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ABSTRACT

The Serra Pelada garimpo (1980-1984) was the site of the most spectacular gold rush in recent history, but the mineralogy of
the bonanza-style mineralization has not so far been documented in detail. Rediscovery of an early drill-core, recovered in 1982
from the near-surface lateritic portion of the garimpo area, has provided coarse-grained gold aggregates for this study. The
centimeter-long aggregates of gold occur in powdery, earthy material. They exhibit a delicate arborescent fabric and are coated
by goethite. Four compositional types of gold are recognized: palladian gold with an atomic ratio Au:Pd of 7:1 (“Au;Pd”), Hg-
bearing palladian gold (Au-Pd-Hg), Pd-bearing gold with up to 3 wt.% Pd (Pd-poor gold) and pure gold. A number of platinum-
group minerals (PGM) are included in, or attached to the surface of, palladian gold: “guanglinite”, Sb-bearing “guanglinite”,
atheneite and isomertieite, including the noteworthy presence of Se-bearing PGM (Pd—Pt-Se, Pd—Se, Pd—-Hg—Se and Pd-Bi-Se
phases, and sudovikovite and palladseite). They define an As—Sb—Hg—Se mineral assemblage typical of hydrothermal vein-type
deposits formed at relatively low temperatures. Native palladium, characteristically situated in the goethite coating, is intimately
associated with a Pd—O phase. The remarkable occurrence of native platinum associated with Pd-bearing gold, PGM
(compositionally close to mertieite-II and isomertieite) and berzelianite from a nearby prospect (Elefante prospect) is also
recorded.

Keywords: palladian gold, platinum-group minerals, Pd—O phase, native palladium, native platinum, Serra Pelada garimpo,
Carajds mineral province, Brazil.

SOMMAIRE

Le garimpo de Serra Pelada (1980-1984) a été le site de la ruée vers I’or la plus spectaculaire en temps modernes, mais la
minéralogie de cette minéralisation de style bonanza n’a pas encore fait I’objet d’une étude détaillée. La redécouverte d’une
carotte forée en 1982 d’un profil latéritique du garimpo nous a permis d’échantillonner des aggrégats d’or a grains grossiers. Ces
aggrégats, d’une taille centimétrique, se présentent dans un matériau pulvérulent. Ils possedent une forme arborescente délicate
et sont recouverts d’une gaine de goethite. Nous distinguons quatre types d’or selon leur composition: or palladifeére ayant un
rapport atomique Au:Pd de 7:1 (“AuyPd”), or palladifere et mercurifere (Au—Pd—Hg), or palladifere contenant jusqu’a 3% de Pd
en poids (or a faible teneur en Pd) et or pur. Plusieurs minéraux du groupe du platine sont inclus dans 1’or palladifere, ou bien
rattachés a la surface de ces grains: “guanglinite”, “guanglinite” stibifere, athénéite et isomerti&ite, avec la présence notoire de
phases séléniferes (Pd—Pt-Se, Pd—Se, Pd-Hg—Se et Pd-Bi—Se, ainsi que sudovikovite et palladséite). Ces minéraux définissent un
assemblage As—Sb—Hg-Se typique de gisements hydrothermaux en veines, formés a températures relativement faibles. Le
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palladium natif, caractéristiquement inclus dans la gaine de goethite, est intimement lié a une phase Pd—O. Nous soulignons aussi
I’association remarquable de platine natif associé a 1’or palladifere, des minéraux du groupe du platine dont la composition se
rapproche de celle de la merti€ite-1I et de I'isomerti&ite, et berzélianite provenant de Elefante, puit d’exploration voisin.

(Traduit par la Rédaction)

Mots-clés: or palladifere, minéraux du groupe du platine, phase Pd-O, palladium natif, platine natif, garimpo Serra Pelada,

province minérale de Carajds, Brésil.

INTRODUCTION

Discovered in 1980 by garimpeiros, the Serra Pelada
gold deposit was soon reputed to be an eldorado in the
Amazon region. Its gold, characteristically coarse-
grained and alloyed with palladium (Meireles & Silva
1988), was completely mined out from the near-surface
lateritic portion, where it occurred as bonanza ore in
disaggregated, quartz-bearing clayey material. The
garimpo (open pit) collapsed and flooded in 1984. Ac-
cording to Meireles & Silva (1988), 32.6 tonnes of gold
were extracted, but unofficial figures place the amount
closer to 70 tonnes of gold.

A drill core recovered in 1982 from the central part
of the Serra Pelada garimpo is the only relic of the near-
surface bonanza ore. One depth interval of this drill core
(SP-32, 54.5-55.0 m at 132,000 g/t Au, 11,400 g/t Pd,
359 g/t Pt) (Cabral er al. 2002a) has provided coarse-
grained aggregates of dendritic gold for investigation.
Because the coarse-grained gold was recovered from
disaggregated and powdery material, supergene enrich-
ment has been suggested to account for the bonanza
grade (Tallarico et al. 2000, Moroni et al. 2001). Our
contribution records what seems to be a hydrothermal
assemblage of palladium minerals associated with
coarse-grained palladian gold. A native platinum vein-
type mineralization from a nearby prospect, known as
“Elefante”, also is documented.

GEOLOGICAL SETTING AND
THE SERRA PELADA DEPOSIT

Serra Pelada is one of the numerous ore deposits of
the Carajas mineral province (Fig. 1). Reviews of the
geological setting of the Carajds mineral province can
be found elsewhere (e.g., DoceGeo 1988, Villas &
Santos 2001, Moroni et al. 2001), and only a brief ac-
count of the Serra Pelada Au—Pd-Pt deposit is given here.

