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Summary

The Aguablanca Ni-Cu-(PGE) magmatic sulphide deposit is associated with a
magmatic breccia located in the northern part of the Aguablanca gabbro (SW,
Iberia). Three types of ores are present: semi-massive, disseminated, and
chalcopyrite-rich veined ore. The principal ore minerals are pyrrhotite, pentlandite
and chalcopyrite. A relatively abundant platinum-group mineral (PGM) assem-
blage is present and includes merenskyite, melonite, michenerite, moncheite and
sperrylite. Moreover, concentrations of base and precious metals and micro-PIXE
analyses were obtained for the three ore-types. The mineralogy and the mantle-
normalised chalcophile element profiles strongly suggest that semi-massive ore
represents mss crystallisation, whereas the disseminated ore represents an unfrac-
tionated sulphide liquid and the chalcopyrite-rich veined ore a Cu-rich sulphide
liquid. Palladium-bearing minerals occur commonly enclosed within sulphides,
indicating a magmatic origin rather than hydrothermal. The occurrences and the
composition of these minerals suggest that Pd was initially dissolved in the sul-
phides and subsequently exsolved at low temperatures to form bismutotellurides.
Negative Pt and Au anomalies in the mantle-normalised chalcophile element pro-
files, a lack of Cu-S correlation and textural observations (such as sperrylite losing
its euhedral shape when in contact with altered minerals) suggest partial remobi-
lisation of Pt, Au and Cu by postmagmatic hydrothermal fluids after the sulphide
crystallisation.



Introduction

The Aguablanca Ni-Cu deposit (15.7Mt grading 0.66 wt.% Ni, 0.46 wt.% Cu and
0.47 £/t PGE) is an exceptional ore deposit from many points of view. It is located
in one of the southernmost segments of the European Variscan chain, a collisional
orogen mostly devoid of magmatic sulphide mineralisations. Its discovery in 1993
was the first report of this type of deposit in southwestern Spain (Lunar et al., 1997;
Ortega et al., 2000) and promoted an intense exploration program in the region and
the identification of new favorable targets. Mining operations started in 2004. Two
features of Aguablanca are unusual for a Ni-sulphide deposit (7ornos et al., 2001,
Pina et al., 2006): 1) It is related to the development of calc-alkaline magmatism in
a collisional margin, rather than in a rift environment, more common for these
deposits (Barnes and Lighitfoor, 2005), and 2) it is hosted by a subvertical mag-
matic breccia which derived from an underlying concealed magmatic chamber. In
this complex structural scenario, the distribution of ores and metals in the deposit
was determined by a) the fractional crystallisation processes of the silicate melt and
b) the timing of the sulphide liquid segregation relative to the emplacement of the
breccia and its subsequent evolution. The post-magmatic circulation of hy-
drothermal fluids overprinted the sub-solidus re-equilibrated magmatic assemblages
and partially modified the deposit (Orzega et al., 2004). These key factors are now
well constrained (Pinia et al., 2005, 2006, and this work) and allow a better under-
standing of the geochemical and mineralogical characteristics of the Aguablanca
deposit.

The aim of this paper is to present a detailed study of the whole rock chemiswy
of the ore, the mineralogy of the platinum-group elements and the micro-PIXE
analysis of the sulphides. These data are then discussed in order to explain the
behaviour of the chalcophile elements and the origin of the PGM during the seg-
regation and fractionation of the sulphide melt, the crystallisation of the sulphides
and the late hydrothermal alteration processes.

Geological background

The Aguablanca deposit is located in the northern part of the Aguablanca inwusion.
This intrusion crops out in the southern limb of the Olivenza-Monesterio antiform,
a WNW-ESE trending, longitudinal, Variscan structure situated in the southern part
of the Ossa-Morena Zone (OMZ) (Fig. 1) (Riveiro et al., 1990, Sanchez-Carretero
et al., 1990; Eguiluz et al., 2000). The OMZ is one of the tectonic domains of the
Iberian Massif which includes extensive outcrops of Pre-Mesozoic rocks in the
Iberian Peninsula. A detailed review of the Iberian Massif is given by Quesada
(1991) and references therein.

The Aguablanca intrusion shows a subcircular outcrop of 3 km?* and comprises
mostly massive gabbro merging to the south with diorite and to its northern zone
with gabbronorite. It intrudes Early Cambrian volcanic, volcanoclastic and carbonate
rocks (Bodonal-Cala Complex) which overlie Late Precambrian metasedimentary
rocks mainly composed of graywackes and pyrite-rich black slates (Serie Negra
Formation) (Eguiluz et al., 2000) (Fig. 1). Preliminary analytical data show that the
black slates of the Serie Negra are rich in S (up to 5238 ppm) and show S/Se ratios



Ni-Cu-PGE ore deposit

= T T rrrrrrrrr TTrT
-LJI__LT! ! Ly I f’f; - +|_
= N
“rdﬂj__‘_-&‘%
n A l'lJ’ fFries
AR rL S
23 S e
3
S F LA+
F fh e Lt Tlim
[+*]
£.4 Bodonal-Cala
T =53 Volcanoclastic rocks cbelio
ate Precam! granitic b M ks and slates
ssan  [*~ intrusion
|| Barly Camhmian volcanoclastic rocks
40 : .
B Lacp bri i Jas (Seric Negr Farmation) [] Sante Olalla intrusion [*,*] Alkaline granite

Fig. 1. a Location of the @ssa-Morena zone in the Iberian Massif. b Simplified regional
geological map of the @livenza-Monesterio antiform. ¢ Schematic geological map of the
Aguablanca area showing the location of the Ni-Cu-PGE ore (Lat. 37°57'N; Long. 6°11'W)

ranging from 184 to 3300 (1436 on average). Country rocks were metamorphosed
during the Hercynian regional metamorphism which reached lower greenschist-
facies conditions (Quesada and Munha, 1990). Along the contact with the intrusion,
carbonate rocks were metamorphosed to skarn. The larger Santa Olalla intrusion
occurs to the south of the Aguablanca intrusion (Fig. 1). It is formed by granodior-
ite and monzogranite in the core and tonalite and quartzdiorite at the rim (Zornos
et al., 2001). Zircon U-Pb ages give an age of crystallisation for the Aguablanca
intrusion of 338.6 0.8 My (Romeo et al., 2004) which is in agreement with
Ar*°-Ar®® ages on phlogopite of 338 +3 My (Tornos et al., 2084). Zircon U-Pb
data for the Santa Olalla intrusion give an age of crystallisation of 341 +3 My
(Romeo et al., 2004). These ages indicate that both the Aguablanca and Santa
Olalla intrusion intruded during the Hercynian orogeny, which in the OMZ in-
volved a main magmatic event characterised by the emplacement of calc-alkaline
igneous rocks in response to the formation of an Andean-type magmatic arc
(Quesada ct al., 1994).

