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PLATINUM.GROUP MINERALS FROM
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ABSTRAC|

The first platinum-group minerals (PGM) to be described in detail from Ecuador come from placers in the Santiago River'

Esmeraldas hovince. This area is situated between the Cordillera de Toisdn and the Pacific coast in the northwestem part ofthe

country. The only PGM found as individual mineral grains in the placen are h-Fe alloys, mainly native platinum with minor

isofenoplatinum. Minerals found as inclusions in ft-Fe alloys are hongshiite, osmium, bowieite, cuprorhodsitg. laurite'

erlichmanite, cooperite, braggite, unknown phases in the systems Pd-As-Te, Pd{u-S and Pt{u-S, and chalcopyrite. The PGM

in the placen arejnfened to derive from a mafic-ultramafic Alaskan-type intrusion that has yet to be identified.

Keywords: platinum-group minerals, placer deposits, R-Fe alloys, Ru-Os-lr alloy. PGE sulfides, Alaskan-type intrusion,

Esmeraldas Province. Ecuador.

SoMNaa.IRs

Nous d6crivons ici pour la premidre fois les min6raux du groupe du platine des graviers alluvionnaires de la rividre Sandago'

province d'Esmeraldas(Equatiur). La r6gon est situ6e entre la Cordillbre de Tois6n et la cdte du Pacifique, dans le nord-ouest du

pays. 6s seuls min6raux du groupe du platine dans ces graviers font partie d'alliages ft-Fe; il s'agit surtout de platine.natif, avec

isofenoplatine accessoire. On rbuu.,-"n inclusions dans ces alliages, hongshii'te, osmium, bowiei'te, cuprorhodsite, laurite,

erlichmanite, cooperite, braggite, des phases m6connues des systbmes Pd-As-Te, Pd-Cu-S et ft{u-S, et chalcopyrite. Un massif

mafique-,ultramafique de type Alaska que nous n'avons pas encore identifi€, serait d I'origine de ces p6pites..
(Traduit par la Rddaction)

Mots-clds: min€raux du groupe du platine, alliages ft-Fe, alliage Ru-Os-Ir, sulfures des 6l6ments du groupe du platine, complexe

intrusif de type Alask4 province d'Esmeraldas. Equateur.
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INrnorucnon

The area between the Cordillera de Toisdn and the
Pacific coast in Esmeraldas hovince, northwestern
Ecuador, particularly between the rivers Cayapas, San
Miguel, and Santiago, is well known for its occurrences
of platinum-group minerals (PGM) and gold placers. ln
1967, we carried out a geological investigation in this
area. Attempts to collect platinum grains by panning
stream and tenace sediments along the Santiago River
failed; only a few grains of gold were recovered.
However, the Compaiia Minera Gowanda S.A., which
holds a mining license along the banks of the Santiago
River near the village of Playa de Oro, kindly provided
several glains ofplatinum-group minerals ftom that area
for our scientific investigation. This paper provides the
first detailed account ofthe composition and origin of
platinum-group minerals from the Ecuadorian Western
Cordillera.

GEoLoCY

A summary of the geology of the study area is given
below. This summary is mainly based on the findings of
Baldock (1982, 1985), Evans & Whittaker (1982)'
Henderson (1981), Kennerly (1980), Paladines & San-
martin (1980), and on unpublished technical reports
kindly provided by the Ecuadorian Geological Survey,
the Instituto Ecuadoriano de Minerfa (INEMIN).

Ecuador is divided into three very distinct physiog-
raphic belts, the Costa, the Sierra, and the Oriente. All
trend approximately NNE-SSW and also show differ-
ences in their geological and tectonic evolution (Fig. l).
The eastern pan of the study area belongs to the Sierra
belt, and the western part" to the Costa belt.

The Sierra

The Cordillera de Tois6n forms part of the Western
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Ftc. 1. Geological map of northwestern Ecuador (modified after Henderson 1 98 I ).

Cordillera (Cordillera Occidental) of Ecuador. Irs wesr-
em flank is mainly composed of intermediate volcanic
rocks of the Macuchi Formation. which is of Late
Cretaceous (Turonian-{oniacian) to Eocene age. This
formation belongs to a volcanic-arc assemblage and has
a probable thickness in excess of 8,000 m. Sequences
within this formation where non-volcanogenic sedi-
ments are more common have been designated as the
Chontal Member.