The deposit is hosted by the Rio Fresco Formation,
a fluvial to shallow marine sequence of Late Archean
age, which comprises weakly metamorphosed conglom-
erate, sandstone, dolomitic marble and siltstone. That
formation is underlain by the volcano-sedimentary Rio
Novo Sequence (Cunha et al. 1984, Meireles & Silva
1988, Doceceo 1988, Tallarico et al. 2000), whose age
is constrained by the intrusive, chromite- and PGE-min-
eralized Luanga layered mafic—ultramafic complex
(2763 £ 6 Ma: Machado et al. 1991, Suita & Nilson

1988, Diella et al. 1995), a few kilometers east—south-
east of Serra Pelada. All these rocks were affected by
the reactivation (ca. 1.9 Ga) of the east—west-trending
Cinzento strike-slip system (Pinheiro & Holdsworth
1997a), which is still active today with small-scale
earthquakes and hot springs about 50 km west—north-
west from Serra Pelada (Pinheiro & Holdsworth 1997b).
Proterozoic magmatism is represented by the anoro-
genic Cigano Granite (1883 + 2 Ma, Machado et al.
1991), exposed about 15 km west of Serra Pelada. Sub-
ordinate dioritic and granodioritic rocks of unknown age
also occur in the area (Tallarico et al. 2000). The mini-
mum age for the onset of weathering in the Carajés re-
gion, based on K—Ar and “°Ar/*Ar dating of K-bearing
manganese oxides, is ca. 72 + 6 Ma (Vasconcelos et al.
1994).

The near-surface bonanza ore occurs as brecciated,
but completely disaggregated, quartz-bearing clayey
masses. At depth, the mineralization is less friable and
lacks the aggregates of coarse-grained, characteristically
dendritic, palladian gold. Located in the deeply
weathered hinge-zone of a recumbent syncline, the
deep-seated mineralization consists of brecciated, fine-
grained carbonaceous rocks with variable amounts of
quartz, carbonaceous matter, white mica, kaolinite, he-
matite, goethite and manganese oxide (Tallarico et al.
2000, Moroni et al. 2001). It is surrounded by a 5- to
50-m-thick zone of silicification, and broadly follows
the contact between dolomitic marble and carbonaceous
metasiltstone of the Rio Fresco Formation (Tallarico
et al. 2000).

ANALYTICAL TECHNIQUES

Coarse-grained aggregates of gold (1-3 cm across)
were picked from the drill core SP-32 at the depth in-
terval of 54.5-55.0 m. After removal of the powdery
clayey material, the gold aggregates were investigated
by scanning electron microscopy (SEM). Polished sec-
tions were then prepared for ore microscopy and elec-
tron-microprobe analysis with a Cameca SX100 at the
TU Clausthal. Analytical conditions, X-ray emission
lines and standards were the same as described in Cabral
et al. (2001), with the exception of platinum and sele-
nium, now sought using the La lines and pure metals as
standards. Occasional modifications in the X-ray emis-
sion lines and analytical conditions used are noted in
the tables.
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PALLADIUM AND PLATINUM MINERALS
FROM SERRA PELADA

Platinum-group minerals (PGM) are associated with
coarse-grained gold, which occurs as cm-long dendrites
roughly 1 mm thick (Fig. 2a) and as wire-haired aggre-
gates of arborescent fabric (Fig. 2b). The crystals of gold
are usually coated with goethite (Fig. 3a). At the con-
tact between gold crystals and the goethite coating, it is
common to observe masses of native palladium inter-
mingled with a Pd—O phase (Fig. 3b). The coarse-
grained crystals of gold occasionally host subhedral to
euhedral inclusions (5-20 wm in length) of palladium-
and platinum-bearing minerals (Fig. 3c). Where closely
associated with goethite, the PGM commonly have a
low-reflectance alteration-induced halo consisting of a
Pd-O phase (Fig. 3d).

Reconnaissance electron-microprobe work has indi-
cated a uniform content of about 7 wt.% Pd in gold crys-
tals. They have an empirical stoichiometry of Au;Pd
(Table 1) (Cabral et al. 2002a). However, the composi-
tion of gold is not ubiquitously uniform. Systematic in-
vestigation has shown that the gold composition is
variable in terms of both palladium, from 1.6 t0 9.8 wt.%
Pd, and mercury, up to 1.5 wt.% Hg (Table 1). Conse-
quently, three compositional types of palladian gold are
distinguished in this study (Serra Pelada only): (i) gold
alloy with about 7 wt.% Pd, (ii) Hg-bearing Au—Pd al-
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loys with >3 wt.% Pd, and (iii) Au-Pd alloys with <3
wt.% Pd. They will be referred to as “Au;Pd”, Au—-Pd-
Hg and Pd-poor gold, respectively. The term “palladian
gold” is used here to designate any Au-Pd alloy. All
these Au—Pd alloys are virtually free of silver. Under
reflected light, the Au—Pd crystals show a whitish yel-
low color.

Palladium-free gold also is present, but in insignifi-
cant amounts compared to the palladian gold. It is
readily distinguished from Au-Pd alloys by its typical
yellow color. Being virtually pure (Table 2), the yellow
gold occurs as veinlets and tiny crystals (<5 wm across)
near the margin of, and attached to, crystals of palladian
gold.

Specific assemblages of PGM are associated with the
compositional types of palladian gold (Table 3). By far,
“AusPd” is the dominant compositional type in the 13
aggregates of gold studied. Where present, the most
abundant mineral inclusions in the coarse-grained den-
drites of “Au;Pd” are two palladium arsenides (Table 4).
One is Sb-free and contains around 19 wt.% As (Fig. 3c).
The Pd:As ratio indicates stoichiometric Pd;As, corre-
sponding to “guanglinite”, not an IMA-approved name
(Cabri & Laflamme 1981, p. 159). The other arsenide
has some antimony in the range of 4.3-4.6 wt.% Sb at
the expense of arsenic, and hence maintains the same
stoichiometry, that is Pd3;(As,Sb), an Sb-bearing
“guanglinite”. Other inclusions are a (i) Pd—Pt-Se and

