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Summary

The El Dorado Au-Cu deposit is located in an extensive intra-caldera zone of hydro-
thermal alteration affecting Upper Cretaceous andesites of the Los Elquinos Formation
at La Serena (~29°47'S Lat., 70°43'W Long., Chile). Quartz-sulfide veins of economic
potential are hosted by N25W and N20E fault structures associated with quartz-illite
alteration (+4supergene kaolinite). The main ore minerals in the deposit are pyrite,
chalcopyrite & fahlore (As/(As+ Sb): 0.06-0.98), with electrum, sphalerite, galena,
bournonite-seligmanite (As/(As + Sb): 0.21-0.31), marcasite, pyrrhotite being accesso-
ry phases. Electrum, with an Ag content between 32 and 37 at.%, occurs interstitial to
pyrite aggregates or along pyrite fractures. Pyrite commonly exhibits chemical zonation
with some zones up to 1.96at.% As. Electron probe microanalyses of pyrite indicate
that As-rich zones do not exhibit detectable Au values. Fluid inclusion microthermo-
metry shows homogenization temperatures between 130 and 352 °C and salinities be-
tween 1.6 and 6.9 wt.% NaCl eq. Isotope data for quartz, ankerite and phyllosilicates
and estimated temperatures show that 6'®0 and éD for the hydrothermal fluids were
between 3 and 10%o and between —95 and —75%o, respectively. These results suggest
the mineralizing fluids were a mixture of meteoric and magmatic waters. An epithermal
intermediate-sulfidation model is proposed for the formation of the El Dorado deposit.

Introduction

Epithermal deposits constitute an important target for gold exploration since they
contribute significantly to the world gold production. These deposits frequently
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crop out in active (continental or island arc) margins and are usually, although with
significant exceptions, younger than Paleocene. Au, Cu and Ag are the most com-
mon economic metals, and Pb-Zn are locally important. On the basis of ore and
gangue minerals, alteration mineralogy, textures and characteristics of hydrother-
mal fluids, these deposits have been classically grouped in high and low-sulfidation
types (e.g., Hedengquist et al., 2000; Simmons et al., 2005). Epithermal deposits are
common in the Chilean-Andes, with high-sulfidation epithermal deposits charac-
teristic from the Miocene-Pleistocene, and low-sulfidation from the Mesozoic to
Paleogene (e.g., Camus, 1990; Sillitoe, 1991). It is noteworthy that deposits from
the Miocene-Pleistocene represent higher reserves of gold and copper than older
deposits (e.g., Camus, 1990).

This paper presents the results of the first study of the mineralogy and mineral
chemistry (XRD, SEM and EMPA), fluid inclusion microthermometry and stable
isotope geochemistry of the El Dorado Cu-Au deposit. The deposit occurs within
pervasively hydrothermally altered volcanic rocks of Upper Cretaceous age in the
Precordillera of central-north Chile, at ~29°47 Lat. S 70°43'W Long. (Fig. 1).
We discuss the genesis of this deposit within the Late Cretaceous — Paleogene
geodynamic evolution of this segment of the Coastal Range and Precordillera,
and we present a classification of the deposit. Our study focuses on the ore miner-
alogy and mineral chemistry, with emphasis on precious metal (Au and Ag) and
related minerals (i.e., pyrite contents and their occurrence). This is providing the
foundation for the further geochemical and mineralogical investigations.

Geological setting

In the Coastal Range and Precordillera of the La Serena area, along the Elqui
Valley, a complete Cretaceous to Tertiary volcano-sedimentary sequence is present
(Fig. 1a). The Lower Cretaceous rocks are included in the Arqueros and Quebrada
Marquesa Formations, while the Upper Cretaceous volcaniclastic rocks are repre-
sented by the upper part of Vinita and Los Elquinos Formations (Aguirre and Egert,
1965; Pineda and Emparan, 1997; Emparan and Pineda, 1999). A change in the
depositional conditions from shallow-water marine basins in the Lower Cretaceous
to continental in the Upper Cretaceous sedimentary sequences has been proposed
by Pineda and Emparan (1997).