Analytical methods

Platinum-group minerals were identified and analysed on carbon coated sections
under back-scattered mode with a JEOL Superprobe JXA-8900 M electron microp-
robe at the Electron Microscopy Centre “Luis Bru’’ of the University Complutense
of Madrid, Spain. Quantitative analyses of the PGM were determined by WDS
X-ray emission spectrometry. The accelerating voltage was 20 kV, the beam current
30nA and the counting periods ranged from 20 to 6@ s. Pure metals and synthetic
alloys were used as standards. The X-ray lines analysed were AsLe, FeK#, SKe,
NiKe, BiMe, Tele, OsLe, ItLe, RuLe, Rhie, PtLe& and PdL#. The software
applies the peak-overlap correction method.



The micro-PIXE analyses of pyrrhotite, pentlandite, chalcopyrite and pyrite
were carried out at the Scanning Proton Microprobe facility, University of Guelph,
Department of Physics, Ontario, Canada. The analytical conditions were: beam
current, between 3.75 and 8$nA at 3 MeV; beam size, 3 um X6 pm; and counting
times, between 120 and 190 s. The data were calculated using the GUPIX program
(Maxwell et al., 1989). Detection limits are different for each element and depend
on the mineral analysed. They range between 6-15 ppm for Pd, 6-13 ppm for Rh,
4-11ppm for Ru, 5-15ppm for Se, 25-800ppm for Ni, 17-1000ppm for Cu,
11-400ppm for Zn, 5-14 ppm for Ag and 6-30ppm for As.

Twenty-seven representative mineralised rock samples from the different ore-
types were analysed for PGE, Au S, Se, Te, Bi, Ni, Cu and Co. PGE and Au were
analysed by ICP-MS (nickel sulphide digest), S, Ni, Cu and Co by ICP-OES
(multi-acid digest) and Bi, Se and Te by ICP-MS (multi-acid digest) in Genalysis
Laboratory Services Pty. Ltd., Maddington (Western Australia). Detection limits
were 10 ppm for S, 2 ppm for Se, 0.01 ppm for Te and Bi and 1 ppm for Ni, Cu and
Co. For the noble metals, detection limits were S ppb for Au, 2ppb for Ir, Os, Ru,
Pd and Pt and 1ppb for Rh.

The Ni-Cu-PGE ore deposit

Structure of the ore deposit and host rocks

The sulphide ore occurs within a subvertical (dipping 70—88° N) funnel-like brec-
cia body (Fig. 2) composed of rocks containing semi-massive and disseminated
sulphides which host variable amounts of mafic-ultramafic fragments. The miner-
alised breccia body is roughly 600 m long, 350—-400 m wide and more than 700 m
deep. The orebody exhibits a concentric swucture made up of: 1) a core formed by
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a ground mass of Ni-Cu-Fe sulphides with cumulus orthopyroxene, clinopyroxene,
plagioclase and/or minor olivine which includes abundant randomly distributed,
barren or very slightly mineralised fragments of mafic-ultramafic rocks (semi-
massive ore); and 2) a gabbronorite envelope containing disseminated sulphides
and minor mafic-ultramafic fragments (disseminated ore) (Fig. 2). The semi-
massive ore-bearing rocks resemble those described as leopardite at the Voisey’s
Bay ore deposit (Evans-Lammswood et al., 2000). The disseminated ore-bearing
gabbronorites are predominantly hornblende-rich gabbronorite with minor norite,
zabbro and gabbrodiorite, and grade outwards to free-sulphide rocks. Late subver-
tical, NE-oriented faults commonly truncate and displace the ore body.

The mafic-ulwamafic fragments are centimetric size (up to 9cm across), and
have subangular to rounded shapes and sharp contacts with the matrix. They consist
of different rock-types with typical cumulate textures: peridotite (including dunite,
werhlite and harzburgite), pyroxenite (both ortho- and clinopyroxenite), gabbro
(zabbro s.s., gabbronorite, norite and hornblende gabbro) and anorthosite (Pisie
et al., 2004, 2006). The fragments are interpreted to belong to a deep differentiated
mafic-ulwamafic complex brecciated during the shallow, tectonic intrusion of the
sulphide and silicate magma matrix (Zornos et al., 2001; Piia et al., 2004, 2006).

All these rocks are variably altered to two postmagmatic, low-temperature
mineral assemblages: an early one with actinolite + chlorite + epidote + albite +
serpentine, followed by talc + chlorite + carbonates.

Ore mineralogy

The ore mineral assemblage is mainly composed of pyrrhotite, pentlandite, chal-
copyrite and pyrite, with minor amounts of magnetite, ilmenite, platinum-group
minerals (PGM), native gold, galena, tsumoite, tellurobismuthite, bismuthinite,
members of the cobaltite-gersdortfite solid solution series, hessite, volinskyite,
marcasite and violarite. Textural and mineralogical features of the ore have been
described in detail by Ortega et al. (2004). Modal variations and the relative
abundance of sulphides along the ore-body allow the identification of three main
ore-types: semi-massive, disseminated and chalcopyrite veinlets:

(1) The semi-massive ore contains euhedral-subhedral grains of pyroxene, plagio-
clase and/or olivine, as well as mafic-ultramafic fragments. The modal sul-
phide content ranges between 20 and 85% (most of the samples have above
40% sulphides). Pyrrhotite is by far the predominant mineral (34—77% of the
bulk ore minerals). It forms large anhedral twinned crystals, is commonly
surrounded by polycrystalline, chain-like aggregates of pentlandite (11-34
mod.%) and shows exsolution flames of pentlandite along grain boundaries
of pyrrhotite and fractures. Chalcopyrite (commonly below 11 mod.%) oc-
curs as anhedral grains or as a polycrystalline intergrowths with pyrrhotite.
Pentlandite:chalcopyrite ratio varies between 0.63 and 67.73. Isolated subhe-
dral crystals of Cr-magnetite and ilmenite (up to 2%) often occur within
pyrrhotite and interstitial to sulphides.

(i) The disseminated ore is formed by inequigranular aggregates of polymineralic
sulphides comprising less than 20% of the rock, which occur interstitially to



the silicate framework. Variable amounts of pyrrhotite (21-68 mod.%) form
irregular grains, frequently rimmed by grains of pentlandite (3—18 mod.%)
and chalcopyrite (12-58 mod.%). Chalcopyrite is commonly more abundant
than pentlandite with pentlandite:chalcopyrite ratios below 1.0.

(ii1) The chalcopyrite veinlets are cross-cutting the disseminated and semi-massive
ores as well as the mafic-ultramafic fragments of the breccia. They are very
small (<1@0cm wide) and are mainly made up of massive chalcopyrite with
minor amounts of irregular grains of pyrrhotite and pentlandite. Some sub-
hedral grains of a Ag-Fe-Ni sulphide (likely argentopentlandite) are also in-
cluded in chalcopyrite.