TABLE 1. ELECTRON-MICROPROBE DATA ON PALLADIAN GOLD,*
SERRA PELADA Au-Pd-Pt DEPOSIT, NORTHERN BRAZIL

Au Pd Hg Ag Cu  Fe  Tota Av Pd Hg Ag Cu  Fe
wi.% On the basis of 8 atoms

] 9231 752 <02 <03 <007 <005 9983 6952 1048 - e o —
2 9277 730 <02 <03 <007 =003 10007 6983 1017 - - -— -
3 S2ES T3 <02 <03 <007 <005 9993 6978 1022 - - — e
4 9257 137 <02 =03 <007 <005 90%4 6573 1.027 - -—— -— ————
5 6293 692 =02 <03 <007 <005 9983 7031 0869 -— mee e ——
& 9256 728 <02 <03 <007 <005 9984 6983 1017 —— e e —
7 9237 778 =02 <03 <007 <005 10015 6921 1079 - — e emee
g 592,52 732 <02 <03 <007 <003 9984 5978 1027 - ——— -— —
9 0271 139 =02 <03 <07 <005 100012 6972 1028 - ——— -— —
10 9306 2% <02 <03 <007 <005 10034 6992 1008 -— e e o
11 9251 160 <02 <03 <007 <005 10011 6.944 1056  cen mmme - ——
12 9259 751 =02 <03 <007 <005 10010 6256 1.044 e aen —— e
13 9309 705 <02 <02 013 <005 10027 5990 0980 - -— 0030 .
14 5310 698 <02 <02 008 <005 10016 TO0% 0973 e — 0018 e
15 9276 731 <02 022 <007 =005 100325 6935 LO14 - 0030 -  —-

On the basis of 1 atom

16 917 572 154 <03 058 <005 9953 0868 0100 0014 = 0017 -
17 8742 976 147 <03 058 <005 9923 0804 0166 0013 e Q0T

18 9206 581 064 <03 068 <005 9919 0872 0102 0006 —- 0020

14 9506 221 031 <03 067 <005 9925 0919 0057 0003 —— 0020

20 420 434 062 <03 062 <003 0987 0899 0077 0006 ~-- 0018 —-
2] 9624 244 =02 034 060 <005 9942 0932 0.044 0006 D018 —--
27 9659 200 =02 036 039 002 9966 0.936 0.036 0006 0.018 0.004
23 0806 161 <02 033 056 <0.05 10061 0548 0029 GH7 0017 e
24 0594 159 <02 036 054 <003 9983 0942 0036 0006 0016 -—
25 0586 192 <02 034 061 009 9982 0938 0034 —— 0006 0018 0.003

* [3ill core SP-32, 54.5-55.0 m, The results correspond to the foliowing compositional types of gold, referred to

in the texa 1-15: “Au,Pd”, 16-20; Au-Pd—Hg, 21-25: Pd-poar gold. The compositions are first listed in terms of
wtt5, then expressed in terms of atoms per formula unit, agfe.



1454 THE CANADIAN MINERALOGIST

(ii) Pd—Se phases and, more rarely, selenides analogous (<5 pm in diameter), subhedral crystals; the former is
to (iii) sudovikovite, PtSe; (Fig. 3¢), and (iv) palladseite, =~ Hg-bearing (Cabral et al. 2002a). The Pd—Se phase oc-
Pd;;Ses. The Pd—Pt—Se phase has about 72-75 wt.%  curs as subhedral to anhedral crystals 5-20 pm in length
Pd and a Pt:Se ratio of approximately 1:2, indicating an  and is usually surrounded by a Hg-bearing Pd—O phase
empirical stoichiometry of PdoPtSe, (Cabral er al.  (Fig. 3d). Being essentially composed of about 85 wt.%
2002a). Palladseite and sudovikovite are found as tiny  Pd and 14 wt.% Se, this phase has a Pd:Se ratio of about
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Fic. 1. Simplified geological map of the Carajds mineral province (Dardenne & Schobbenhaus 2001, and references therein).
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4.5, close to the stoichiometry of the synthetic com-
pound PdgSe; (Table 5).

Other PGM associated with the “Au;Pd” dendrites
are situated in the goethite coating. Of very restricted
occurrence, these minerals are too small to avoid inter-
ference from either the goethite coating or the palladian
gold. Therefore, their microprobe-derived compositions
must be considered with caution (Table 6). They are: (i)
a Pd—Pt-S—As—Se phase (Fig. 3a), (ii) a Pd-Au—Pt-As
phase (Fig. 3b), and (iii) a Se-bearing Pt—Pd sulfide.

The Au-Pd-Hg alloy has a mineral assemblage char-
acterized by a Pd-Hg—As phase. The Pd—Hg—As crys-
tals are subhedral, 10-50 pwm in length, commonly
attached to the margins of the Hg-bearing palladian gold
(Fig. 3e). Recalculation of the electron-microprobe data
indicates an empirical stoichiometry close to that of
atheneite, (Pd,Hg);As; some platinum, up to 2 wt.% Pt,
has also been detected (Table 7). Other PGM apparently
restricted to the Au-Pd—Hg alloy occur very rarely as
subhedral crystals of about 10 wm in length: (i) a Pb-
bearing Pd—Hg—Se phase, and (ii) a Pd—Bi-Se phase
(Table 7).