Only limited geochronological data are available for basaltic lavas belonging to
the Vinita Formation; a K-Ar age of 82 + 3 Ma (whole-rock, Pineda and Emparan,
1997) must be interpreted as a minimum age due to alteration, rather than the
age of lava extrusion (Fig. 1b), while zircon U-Pb ages of 84.8 0.3 Ma and
84.6 £0.2Ma were obtained from stratigraphically higher rhyodacites of this
formation (Emparan and Pineda, 2000b). A U-Pb zircon age of 70 £ 3 Ma has
been obtained by Emparan and Pineda (2000b) for the Los Elquinos Formation, in
rhyodacites from the upper levels of this formation. Consequently, Late Cretaceous
volcanism in the area may range from ~90-95Ma (assumed age for the extru-
sion of lower basaltic lavas of the Vinita Formation, Morata et al., 2003) up to
70—65 Ma.

Based on stratigraphic and tectonic evidence (Pineda and Emparan, 1997,
Emparan and Pineda, 2000b) as well as geochemical studies of volcanism



(Morata and Aguirre, 2003; Morata et al., 2003), an extensional regime has
been proposed during the Early Cretaceous. The geochemistry and primary
isotopic signature of the Late Cretaceous basic lavas (Morata et al., 2003),
suggest more intense extensional conditions during this time compared to the
Early Cretaceous. The extensional volcanism cycle ended with regional calde-
ra collapse at ca. 85 Ma (Pineda and Emparan, 1997), followed by a progressive
geodynamic change to compressional regime, as evidenced by the develop-
ment of asymmetrical anticlines during the Eocene (Pineda and Emparan,
1997).

Paleocene-Eocene epizonal granodioritic intrusions were emplaced into the
Late Cretaceous formations, developing in some cases intense hydrothermal al-
teration zones around these intrusions (Fig. 1b). The El Dorado prospect is one of
several ore deposits within the El Sauce District (also known as El Guanaco area,
Jorquera, 2005), and is located around 25 km NE of Vinita village (UTM coor-
dinates 332680 E; 6703500 N, Fig. 1). The El Dorado deposit is placed in the
central part of the El Sauce District, a strongly hydrothermally altered intra-
caldera area (ca. 30km? wide) with Cu-Au-Ag mineralization mostly hosted
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Fig. 2. Photograph (a) and photomicrographs (b—e) of the El Dorado mineralization and
related hydrothermal alteration. (a) Hand specimen of a quartz vein with sulfides crosscut-
ting hydrothermally altered dacite-andesite from the Los Elquinos Formation. (b) Intersti-
tial gold grain in coarse pyrite (py) aggregate. (¢) Typical association of chalcopyrite (ccp),
fahlore (fah) and pyrite (py) crystals. (d) Sulfides (sul) and ankerite (ank) interstitial to
quartz (gtz) crystals within a mineralized vein. (e) Intergrowth of quartz (g#z) and mica (mi)
crystals within the vein



in Upper Cretaceous-Paleocene volcanic and volcaniclastic rocks intruded by
Paleocene-Eocene epizonal and hypabysal granitoids (Jorguera, 2005). The El
Dorado deposit was exploited in 1936 when 4.72kg of Au were produced. Later,
during 1981 the deposit was re-worked, with Au up to 12 g/t (Jorquera, 2005).
The El Dorado gold mineralization is hosted by steeply dipping veins and vein-
lets of quartz with sulfides, crosscutting dacites, andesites and andesitic breccias
of the Los Elquinos Formation (Fig. 1b), along two well defined (N25W and
N20E) structural directions (Jorquera, 2005). Mineralized veins extend along
several hundred of metres, with 0.4—1.5m thickness and up to 150m deep
(Jorquera, 2005). The volcanic rocks are affected by pervasive hydrothermal
alteration which is thought to be closely related to mineralization processes
(Fig. 2a).

Analytical techniques

Representative samples were collected to determine the mineralogy and paragenet-
ic relationships among the ore minerals in the veins and the hydrothermally altered
host-rock. Fluid inclusion and stable isotope chemistry were studied to characterize
the mineralizing fluids involved in the genesis of the ore deposit.