The sulphide assemblage described above is variably overprinted by hydrothermal
pyrite (up to 16 mod.%), mostly in areas with strong microfracturing and intense
retrograde alteration. Textural features, cross-cutting relationships and Ni and
Co contents allowed to identify three main episodes of pyrite precipitation (Pyy,
Py, + minor chalcopyrite, and Pys) in which pyrite mostly replaces pyrrhotite
(Ortega et al., 2004). The precipitation of Py, is coeval with the development of
the actinolite + chlorite + epidote + albite + serpentine assemblage in the host sili-
cate rocks, whereas Pys formed with the late talc + chlorite + carbonates assem-
blage. During the Py, episode, chalcopyrite locally occurs along cleavage planes of
actinolite and chlorite.

Whole-rock chemistry of the ore

Sulphur concentrations are highly variable throughout the Aguablanca ores. In the
semi-massive ores, S contents (12.7-30.4 wt.%) are markedly higher than those of
the disseminated ores (2.3—8 wt.%) (Table 1) as expected from their higher sul-
phide contents. Sulphur and Se (7-74 ppm) are well correlated, with a correlation
coetficient (@) of 0.97 (Table 2), indicating that the bulk of Se is in sulphide phases.
S/Se ratio varies trom 2613 to 4710; these values are within the empirical range of
mantle-derived sulphides (Naldrezr, 1981). In semi-massive ores, Ni (2.6—-6.4 wt. %)
commonly exceeds Cu (0.2-3.7 wt.%) with Ni/Cu ratios above 1 (average 7.3).
This trend is reversed in the disseminated ores, where Cu contents (0.5-4 wt.%)
exceed those of Ni (0.4-1.2 wt.%), with Ni/Cu ratios varying from 0.28 to 1.29
(average 0.85). These data are consistent with the higher chalcopyrite modal con-
tents observed in the disseminated ores with respect to those in the semi-massive
ores. As expected, Cu content in the chalcopyrite veinlets is high (up to
10.62 wt.%), with Ni remaining below 1 wt.%. Nickel and S are positively corre-
lated (Fig. 3a), indicating that Ni occurs primarily in the sulphide phase. In con-
trast, Cu shows no correlation with S (Fig. 3b). Cobalt ranges from 96 to 2480 ppm,
exhibiting a good positive correlation with S and Ni (#=0.90 and 0.85, respec-
tively) (Table 2).

Highly variable Au amounts are characteristics of the Aguablanca ore (from 15
to 911 ppb). Disseminated ores show higher Au contents than the semi-massive
ones (Table 1). In the chalcopyrite veinlets, Au abundance ranges from 106 to
833 ppb. There is no correlation of Au with S or PGE (Table 2), but there is a
relatively good correlation between Au and Cu (o =0.52) (Fig. 3c).



Table 1. Cempesitienal data of mineraliscd samples, Agsuablanca ere depesit

Sample S Se Te Bi Ni Cu Co Au @ Ir Ru Rh Pt Pd  Total Ni/Cu (Pd+Pr)/ Pd/Inyn Cu/ S/Se Te/
PGE (IPGE+Rh) Nivn (Pt+Pd)
Leopardite-textured semi-massive ore
Leopardite-6  20.26 57 34 260 4.63 3.19 1534 403 32 98 56 8% 1581 1438 3293 145 11.02 12.04 4501 3554 1.13
AGU-55-136 25.15 74 498 143 37 3.67 2480 738 55 154 110 157 1337 1438 3251 1.01 5.83 7.66 64.80 3398 177
Leopardite-2 20.12 64 37 250 585 062 181 107 34 % 68 113 1187 1771 326% 9.44 951 15.14 692 3144 1.25
6554-235 2774 61 15 188 557 053 1539 24 93 232 143 224 200 482 1374 10.51 0.99 1.70 6.22 4547 220
6580-279 3001 67 14 297 624 093 1740 15 91 211 130 227 446 621 1726 671 1.62 2.41 974 447% 131
6715-415 2628 64 24 1064 63 049 1225 49 21 57 26 9% 84 %07 1193 1286 491 13.06 5.08 4106 242
6580-281 3042 65 11 377 57 1.83 1790 56 75 21% 121 263 467 676 1821 3.11 1.6% 2.53 20.98 4630 0.96
6715-416 2624 57 21 11.17 641 022 1101 20 25 61 31 93 30 1193 1433 29.14 5.82 16.05 224 4604 172
6730-198 1468 3% 53 492 346 0249 %41 93 16 3@ 24 49 823 891 1842 1442 1339 1875 453 3763 3.09
Fragments-bearing semi-massive ore
Breccia-4 1632 4% 3 456 393 095 1035 170 20 63 38 61 952 1244 2378 4.14 1207 16.20 157¢ 3331 137
Breccia-1 1274 36 15 129 309 073 981 21 19 56 42 73 681 823 1694 423 7.92 12.06 1543 353% 1.00
6629-39 1524 36 2 457 344 082 723 3% 13 35 25 41 2244 768 3126 420 2642 18.00 1557 4233 0.66
6758-544 1386 33 12 804 259 251 722 & 13 35 23 62 603 711 1447 1.03 933 16.67 63.32 4200 0.91
Breccia-10 1649 36 15 151 273 206 8% 335 15 45 31 4% 576 6% 1415 133 9.11 12.75 4930 4581 1.1%8
Breccia-11 2154 47 1.8 192 421 071 1236 63 18 56 37 64 352 793 1320 5.93 6.54 11.62 11.02 4583 157
Pisseminated ore
6580-108 392 15 1% 08 0381 106 250 127 10 27 1% 30 312 27% 677 076 6.87 3.48 8550 2613 3.21
6749-390 317 12 1.8 549 041 148 138 264 bd bd 6 4 346 216 572 028 56.20 235.84 2642 3.20
6749-376 807 18 07 3.01 107 12 634 229 9 39 18 56 78 234 434 0.3% 2.56 4.92 73.27 4483 224
6758-548 356 12 16 418 043 1.13 181 167 bd bd 4 4 276 128 412 038 50.50 171.6% 2970 3.96
6554-246 471 10 07 16 072 056 276 35 4 15 12 17 88 155 291 1.2¢ 5.06 8.48 50.81 4710 2.88
AGU-5-29 376 14 1% 58% 038 0.85 212 341 bd 2 g 5 46% 371 85 094 56.00 152.21 69.42 2686 2.26
6554-169 237 7 08 145 052 046 183 48 bd 6 5 8 147 132 298 1.13 14.68 18.05 5779 3390 3.23
6730-212 461 13 24 313 087 1.11 271 301 b.d. 5 9 14 458 404 8% 078 30.7% 66.30 83.36 3545 278
6715-452 577 18 14 464 123 099 294 132 bd 3 5 6 185 3% 585 124 40.7% 105.57 52.59 3204 245
6715-455 6.07 14 1 27 036 4.03 % 911 b.d. 4 5 4 440 102 555 009 41.6% 2092 73137 4334 1385
Chalcopyiite veinlets
6479-44.2 47 12 08 233 09% 162 276 106 5 15 10 21 45 371 467 0.6l 3.16 20.2% 10691 3917 192
6479-45.6 707 1% 13 326 097 476 284 833 3 ] 8 12 737 618 138 020 4371 63.38  320.60 3721 0.96
6554-221* 16.9 0.7 10.6 262 13 25 17 28 150 2513 2746 0.07 32.08 82.17  874.56