TABLE 2. ELECTRON-MICROPROBE DATA ON YELLOW GOLD
ASSOCTATED WITIT PALLADIAN GOLD (“Au,Pd™),*
SERRA PELADA Ay-Pg—Pt DEPOSIT, NORTHERN BRAZIL

1 2 3 4 3
900 w92 w9
022 032 031
<007 =0,07 =0,07
0.33 032 .10
=0 4 <0.04 <0.04
9945 9951 99,63
05.43 9825 .02
039 0.58 059
18 1 03
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The Pd-poor gold crystals are usually finer (<100
m) than those of “AuyPd” and the Au-Pd-Hg alloy,
but coarse-grained (>100 wm) crystals also exist. The

TABLE 3. COMPOSITIONAL TYPES OF GOLE AND
RELATED MINERAL ASSEMBLAGES,
SFERRA PEI.ADIA Au-Pd-Pt DEPDSIT, NORTHERN BRAZIL

Compositional types Minetal inclusiong Matrix minerals
“Aulrd” Early “guanglimte™ native Pd*
hydrothermal Sb-bearing “guanglinite” Pd—O phases*
Pd-Pt-5e phase poethite
Pd-Se phase Xenatime
palladseite
sudovikovite
diaspare?
Au-Pd-Hg  Early Pd-Bi-5c phase athensite®
hydmlhermnl Pd-Hg-Se phase*
romanéchite
Pd-poor Au  Lete isomerticite isomertieite*
hydrothermal romanéchite
Fure Au Supergene goethite

* The mineral phascs are ¢ommoly situared on the surface of gold erystals, embedded
in & matrix of Fe or Mn oxide minerals

TABLE 4. ELECTRON-MICROPROBE DATA ON
PALLADIUM ARSENIDE INCLUSIONS [N PALLADIAN GOLD (“Au,Pd™}*,
SERRA PELADA Au-Pd-Pt DEPOSIT, NORTHERN BRAZIL

1 2 k| 4 5 & T ) 9 10

Auwtl 194 198 256 259 139 132 18 246 124 129

Pd 8027 75,02 7960 79.77 BO.02 8083 7832 7330 7810 7398
As 19,14 19.08 19.19 1924 1941 1915 1593 1584 1595 1612
Sh <003 <003 <003 <003 <0.03 <003 427 463 444 427
Total 1,35 10013 100.35 109,50 100,82 101,30 100,38 141,23 9273 10066
AU apfu 0.039 0040 0051 0051 0.028 0.027 0036 (0.048 0.024 0026
Pd 2559 2951 2942 2942 2055 1972 2963 2953 1968 2972
Az 1001 1.009 1007 1008 1.018 1.001 0858 0847 0861 0.862
L —- —-- 0141 0152 0.146 0140
Zas LOGL 1.009 1037 1008 L0188 1601 0.999 0.999 1007 1.002

I mm
—

FiG. 2. SEM images of (a) a palladian gold thread and (b) an arborescent palladian gold aggregate from Serra Pelada.
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(b)

Pd-Au-P1-As

“AuPd™

PiSe.,
T

Fic. 3. Back-scattered electron (BSE) images of palladian gold and associated PGM from Serra Pelada. a. Crystals of palladian
gold (empirical stoichiometry: “AusPd”) coated by goethite. Note inclusions of YPO4 and Fe—Pd—O phase in the goethite
coating. Electron-microprobe data for the Pd—Pt—S—As—Se phase are provided in Table 6 (anal. 1). Black: resin. b. Detail of
the area indicated in (a). Native palladium (Pd) intimately associated with a Pd—O phase and a relic of a Pd?—Au?-Pt-As
phase (Table 6, anal. 2). Black: resin. c. Inclusions of sudovikovite (PtSe,) and “guanglinite” (Pd3As) in palladian gold
(“AusPd”). d. Alteration rim of Pd—O on Pd—Se phase at the contact between palladian gold (“AusPd”) and goethite. Black:
resin. e. Hg-bearing palladian gold (Au-Pd-Hg), Pd-poor gold and associated PGM in a Mn-Ba—O matrix (possibly
romanechite, dark grey). Note that the crystals of atheneite [(Pd,Hg);As] are on the surface of the Au—Pd-Hg alloy.
f. Aggregates of Pd-poor gold and isomertieite (Pd;;As;Sb,, arrows) intergrown with a Mn—Ba oxide (romanechite?, dark

grey).
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crystals of Pd-poor gold have so far been recognized in
aggregates intergrown with a Mn—Ba oxide (Figs. 3f),
possibly romanechite, in which coarse-grained crystals
of Au-Pd-Hg alloy occur (Fig. 3e). A Pd—As—Sb min-
eral seems to compose a particular mineral assemblage
with the Pd-poor gold. The Pd—As—Sb crystals are
subhedral and have a variable grain-size. Where fine-
grained (<100 pm), they are found as aggregates with
Pd-poor gold (Figs. 3e, f) and as isolated crystals; those
slightly exceeding 100 pm in length are attached to
coarse-grained Pd-poor gold. Their composition is about
75 wt.% Pd, 14% Sb and 9% As, corresponding to that
of isomertieite, Pd;;SbyAs; (Table 7).

Native palladium, Pd—O and gangue minerals

Native palladium is characteristically located at the
contact between the goethite coating and “Au,Pd”. Two
styles of occurrence are recognized: (i) as masses (Fig.
3b) and (ii) as submicrometer-wide stripes lining vugs
(Fig. 4a). There is an intimate association between na-
tive palladium and a Pd—O phase of low reflectance,
which imparts a spongy appearance to the palladium

TABLE 3. ELECTRON-MICROPROBE DATA ON
PALLADILM-SELENIUM ALLOY *
SERRA PELADA Au-Pd-Pt DEPOSIT, NORTHERN BRAZIL

1 2 3 4 5

Pd wt% 50l 24,89 £4.96 25.05 84,64

097 0.88 1.19 112 0.74

Fe 0.41 041 053 0.59 083

Se 13.61 1418 1309 14.24 14.17

3 0.0} =003 <0.03 <q.03 <0.03

Total 100.03 100,36 100 67 101.00 100.38
Pd apfr 2926 8371 3,861 3528 8.807
Au 0055 0.050 0.067 0.063 0.042
Fe 0.082 082 0.105 0il7 0.164
EPd U063 .00 9.033 2.008 o013
Se 1926 1.597 1,967 1992 1987
s OO0 e e — e

* Drill core 5P-32, 54.5-55.0 m.