The mineralogy of the ore and alteration minerals, and their mineral chem-
istry, were studied using a PHILLIPS PW 1710® X-ray diffractometer at the
Department of Mineralogy and Petrology, University of Granada, reflected and
transmitted light microscopy, scanning electron microscopy and electron probe
micro analysis (SEM: LEO GEMINI 1530™ field emission scanning electron
microscope, EPMA: CAMECA SX50® electron microprobe; both instruments are
located at the ““Centro de Instrumentacion Cientifica’, University of Granada).
Natural and synthetic certified standards were used to calibrate WDS quantita-
tive analysis. The operating conditions were 20-30kV accelerating potential,
20-30nA beam current and acquisition time between 60 and 300s for X-ray
peak and background. The acquired X-ray intensities were corrected for atomic
number, mass-absorption and secondary fluorescence effects using the CAMECA-
PAP version of the Pouchou and Pichoir (1984) procedure. X-ray mapping
was performed under 30kV accelerating potential, 200 nA beam current, 2 pm
scan distance, and 150 ms X-ray peak acquisition time per point as analytical
conditions.

Microthermometric measurements were performed on doubly-polished thin-
sections about 100 pm thick using a Linkam® THMSG 600 freezing-heating stage,
a TMSO93 temperature control system, and LNP2 freezing control system in the
Fluid Inclusion Laboratory, Department of Mineralogy and Petrology, University
of Granada. The fluid inclusion stage was calibrated with Merck®™ inorganic stan-
dards in the range from —95 to 419 °C. The data are reproducible to £0.5 °C for the
freezing runs and +5 °C for the heating runs. The fluid inclusions were analyzed
following the procedures described by Shepherd et al. (1985). Values of salinity
were calculated using the melting temperature of the last ice crystal (Potter et al.,
1978).

Sulfur for isotope analyses from sulfide samples was extracted following
Robinson and Kusakabe (1975). Liberated gases were analysed on a VG Isotech



SIRA II® mass spectrometer. Data are reported in §>*S notation as per mil (%o)
variations from the Vienna Canon Diablo Troilite (V-CDT) standard.

Oxygen isotopes in silicate samples were analyzed using a laser fluorination
procedure, involving total sample reaction with excess CIF; using a CO, laser as a
heat source (in excess of 1500 °C; following Sharp, 1990). The extracted O, was
then converted to CO, by reaction with hot graphite, then analysed on-line by a VG
PRISM III® spectrometer. Reproducibility is better than 40.3%o (10). Results are
reported in standard notation (6'%0) as per mil (%o) deviations from the Standard
Mean Ocean Water (V-SMOW) standard. Samples were analysed for hydrogen
isotopes using standard techniques (Donnelly et al., 2001). Thus, H,O was ex-
tracted from degassed overnight samples by radiofrequency induction heating
and then reduced to H; in a chromium furnace. The gas was subsequently analysed
on a VG 602D™ mass spectrometer. Replicate analyses of water standards (inter-
national standards V-SMOW and GISP, and internal standard Lt Std) gave a repro-
ducibility of +2%o. Replicate analyses of international mineral standard NBS-30
(biotite) also gave reproducibility around =£2%o.. CO, for isotope analyses was
quantitatively released from the ankerite samples by the standard procedure of
overnight reaction in vacuo with 100% phosphoric acid at 100°C. Gases thus
produced were analysed on a VG SIRA 10® mass spectrometer. Analytical raw
data were corrected using standard procedures (Craig, 1957). Isotope data are re-
ported in standard -notation as per mil (%o) deviations relative to the V-SMOW
and PDB (PeeDee Belemnite) standards. Error of reproducibility, based on com-
plete analysis of internal standards (including acid digestion) was 40.1%o for §'°C,
and =£0.2%o for §'°0 (10).

Mineralogy

The ore mineral association is pyrite £ chalcopyrite and fahlore [~(Cu,Ag);q
(Zn,Fe)»,Sb,S (3] as major phases, and minor amounts of gold, sphalerite,
galena, bournonite-seligmanite (PbCuSbS;—PbCuAsS3), marcasite, and pyrrho-
tite (Fig. 2b, ¢). The textural study has revealed the following paragenetic se-
quence: pyrrhotite — pyrite 4+ gold (pyrite stage) — chalcopyrite + sphalerite +
galena — fahlore 4+ marcasite (polymetallic stage). The gangue minerals in the
veins are mainly coarse quartz, with minor ankerite occurring after quartz forma-
tion (Fig. 2d) and white mica microcrystals (‘“‘sericite’’) intergrown with quartz
(Fig. 2e).