* Data obtained from Ortega et al. (2004). Values of S. Ni and Cu are in wt.%; Se, Te. Bi and Co in ppm; Au and PGE in ppb; b.d. below detection.
Ratios (Cu/Ni)yy and (Pd/Ir)ym were calculated to a 100% sulphide fraction following the method of Naldrerr (1981) and then normalised to
mantle values from McDeneugh and Sun (1995)



Table 2. Cerrelation ceefficients between the analysed elements

@ Ir Ru Rh Pt Pd S Cu Ni Co Te Bi Au Ag Se
@ 1 09 09 097 011 003 079 014 067 074 011 —008 —013 —024 074
Ir 1 09 09 013 023 083 0106 074 033 017 —0.12 —0.19 —029 0281
Ru 1 09 021 027 0831 007 073 08 022 020 —015 —-032 0381
Rh 1 0.11 026 037 —0.12 0830 035 015 —0602 024 —033 084
Pt 1 036 0.21 003 026 03% 054 —015 021 005 035
Pd 1 055 054 045 077 0.71 017 002 019 079
S 1 0.01 093 09% 033 022 022 029 097
Cu 1 —02%8 002 000 020 052 072 003
Ni 1 085 037 031 —036 —034 095
Co 1 052 —003 —010 038 09
Te 1 00 014 —017 050
Bi 1 —020 015 013
Au 1 071 —0.15
Ag 1 —0.29
Se 1

Bulk PGE concentrations range from 291 to 3293 ppb and are well correlated
with S abundances (Fig. 3d). A group of semi-massive samples showing high S
contents but low bulk PGE concentration are characterised by being rich in sec-
ondary pyrite and exhibiting Pt negative anomalies in the mantle-normalised pat-
terns as showed later. The main geochemical feature of PGE is the predominance
of Pt and Pd over IPGE (Os, Ir, Ru) and Rh in all the analysed samples.
(Pt + Pd)/(IPGE + Rh) ratios range from 0.99 to 56.20 with 880% of the values
above 5. Disseminated ores tend to have higher (Pt + Pd)/(IPGE + Rh) ratios than
semi-massive ores (Table 1). IPGE and Rh show strong correlation each them
(>0.96), but no correlation with Pt (<0.21) or Pd (<0.27) (Table 2). Osmium, Ir,
Ru and Rh contents exhibit swong positive correlations with S (>0.79) (Table 2).
Palladium correlates relatively well with S (o =0.55) (Fig. 3e) and Pt is poorly
correlated with S (9 =0.21) (Fig. 3f). It is worthy to note that the group of samples
which has high S contents and deviates from the main correlation trend contains
abundant secondary pyrite replacing pyrrhotite. Palladium and Pt are better posi-
tively correlated with Te (# =0.71 and 0.54, respectively) (Fig. 3g, h).

The mantle-normalised, PGE, Ni, Cu and Au patterns of the different ore-types
are broadly similar, with overall positive slopes (Fig. 4). Gold and Pt exhibit a
somewhat erratic distribution with significant variations in their abundances within
individual ore-types. In some semi-massive ore samples, the patterns show pro-
nounced negative Au and Pt anomalies which are also present in disseminated and
chalcopyrite veined ores. The semi-massive samples with negative Pt anomalies
are those with high S and secondary pyrite abundances and relatively low bulk
PGE contents in the Fig. 3d. Figure 4 shows significant differences between the
different ore-types: semi-massive ores are slightly richer in Ni, and notably richer
in IPGE and Rh than disseminated ores, and show lower mantle-normalised Pd/Ir
and Cu/Ni ratios (9.5 and 19.9 vs. 22.7 and 119.3, respectively). The average
pattern of the chalcopyrite veined ores shows an even steeper positive slope, with
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Fig. 3. Variation diagrams showing the correlations between different elements for sam-
ples from the ore-bearing breccia: a Ni vs. S; b Cu vs. S; ¢ Au vs. Cu; d total PGE vs. S;
ePdvs. S;fPtvs. S; g Pd vs. Te; h Pt vs. Te

mantle-normalised Pd/Ir and Cu/Ni ratios averaging 48.3 and 296, respectively.
Figure 5 shows that: 1) most of the samples fall into the field of the layered
intrusions, and 2) there is a gradual decrease in the Ni/Pd ratio with the increase
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of the Cu/Ir ratio from the semi-massive to the disseminated ore and the chalco-
pyrite veined ores.

Mineralogy of the platinum-group elements

A total of 301 PGM grains were found in 45 polished sections representatives of
the three ore-types. PGM are present in all ore-types, although they are substan-
tially more abundant in the semi-massive (70.8% of the whole) and the chalcopy-
rite veined (21.2%) ores relative to the disseminated ore (uniquely $.0% of the
identified grains). Most PGM are spatially associated with base-metal sulphides.
They occur included in sulphides (76%), along sulphide-silicate (11%) and



sulphide—sulphide (6%) grain boundaries, and only few of them are included
in silicates (7%). More than 98% of the PGM grains are (Pd, Ni, Pt)-bismuthotel-
lurides with the rest being sperrylite (PtAs;), and phases containing Os-Ir-As-S,
Ir-As-S and Ir-Pt-As (no quantitative analyses of these phases were obtained be-
cause of their very small grain sizes). (Pd, Ni, Pt)-bismuthotellurides consist, in a
decreasing order of abundance, of merenskyite (PdTe,), palladian melonite (NiTe,),
michenerite (PdBiTe) and moncheite (PtTe;). Most PGM occur as single grains,
although composite grains have occasionally been found. Some grains of the cobalt-
ite-gersdorfitte solid solution series contain minor amounts of different PGE.