TABLE & ELECTRON-MICROPROBE DATA QN THE P{7Af
AT THE CONTACT BETWEEN THE GOETHITE COATING
AND PALLADIAN GOLD (“AuPd™}*

SERRA FELADA Au-Pd-Pt DEPOSIT, NORTHERN BRAZIL

1 2 3 1 2 3
Auwt% <030 2723 <030 O TR— 0179 —
Pt 3426 1011 7582 Pt 0184 0087 0825
Cu =047 008 <007 Lo e 0002 ——
Fe 101 009 080 Fe 0Oe 0002 000
Pd 5074 5B77 451 Pd 2500 0716 0110
As 758 180 <010 Ag 0108 G031 —_
5 438 <0.03 1536 ] (IR R— 1.616
Se 364 018 069 Se 0048 0003 0019
Talal 10161 9827 9818 z 1 1 2

* Diill core SP-32, 54.5-55.0 m.
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masses (Fig. 3b). Relics of PGM are sporadically found
in masses of native palladium. The native palladium is
generally pure (Table 8); the extraneous elements de-
tected in micro-analyses may stem from the surround-
ings (Au from palladian gold) or be inherited from a
precursor PGM (7.2 wt.% As, anal. 5, Table 8).

Apart from being intermingled with masses of na-
tive palladium, the low-reflectance, Pd—O phase also
occurs as an alteration halo on PGM. Such halos are
best developed on arsenic- and selenium-bearing palla-
dium minerals where in contact with goethite (Fig. 3d).
The Pd-Se phase of Figure 3d (no Hg and Cu detected)
is altered to Pd—O with 2.0 wt.% Hg and 1.7 wt.% Cu.
Some Pd-O-bearing phases were analyzed for oxygen.
The oxidation-induced halo on the Pd—Pt-Se phase, for
instance, has low contents of oxygen, from about 4 to 6
wt.% O; higher contents (9-11 wt.% O) were detected
in the Pd—O associated with native palladium (Table 9).
Note that in some cases, considerable amounts of Hg,
Cu and Mn, and perhaps Cl, are present in the Pd—O
phases.

Gangue minerals are rarely included in the “Au;Pd”
alloy. One exception is an acicular Al-O, possibly di-
aspore [AIO(OH)]. Rare crystals of yttrium phosphate
(probably a xenotime-group mineral) occur in vugs

TABLE 7. ELECTRON-MICROPROBE DATA OGN
PGM ASSOCIATED WITH Au-Pd-Hg and Pd-POOR GOLD ALLOYS *
SERRA PELADA Au-Pd-Pi DEPOSIT, NORTHERN BRAZIL

1 2 3 4 5 ] 7 B 9 10

Pdwt% 6715 68.18 67.90 67.04 68.76 G3.06 7525 7489 7563 7546

Ay 047 110 206 03% 1481 084 0BS 093 094 146
Hg 13.79 1399 13.77 1322 0.2 1170 <020 <020 <020 <020
Pt 196 <03 <930 1,62 035 <030 <030 <030 <030 <030
Cu <07 <007 <0.07 <007 <0.07 <007 032 017 40 012
Fe 008 <005 0.07 022 <005 <005 012 <005 <0.05 <005
Ph ni na na na na 443 na na na  na

Ag 1748 1694 16590 1830 <015 015 911 £34 927 %45
5b <03 <003 <003 <003 <003 <003 1467 1479 1439 1457
Sn <003 <003 <0.03 <003 <003 <003 <003 <003 006 005
Se <007 <007 <007 013 &44 18EB7 <007 <007 <0.07 <007
Bi na na na na 199 <350 na  na  na na
Total 10093 10021 100 70 100 92 (0107 9205 100.16 99.62 100.38 100.51
Pdapfi 2663 27202704 2630 2976 2,583 1).07511,105 11.113 11.119
0010 9,024 0044 0008 G084 0.019 0071 0075 0075 0116
Hg 0290 & "96 0261 0276 0254 e e
Pt 0.042 Q008 ——-
Cu —- —— ee—e mean e
Fe — e
Pb —— — —— 0093 e -—
Zpd 30403044 2071 3.069 2949 11,2091]. 22] 11209 11.265
As 0960 0.956 1022 --— 3.4009 1504 1862 1935 1852
Sh e e - 1.987 1917 1.84B 1.B76
Sn e —m —em e amas ememn e G0 0.007
S8 s e e e e
Bi e e —em —- 3439 o seme deeee e mm—n
0.9%6 0960 0.056 1.029 093] 1051 3.7%] 3 ’!?9 3791 3733
L o 4 4 4 4 4 4 111l 11

* Drill core 8P-32, 54.5-55.0 m. Other X-ray lines (standards in parentheses) than
thuse deseribed in Cabral et aJ' (2001) were usad Asle (InAs), PELP (PhTe) and
Bifa (Bi). Micro-analy : 5 hed to Au-Pd-Hg. 5:
Pd-Se—Bi phase included in A.u Pd— {Fig. 3e} its empirical formula approaches
Pd(Se,Bij. & Pd—Se—Hy phast attached Lo Au—Pd-Hg; its empirical formula is elose
to {Pd)g),Se. 7-10 [somertieite crystals assaciated with Pd-puor gold. na.: not

analyzed.
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within the “AusPd”. It is remarkable that xenotime is
sporadically included in the goethite coating (Fig. 3a).
The goethite coating has patches enriched in palladium
with no recognizable inclusions of native palladium,
suggesting the existence of a Pd-bearing iron oxyhy-
droxide or hydroxide.