Hydrothermal alteration

Hydrothermal alteration, mainly propylitic type, covers a great area (ca. 30 km?
wide, Fig. 1b). The primary volcanic mineralogy adjacent to the studied veins has
been completely obliterated, and only accessory phases such as apatite remain as
relicts. The alteration assemblage, determined by X-ray diffraction and microscop-
ic study, consists largely of quartz and phyllosilicates. These phyllosilicates are
mainly fine grained white mica (*‘illite’”), with minor kaolinite (Fig. 3). The (001)
mica peak of the untreated sample is non-symmetric, with a widening of the base
peak to lower 26. This suggests a certain proportion of smectite interstratified
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Fig. 3. Oriented powder X-ray diffraction patterns (Cu Ko radiation A =0.154 nm) of the
less than 2 pum size fraction of a sample from the hydrothermal alteration zone near an
ore vein. The positions of basal peaks of kaolinite (k/n) and mica (mi), and the main
quartz (qtz) peaks are marked in the figure with vertical dotted lines. Patterns are shown
for the air dried (AO), ethylene glycol treated (EG) and dimethyl sulfoxide treated (DMS)
sample

layers inside the mica stacks. EPMA analyses (Table 1) reveal the mica is K and
(Fe + Mg)-bearing, its composition being dominantly marked by the phengite sub-
stitution type ((Fe + Mg),Si;""Al_;'"VAl_;) and in lesser proportion by the illite
substitution type (Si;[JAI'¥ _;K_;). Figure 4 demonstrates that mica crystals from
within the vein have a more muscovitic composition than those from the hydro-
thermal alteration zones.

Ore mineralogy

Gold occurs as grains of electrum of a few tens of microns in diameter, interstially
or in fractures within aggregates of pyrite. Electrum grains have homogeneous
composition and do not exhibit chemical zonation in backscattered electron images
(Fig. 5a). Their composition is mainly Au with Ag (Ag: 32.38—-37.26 at.%, Table 1).
Fe is found in electrum analyses in a range from 0.31 to 0.95 at.% (Table 1). Pyrite
is coarse, with pentagonal dodecahedral or anhedral crystals up to several centi-
metres. [t commonly has compositional zonation with respect to As, and to a lesser
degree, to Co and Ni. The As-rich zones have an irregular band or patch-like
morphology and are the expression of a relatively advanced stage of pyrite precip-
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Fig. 4. Binary diagrams, (a) Si vs. Al and (b) Al vs. K+ Na+2Ca in atoms per
formula (normalized to O;o(OH),), showing the composition of mica determined by EPMA
analyses from the O hydrothermal alteration and (] vein proper. Shown with references to
mica from other epithermal Au deposits: Palai-Islica, Spain (Carrillo-Rosia, 2005); Red
Mountain, USA (Bove et al., 2002)

itation. The As-bearing pyrite zones do not directly host gold grains (Fig. 5). The
maximum As content is 1.96 at.%, while Co and Ni are typically less than 0.1 at.%
(Table 1). The increase of As concentration in pyrite is mainly associated with a S
decrease (Fig. 6a), but there is also some suggestion of relationship with an Fe
decrease (Fig. 6b).

Gold and pyrite precipitation was followed by a base metal sulfide-bearing
stage. Sphalerite is colourless or yellowish (under microscopic examination) and
Fe-poor (maximum of 1.01 at.%), with a Cd content around 0.14 at.% (Table 1).
Bournonite-seligmanite is richer in Sb than As (21-31% seligmanite component,
Table 1). Fahlore is a very abundant phase in the latest stage of ore precipitation,
and shows a marked zonation pattern (Fig. 7a, b). The composition of fahlore
(Table 1) ranges between tennantite-rich (79% tennantite) and tetrahedrite-rich
(94% tetrahedrite), with tetrahedrite (Sb-rich) being the more common. The Ag
content (Table 1) is low (0.07-0.72 at.%), but with higher concentrations corre-
lating with high Sb content (Fig. 8a). Such feature is commonly observed in
different types of hydrothermal systems including epithermal gold-bearing de-
posits (e.g., Johnson et al., 1986; Ebel and Sack, 1991; Cook et al., 1998;
Carrillo-Rosua, 2005). The Fe and Zn contents of the fahlore are very variable
(1.88-11.27 at.%, 0.00—4.89 at.%, respectively), and show no apparent correla-
tion with Sb content (Fig. 8b, c). Fahlore precipitated in three stages (Fig. 7a, b).
During the first stage fahlore with high Zn, Sb and Ag contents formed. This
fahlore is volumetrically the most important. In a second stage, chemically vari-
able but generally Sb, and Ag-poor fahlore was deposited. The third stage fahlore
is characterized by the lowest Zn content but the highest Fe content, and Sb, Ag
contents are slightly lower than in the first stage (Fig. 8c). Thus, the main differ-
ences between these three fahlore zones are the As/(As+ Sb) ratio, with higher
values in the middle zone, and the Zn/(Zn + Fe) ratio which decreases from the
innermost to the outermost zone.