Andesitic volcanic rocks referred to as the San Juan
de t achas Volcanic Complex also occur on the western
slopes of the Cordillera de Toisdn. The age relation of
these rocks to the Macuchi Formation are unclear. as the
contacts are faulted.

Several plutonic bodies intrude the Macuchi Forma-
tion. They form the Apuela Batholith, for which a
post-Eocene age is suspected. The batholith varies in
composition from granite to diorite. Basic to ultrabasic
dyke-like bodies (gabbros and gabbronorites) rarely

occur within the Macuchi Formation. They have been
interpreted as part ofan ophiolite body that is considered
to be the source rock of the PGM placers in the rivers
west of the Cordillera de Tois6n.

Late Eocene to early Oligocene orogenic movements
also have affected the Macuchi Formation. Strong
folding on a N-S axis and block faulting have occuned,
but are rarely evident owing to the generally homogene-
ous nature of the volcanic comDlex.

The Costa

The Piflon Formation consists of basaltic lavas and
breccias of submarine origin in which pillow structures
are common. They may represent oceanic crust. Neither
the extent nor the thickness of the Piffon Formation is
known. Its age is pre-Senonian; it is older than the
Macuchi Formation and may underlie part of it.

To the west, the volcanic complexes of the Macuchi
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Frc. 2. SEM photomicrographs of typical grains of Pt-Fe alloy from the Santiago River. a, b. Smooth rounded elongate grains'

c, d. Tabular grains wittr panty piese-"d p.irnury crystal face(s). e, f. Tabular grains with lobed outlines'
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and Pifron formations are overlain by Tertiary to eua-
ternary sedimentary sequences. They reach a maximum
tlfckness of several thousand meters in the Borb6n
Basin. The sequences are typical ofthose in an idealized
residual forearc basin and show alternation of shallow-
and deep-water sedimentation caused by regional tecto-
nic events. They are folded into a series bfopen NE-SW
folds with sinuous traces. The faults mostly trend
NNW--SSE; some of them run parallel to the coastline.
All are normal faults; there is no evidence of thrustins.
_ The.youngest deposits are more or less compacted
fluviatile and estuarine sediments of euatemary age
derived from erosion ofthe Sierra to the east. The placer
deposits of PGM and gold occur in these sediments and
form an economic base, albeit a local one, for this region.

SAr{pLE pnspARArtoN
AND MIcRoPRoBE TECHMQI.JES

For optical examination and electron-microprobe
analyses, part of the healy-mineral concentrate and the
PGM were mounted in araldite and polished with
diamond powder on a Diirener polisher with lead laps.
A total of 103 individual grains ofpGM were analyzed.
The electron-microprobe analyses were iarried ouiwith
a CAMEBAX Microbeam instrument usins wave-

ltota l. cgaurca& colpogtlton'oF pt-Fe AnD pt-cu llrrois

A@I.sia
RU
Rh

Ir
Pt

Cu
Total

reight p€r c@t
22 26 69 7t 95 99 146
-  0 .25  0 .28  0 .31  -  0 .L2
1.33  1 .39  1 .52  1 .16  0 .83  2 .36
3.4s  -  0 .19  0 .81  0 .66  0 .20
0.36 0.66 2.23 0.88 0.8? 0.55 0.26
0.28 0.56 11..03 1.35 L.62 3.45 0.23

86.28 91.09 79.a! 88.50 85.76 87.11 7X.69
6.32  5 .10  5 .05  5 .35  8 .57  5 .40
0.69 0.31 0.54 0.?9 0.50 0.36 25.21

94.77 99.36 t00.67 99.33 98.S1 99.55 99.45

atoBlc proportioN
Ru - 0.004 0.005 0.005 - 0.002
Rh 0.021 0.023 0.025 0.019 0.013 0.039
Pd 0.053 - 0.003 0.013 o.o1o o.oo3
0s 0.@3 0.006 0.020 O.OO8 O.@7 O.@5 O.OO2
Ir 0.002 0.co5 0.096 0.012 O.Ot3 0.030 O.@2
Pt 0,719 0.798 0.686 0.758 o.7m 0.749 0.4a5
Fe 0.184 0.156 0.151 0.165 0.244 0.162
cu 0.018 0.008 0.014 0.021 0.013 0.010 0.511

