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Abstract 

Palladian gold from the Cau~ iron mine, Itabira District, Minas Gerais, Brazil is found in horizons of 
hydrothermally-altered Lake Superior-type oxide-facies iron-formation locally called jacutinga. 
Palladium content of the gold grains varies from 1% to 20%, high palladium values being associated 
with palladium-copper-oxide inclusions and showing island-mainland and replacement (relict) textures 
in the Corpo Y and Corpo X orebodies. In the Aba Leste orebody, palladium is homogeneously 
distributed throughout the gold grains. 

Palladium and gold mineralization was synchronous with intense D1 shearing. Palladium was 
deposited early during the generation of Sl-mylonitic foliation, and was replaced by gold during 
progressive deformation. 

At high oxygen fugacities (hematite stability field) and high temperatures (up to 600~ Pd and Au 
may have been transported as chloride complexes, and their deposition may have occurred mainly as a 
result of changes in pH, but dilution of C1 concentrations may have also caused Pd and Au precipitation. 
Deposition of Pd as selenide may have taken place early during the creation of Sl-fabrics. 

K~VWOROS: gold, palladium, Itabira, Brazil, iron-formation, jacutinga. 

Introduction 

IT is known that some native gold and gold-copper 
alloys contain palladium (Cabri, 1981). This 
relationship has been documented for samples 
from the StiUwater Complex, Montana, United 
States (Cabri and Laflamme, 1974), the Lac des 
Iles deposit, Ontario, Canada (Cabri and 
Laflamme, 1979), the Noril'sk and Talnakh 
deposits, Russia (Cabri, 1981), Hope's Nose, in 
Devon, England (Clark and Criddle, 1982); and in 
Brazil from the Serra Pelada deposit, in Par~ State 
(Meireles and Silva, 1988), and the Congo Soco 
and Maquin6 mines (Bensusan, 1929), the 
Taquaril and Porpez showings (Cabri, 1981), and 
the Cau8 and Concei~ao mines (Leao de Sfi and 
Borges, 1991; Olivo and Gauthier, 1993; Olivo et 
al., 1993), all in Minas Gerais State. 

The palladian gold occurrences in Minas Gerais, 
Brazil, discussed in this paper are commonly 
associated with jacutinga, a hydrothermally- 
altered Lake Superior-type oxide-facies iron- 

formation (Bensusan, 1929; Dorr and Barbosa, 
1963; Polrnia and Souza, 1988; Ladeira, 1991; 
Leao de S~ and Borges, 1991; Olivo and Gauthier, 
1993; Olivo et al., 1993). Despite the fact that the 
Minas Gerais deposits have been mined since the 
eighteenth century, the composition and textures 
of their palladian gold have not been studied in 
detail. Although most of these mines are presently 
inactive, gold and palladium are still mined as by- 
products in the Cau~ and occasionally in the 
Concei~ao iron mines (both mines, separated by 
approximately 7 km, are located in the Itabira 
Iron District). In the Concei~ao mine, palladium 
contents in gold grains are distinctly lower than at 
the Cau~ mine (Leao de S~i and Borges, 1991). 

Palladium-bearing high-grade gold ore of the 
Cau~ mine provides a rare opportunity to study 
textures and compositions of palladian gold in 
primary ore. In this paper textural details and 
analytical data for palladian gold from the Cau~ 
mine are reported and discussed in terms of the 
genesis of this special type of mineralization. 
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Cau~ iron mine 

Geologic units 

At the Cau~ mine, four geologic units metamor- 
phosed to amphibolite facies have been identified 
(Fig. 1, Olivo et al., in preparation): (1) a volcano- 
sedimentary sequence correlated with the Archean 
Rio das Velhas Supergroup; (2) an iron-formation 
unit comprised of itabirite (e.g. metamorphosed 
banded siliceous ironstone consisting of inter- 
layered quartz-hematite-magnetite),  massive 
hematite, and jacutinga which is part of the 
Early Proterozoic, Lake Superior-type iron- 
f o r m a t i o n  of  the I t ab i r a  Group ,  Minas 
Supergroup; (3) a quartzite unit, correlated with 
the Early Proterozoic Piracicaba Group, Minas 
Supergroup; and (4) mafic intrusive rocks. 