Fig. 5. Backscattered electron (BSE) and X-ray (As, Co, Ni and Au) images of pyrite hosting
an unzoned gold grain. Pyrite shows a strong zonation mainly due As enrichment. The As-rich
zone has an irregular morphology and is predated but also postdated by some As-free pyrite
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Fig. 6. Binary diagrams showing the composition of pyrite expressed as atomic percent:
(a) S vs. As and (b) Fe vs. As. Thick lines show the exchange vector S;As_;



Fig. 7. Backscattered electron (BSE) images of two fahlore (fah) crystals (a, b) showing an
oscillatory zonation pattern. Three main zones, corresponding to three consecutive precip-
itation stages (I-III), have been distinguished
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Fig. 8. Binary diagrams showing the composition of fahlore expressed as atomic percent:
(a) Sb vs. Ag and (b) Sb vs. Zn. (¢) Cross section of a fahlore crystal showing the com-
position of the three zones I, II and III as in Fig. 7

Fluid inclusion microthermometry

The petrographic study of fluid inclusions in quartz from mineralized veins shows
isolated cavities or small random groups, which are characteristic of primary fluid
inclusions (Roedder, 1984). All fluid inclusions found in the quartz and ankerite are
two-phase (L +V), <20 um in size, with L/(L V) always higher than 0.8. The
microthermometric study of fluid inclusions in quartz shows temperatures of first
melting (Te) around —50°C indicating that the fluids can be represented by the



system H,O-NaCl-CaCl,(—KCl) (Shepherd et al., 1985). During freezing, no
phase changes in the vapour phase were observed, suggesting that the amount of
other gases such as CO, present in the vapour phase is negligible. The final
melting temperatures range from —0.9 to —4.3 °C which corresponds to a salinity
range between 1.6 and 6.9 wt.% NaCl eq., with an average of 4 wt.% NaCl eq. The
temperatures of homogenization range between 130 and 352 °C, with the majority
between 150 and 250 °C. A wide range of salinities coincides with a narrow range
of homogenization temperatures. Fluid inclusions with homogenization tempera-
tures above 250 °C are scarce and are moderately saline (Fig. 9).

Stable isotope geochemistry

A stable isotope study has been performed in silicates, carbonates and sulfides;
results are listed in Table 2. Two silicate samples were analyzed: coarse quartz
from a mineralized vein and a mixture of phyllosilicates (mica = kaolinite) from
the hydrothermal alteration. The 6'®0 values obtained for both samples are quite
high (19.5%o for quartz and 12.8%o for mica = kaolinite), while éD values of the
phyllosilicates are strongly negative (—100%o). The deduced 6'0 ranges of the
fluid in equilibrium with different minerals are: 4.2—10.6%o (quartz) and 2.3—6.9%o
(mica), while the deduced 6D of the fluid in equilibrium with mica is —95 to —75%o
(Fig. 10). These values have been calculated on the basis of the range of tempera-

Table 2. Stable isotope analyses of silicate, carbonate and sulfide minerals from the El
Dorado deposit