-Obtalnsd !y elatron-dcloprob€ aEltEta. AII oths!
er@nts Ere goud to be bolm lhelr ltnlts of detstlon.

length-dispersion spectrometry. The operating voltage
was 20 kV atabeamcurrentof30 nA and ameasuremen[
time of 10 s. The following X-ray lines and standards
were used: RuZcl Rhloq OsMa,bIn, Autoq AgZF,
CuKoc" NiKa (metals), PrKcr, and FeKa (synthetic ft3Fe
alloy), Pdta (synthetic PdS), SKa (pyrite), Tel,cr (syn-
thetic Pd3HgTe), Asto (synthetic GaAs) and SbZa

ot Fe,Ni,Cu%Pd,Rh,Ir,Os,Ru

Flc. 3. Plot ofbulk compositions (erectron-microprobe data) ofthe pt-Fe alloys.
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(stibnite). Raw data were corrected using the PAP
correction program (CAMECA), and correction of peak
overlap was carried out for the elements Rh, Pd, Ag, Cu,
As, and Sb. Altogether, 164 quantitative analyses were
made on single grains and inclusions of PGM and native
gold.

MrNsRALocv

The heavy-mineral fraction mainly consists of il-
menite, which forms euhedral to subhedral crystals up
to 500 pm in diameter. Under the microscope, the
ilmenite may show lamellae of hematite and drop-like
inclusions of pynhotite and chalcopyrite. Chrcmite is
not very corrmon in the concentrate; euhedral grains

measure up to 500 pm across and show alteration at their
margin. The gains of gold, which also are not very
cornmon. are flattened and have a lobed outline. Their
size varies between 200 pm and 1 mm. Microprobe
analyses gave an average content of. 8.2 wt.Vo Ag; no
other elements could be detected. The only platinum-
group mineral (PGM) found as discrete grains are Pt-Fe
alloys. All other observed PGM occur only as inclusions
in n-fe alloys and rarely as a replacement along grain
margins.

Pt-Fe alloys

The single grains are between 100 pm and 1.5 mm in
size. They are mostly rounded (Figs. 2a b) or flattened
with lobed outlines (Figs.2e, fl.In somecases' aprimary
crystal face is partly preserved (Fig. 2c). Microprobe
analyses show that all gains examined, apafi from the
fact that they contain inclusions, are homogeneous. The
Pt content varies from grain to grain, mainly between 70
and 80 at.7o (Table 1, Fig. 3). Only three grains have a
Pt content greater than 8O at.Vo. The elements Ru, Rh,
Pd, Os, k, and Cu are present in all grains, whereas Ni
is absent. The grains contain between I and 15 at.VoRu
+ Rh + Pd + Os + Ir, and about 807o of the compositions
fall in the range 4 -8 at.Vo. A conspicuous feature is the
consistently very low content ofRu, which neverreaches
more than A.5 wt%o, showing good accordance with the
results of Toma & Murphy (1977) on nuggets from
Colombia. The concentration of Rh and Pd attains 2.4
and3.4wt.Vo,respectively, and Os, up to 2.2wt-Vo.Ol;le
composition (#69) shows an unusually high content of
Ir, ll wt.Vo. The Fe content of the grains of alloy varies
between 15 aad/7 at.7o. A frequency distribution (Fig.
4) shows that 82Vo of the analyzed grains have an Fe
content bet'ffeen l5 and 2l at.Vo,with a peak at 18 at.Vo.
Usingthenomenclature of Cabri & Feather (1975)' these
gmins would mainly correspond to "native platinum",
and a few of them, to 'Tenoan platinum". Only l87o of
the grains have an Fe content between 23 and27 a1.7o,
which could correspond to "isoferroplatinum". These
results confirm the observations of Johan et al. (1990),

ql o/o Fe

Ftc. 4. Frequency distribution of Fe (at'Vo) in Ft-Fe alloys'

TABLE 2. cttEldrce! couBosrlron'oF Ru-oE-tr-Pt Ar'trol

e€l8ht Per cot
ABIyals no. l(X 114 143
R u  1 . 1 9  1 . 1 4  4 . 5 7
Rh 0 .61  0 .88  2 .76
Pd o '43
O€ 92.71 70.91 73.55
Xr  1 .85  15 .36  1r .90
P r  1 . 1 4  8 . 9 1  5 . 9 2
Fe - o'29
cu -  o '2L
Total 97.50 97.70 99.13