Merenskyite, Pd (-Ni, Pt)Te;

Merenskyite represents 53% of the total PGM. In the disseminated and semi-
massive ores, it forms small (<5-25 pm, but commonly less than 12 pum), rounded
to subrounded grains hosted by pyrrhotite (Fig. 6a) and, more rarely, by pentlandite
and chalcopyrite. It also occurs attached to the grain boundaries of sulphides
(Fig. 6b). One unique grain has been observed in pyrite replacing pyrrhotite in
semi-massive ores (Fig. 6¢). Abundant grains of merenskyite, generally less than
10 um across, were found in the chalcopyrite veinlets. These grains invariably occur
within chalcopyrite (Fig. 6d) and along chalcopyrite-silicate grain boundaries.

The analyses of the larger grains reveal a wide compositional range (Table 3;
Fig. 7a) in agreement with the solid-solution series existing between merenskyite
and melonite (Cabri, 2002) and between merenskyite and moncheite (Daltry and
Wilson, 1997; Cabri, 2002). Merenkyite shows a wide substitution of Pd by Ni
(from 0.4 to 6.5wt.%) and Pt (<17 wt.%). The grains found in the chalcopyrite
veinlets do not contain Pt. There is an ubiquitous substitution of Te for Bi, ranging
from 4.5 to 29 wt.%, in agreement with the compositions reported in the literature
(Harney and Merkie, 1990, Gervilla and Kojonen, 2002; Cabri, 2002).

Palladian melonite, Ni (-Pd, Pt)Te,

Palladian melonite only occurs in the semi-massive ores but represents 19% of the
total PGM. The grain size rarely exceeds 10 um, although some few crystals can be
larger (up to 12 umx25 um). It forms rounded or elongated grains included in
pentlandite (Fig. 6e) and, rarely, in pyrrhotite, or occurs attached to pentlandite-
silicate interfaces (Fig. 6f). Palladian melonite occasionally occurs in composite
grains with tellurobismuthite or michenerite.

Electron-microprobe analyses reveal a wide substitution of Ni by Pd (from 3.46
to 12.30 wt.% Pd) (Fig. 7a) and of Te by Bi (from 4.43 to 18.67 wt.% Bi) (Table 3).
Melonite also contains variable proportions of Pt (<7.6 wt.%), although two
Pd-rich grains also exhibit high Pt contents (12.58 and 16.75 wt.% Pt) (Fig. 7a).

Michenerite, PdBiTe

The modal proportion of michenerite (17%) is similar to that of melonite, although
it occurs both in the semi-massive and in the disseminated ores, but not in chalco-
pyrite veinlets. Its shape and size (normally less than 15 um) vary considerably,



Fig. 6. Representatve back-scattered electron microprobe images of the PGM. a Elongated
merenskyite (k) within pyrrhotte (pe). b Subrounded merenskyite (mk) at the interface
pentlandite (pr)-pyrrothite (pe). ¢ Merenskyite (k) hosted in pynte (py) replacing pyrrhoite
(pe). d Subrounded merenskyite (rnk) within chalcopyrite (cp). e Rounded melonite (me)
within pentlandite (pr). f Melonite (me) at pentlandite (pr)-silicate (s) grain boundary. All
examples are from the semi-massive ore, except d, which is from a chalcopyrite veinlet

occurring as individual grains with rounded boundaries (Fig. 8a) and, rarely, with
irregular and elongate shapes (Fig. 8b). The most common host-minerals are pyr-
thotite, pentlandite and minor chalcopyrite. Some grains occur at the contact
between sulphide and silicate.



Table 3. Representative micreprebe analyses of the different

Ore- Host Pd Pt Ni Fe Te Bi S As Total Pd Pt Ni Fe Te Bi S As  Me/nMe

type wt.% apfu

Merenskyite

SM Po 1531 1250 1.35 091 54.00 1427 0.08 n.d. 98.42 058 026 009 007 171 023 0601 0.50
SM Po 1222 1658 2.93 1.19 64.11 537 0.4 n.d. 10244 043 032 0.19 0083 1.83%3 0.10 0.005 0.51
SM Pn 1872 052 544 073 61.87 15.11 0.02 n.d. 102.41 0.63 0.01 033 0.05 173 026 0.002 0.51
SM Cp 1493 13.01 155 039 5125 185 0.03 n.d 9966 057 027 0.11 003 1.65 036 0.004 0.49
SM Cp 17.10 557 299 0.83% 5203 2097 0.10 n.d 9964 063 011 020 006 159 039 00! 0.50
SM Cp 2037 443 126 0.830 45.85 27.52 0.6 n.d. 10029 0.77 0.09 009 006 145 053 0601 0.51
SM Cp-sil 11.27 14.84 424 1.07 6575 525 0.4 nd 102.46 039 028 026 0.07 19 009 0.005 0.50
SM Sil 2171 091 263 071 5730 1744 004 n.d. 100.74 0.76 0.02 0.17 005 1.683 031 0.004 0.50
D Cp-sil 1552 5.15 5.01 156 5734 1694 nd. n.d 101.52 054 0.10 031 0.10 1.65 0.30 0.54
Cp-vein Cp 21.63 001 3.07 125 5840 1565 0.11 n.d 100.12 0.75 0.19 003 163 027 001 0.52
Cp-vein Cp 21.83 n.d. 275 0.95 5758 16.28 001 n.d. 9940 0.77 0.13 006 1.69 029 0.00] 0.51
Melonite

SM Po 7.66 1675 568 1.37 6541 5.1%3 0.07 n.d 102.12 026 031 035 009 1338 009 001 0.51
SM Pn 3.46 5.17 1294 153 6842 845 037 n.d 9997 0.11 009 074 009 130 013 00 0.52
SM Pn 525 477 1148 144 60.99 1605 0.11 n.d 10009 0.17 008 069 009 163 027 001 0.53
SM Pn 4.32 n.d 14.07 296 64.8%8 14.46 127 n.d. 101.96 0.13 0.76 0.17 1.60 022 0.12 0.55
Michenerite

SM Po 23.2 n.d. 0.04 069 2934 4722 0.02 n.d 100.51 0.95 0005 005 1.00 093 0.003 0.51
SM Sil 22.95 n.d. 0.05 055 23.10 46.32 0.04 n.d. 9%3.01 0.9 0.004 004 093 09 0.000 0.51
SM Pn-sil  22.71 n.d. 0.75 1.01 2920 47.76 0.5 n.d. 101.48 0.91 0.05 007 093 09 00! 0.52
D Po 2279 n.d 0.16 0.39 2956 47.29 0.02 n.d 100.71 0.93 001 007 100 09 0.003 0.51
Moncheite

SM Pnpo 855 1935 22 28 4128 2344 047 n.d. 93.09 034 041 016 021 135 047 006 0.60
D Sil 228 35.88 052 131 53.73 587 001 n.d 996 0.09 030 004 010 1.34 0.12 0.002 0.52
Sperrylite