Mineral §'"Ovsmow (%) 6Dysmow (%) §°Cepp (%) 6™'Scpr (%0)
Quartz 19.5
Mica £ kaolinite ~ 12.8 —100
Ankerite 18.6 —2.3
Pyrite 0.2
Chalcopyirte 0.9
Fahlore 2.6
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Fig. 10. 6Dgyiq vs. 8"80guia (%o, in respect to V-SMOW) calculated from phyllosilicates
from the hydrothermal alteration, and ¢ ®0puia calculated from quartz and ankerite from the
veins from the El Dorado deposit. The fractionation factors used to calculate fluid signature
are: Matsuhisa et al. (1979) for quartz; Zheng (1999) for ankerite; Sheppard and Gilg
(1996) and Vennemann and O’Neil (1996) for illite. Also shown for reference are magmatic
waters (Taylor, 1974), the kaolinite line (Savin and Epstein, 1970), the modern meteoric
water line (Craig, 1961). Kaolinite is assumed to be supergene being illite isotopic signa-
ture calculated by mass balance

ture deduced from the fluid inclusion study: 150-250°C, and fractionation equa-
tions of Matsuhisa et al. (1979), Sheppard and Gilg (1996) and Vennemann and
O’Neil (1996). Late ankerite has a §'°C of —2.3%o and 6'°0 of 18.6%o. The 6'°0 of
the fluid in equilibrium with ankerite is between 3.3 and 9.7%o (at 150-250 °C, and
with Zheng (1999) fractionation factor), within the range of the silicates. Primary
sulfides have slightly positive and homogeneous sulfur §°*S values (0.2—2.6%o),
with 6°*S of fahlore > chalcopyrite > pyrite (Table 2).

Discussion

The mineralogical study has revealed the existence of two main mineralization
stages in the El Dorado. An early pyrite-rich stage with precious metals, and a
later polymetallic, Cu-rich stage. The high As content of pyrite, and its concentra-
tion in discrete zones in pyrite (bands or patches), is a feature typical of epithermal
environments (e.g., Christiansen et al., 1983; Hulen and Nielson, 1986; Fleet et al.,
1989; Griffin et al., 1991; Cline, 2001; Carrillo-Rosiia et al., 2003; Pals et al.,
2003), although experimental studies (Clark, 1960) show that only minor amounts
of As (up to 0.5 wt.%) are stable in pyrite, and are an expression of disequilibrium
and metastable conditions, also typical of epithermal systems. The As was proba-
bly incorporated in a metastable solid solution in the S sites, related to very As-rich



layers with “marcasite-like’” structure (Fleet et al., 1989; Simon et al., 1999) or as
clusters with a lower As content in the pyrite structure (Savage et al., 2000). We
cannot rule out the occurrence of some non-stochiometric As, maybe as a result of
strong disequilibrium conditions (Carrillo-Rosua et al., 2003), in the highest As-
rich pyrites, which also have lower Fe content (Fig. 6b). Such As-rich pyrite is
known to host ““invisible gold™ (e.g., Reich et al., 2005, and references therein),
mostly in Carlin type-deposits (e.g., Cook and Chryssoulis, 1990; Fleet and Mumin,
1997; Asadi et al., 1999; Cline, 2001), but also in volcanic-hosted epithermal gold
deposits (up to 11000 ppm Au, Pals et al., 2003). In the case of the El Dorado
deposit, EPMA analyses are insufficient to quantify the gold content in pyrite: most
of the analyses are below 0.06 wt.%, i.e., the detection limit of gold. Nevertheless,
no difference in Au content between As-rich and As-poor pyrite has been found.

Gold at the El Dorado deposit is present as electrum grains along fractures in
pyrite or interstitially within aggregates of pyrite crystals. This relationship sug-
gests that gold precipitated after the initial formation of pyrite, which would has
drastically decreased the sulfur content of the hydrothermal fluid. Since gold (and
silver) would be mainly transported by sulfide complexes at epithermal conditions
(e.g., Seward and Barnes, 1997), and a fS, drop may lead to gold precipitation
(e.g., Gammons and William-Jones, 1995), the electrum formation may thus has
been related to pyrite precipitation as has been argued for others epithermal depos-
its (Carrillo-Rosua et al., 2002). The electrum has a high Au content, with some
alloyed Ag. The Fe content of the electrum recorded in the analyses (Table 1) could
be due to secondary fluorescence of the host pyrite; it is known that the FeKo line
could be produced by the AulL« radiation during analysis (Healey and Petruk,
1990). The low Cu content is consistent with the interpretation of the El Dorado
as an epithermal system base on data reported by Palacios et al. (2001) for Au-Ag
alloys from several epithermal and porphyry Andean gold deposits. The fineness
(Au/(Au+ Ag) x 1000, in wt.%) values of the El Dorado electrum (Table 1) are
within the range of 720-980 defined by Morrison et al. (1991) as typical of the
andesitic environment, and in the upper part of the range for “‘adularia-sericite”
type environments (0—880), rather than in the range for “‘acid-sulfate’” environ-
ments (900—1000) according to the same authors.