145
2.O9
2,55

es.sz
t4,89

0.24
0.33

99.95

atoElc ProPottlons
Ru 0 .023 0 .021 0 .082 0 '037
Rn 0 .011 0 .016 0 .048 0 .050
Pd 0.007
os 0 .936 0 .708 0 .697 0 '652
i "  0 .018 0 .152 0 .112 0 '140
Pt 0.011 0.087 0.055 0.102
F e - 0 . 0 1 0 - 0 ' @ 8
C u - 0 . 0 0 6 - 0 ' 0 0 9

' 
obtalned by electlon-nictoplob€ analysLs-. All- other

elemnt6 sert f,ound to b€ b€lm thelt liBlts of
datectlon.
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Flc. 5. Back-scattered electron images (BEI) of various PGM. a. ft-Fe alloy with inclusion of osmium. b. pt-Fe alloy with a rim
ofan unknown Pt{u-S phase (1), lamella of h-rich osmium (2) and an inclusion of hongshiite (3). c. Inclusions of bowieite
in R-Fe al1oy. d. Crystallographically oriented inclusions ofcuprorhodsite in h-Fe alloy.i. ZoneC crystals oflaurite enclosed
in h-Fe alloy. f. Intergro*th of bowieite (1), braggite (2), andan unknown Pd-As-Tgphase (3) as inclusion in pt-Fe alloy.
Scale bar represenrs 10 pm (except Fig. 5a).
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but are contrary to their findings in the lack of composl-
tions with an Fe content between 21 and23 at.Vo.

Inclusions of other minerals occur in less than 207o
of the grains examined. In some cases, the inclusions

Flc. 6. Plot of compositions (electron-microprobe data) of natural alloy in the system
Ru-Os-Ir-Pt (small amounts of Rh, Pd, Fe and cu are not considered in the plot);

nomenclature and miscibility gap modified after Harris & Cabri (1991)'

67

show a specific crystallographic orientation within the
Pt-Fe alloy. In contrast to the results of Johan et al.
(1990), the inclusions are mainly found in 'onative

olatinum"; there are only a few exceptions.
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Pt-Cu alloy

Hongshiite was found as a euhedral inclusion 20 pm
across in ft-Fe alloy (Fig. 5b). Compared with the host
mineral, it is a little darkeq with a brownish tinge under
the microscope in air. The composition (Tablel, #146)
shows traces of Os and Ir, but no Ru, Rh, pd, Fe and Ni.

Ru-Os-Ir alloy

Grains of a Ru-Os-Ir alloy occur as small ..droplets',
or as lamellae up to 75 pm long in ft-Fe alloy (Fig. 5a).
Underreflecred light, these grains are white with i light
blue tinge and always strongly anisotropic, which
indicates that the alloy is not cubic. Results of electron-
microprobe analyses (Table 2) confirm the microscooic
otservations concerning the crystal structure. They
show a dominance of Os in all grains. The content of Os
varies between 72.9 urd 95.8 at.Vo, and k is invariably
present, varying between 1.9 and 16.3 at.Vo. Compared
to this, the Ru content is consistently very low (0-- 9.2
at.%o).Pt is present in some grains (up to I 1.4 at.Vo). All
analyses show small amounts of Rh (0.6 - 2.9 wt.Vo).
Using the revised nomenclature of Harris & Cabri
(1991), all compositions fall in the field of osmium (Fig.
6)-._Ory 40-pm-long lamella near the margin of a grain
of ft-Fe alloy (Fig. 5b) contains | | .4 at .Vo n Oa6te 2.
#145).lt lies in the miscibility gap proposed by Harris
& Cabri ( l99l ). The original boundaries of rhe miscibil-
ity gap were drawn on the basis of the few available
Snalytical data; in Figure 6, they have been adjusted to
include our new data.