SM Po 0.04 5641 003 0.6 0.01 001 032 4233 10025 0.001 093 06002 0.0/ 003 194 052
SM Pn n.d. 5777 015 0.09 0.08 005 036 40837 9937 1.03 0.01 0.002 004 191 053
SM Sil 009 548 011 164 041 n.d 0.54 40.22 97.36 0.003 0.97 001 0.10 00! 006 1.835 051
D Po 0.12 5128 004 263 001 001 214 4413 100.41 0.0035 031 0.002 0.14 0.21 1.82 047

SM Semi-massive ore; D disseminated ore; Cp-vein chalcopyrite veinlets; Pe pyrrhotite; Pn pentlandite; Cp chalcopyrite; Sil silicate; n.d. not
detected; apfu atoms per formula unit based on a total of three atoms in the formula unit. Me /n}Me Metal to non metal ratio. Because of the small size
of the grains, there is generally interference with the adjacent minerals and traces of S and Fe are often detected, being ascribed to contamination
from the host sulphides
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The composition of the analysed grains reveals Pd contents ranging from 32 to
36 at.%, Te from 33 to 39 at.% and Bi trom 26 to 34 at.% (Fig. 7b). Pt contents are
below detection limit and Ni is commonly below 1wt.% (Table 3). Traces of Ag
and Sb may substitute Pd and Bi, respectively.

Sperrylite, PtAs,

Sperrylite represents 5% of the total PGM found. It occurs in the semi-massive and
in the disseminated ores. Two euhedral crystals occur inside pyrrhotite with sizes of
4 pm XS pm and 20 pm x 35 pm, whereas one subhedral grain with a size of roughly
100 um is hosted by pentlandite in contact with chlorite (Fig. 8c). This grain shows
that where the faces of the sperrylite crystal are adjacent to pentlandite, they show
angular blocky shapes, but, where they are in contact with chlorite, the morphology
of the crystal becomes irregular (Fig. 8c). Furthermore, two small (<15 pm) crys-
tals of sperrylite occur inside amphibole. These also exhibit corroded borders.

Sperrylite composition is almost stoichiometric with unigquely minor traces of
Fe and S (<1 wt.%) (Table 3).



Fig. 8 Representadve back-scattered electron microprobe images of the PGM. a
Michenerite () with rounded boundaries within pentlandite (pr). b Irregular, elongated
michenerite (m24) grain inside pyrrhotite (pe). ¢ Single subhedral sperrylite (sp) crystal
inside pentlandite (pn). Note the irregular shape of the sperrylite where it is in con-
tact with chlorite (chl). d Subhedral moncheite (me) at the interface pentlandite (pr)-
pyrrhotite (pe). e Several moncheite (me) grains inside secondary ampbhibole (emp).
f Single idiomorphic crystal of the cobalite-gersdorffite (ce-gf) solid soludon hosted
within pyrrhotite (pe). Microphotographs a—c and e are from semi-massive ore, d and
f from disseminated ore



Moncheite, Pt (-Pd, Ni)le,

Moncheite is substantially much less frequent than the other PGM described. It
only represents 4% of the total PGM and occurs mostly in the semi-massive ore, as
small (<10 pm), subrounded inclusions in pentlandite or in the interface pyrrhotite-
pentlandite (Fig. 8d). Several irregular, elongated grains were also observed
included in hydrothermal amphibole in the disseminated ore (Fig. 8e).

Its composition reveals extensive substitution of Pt for Pd (up to 10.46 wt.%)
and Ni (from 1.70 to 12.12wt.%) (Fig. 7a), and of Te for Bi (from 11.39 to
25wt.%). However, the grains located inside amphibole (Fig. 8¢) exhibit a com-
position closer to the PtTe, end-member, containing 5.87 wt.% Bi, 2.28 wt.% Pd
and 0.52wt.% Ni.

Other PGM

The Os-Ir-As-S phases (possibly osarsite) occur enclosed in chalcopyrite from
the disseminated ore, forming small rounded grains, whereas the Ir-As-S (possibly
irarsite) and the Ir-Pt-As phases, always occur in a chalcopyrite veinlet.

Cobaltite-gersdorfitte, CoAsS-NiAsS

Three grains of cobaltite-gersdorffite were found in disseminated ore. They occur
as single subidiomorphic crystals hosted by pyrrhotite (Fig. 8f). Their Ni, Co and
Fe contents vary from 11.5 to 16.6, 13.4 to 17.9, and 3.6 to 8.3 wt.%, respectively,
and they contain traces of Pd (up to 0.64 wt.%), Pt (up to 0.96 wt.%), Ir (up to
1.8 wt.%) and Rh (up to 1.7wt.%). On the other hand, several small eu- to sub-
hedral grains of this solid solution series were identified in a restricted area of a
chalcopyrite veinlet inside chalcopyrite and pentlandite. These grains contain
223 wt.% Co, 8.4wt.% Ni and 6.36 wt.% Fe, but no PGE.

Trace element contents of the Ni-Cu-Fe sulphides

Micro-PIXE analysis uniquely reveal measurable concentrations of Se (64—
199 ppm), Ni (4397-48410ppm) and Cu (95-14694 ppm) in the pyrrhotite, Se
(31-201ppm) and Zn (154 and 450 ppm) in pentlandite, Se (29-134 ppm), Ni
(2383-4483ppm) and Ag (25-71ppm) in chalcopyrite and Ni (142-20666 ppm),
Se (<187ppm) and As (39-534ppm) in pyrite. Pd, Ru and Rh concentrations
(except in one analysis of pyrite with 22 ppm Rh) are always below their detection
limits in all the analysed grains.

Discussion

Segregation and fractionation of the sulphide melt

The mineralogical assemblage composed of pyrrhotite-pentlandite-chalcopyrite
occurring interstitial to a primary silicate framework, the good positive correlations
between Ni, PGE and S (Fig. 3a, d), and the systematic association of PGM with
magmatic sulphides support previous interpretations, which consider the Aguablanca



Ni-Cu ores as the result of the accumulation and fractional crystallisation of a
magmatic sulphide melt (Lunar et al., 1997; Tornos et al., 2001; Ortega et al.,
2004; Pina et al., 2006). According to these authors, the sulphide melt segregated
from a fractionating silicate melt in a deep seated magma chamber and concen-
trated, due to its high density, in the floor of the chamber. The silicate magma
together with the sulphides were later injected in the shallow crust giving rise to the
orebody (e.g., Voisey’s Bay deposit, Li and Naldrer:, 1999). Sulphur saturation in
the silicate melt could be promoted by the assimilation of S-rich black slates of the
Serie Negra Formation. This is supported by sulphur and lead isotopic signatures of
the ores (Casquet et al., 1998; Tornos et al., 1998), as well as by the existence of
partially-digested xenoliths of black slates in the host Aguablanca gabbroic intru-
sion. However, S/Se ratios of the ores (from 2613 to 4718) are typical of mantle-
derived sulphides (Naldrer:, 1981) and do not support the addition of S from
an external source. Nevertheless, the S/Se ratios of the Serie Negra black slates
(ranging from 184 to 3300) are significantly lower than those of the ores and
unusually low for this type of sedimentary rocks. Such low values can be produced
by devolatilisation reactions and sulphur loss (with the consequent decrease of the
S/Se ratio) associated to the transformation of pyrite to pyrrhotite in the slates
(e.g., Theriault and Barnes, 1998). Thus, the mixing of these S-depleted slates with
the silicate melt does not increase, but lower the S/Se ratio of the contaminated
melt and, consequently, the S/Se ratio of the ores.