The later polymetallic stages are characterized mainly by Cu-bearing phases
(chalcopyrite >> fahlore >bournonite(-seligmanite)). Sphalerite is also present, and
has a Fe content, in the edge of sphalerite from typical low-sulfidation deposits,
commonly 1-4 mol.% FeS (Heald et al., 1987) and compatible with intermediate-
sulfidation deposits (e.g., Simmons et al., 2005). The fahlore exhibits great vari-
ability in chemistry, mainly in As/(As + Sb) and Zn/(Zn + Fe) ratios, resulting in a
characteristic zonation pattern (Fig. 7). The zonal variations reflect changes in the
physico-chemical conditions of the hydrothermal fluid during the polymetallic
mineralization stage. Some of these chemical variations, e.g., Fe increase with
time, may reflect a cooling of the fluid (e.g., Chutas and Sack, 2004), since the
Ag content did not change very significantly. The low content of Ag in fahlore,
often a typical Ag-bearing phase (e.g., Johnson, 1986), indicates a low concentra-
tion of Ag in the hydrothermal system during the base metal stage.

The mineralization is associated with a hydrothermal alteration assemblage
containing white mica and minor kaolinite. The mica is K-bearing (Table 1) and



has a composition defined more by phengite substitution ((Fe -+ Mg)+ Si—
VIAL 4 "™VAl) than by illite substitution (Si + vacancy — Al" + K). Its composition
is similar to micas found in other epithermal volcanic-hosted deposits (Fig. 4). The
micas (“‘sericite’’) are also present in the quartz veins, either directly precipitated
from the fluid or incorporated in the veins after replacement of plagioclase phe-
nocrysts. They have a more muscovite-like composition with, in particular, a smal-
ler illite component compared to the micas in the altered wall-rocks. This chemical
feature may indicate that the micas show an approach to chemical equilibrium
greater in the veins than in the altered wall-rocks. The reason for that is probably
due to a higher water-rock interaction rather than to a different thermodynamic
condition among hydrothermal alteration and the veins (e.g., temperature). Mica
compositions would be expected to be reached in mica crystals at 300 °C if equilib-
rium conditions existed between fluids and mineral products (e.g., Abad et al., 2003).

The kaolinite is thought to be of a supergene origin. The presence of relicts of
apatite crystals indicate the absence of a percolating acidic hydrothermal fluid that
would be required during the hypogene stage for the formation of hydrothermal
kaolinite, a typical feature of high-sulfidation deposits (e.g., Heald et al., 1987,
Hedenquist et al., 2000). The hydrothermal alteration assemblage around the
El Dorado ore veins is consistent with close to neutral hydrothermal fluids.
Smectite which is intestratified with mica, as deduced from X-ray analysis (Fig. 3),
could also have formed during supergene processes.

The homogenization temperature values of fluid inclusions in quartz indicate
that the minimum temperature of hydrothermal fluids were mostly between 150
and 250°C. True temperatures of formation would be only slightly superior
(<50°C) to temperatures of homogenization, since the shallow emplacement of
the deposit, the pressure correction being small. This temperature range is in
agreement with typical temperatures in epithermal systems (e.g., Simmons et al.,
2005). The salinity of the hydrothermal fluid was variable, but greater than
1.6 wt.% NaCl eq. This rules out that the hydrothermal system was dominated
by meteoric water; in this case very low salinities would be expected (<1 wt.%
NaCl eq., e.g., Naden et al., 2005). Salinities at the El Dorado would only be com-
patible with an origin from meteoric waters if excessive boiling or large-scale rock
buffering of fluid compositions had occurred (e.g., Sillitoe and Hedenquist, 2003).
Boiling, rather than simple cooling of moderately saline rock-exchanged meteoric
waters, could explain the “vertical” trend observed in the homogenization temper-
ature vs. salinity diagram (Fig. 9). But boiling is not supported by petrographic
evidence, such as heterogeneous entrapment of fluid inclusions. An alternative and
more convincing explanation is the presence of magmatic water, which could have
salinity in the range of 2-10wt.% NaCl eq. (e.g., Hedenquist et al., 1998).
Following this explanation, the fluid inclusion data for quartz are consistent with
a mixing process between magma-derived and meteoric fluids.