The Ru-Os-Ir alloy from the Santiago River differs
considerably in its composition from that found at some
other localities, a.g., Papua New Guinea (Haris & Cabri
1973), Kamchatka (Piazin et al. 1979), Tasmania Gord
1981), Mongolia (Sidorov era l. tglT)orBurma (Hagen
et al. 1990) where the alloys contain much more Ru.
However, it is similar to alloys reported from Tulameen
and Spruce Creek, British Columbia by Haris & Cabri
(1973) and to most compositions from the Durance
River, France (Johanet al.1990).

Bowieite

The most common sulfide mineral in the samole is
bowieite. It occurs as euhedral to subhedral incluiions
up to 50 pm across, both as discrete grains (Fig. 5c) or
intergrown with cooperite. Micropro6e anaysJs gabte
3) show a mean composition of 59.5 wt.VoRh,3.8wt.%o
ft and 31.4 wt.Vo S, and only traces of Ru and Ir and,
locally, Pd. This corresponds to the general formula
(Rht.rzPh.oalro.or):=1.e1S3.6e and is very close to the ideal
formula RhrS3. Compared with the original description
of bowieite from Goodnews Bay, Alaska, by Deibor-
ough & Criddle (1984), the very low contenr of h is
noteworthy. This can be explained by the low Ir content

IABLE 3. CHE!{ICAI, COIi,IPOSTTTOI. OP BOI{IEITE

lmJ.ysls No.
Ru
Rh
Os
f r
D T

Fe
s
Total

- -O-btalnsd by elEctlon-nlcloplob€ anaL:lsls.
Al1 othe! €lements were found to be bdlor
thsl! llnlts of det€ctton.

throughout the whole assemblage of PGM from the
Santiago River.

Cuprorhodsite

Cuprorhodsite is nearly as common as bowieite. The
euhedral or subhedral grains up to 25 pm across
normally occur as isolated crystallographically oriented
inclusions in Pt-Fe alloy (Fig. 5d), intergrown with
braggite in one case, and once together with bowieite in
the same host mineral. Microprobe analyses show a large
variation in composition, berteen 45.9 and77.5 mol Vo
cuprorhodsite (Table4, Fig.7). The compositions define
two different groups. One group has a cuproiridsite

rlAgrr 4. cttsltrcAr couposrlron' or cupRoRltoDsuE

e€lgb! Fr c€nt
Amlysls f,o. 107 110 113 160
Ru 0.87 0.57 0.28
Rh 33.76 27.27 18.36 29.70
Pd - 5.58
0s  0 .47  0 .94  0 .28  0 .28
I r  O.74  0 .37  13 .88  16 .91
Pt 17.70 23,M 27.14 12.03
Fe 4 .15  6 .19  0 .99  2 .16
cu 10 .43  X0.44  11 .17  X0.79
Nt  0 .54  0 .73
s 30.93 24,62 25.86 2A.99
Total 99.58 99.69 91.96 100.86

atoBlc protrcrtlotrs
Ru 0.036 0.027 0.014
Rb 1 .395 1 .231 0 .896 1 .301
Pd - 0.244
0s 0.010 0.023 0.@7 0.007
Ir 0.016 0.009 0.363 0,397
Pt 0.386 0.550 0.698 0,278
!€  0 .316 0 .516 0 .089 0 .175
Cu 0.698 0.766 0.883 0.765
Nt  0 .039 0 .058
s  4 .103 3 .576 4 .050 4 .077

Ru
nh
0s
I r

F€
s

relght per c€nt
LL7 130 134
1.45  0 .33  t .25

54.50 59.04 59.85
0.16  0 .10  0 .20
3 . 1 6  2 . 9 4  2 . 9 9
7.09  2 .95  4 .12
0,36  0 .15  0 .25

31.17  31 .38  29 .68
97.90  96 .89  98 .34

atoEic proportlo!9
0.046 0.0x0 0.040
1.680 X.805 t .862
0.@3 0 .002 0 .@3
0.0s2 0.048 0.050
0.115 0 .048 0 .068
0.021 0 .@9 0 .014
3.083 3 .079 2 .963

obtatnod by €lctron-ni.cloprob€ amllEls. AlL
oiher eL€mnta rere found to b€ balow thel!
Itntts of dstectlon.