ELEFANTE PROSPECT: VEINLET
OF NATIVE PLATINUM AND ASSOCIATED PGM

The coarse-grained, arborescent aggregates of
palladian gold described above were picked from deeply
weathered, disaggregated and powdery material, and
hence their relation to the host rock could not be deter-
mined. Evidence from relatively fresh material comes
from the Elefante prospect, about 2 km south—southwest
of Serra Pelada. A dark chlorite phyllite (drillcore EL—

TABLE 8. ELECTRON-MICROPROBE DATA ON NATIVE PALLADIUM®,
SERRA PELADA Au-Pd-Pi DEPOSIT, NORTHERN BRAZIL

1 2 3 1 5 6 ?
Pd wt% G175 9782 9066 G8I2 066 PTE 994
Au 146 222 077 1oL 149 135 062
P <030 <030 <030 <030 D3 <030 <030
Cu 015 <007 <067 <007 <007 <007 <007
Fe 066 051 034 D40 019 050 049
As <045 047 <015 <D1S 7322 <015 040
Total o342 10007 10077 5963 DURT 10161 10075
Pd att% 9807 9725 9804 9560 RE66 9834 9R.1E
Aa 975 116 D41 03% 079 072 033
Pt e e — B0 @17 -
Cu [ S e
Fe o1l 095 Dsd 0T 035 084 0%
As PO Y. R— e 1003 — 056

* Drill core SP-32, 54.5-55.0 m. Micro-analyses & and 7 were done using Aslo
{Inas as standard}.
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03, 31.5 m) is cross-cut by a veinlet of native platinum
20 pm wide, with which coarse-grained gold aggre-
gates, as well as native palladium, Pd—Sb—As and Pd-
Cu-O phases, and a Cu selenide are associated.

The host rock is a carbonaceous, white mica — quartz
— chlorite phyllite, with traces of titanium oxide (rutile?)
and zircon. Two generations of chlorite are recognized:
an early, ferroan clinochlore [Fe/(Fe + Mg) = 0.3] is

TABLE % ELECTRON-MICROPROBE DATA ON
PALLADIUM OXYGEN COMPOUNDS,
SERRA FELADA Au-Pd-Pt DEPOSIT AND ELCFANTE PROSPECT

1 2 3 4 5 6 T g
Pd wt % 6574 6765 6764 RO RO1S ROOD 4711 4852
Se 406 33 415 <020 <030 <020 na  ne
Au <020 <020 <020 747 350 221 na  na
Ft 20231 1895 1992 <020 <020 =020 HED t.a.
Cu <003 027 004 018 175 136 3474 3476
Hg T1l D96 086 445 174 060 <020 <030
Fe 012 018 039 <0063 008 017 030 038
Mn 095 080 09T 110 259 366 002 003
i 005 <003 <003 008 016 046 006 01D
0 584 495 414 731 911 1128 1629 1458
Total GE.I0 9768 D311 9830 052 9837
Pdat% 5109 568% S48y 576 2199
Se 38 438 491 —— -
AU s e e 2.83 ——
B 893 867 944 — e e - e
Cu ~ 036 gee 023 196 133 2715 2842
Hg 652 045 037 171 063  0d9 e ——
Fe 017 027 045 e 007 OI% 025 035
Mn 146 143 167 157 329 428 002 003
cl DO9  comee meman 016 03 082 010 OIS
O 31,36 2761 2398 3IZET 3979 4480 S052 4736

* The mineral was analyzed For oxygen under 20 kv and 40 nA using the Ko
emission ling and A0, as the standard. Where not asterisked (micro-analyses 1-8),
the concentration of cxygen was measured according to the analytical conditions
described in Cabral of i {2001). Micro-analyses 1-3- Aheration halo on Pd-Pt-Se
phise, 4; Alteration halo on Pd arsenide. 5-6: Pd—0 compound associgted with native
pelladium. (Semrm Pelada, drill core SP-332, 54.5-35.0 m). Micro-analysss 7-8.
Pd—Cu—0) phase in association with mertieite-1! (Elefarte Prospecs, dtill corg EL-03,
3.3 m) na not analyzed.

FiG. 4. Reflected-light photomicrographs illustrating the relationships of native palladium (Pd) and a Pd—O phase in palladian
gold from Serra Pelada (a) and the Elefante prospect (b). a. Stripes of native palladium (white), associated with a Pd—O phase
(dark grey), line vugs filled by goethite (black). Note incipient stage of Pd—O formation in a crystal of “guanglinite”(Pd3;As).
b. Native palladium with parallel segments of a Pd—O phase. Black: gangue.
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replaced by clinochlore [Fe/(Fe + Mg) =~ 0.06]. A white-
mica-rich alteration zone of about 1 cm in width envel-
ops the veinlet of native platinum. The veinlet has a
reddish halo of iron oxide.

The veinlet of native platinum consists of very fine-
grained platinum crystals, less than 3 wm across, inter-
mingled with a Mg-rich aluminosilicate (clinochlore?).
Enveloped by a goethite—hematite halo, the veinlet cuts
vein quartz with inclusions of Ti oxide and a Cu,(Se,S)
phase of bluish tint, identified as berzelianite (Fig. 5a).
An accurate electron-microprobe analysis of the native
platinum could not be made owing to the small grain-
size and poor quality of polish. The composition, recal-
culated to 100% and shown in Table 10, is noteworthy
because of the low contents of iron and copper.

Gold occurs adjacent to the native platinum veinlet
as anhedral crystals and aggregates up to 2 mm long. It
ismade up of 96.6 £ 1.1 wt.% Au,2.2+0.2% Ag, 0.8 =
0.3% Cu, and 0.39 + 0.02% Pd (Table 11). The gold
contains inclusions of Ti oxide, subhedral to euhedral,
5 wm-long crystals of Cuy(Se,S), and palladium
antimonides. The palladium antimonides have compo-
sitions close to mertieite-II and isomertieite (Table 12).

TABLE 10. ELECTRON-MICROFROBE DATA ON
NATIVE PLATINUM, ELEFANTE PROSPECT*, NORTHERN BRAZIL

I 2z 3 4 5
Pt wit %% 7122 8737 412 8715 91.99
Pd 15.38 3.52 676 575 1.37
Fe 1.21 0.90 1.0% 1.47 na.
Cu 351 <0.97 0.08 =0.07 <007
Total 91.52 91.79 9205 94,37 93 56
Recalculated to 100
Pt 778 95,2 91.4 923 943
Pd 170 38 73 6.1 1.7
Fe 13 1.0 1.2 16 e
Cu iR —- a1 —— n.o

* Drill core EL-03, 31.5 m. n.a.: not analyzed.