The different types of ores described would form by the combined effect of
multiple melt injections and the fractionation of the sulphide melt. The concentric
distribution of the semi-massive and the disseminated ores suggest that the dissem-
inated ores formed earlier by the injection of a silicate melt containing dispersed
droplets of unfractionated, immiscible sulphide melt. Later, a new injection of melt
(containing higher proportions of immiscible sulphide melt) and carrying mafic-
ultramafic fragments from the deep, partially consolidated inwusion, led to the
formation of the semi-massive ores. This late injection crossed through the almost
consolidated gabbronorite that hosts the disseminated ores producing the zoned
structure of the Aguablanca orebody.

The semi-massive ores display mineralogical and geochemical features which
suggest that they formed by the crystallisation of a monosulphide solid solution
(mnss), with partial segregation of a Cu-rich sulphide liquid. Among other things, they
show: 1) large proportions of pyrrhotite and high pentlandite/chalcopyrite ratios
(commonly above 4) and 2) Ni/Cu ratios significantly higher than 1 (Table 1). In
conwast, the disseminated ores seem to be formed from a more fractionated sul-
phide melt since they show: 1) low pentlandite/chalcopyrite ratios (commonly
between 0.06 and 0.31) and 2) Ni/Cu ratios commonly below unity (Table 1).
However, this hypothesis is unlikely because the liquidus temperature of the sili-
cate magma is higher than that of a fractionated sulphide liquid and thus it would
be difficult for a fractionated sulphide liquid to disperse to form disseminated ore
in the partially solidified igneous rocks. Therefore, the most likely hypothesis is
that the disseminated ores represent an original unfractionated sulphide liquid
retained as droplets in the gabbronorite.

The crystallisation of mss from the sulphide melt in the semi-massive ores gave
rise to the segregation of a Cu-rich residual melt which mobilised away from the



core of the orebody, filling late fractures that crossed-cut the semi-massive (includ-
ing some mafic-ultramafic fragments) and, mainly, the disseminated ores. These
veins constitute the chalcopyrite veined ores.

Behaviour of PGE and origin of the PGM

The positive correlation between total PGE and S contents in most samples
(Fig. 3d), and the close association of PGM with the base-metal sulphides are
interpreted to indicate that PGE were collected by the sulphide liquid during its
segregation. Thus, PGE contents of the disseminated ores would correspond to
those of the parental silicate + sulphide melt, whereas PGE abundances in the
semi-massive and chalcopyrite-veined ores would be the consequence of the frac-
tional crystallisation of the sulphide melt. This interpretation is in agreement with
the chemistry of the ores, since semi-massive ores are relatively richer in Os, Ir, Ru
and Rh, and have lower mantle-normalised Pd/Ir ratios than the disseminated ores
and the chalcopyrite-veined ores. During the crystallisation of the mss, this phase
concentrated most Os, Ir, Ru and Rh because of their high partition coefficient
between mss and the residual, Cu-rich sulphide melt (Fleer et al., 1993; Li et al.,
1996). The remarkable correlation among these metals (9>0.97) is a common
feature of magmatic sulphide deposits (e.g., Chai and Naldrert, 1992; Maier and
Barnes, 2003; Barnes, 2004), and evidences their similar behaviour during frac-
tional crystallisation and their strong resistance to alteration, as it is further indi-
cated by their mostly parallel mantle-normalised patterns (Fig. 4). Although the
scarcity of Os, Ir, Ru and Rh minerals suggest that most of them should be in solid
solution in pyrrhotite and pentlandite, as occurs in the Noril’sk (Czamnanske et al.,
1992; Distler and Kunilov, 1994) and Jinchuan (Chai et al., 1993) deposits, the ob-
tained micro-PIXE data on Ru and Rh evidence that their concentration is always
below the detection limit of the technique (4-11ppm Ru and 6-13 ppm Rh).

During fractional crystallisation of a sulphide melt, Pt and Pd partitioned to the
residual Cu-rich sulphide melt (Fleer et al., 1993; Li et al., 1996), leaving the mss
relatively impoverished in these noble metals. Consequently, Pt and Pd should tend
to concentrate in the chalcopyrite veinlets. In fact, Pd bismuthotellurides are spe-
cially abundant in these veins. However, the degree of depletion of Pt and Pd in the
semi-massive ores (representing the mss) compared with the disseminated ores
(representing the unfractionated sulphide melt) is very small (Fig. 4). This could
be related with the mechanism of emplacement of the sulphide melts in shallow
crustal levels. Just after each injection, thermal diffusion towards the cooler host
should promote rapid cooling of the melt. This allowed to preserve the original
composition of the sulphide droplets in the disseminated ores and prevented exten-
sive fractionation of the sulphide melt in the semi-massive ores. Thus, only small
amounts of Cu-rich, residual sulphide melt generated, forming some few chalco-
pyrite veinlets (they represent <1 vol.% of the Ni-Cu ores). In this scenario, most
Pt and Pd, as well as Te, Bi and As, remained in the mss during the early stages of
cooling and, later, exsolved giving rise to the described PGM assemblage in the
semi-massive and in the disseminated ores.

Experimental results by Hoffmann and MacLean (1976) show that the Bi
content of merenskyite lowers its thermal stability and that its coexistence with
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Fig. 9. Plot of merenskyites at Aguablanca in the system Pd (4+Pt, Ni)-Te-Bi. Solid lines
correspond to the compositions of merenskyite at different temperatures, whereas the

dashed lines represent compositions of the coexisting liquid. After Heffinan and MacLean
(1976). Symbols as for Figs. 3—5 and &

michenerite limits the stability of the assemblage to temperatures below 500 *°C.
The merenskyite compositions at Aguablanca reveals crystallisation temperatures
below 500°C (Fig. 9). Nevertheless, more recent experiments by Helmmy et al.
(2005) (and Helmy, written communication) have checked the solubility of Pt, Pd
and Te in a (Fe, Cu, Ni); _ S melt from 1015 to 370 *C. Their results show that
Pt-Pd-Ni tellurides cannot be formed at temperatures above 37@ °C due to the low
concentration of these elements in the original melt and their high solubility in the
mss, which depend on the bulk Te content and the Te/(Pt + Pd) ratio of the sul-
phide melt. Furthermore, they show that the assemblage merenskyite-moncheite-
palladian melonite can be formed only from melts with Te/(Pt+Pd) >2. As is
shown in Table 2, all but one [with Te/(Pt+ Pd) =1.85] of the analysed samples
from disseminated ores (representing the original, unfractionated melt) exhibit
Te/(Pt + Pd) ratios above 2, in agreement with the described Pd-Pt-Ni bismutho-
telluride assemblage. Consequently, the PGMs of the Aguablanca Ni-Cu deposit
formed at very low temperature by exsolution from sss and chalcopyrite on cool-
ing. Nevertheless, as it will be discussed below, such assemblages and the bulk
diswibution of some elements were partially modified by late hydrothermal fluids.