Laurite-Erlichmanite TABLE 5. CHEMICAL COMPOSITION' OF LAURITE!ERLICHMANITE

These minerals are not very common in the samples "eight per cent
Anal 116 123 152 153 154 156 157 159

from the Santiago River. They form single euhedral to Ru 40.34 17.77 37.37 30.55 19.96 33.77 24.74 17.95
Rh 1.82 0.38 2.26 2.85 3.30 2.40 3.03 3.78

subhedral grains up to 75 11macross. The analytical Pd 0.15
0, 15.94 42.95 22.30 30.25 39.85 27.19 35.94 43.48

results (Table 5, Fig. 8) show that the Ru content varies lr 2.14 6.84 1.20 1.41 2.18 0.63 1.31 0.77
PI 1.88 0.67 0.61 0.94 Q.79 0.98 0.95 2.70

between 51 and 81 mol %. The II' content is usually very 5 35.31 29.94 35.33 33.07 31.71 33.91 31.96 30.73
Total 97.43 98.55 99.01 99.07 97.78 99.03 97.93 99.41

low (0.6 - 2.5 mol % 11'52), with the exception of one
atomic proportions

crystal of erlichmanite that contains 8.1 mol % IrS2 Ru 0.738 0.383 0.685 0.592 0.410 0.639 0.500 0.375
Rh 0.033 0.008 0.041 0.054 0.067 0.045 0.060 0.078

(Table 5, # 123). Another grain of erlichmanite contains Pd 0.003
0, 0.155 0.492 0.217 0.311 0.436 0.274 0.385 0.483

up to 3.8 wt.% Rh (Table 5, #159). Ir 0.021 0.077 0.012 0.014 0.024 0.006 0.014 0.008

One inclusion comprising two intergrown euhedral
Pt 0.018 0.007 0.006 0.009 0.008 0.010 0.010 0.029
5 2.036 2.033 2.039 2.018 2.055 2.024 2.031 2.026

crystals of laurite (30 x 40 11m)in Pt-Fe alloy looks . Obtained by electron-microprobeanalysis. All other
homogeneous under the microscope, but the back-scat- elements were found to be below their limits of detection.
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CUPROIRIOSITE MALA"ITE

FIG. 7. Plot of compositions (electron-microprobe data) of cuprorhodsite. Solid circles:
Santiago River, Esmeraldas Province, Ecuador; open circles: Durance River, France
(after Johan et al. 1990).

content of 16 to 20 mol %, and varies in malanite content
between 14 and 36 mol %. The other group has less than
3 mol % cuproiridsite and 20 to 39 mol % malanite. In
all grains, part of the Cu is replaced by iron (up to 6.2
wI. %), but nickel occurs in trace amounts only. The high
Pd content, in some cases up to 5.6 wt.% (Table 4, #110),
is striking. In one caSe (Table 4, #107), the calculation
of the formula shows a surplus in sulfur, and in another
(Table 4, #] 10), a deficiency. Both the chemical compo-
sition of the cuprorhodsite and the fact that there are
distinctly different groups, as shown in Figure 7, match
the results of Johan et al. (1990).

tered electron image (BEl) displays unusual zoning (Fig.
5e). Electron-microprobe analyses show that the lamella
in the center. of the larger crystal is the most Os-rich part
of the intergrowth and contains 46.4 mol % OSS2 (Table
5, #154). The lamella is surrounded by a region enriched
in Ru, i.e., 76.0 mol % RUS2 (Table 5, #152). Some
drop-like areas in the crystal and the margin have a
composition between these values (Table 5, #153, 156,
157). The II' content is consistently low (less than 2.5
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OsS2 o l % IrS2

Ftc..8. Plot of composifions ofPGM (electron-microprobe data)
in terms of the system RuS2-OsSlrS2.

mol 7o IrS). All parts of the crystal have a nearly
constant amount of Rh, 2.5 to 3.0 W.Vo.T\e intersrowth
of different Os- and Ru-rich phases can be explai-ned by
variation of the Os/Ru ratio in the adjacent melt during
primary crystallization.