TABLE 1. ELECTRON-MICROPROBE DATA ON NATIVE PLATINUM,
YEINLET-RELATED GOLD, ELEFANTE PROSPECT*, NORTHERN BRAZIL

1 2 3 4 5 ] 7 8

Auwt 0558 9585 9707 9528 975! 970F 9594 0675

233 232 1B 252 212 199 235 235
Cu 104 094 D42 097 061 04l 092 081
Pd 040 041 041 039 038 037 038 041
sb <001 D06 <003 <003 <003 <003 <003 <003
Total 8935 0038 10068 0016 L0D6Z 10075 9949 10042
Auat% 9208 9220 0469 9196 9378 9460 926D 5248
Ag 410 408 332 444 372 351 397 410
Cu 311 281 126 290 182 123 275 1M
Pd 07Tl 073 075 07 D68 D& 088 073
sh Y - JES —— -

* Draill core EL-03, 31,5 m,
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Native palladium is attached to, or partially enclosed
in, gold, and has virtually no impurities, except for traces
of copper (Table 12). The native palladium shows an
intimate relationship with a low-reflectance phase re-
sembling goethite in reflected light. This phase is a Pd—
Cu-O compound that sporadically occurs in parallel
arrays perpendicular to the margins of the host native
palladium (Fig. 4b). A relic of mertieite-1I is preserved
at the margin of a Pd—Cu—O grain that encloses a Pd—
Hg alloy (Fig. 5b, Table 12). The empirical formula is
close to (Cu,Pd)O (Table 9, anal. 7 and 8).

Discussion
Dendrites of palladian gold

Because the Serra Pelada garimpo is located in a
lateritic profile, supergene processes have been sug-
gested to account for the bonanza near-surface mineral-
ization (Meireles & Silva 1988, Tallarico et al. 2000,
Moroni et al. 2001). However, the investigation of the
coarse-grained dendrites of palladian gold has revealed
PGM assemblages having an As—Sb—Se-Hg signature
characteristic of epithermal deposits (Lindgren 1928).
Significantly, most selenide minerals are deposited be-
tween 300° and 65°C (Simon et al. 1997). The Se sig-
nature of the Serra Pelada mineralization has been
emphasized by Sener ef al. (2002).

The weathering of gold particles under lateritic con-
ditions leads to the development of an Au-rich, Ag-de-
pleted halo (e.g., Mann 1984, Colin & Vieillard 1991,
Freyssinet et al. 1989, Minko et al. 1992, Colin et al.
1997), and ultimately, to the formation of grains of com-

TABLE 12. ELECTRON-MICROPROBE DATA ON PGM
FROM THE ELEFANTE FROSPECT*, NORTHERN BRAZIL

1 2 3 4 k3 & 7 g

Pd wis 7248 TI9 Tio4  T296  TL7S 4408 10037 10052
Au 05 033 <030 =030 Ze# <030 <030 <030
Ag <020 <020 <020 <020 <020 088 <020 <0.20
Hg <020 <020 <020 <020 <020 5046 <020 =020
Sb 2482 2469 2472 2483 1608 <003 <003 =003
As 309 330 322 322 B66 <00 <000 <0l0
Cu 048 016 0I5 034 375 483 Q18 022
Sn 0.08 .10 007 0,09 006 <003 <003 <003
Total 10154 0154 100.80 101.44 10254 100.05 10055 100.74
Pd 7592 B04s 7961 3035 10166 1663 0997 (.0%6
Au D0ES OO0 e e 0202 e — e
Cu 0039 G030 0139 0083 0390 0293 000 0004
Ag e — 0032 e emee
Zpd 8116 8095 5100 BO98 11.238 1.988 1000 1000
Sh 2392 2370 2388 23% 1.99] e
As 0484 0517 0505 0304 174} e ——  —
Sn D008 0010 0007 0009 Q60— e e
Rgh 2884 2906 2800 2903 3742 — s anee
Hg - e e e 12 e ——
L apfu i1 1t It 11 15 3 1 1

+ Drill care EL-03, 31.5 m. ¥ Probably due to contemination fom the surmund.i.:g
gold metrix. Micro-analyses 1-4; mertieite-11. 5. isomertteite. & F-Hg alloy foul
a5 inclusion (relic?) in the Pd—Cu-0O phase of Figure 5b. 7-3%: native palladium
associated with PA—Cu—0 phase
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Lb)

Pd,(Sb.As),
Quartz

BSE images, Elefante prospect. a. Veinlet of native platinum cuts vein quartz containing inclusions of TiO, and

berzelianite crystals, Cu,(Se,S). The veinlet has a halo of goethite—hematite (Fe—O). See Table 10 for results of micro-analyses.
b. Pd-O phase with relics of mertieite-1I and inclusions of a Pd—Hg alloy. For results of micro-analyses, see Table 9 (anal. 7

and 8) and Table 12 (anal. 1 and 6).

positionally pure, supergene gold (e.g., Boyle 1979,
Mann 1984, Oliveira & Campos 1991, Santosh &
Omana 1991, Lawrance & Griffin 1994). Like silver,
palladium also is leached from gold alloy during weath-
ering (Varajdo et al. 2000). In fact, some crystals of
“AusPd” have a thin, discontinuous, Pd-depleted rim,
and pure gold occurs as tiny crystals and marginal vein-
lets, but is very minor. Therefore, the dendritic aggre-
gates of palladian gold appear to be only weakly affected
by weathering, and are more likely residual components
of a primary, hydrothermal mineralization. In this con-
nection, it is worth mentioning that dendritic gold is
known to occur in epithermal and hot-spring gold de-
posits (Saunders 1994, Sherlock & Lehrman 1995).
Also, the dendritic aggregates of Pt—Pd and Pd-Hg—Au
alloys from the Bom Sucesso stream, Minas Gerais,
possibly result from open-space infill by low-tempera-
ture hydrothermal fluids (Cassedanne et al. 1996, Fleet
et al. 2002).