Role of hydrothermal fluids

It is well documented that Cu behaves compatibly during the segregation of a sul-
phide liquid from the silicate melt (Rajamani and Naldretz, 1978) and consequently



a good correlation between Cu and S would be expected. However, the lack of cor-
relation between these elements in the Aguablanca ores suggests a redistribution of
copper by secondary processes such as hydrothermal alteration (e.g., Jinchuan
deposit, Chai and Naldrert, 1992).

The extensive circulation of hydrothermal fluids in Aguablanca is evidenced by
the retrograde alteration of the host rocks and the replacement of pyrrhotite by
pyrite in three successive episodes under progressively decreasing temperature.
The precipitation of pyrite started early in the postmagmatic history of the deposit
(~500 °C, Py,) and took place along a broad period coeval with the subsolidus
recrystallisation of the magmatic ores and the overall cooling of the deposit
(Ortega et al., 2004). The hydrothermal fluids always had higher fO, and S, than
the sulphide assemblage as is indicated by the transformation of pyrrhotite into
pyrite along the three recognised hydrothermal stages. However, effective copper
remobilisation only took place during the second stage as shown by the occurrence
of fluid-precipitated chalcopyrite along cleavage planes of secondary actinolite and
chlorite, and surrounding the Py, crystals. The actinolite + chlorite + epidote +
calcite alteration assemblage indicates fluids with neutral to mild alkaline pH
and circulation temperature of around 350 °C.

The high correlation between Au and Cu (Fig. 3a) indicates that gold was also
mobilised by these fluids. This is further supported by its highly scattered distribu-
tion in the ores and the pronounced negative anomalies in the mantle-normalised
patterns (Fig. 4).

Pt also shows negative anomalies in the different ore types (Fig. 4). Negative
Pt anomalies are characteristic of sulphides representing crystallisation of mss
(Barnes et al., 1997), indicating its low partition coefficient for this phase, being
concentrated, like Pd, Cu and Au in the Cu-rich, residual sulphide liquid. However,
in Aguablanca the occurrence of these anomalies not only in the semi-massive ore
(inss), but also in the disseminated ores (the unfractionated original melt) and in the
chalcopyrite veins (Cu-rich residual liquid) (Fig. 4) suggests that Pt also underwent
hydrothermal remobilisation. Mineralogical evidence include inclusions of mon-
cheite found in secondary actinolite (Fig. 8e) and irregular edges of sperrylite at
the contact with secondary chlorite (Fig. 8c), suggesting partial dissolution of
Pt-bearing phases by hydrothermal solutions.

Theoretical and experimental data (Gammons et al., 1992; Wood, 2002) show
that Pd and Pt are mobile elements which can be transported in hydrothermal fluids
under certain conditions. Especially, Pt is highly soluble in Cl-rich aqueous fluids
at temperatures between 25 and 300 °C (Gaminons et al., 1992). Nevertheless, if
these fluids were involved in the mobilisation of Pt, as seems to be the case,
negative anomalies should be observed also for Pd and this does not occur. The
preferential remobilisation of Pt over Pd by postmagmatic hydrothermal fluids can
be tentatively explained in terms of the factors affecting the solubility of these
metals in the aqueous fluid.

In magmatic-hydrothermal environments, between 500 and 300 °C, copper is
preferentially dissolved in hypersaline, neutral-weak acidic, and intermediate-
reduced solutions and mainly transported as CuCl,™ (Liu and McPhail, 2005 and
references therein). Major factors controlling chalcopyrite deposition are decrease
of temperature, and salinity (i.e., Cl availability), and to a lesser extend, decrease of



fO, and increase of pH and fS,. At Aguablanca, where geochemical and miner-
alogical evidences indicate that chalcopyrite was remobilised by hydrothermal
fluids and precipitated again at around 350 *°C, these factors would have competed
among them in the solubility reactions of copper and therefore, dissolution of
chalcopyrite was limited. As the fluids circulated and the deposit cooled down,
the fluid became saturated in chalcopyrite around 350 °C and the decrease of
temperature probably played a major role.

Gold can be transported either as Au(HS),  or as AuCl, ", the latter being the
dominant complex above 300 °C (Romiberger, 1991). The stability of the AuCl,™~
strongly decreases with decreasing temperature and salinity. This is, therefore in
agreement with the mobilisation, transport, and precipitation of copper indicated
above.

Pt and Pd can also be transported as chloride complexes at temperatures
above 300°C, PtCls~ and PdCl42_, respectively, being the dominant species
(Wood, 2002). At given pH, a[Cl "], and fO, conditions, these metals exhibit retro-
grade solubility, i.e., their solubility decrease as temperature increases. However,
if the fO, is buffered by a mineralogical assemblage, as it is in Aguablanca by
the transformation pyrrhotite — pyrite in the postmagmatic stages, the solubility
decreases with decreasing temperature. In addition, as any chloride complex, the
Pd and Pt-complexes stabilities are swongly dependent of the salinity (i.e., a [C17]).
This is a key point in understanding the different behaviour of Pt against Pd during
the hydrothermal remobilisation of metals. At temperatures above 300 °C, Cu, Au,
Pt and Pd will be transported in solution as CuCl, ", AuCl, ", PtCl; ™ and PdClL,>~,
respectively. Thus, in a fluid with a given concentration of chlorine, the facility of
forming chloride complexes increases following the order Pd — Pt— Cu, Au.
Therefore, the avidity of copper for chlorine, together with the much higher abun-
dance of copper than Pt and Pd in the deposit, will result in a preferential dissolu-
tion of copper, and subsequently of gold, over Pt and Pd. This could drastically
reduce the availability of chlorine to form Pt and Pd complexes, thus resulting in a
very limited remobilisation of Pt (most of the Pt minerals remain in the sulphide
ore) and a negligible dissolution of Pd, more sensitive to the a[Cl]) of the fluid
than Pt. The metal remobilisation, developed at T> 350 *C probably was partially
coeval with the exsolution of Pd and Pt from the mss below 370 *C, and this could
aid to the observed Pt remobilisation.
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