williams (1994) cal­
culated the loss of Fe20 3 (total) as 8.6 g per 100 g in 
mafic rocks from Maramungee Creek. If this is the case 
on a large scale then there are implications for the sur­
rounding prospects and deposits (Osborne, Maronan, 
Fairmile, Eloise, Mount Kalkadoon). Williams (1994) 
also pointed out that the Fe in Fe-rich deposits could 
be derived from this leaching. The local overprinting 
of younger alteration styles influences the geochem­
istry; for example during sequence 2 of the paragen­
esis, samples are locally enriched in hematite-dusted 
K-feldspar. Sulfur behaves in a similar fasion to Cu, 
i.e. strong leaching occurs during alteration (Figures 4, 
6). 

Discussion 

Peak metamorphism occurred during early D2 (Page 
1994). The fluids responsible for the alteration asso­
ciated with the rock types of Cloncurry were possibly 
derived during metamorphism and deformation (D1 to 
early D3). The most intense alteration episode was 
during retrograde metamorphism which almost com­
pletely obliterated peak-metamorphic assemblages. 

Gain/loss diagrams show the mobility of elements 
with respect to least altered rocks (Figure 4). For this 
to be effective, the pristine chemical composition of 
the mafic rocks acts as a reference frame for determin­
ing the mobility of elements. In the Cloncurry region, 
the saline fluids have been responsible for mobilizing 
all compatible, and nearly all incompatible elements. 
Three elements that have remained relatively immobile 
are Ti, Al and Hf. The general trend seen in Figure 4 
is an increase in REE and incompatible elements, and 
a decrease in compatible elements. 

The conditions during the alteration process 
became more oxidizing. This is indicated by an 
increase in Fe20 3/Fe0 ratio with intense alteration 
(Table 1), and by more pronounced negative Eu anom­
alies in trends II and III (Figure 5; Parr 1992). 



318 

The REE patterns also show an evolution of the 
fluid with depth. The unaltered starting material is uni­
form at both Maramungee Creek and Fullarton River 
(Figure 5, trends Ia and lb). The alteration incurred 
at depth during the ductile regime, as seen at Mara­
mungee Creek, involved fluids that show less enrich­
ment in REE (trend II). By the time the fluids had 
moved up into the brittle regime, observed at Fullar­
ton River, they had evolved more (trend III), and the 
mineralogy changed slightly to encompass more exotic 
minerals to host REE, e.g. monazite and allanite. 

The presence of F and Cl in the alteration fluids 
has direct implications for the mobility of REE (par­
ticularly LREE), HFSE (V, Y, Nb) and the movement 
of Cu (and S) out of the system. This is not unlike the 
Olympic Dam deposit in South Australia, where REE 
mobility and F-rich hydrothermal fluids are associated 
(Oreskes & Einaudi 1990). 

Large-scale sodic alteration, associated with brec­
ciation, hematite and muscovite-alteration, and enrich­
ment in REE, especially in LREE (La and Ce), are 
part of the Proterozoic Olympic Dam breccia complex 
(Oreskes & Einaudi 1990, Reeve et al. 1990, Hitzman 
et al. 1992). The suite of ore metals (Cu, U, Au-Ag) 
in this complex, with no significant Pb and Zn, and its 
associated elements (Fe, Ba, F and REE) are unique 
(Hitzman et al. 1992). The brecciation and the style of 
alteration and enrichment of LREE are similar to those 
of the Cloncurry terrain. However, unlike the Olympic 
Dam deposit, the Cloncurry region also has higher 
concentrations of incompatible elements (Figure 4), 
including LREE, over hundreds of square kilometres. 

The minimum amount of Cu leached from the maf­
ic rocks during the regional sodic-calcic alteration at 
Cloncurry matches the amount of Cu hosted in nearby 
deposits. For example, Osborne is one of the largest 
Cu-Au deposits in the district, and hosts 36 million 
tonnes of 2% Cu (Adshead & Keough 1993). An aver­
age of 100 ppm Cu in 10% of the mafic rocks at Clon­
curry, in a 2000-km2 zone, 200 m thick and with a 
specific gravity of 2.9 g/cm3, would give approximate­
ly 1.2 million tonnes of Cu. This is more than the total 
Cu at Osborne (0.7 million tonnes). 

Conclusions 

Some of the highest concentrations of REE in the Clon­
curry region are associated with sodic-calcic alteration 
and Cu-Fe depletion. The alteration fluid was active 
over an area of 2000 km2, and appears to have some 

characteristics in common with Proterozoic deposits of 
iron oxide and of Cu-U-Au and REE, such as Olympic 
Dam (Hitzman et al. 1992). 

Regional chondrite-normalized REE patterns in 
Proterozoic terrains can be a result of metallic sul­
fide mineralization. The alteration fluid in the Clon­
curry terrain is LREE-enriched and causes Cu and Fe 
to be leached from the country rock. This could have 
implications for a possible source of the surrounding 
Proterozoic Cu deposits. 

Oxidizing conditions, depletion of V, Cu, S and 
Fe, addition of Nb, Y and REE, the presence of F and 
Cl, and large volumes of hot highly saline fluids, all 
occurred during retrograde metamorphism. The evo­
lution of this complex fluid is recorded in two crustal 
levels: ductile and brittle. 
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