Se-bearing phases

Sparse crystals of palladseite and sudovikovite are
included in palladian gold. These very rare selenide
minerals occur in the hematite-rich auriferous veins
(jacutinga) at the Caué iron-ore mine, Minas Gerais,
Brazil (Davis et al. 1977, Olivo & Gauthier 1995,
Kwitko et al. 2002, Cabral et al. 2002b). Like at Serra
Pelada, the jacutinga-style mineralization is character-
ized by (i) palladian gold (Hussak 1904) and (ii) a metal
assemblage typical of epithermal deposits (Cabral et al.
2002b).

The Pd-Se phase seems to be a new PGM, as there
are no reports in the literature of a natural compound
analogous to the synthetic PdgSe,. This unidentified

species is an alloy, rather than a selenide, as its Se con-
tent is too low to account for charge balance in relation
to Pd. It is interesting to note that a Pd—Cu—Se alloy
consisting of 85 at.% Pd, 8% Cu and 7% Se was found
at Ruwe and Shinkolobwe, Congo, where palladian
gold, native palladium and PtSe, (sudovikovite?) also
occur (Jedwab 1997). The possibility that the Pd—Se
phase corresponds to synthetic PdoSe; raises the ques-
tion whether the phase-equilibrium relationships in the
system Pd—Se can be applied to natural systems. PdgSe,
apparently is stable between 635 and 390°C (Okamoto
1992), but such a temperature range is far above the
suggested temperature of formation (<300°C) of the
Serra Pelada mineralization (Sener et al. 2002).

A Pd-Hg-Se phase was observed at the margins of
the Au—Pd-Hg alloy. Note that micro-analytical data
suggest the empirical formula (Pd,Hg,Pb);Se, raising the
question whether there is a compositional series between
Se- and As-rich (atheneite) end-members. More impor-
tantly, however, a Pd-Hg—Se association is known from
Au-Se-bearing hydrothermal veins (Mernagh et al.
1994, Paar et al. 1998, Nickel 2002, Stanley et al. 2002),
for which a temperature of formation of about 100°C
has been proposed (Simon et al. 1997).

Native palladium

The native palladium from both Serra Pelada and the
Elefante prospect is virtually pure. Nekrasov (1996, p.
85) pointed out that auriferous native palladium, even
with only 1 to 2 wt.% Au, is extremely rare. It seems to
have exclusively been recorded from Itabira, Minas
Gerais, Brazil, with 2 wt % Au (Olivo & Gauthier 1995).
In the Kupferschiefer deposits of Poland, nearly pure
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native palladium forms intergrowths (<10 pm) with Pd—
Pt-bearing argentiferous gold (Kucha 1981).

The native palladium masses of both the Serra Pelada
and Elefante areas are intimately associated with a Pd—
O-bearing phase. Microstructural evidence indicates that
part of such a Pd-O compound formed at the expense
of a precursor Pd mineral (e.g., Pd—Se alloy, mertieite-
II; Figs. 3d, 5b). The Pd—O-bearing phase was possibly
susceptible to variable pH and Eh conditions due to os-
cillations of the water table. Where conditions were
compatible with the stability field of palladium, native
palladium would have formed from the Pd—O phase (cf.
stability diagrams of Bowles 1986, Wood et al. 1989,
Olivo & Gammons 1996). On the other hand, the pres-
ence of some mercury in the Pd—O-bearing phase may
also suggest involvement of a low-temperature hydro-
thermal fluid. Some spongy masses of native palladium
are similar to those of native platinum and Pt-Pd alloy
documented from the Waterberg deposit, South Africa
(Wagner 1929, McDonald et al. 1999). In this case,
crystallization of native palladium from an amorphous
Pd-O precursor could have occurred under temperatures
within the epithermal range (McDonald et al. 1999). The
parallel array of a Pd—O phase in native palladium
(Fig. 4b) could be interpreted as relics of desiccation
cracks from which native palladium crystallized (i.e.,
oxygen loss and dehydration leading to cracking of
amorphous Pd-O).

Veinlet of native platinum

Whereas it contains significant amounts of palla-
dium, the native platinum is poor in iron and copper,
and resembles the virtually Fe—Cu-free Pt—Pd alloy from
the hematite veins and hematite replacement zones of
the Waterberg deposit (Wagner 1929, McDonald et al.
1999). A rim of native platinum around a Pt—Fe alloy
from the Baimka placer deposit, Russian Far East, is also
nearly devoid of Cu and Fe (Gornostayev et al. 1999).
These observations on natural alloys confirm the experi-
mental evidence that under low fugacity of sulfur and
low-temperature conditions, grains of platinum alloy are
poor in Fe (Evstigneeva & Tarkian 1996).

CONCLUDING REMARKS

The coarse-grained aggregates of palladian gold
from Serra Pelada display four compositional types of
gold, with distinct mineral assemblages: i) “Au;Pd”, the
most abundant Au—-Pd alloy, hosts Pd arsenides
(“‘guanglinite” and Sb-bearing “guanglinite”), Pd—Pt—Se
and Pd-Se phases, sudovikovite and palladseite, ii) Au—
Pd-Hg alloy, characteristically with atheneite and rarely
observed Pb-bearing Pd-Hg—Se and Pd-Bi-Se phases,
iii) Pd-poor gold — isomertieite — Mn—Ba oxide assem-
blage, and iv) pure gold—goethite assemblage.

The paragenetic relationships among the gold—-PGM
assemblages cannot be established, but the Pd-poor gold
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assemblage is possibly later than the Au—-Pd-Hg alloy.
Whatever the case, subsequent removal of As, Sb and
Se from PGM led to the formation of Pd—O-bearing
compounds, either by low-temperature hydrothermal or
supergene fluids. Oxygen loss and dehydration of Pd—
O masses would account for the spongy masses of na-
tive palladium, occasionally with cracks and parallel
arrays of Pd-O.
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