Cooperite

Cooperite mostly forms euhedral crystals up to 25 pm
across, intergrown with bowieite. In one case. it forms a

TAaLE o. cBEMrcAr corposrtron' oF coopERrrE./BRAGcxlrrE

e€lght p€r cqt
ADlysls no. ll8 131 138 148
Ru -  0 .50  0 .05
Rh 1 ,44  2 ,55  0 .09  0 .24
Pd 12.59 6.04 0.47 47.96
0s  0 .23  0 .30  0 .35  0 .10
I r  0 .45  0 .X6 0 .44  0 .11
Pt  69 ,26  75 .06  83 .48  29 ,76
Fe 0 .51  0 .49  0 .15  0 .13
cu 0 .X6 0 .23  0 ,09  0 .23
Nl  0 .33  0 .20  -  1 .30
s 16.63 15.95 14.98 21.23
As -  0 .19
to ta l  101.60  101.67  101.10  101.06

atoElc proportlons
- 0.010 0.001
0.027 0.050 0.002 0.004
0.230 0 .115 0 .010 0 .695
0.002 0 .003 0 .004 0 .001
0.005 0 .002 0 .005 0 .001
0 . 6 9 1  0 , 7 7 8  0 . 9 4 1  0 . 2 3 5
0,018 0 .018 0 .006 0 .004
0.00s 0,007 0.003 0.006
0.011 0.007 - 0.034
1.011 1 .006 1 .028 r ,022
- 0.@5

rim around Pt-Fe alloy and is partly replaced by
sperrylite. The electron-microprobe analyses (Table 6)
show that the ftS content ranges befween 72.4 andgg.l
mol Vo. NiS is invariably very low (0.9 - 3.4 mol Vo).
One grain contains 2.6wt.Vo Rh (Table 6, #l3l).

Braggite

Braggite is very rare: it occurs as small xenomorphic
grains (<15 pm) intergrown with cuprorhodsite or
bowieite. The general formula corresponds to
(Pd0.7oPh.24Ni0.63Cue.e1)2=6.e6S 1.62 (Table 6, #148).

Sperrylite

This mineral only occurs as a thin rim replacing the
cooperite that coats ft-Fe alloy. It contains 1.8 wt.Zo Rh,
whereas the cooperite is free of Rh and contai ns3.5 w.Vo
S substituting for As.

U nname d p all adium p has e s

Two different palladium-rich phases occur as inclu-
sions in grains of h-Fe alloy; they are always inter-
grown with bowieite. Owing to the small size of the
grains (<10 pm), the optical properties could not be
determined precisely. One drop-like grain, intergrown
with bowieite and braggite (Fig. 5f), shows a brownish
color with a light yellow tinge and seems to be slightly
anisotropic in air. The composition (Table 7, #129)
corresponds to that of a Pd-As-Te phase devoid of Sb.
The formula was calculated as (Pdr.*pto.*Cuo.oa)>=2.g2
(Ase.roTee.a6Se., , )o,.s, or, if the small amounts of pt, Cu
and S are put down to analytical contamination, as
Pd2.rr(As6.52Te6.as)>l.or. This is an intermediate phase
between guanglinite Pd3As and keithconnite pd1,Te,
and more closely corresponds in composition to the
phase Pd2.uAs6.53(Tee.a2Bio.o5)sa.a7, reported by Kova-
lenker et al. (1973), than to vincentite (pd,pr)3
(As,Sb,Te), reported by Stumpfl & Tarkian (1974).It
can only be said at the moment that this is an unknown
palladium phase; this is in line with the critical remarks
by Cabri ( I 980) on the original description of vincentite.

Another small grain that appears yellowish and is
isotropic in air under the ore miooscope is a palladium-
copper sulfide with a noticeable amount of Rh (Table 7,
#108). Its formula was calculated as (pd2.r2Rhe.,spte.,,
Ru6.eu)2=2.66(Cu6.e3Fee.17)s1.1eSr.or. This is close to the
phase (Cu,Fe)r_^(Pd,Rh,Pt)2+"S2 described by Johan er
al. (1990).

Unnamed Pt-Cu suWe

Some grains of ft-Fe alloy have a narrow rim (Fig.
5b) which, under reflected light in air, looks fine-grained
and inhomogeneous, with a light blue color and some
internal reflections. Results of two electron-microprobe
analyses ofthe rim show the dominance ofpt, Cu and S

Ru
Rh
Pd
Os
tr
P t
PE
Cu
N1
s
Ag

'-Obtain€d 
by eLsctlon-nlcloprob€ analyslB. AlL other

el€B€nts rer€ f,ound to b€ b€Lm thetr 1itstts of
detctLon.
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IAALE 7. CBIIITCIL CO!'POSITIOIT. OF T'NKITOIIN PGE PHASE The droplet shape ofosmium inclusions suggests that
they were trapped in a liquid state. The mostly euhedral
shape and the crystallographic orientation of cuprorhod-
site in the host mineral indicate primary formation from
a complex ft-Rh-Ir-Fe-Cu-S solid solution. A similar
origin is inferred for the euhedral inclusions of hong-
shiite, bowieite, laurite and cooperite. The rarely ob-
served rims of cooperite, sperrylite and the unknown
Pt-Cu sulfides on Pt-Fe alloys are obviously secondary
products.