Structure 

These rocks were affected by three phases of 
folding, as well as boudinage and reverse and 
thrust faulting (Olivo et al., in preparation). D1- 

structures are represented by tight and isoclinal 
folds becoming sheath folds where the ENE 
elongation lineation (Le) and mylonitic foliation 
(S1) are well developed. D2-structures also include 
tight folds with associated parasitic fold axes and a 
transposing foliation ($2). 

D3 structures are characterized by open folds 
with an associated crenulation cleavage. 

Millimetric to decametric boudins occur in S1 or 
$2 foliation planes. Reverse and thrust faults 
created imbricated sheets that are interpreted as 
synchronous with D1 deformation. Reactivation 
of these faults occurred during D2 deformation. 

Gold orebodies 

To date, five gold orebodies have been mined in 
the Cau~ mine: Corpo Y, Corpo X, Central, Aba 
Leste, and Aba Norte (Fig.l, Olivo et al., in 
preparation).  All orebodies are hosted by 
jacutinga. High gold grades (up to 1000 g/t) are 
associated with quartz- and hematite-rich bands 
parallel to the S1 mylonitic foliation and/or 
stretched parallel to the ENE elongation linea- 
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FIG. 1. Simplified geologic map of the Cau6 iron mine, Itabira District, Minas Gerais State, Brazil, showing the 
gold orebodies (C = Central; L = Aba Leste; N = Aba Norte; X = Corpo X; Y = Corpo Y). Modified after 

Leao de SA and Borges (1991). 
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FIGS. 2 and 3. Back-scattered electron images. Fie. 2 (left) Gold (Au) as free grains or inclusions in rotated 
tourmaline (To) in the core of a dismembered sheath fold. He = hematite. FIG. 3 (right). Gold (Au) in hematite 

(He) bands parallel to the S1 mylonitic foliation (from Corpo Y). 

tion. The Corpo Y, Corpo X, Central and Aba 
Leste orebodies are palladium bearing, whereas in 
the Aba Norte orebody, gold grains have trace 
contents of rhodium. The Central and the Aba 
Norte orebodies are not discussed in this paper 
because gold from Aba Norte is not palladium 
bearing, and although palladium contents in gold 
from the Central orebody reach up to 20% 
(Andrade, priv. comm.), no gold-bearing polished 
sections were available for textural studies. 

Electron-microprobe (EMP) and scanning electron 
microscope (SEM) analytical techniques 

Analyses of polished sections were carried out 
using the Cameca Camebax automated wave- 
length-dispersive electron-microprobe (EMP) at 
McGill University. Calibration for the analyses 
performed at McGill was done using pure metals, 
at 20 kV and 20 nA, and analytical precision is 
better than 0.2%. Energy-dispersive system (EDS) 
analyses were done for disaggregated gold grains 
that could not be polished. 

Textural and compositional studies were under- 
taken with the Hitachi S-2300 scanning electron 
microscope,  using a backscattered-electron 
detector and energy-dispersive spectrometer 
(EDS) at the Universit~ du Quebec ~. Montr6al. 
Elemental abundances stated here are all in weight 
percent. 

white phyllosilicates, with minor amounts of  
tourmaline, apatite, and monazite. Carbonate is 
common as inclusions in quartz grains. 

Palladian gold in jacutinga occurs as: (1) free 
grains and inclusions in rotated tourmaline (Fig. 
2) hosted by hematite bands located in the core of 
dismembered sheath folds; (2) free grains in S1 
mylonitic foliation planes of hematite bands (Fig. 
3); (3) grains stretched parallel to the ENE 
elongation lineation (Fig. 4); (4) free grains or 
inclusions in boudinaged quartz bands; and (5) 
transposed free grains in $2 foliation planes. 