The Pt-Fe alloys and especially the inclusions of
Ru-Os-Ir alloy are characterized by a very low content
of ruthenium, and ruthenium minerals are very rare. On
the other hand, the Pt-Fe alloys always contain remark-
able amounts of Rh, and the rhodium sulfides bowieite
and cuprorhodsite are the most common inclusions. AII
other PGM also contain a significant amount of Rh.
These features indicate a Ru-depleted and Rh-enriched
source for the PGM from the Santiago River. A similar
trend was found by the first author in PGM placers from
the Condoto River area, Choc6 Department, Colombia
(unpubl. data).

A depletion of Ru and enrichment of Rh in alloys
together with the @currence of Rh sulfide have been
reported from PGE mineralization associated with
mafic-ultramafic Alaskan-type inffusions from
Kamchatka (Zhdanov & Rudashevskii 1980,
Rudashevskii & Zhdanov 1983) and Australia (Johan er
al. 1989). Moreover, all placer deposits derived from
Alaskan-type intrusions, e.g., at Goodnews Bay, Alaska
(Mertie 1976), Tulameen, British Columbia $'aicevic &
Cabi l976,Nixon eral. 1990), Nizhnii Tagil, Ural and
Aldan shield, Siberia (Razin 1976) and New South
Wales, Australia (Slansky ar aL 1 99 I ) show a siglificant
dominance of Pt-Fe alloy.

The basic to ultrabasic rocks that occurin the Macuchi
Formation have been interpreted as part of an ophiolite
complex and, therefore, have been considered to be the
possible source-rock for the PGM placers in the rivers
west of the Cordillera de Toisdn. The mineralogical and
chemical compositions of the PGM from the Santiago
River compare closely with those of PGM placers from
Burma (Hagen et al. 1990), which undoubtedly derive
from ophiolites, and those from Alaskan-type intrusions
in Alaska Mertie 1976) and British Columbia @aicevic
& Cabri 1976, Nixon et aI. 1990). If the resuls of
Zhdanov & Rudashevskii (1980), Rudashevskii &
Zhdanov (1 983) and Johan et al. (1989) can be accepted
as a general rule, then the PGM in the placers of the
Santiago River, Esmeraldas Province, Ecuador, could
well originate from a mafic-ultramafic Alaskan-type
intrusion whose exact nature and location are still
unknown.
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(Table 7, #142, 147). The elements Ru, Rh, Os, Ir, and
As also are present in small amounts. The calculated
formulae range between Pt12Cu6S5 and Pt12Cu1sSa. This
confirms the observed inhomogeneity of this material of
obviously secondary origin. It does not correspond to
any known mineral in the Pt{u-S system and can only
be reported as a possible new phase.

Chalcopyrite

Chalcopyrite is the only base-metal sulfide found as
an inclusion in Ft-Fe alloy. The grain is 15 pm across
and intergrown with cuprorhodsite.

DISCUSSION AND CONCLUSIONS

The concentrate of PGM that we investigated from
the Santiago River is surprisingly monotonous in its
mineral composition compared with other PGM placers,
e.g., from British Columbia (Raicevic & Cabi 1976,
Nixon er a/. 1 990), Burma (Hagen et al. 1990), Finland
(Tdrnroos & Vuorelainen 1987), France (Johan et aL
1990), Kamchatka @azin et al. 1979), Papua New
Guinea (Hanis 1974) or Tasmania (Ford 1981). It
exclusively contains ft-Fe alloy as individual grains,
whereas all other observed grains of alloy and sulfides
ofthe platinum-gtoup elements only occur as inclusions
in Pt-Fe alloy or, rarely, as arim on grains of ft-Fe alloy.
The grains are mostly well rounded by abrasion during
transpon.
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