SEM and EMP analyses of gold grains from 
polished sections of jacutinga show that the 
palladium contents vary from 1 to 5% (Table 1) 
and that the highest concentrations are associated 
with small (commonly smaller than 10 p.m) 
inclusions of P d - C u  oxides, showing island- 
mainland and replacement (relict) textures (Figs. 
5, 6, and 7), as defined by Ineson (1989). Some 

Occurrences of palladian gold 

Palladian gold from the Corpo Y orebody is 
hosted by jacutinga which comprises millimetric to 
centimetric bands of various concentrations of 
quartz ( _  feldspar), hematite (+  goethite) and 

FIG. 4. Gold grains from Corpo Y stretched parallel 
to the elongation lineation. 
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TABLE 1. Wavelength-dispersive electron microprobe (EMP) analyses of palladian gold from polished 
sections ofjacutinga, Corpo Y orebody 

SAMPLE Au Pd Cu Ag TOTAL 
% 

Caul (%) 
(atomlc proportion) 
Cau2a (%) 
(atomic proportion) 
Cau2b (%) 
(atomic proportion) 
Cau2c (%) 
(atomic proportion) 
Cau5 (%) 
(atomic proportion) 
B2(%) 
(atomic proportion) 
B3 (%) 
(atomic proportion) 
Bpal (%) 
(atomic proportion) 
Bpa3 (%) 
(atomic proportion) 
Baul (%) 
(atomic proportion) 
Bau2 (%) 
(atomic proportion) 
Bau3 (%) 
(atomic proportion) 
Bau4 (%) 
(atomic proportion) 
Bau5 (%) 
(atomic proportion) 
Bau6 (%) 
(atomic proportion) 
Bau8 (%) 
(atomic proportion) 

97.36 1.92 0.06 0.27 99.61 
0.9584 0.0349 0.0018 0.0049 

90.33 4.54 2.75 0.51 98.13 
0.8348 0.0777 0.0788 0.0087 

90.39 4.61 2.98 0.59 98.6 
0.8271 0.0781 0.0846 0.0099 

84.37 5.24 8.28 0.14 98.03 
0.7029 0.0808 0.2139 0.0021 

92.43 1.83 4.07 0.52 98.85 
0.8451 0.0309 0.1153 0.0087 

94.37 1.02 3.1 1.12 99.61 
0.8744 0.0176 0.0891 0.019 

96.11 1.97 0.37 0.69 98.14 
0.9409 0.0357 0.0111 0.0123 

99.12 1.16 0.04 0.09 100.41 
0.9761 0.212 0.0011 0.0016 

97.93 1.2 0.31 0.1 99.54 
0.9664 0.0219 0.0094 0.0018 

97.39 1.45 0.11 0.24 99.19 
0.9656 0.0265 0.0034 0.0043 

97.76 1.47 0.35 0.38 99.96 
0.97761 0.0266 0.0105 0.0069 

97.35 1.4 0.3 0.31 99.36 
0.9596 0.0256 0.0091 0.0057 

97.06 1.23 0.58 0.47 99.34 
0.9517 0.0223 0.0177 0.0083 

93.35 1.14 3.81 0.79 99.09 
0.8587 0.0193 0.1086 0.0133 

97.52 1.26 0.17 0.37 99.32 
0.965 0.0231 0.0053 0.0067 

98 1.25 0.1 0.19 99.54 
0.9707 0.0228 0.0031 0.0034 

FIos. 5 and 6. FIG. 5 (left) Back-scattered electron image of gold with small inclusions of P d - C u  oxides, 
showing island-mainland and replacement (relict) textures (from Corpo Y). FIG. 6 (right) Enlargement of area 

outlined in Fig. 5 showing Pd-Cu  oxide inclusions in the gold grain. 
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F~G. 7. Single-element scans for Pd, Cu, and Au in the 
area analysed (enclosed in box) in Fig. 6. 

disaggregated gold grains were analysed using an 
energy-dispersive spectrometer (EDS), revealing 
palladium contents of up to 20%. Although 
copper is predominantly concentrated in palla- 
dium inclusions, it also occurs directly in gold 
(Fig. 7), and may reach total contents of 8% 
(Table 1). Gold grains also contain trace amounts 

Fro. 8. Scanning electron micrograph of gold grain 
from Corpo X orebody with a Pd-Cu-oxide inclusion. 

of Ag (commonly less than 1%, Table 1) and 
enclose euhedral inclusions of hematite and 
tourmaline. 

Disaggregated gold grains with high Pd concen- 
trations have a whitish colour and reduced 
malleability and ductility relative to pure gold. 

Corpo X 

Palladian gold from the Corpo X orebody occurs 
in medium- to coarse-grained yellow quartz 
concentrations hosted by 100-250cm-wide, hema- 
tite-rich bands in the jacutinga. Some gold grains, 
obtained by gravimetric concentration of disag- 
gregated primary ore, are flattened or bent, and 
contain P d - C u  oxide inclusions (Figs. 8 and 9). 
Al though copper  is more concentrated in 
palladium inclusions, as in Corpo Y, it is also 
independently alloyed with gold (Fig. 9). Semi- 
quantitative analyses using the EDS gave Pd 
contents of up to 10 %. Inclusions of Cr-bearing 
hematite and aluminosilicates are observed in a 
few gold grains. 

Aba Leste 

Palladian gold from Aba Leste occurs in jacutinga 
composed of hematite and white phyllosilicates. In 
polished thin sections, only grains smaller than 20 
gm were found. They occur as inclusions in S1- 
oriented hematite and as free grains in S 1 surfaces. 
Regrettably, the quality of polish was inadequate 
for quantitative analysis these grains. Palladian 
gold grains obtained by gravimetric concentration 
of disaggregated, rich primary ore are flat (Fig. 10) 
and contain up to 7% Pd (estimated by EDS). 
Palladium in these gold grains is not related to 
local concentrations of small inclusions; rather, it 
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Dl-structures. 
In Corpo Y, Pd-Cu oxides may have been 

deposited early during the generation of the S1- 
mylonitic foliation. It may also have been replaced 
by gold during progressive deformation: an 
interpretation based on the presence of small 
inclusions of Pd-Cu oxides (1) in gold grains 
stretched parallel to S1, showing island-mainland 
and replacement (relict) textures; and (2) on 
slightly stretched gold grains in Sl-planes 
showing replacement textures (Figs. 5 and 6). 
The second interpretation suggests that replace- 
ment in these grains occurred late during the 
creation of S1 because, if the replacement of 
Pd-Cu oxides by gold had occurred in the early 
stages of S1 generation, the gold would have been 
stretched due to its high ductility. 

In Corpo X, replacement of Pd-Cu  minerals 
may also have been synchronous with develop- 
ment of the S 1-mylonitic foliation, as indicated by 
Pd-Cu oxide inclusions in flattened and bent gold 
grains. 

In Aba Leste, palladium is homogeneously 
distributed in gold grains, suggesting that 
palladium and gold were deposited contempor- 
aneously during the generation of the S l-mylonitic 
foliation. 

F~G. 9. Single-element scans for Au, Pd, and Cu of the 
gold grain close to the Pd-Cu-oxide inclusion in Fig. 8. 

is homogeneously distributed throughout the gold 
grains (Fig. 11) a few of which contain Cr-bearing 
hematite and tourmaline inclusions. 

Discussion 

Timing of palladium-gold mineralisation 

In the three orebodies, palladium-gold mineraliza- 
tion was synchronous with the development of 

Temperature and oxygen fugacity conditions 

Generation of the S I mylonitic foliation was 
synchronous with the regional peak of thermal 
metamorphism which, based on oxygen isotope 
studies of hematite and quartz (Hoefs et al., 1982), 
reached approximately 600~ If the palladium-- 
gold mineralization and the development of D1- 
structures were coeval, these metals were probably 
transported at temperatures of at least 600~ and 
deposited at temperatures of up to 600~ in the 
iron-formation unit. 

Oxygen fugacities during transport and deposi- 
tion of these noble metals in the iron-formation 
were probably high, i.e. in the hematite stability 
field (fo2 higher than 10 -14 at 600~ Lindsley, 
1976), consistent with the hematitic composition 
of the host lithology. 

Transport and probable mechanisms of deposition of 
palladium and gold in jacutinga 

At high temperatures and oxygen fugacities, Au 
and Pd may be transported as chloride complexes 
(Henley, 1973; Seward, 1984; Mountain and 
Wood, 1988; Gammons et al., 1992), and the 
dissolution of Au and Pd as chloride complexes 
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FIG. 10 (lefl) Scanning electron micrograph of a palladian gold grain from Aba Leste. FIG. 11 (right) Single- 
element scans for Au and Pd of the gold grain in Fig. 10. 

may be generalized, respectively as: 
Au (s) + �89 + 2H + + 2nC1- = 

2AuCI~ -n + H20 (r-I), 
Pd(s) + �89 + 2H + + nC1- = 

PdC12-n + H20(j) (r-2) 

In the Cau~ mine, high oxygen fugacities and 
temperatures, as noted by Hoefs et al. (1982) and 
in this study, probably provided favourable 
conditions for transporting palladium and gold 
as chloride complexes as discussed above. In this 
case, deposition of the metals may have occurred 
in response to an increase in pH (Seward, 1984; 
Wood and Mountain, 1991). This phenomenon 
may have occurred as a result of mineralizing 
fluids reacting with the jacutinga, representing 
possibly an altered dolomitic itabirite (Dorr and 
Barbosa, 1963). The presence of (Ca-Fe-Mg- 
bearing) carbonate inclusions in quartz within 
the jacutinga may indicate that carbonate was 
present in the rock matrix and might have reacted 
with acidic mineralizing fluids, causing an increase 
in pH according to: 

Ca(Fe, Mg)(CO3)2 + �89 d- 4H § = 
2H20 + 2CO2 + Ca 2+ + (Fe, Mg) 2+ (r-3) 

According to Wood and Mountain (1991) and 
Gammons et al. (1992), palladium concentrations 
must decrease by two orders of  magnitude for each 
unit increase in the actual pH if the dominant 

solution species are chloride complexes (see r-2). 
The same effect can be applied to gold (see r-I). 
Consequently, a pH increase caused by miner- 
alizing fluids reacting with carbonate-bearing 
horizons may have been an effective mechanism 
for depositing gold and palladium. Another  
mechanism that  may also account  for the 
deposition of these metals is the decrease in ~CI 
content caused by the dilution of hydrothermal 
fluids reacting with host rocks (Seward, 1984)�9 In 
addi t ion ,  Pd deposi t ion can occur due to 
saturation with insoluble minerals such as Se- 
minerals (Mountain and Wood, 1988; Wilde et al., 
1989; Gammons et al., 1992). This last mechanism 
could explain why Pd was deposit earlier than 
gold, in agreement with the presence of  the Pd-Se 
mineral, palladseite, coated by gold, in bands 
parallel to SI (Olivo and Gauthier, 1993). 

Conclusions 

Although pa l lad ian  gold occurs in several 
geological environments, palladium-bearing high- 
grade gold ore of the Cau~ mine provides an 
excellent opportunity to compare the precious 
metal mineralogy with the various mechanisms 
that have been postulated for the genesis of this 
special type of deposit�9 From this study, we may 
conclude that: 

(1) palladium and gold mineralization was 
synchronous with the development of intense 
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Dl-strain features. In Corpo Y and Corpo X, 
palladium may have been deposited early during 
the formation of  the Sl-mylonitic foliation, and 
replaced by gold during progressive deformation. 
This conclusion is based on the presence of small 
inclusions of  P d - C u  oxides in gold grains slightly 
to completely stretched parallel to S1, showing 
island-mainland and replacement (relict) textures. 
In Aba Leste, palladium and gold may have been 
deposited simultaneously as suggested by the 
homogeneous distribution of  Pd in gold grains; 
(2) at high oxygen fugacities (hematite stability 
field) and high temperatures (up to 600~ as 
indicated by the oxygen isotope studies and 
mineralogical assemblage in the auriferous iron- 
formation, Pd and Au may have been transported 
as chloride complexes and deposited mainly as a 
result o f  changes in pH. Dilut ion o f  C1 
concentrations may have been a complementary 
mechanism of Pd and Au deposition, and the 
deposition of  Pd as selenide minerals may have 
taken place early during the generation of S1- 
mylonitic foliation. 
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