The oxygen and hydrogen isotope signatures for the hydrothermal fluid de-
duced from quartz, phyllosilicate and carbonate isotope analyses are also consis-
tent with a hydrothermal fluid containing a magmatic water component (Fig. 10). A
purely meteoric source for the hydrothermal fluids is considered unlikely, although
part of the heavy oxygen isotope signature may be explained by water-rock inter-
action. Similar isotope signatures for hydrothermal fluids have been documented,



for example, for mesothermal Korean precious metal deposits (Shelton et al.,
1988). Fluids precipitating carbonates maybe had a slightly lower 6'®0 signature
than those precipitating silicates. This could be reflecting the participation of a
higher proportion of meteoric water in the late stage of the mineralization, and
hypothetically may also suggest leaching of marine Lower Cretaceous carbonates,
since the measured ¢'°C is maybe too heavy to be solely magmatic derived. The
8'3C of magmatic carbon is typically —5%o, although it can range between —7 and
—2%o (Deines et al., 1991; Cartigny et al., 1998).

The 6°*S values of the sulfides ranging from 0.2 to 2.6%o are at the heavier end
of the range reported for Andean epithermal/magmatic systems (e.g., Pascua-
Lama: —5 to —3%o, Deyell et al., 2005; El Salvador, Chuquicamata, Rio Blanco-
Los Bronces: —10 to 3%, Field and Gustafson, 1976; Sasaki et al., 1984; Frikken
et al., 2005). There is little doubt however that the source of sulfur in the system
was dominated by magmatic sulfur. This magmatic sulfur could be derived from
the leaching of volcanic rocks, or more probably, from a fluid exsolved from the
magma since a magmatic component in the hydrothermal fluids has been deduced.
Incorporation of biogenic sulfide (either within the magmatic system, or during
fluid circulation) would likely lead to a decrease in 5 4S, which we do not see at the
El Dorado. There is a suggestion that 6>*S increased through the paragentic se-
quence at the El Dorado (Table 2), but we do not propose to discuss this further on
the basis of only three data points.

The location of the El Dorado deposit is consistent with an age of formation
between the Upper Cretaceous and the Paleocene. During this period, several
epithermal deposits were formed along the Coastal Range and Precordillera of
Chile from north of Antofagasta (e.g., Faride) to south of Santiago (e.g., El
Tigre). Among these deposits, only the El Guanaco deposit could be classified
as high sulfidation (Camus, 1990). Also for the El Dorado deposit, the high-sulfi-
dation model is rejected whereas the intermediate-sulfidation model fits well with
the observed mineralogical and geochemical features. Thus, Upper Cretaceous and
Paleocene terrains constitute an interesting target for low-sulfidation deposits but
also for intermediate-sulfidation deposits (some of the deposits earlier classified as
low — e.g., Camus, 1990 — maybe fit better with an intermediate classification but
this classification did not exist at the time that these deposits were characterized).
This type of deposits, rather than high-sulfidation deposits, has formed as a result
of extensional tectonism during Late Cretaceous and Paleocene.

Conclusions

This work provides a first insight into the El Dorado deposit and its ore potential.
Pyrite and chalcopyrite are the main sulfides. All visible gold is related to pyrite,
occurring either in fractures or within aggregates. Free gold grains occur in the
form of electrum, with a fineness of 753—781 at the lower end of the range typical
of andesitic environments, and outside of the high-sulfidation field as defined
by Morrison et al. (1991). The host pyrite has a significant As content (up to
1.96 at.%), concentrated in bands and patches of primary origin, but neither the
As-rich, nor As-poor areas contain significant “invisible gold”. The ore is Cu-rich
and Au—As—Sb—Zn-Pb-bearing, which is a feature typical of epithermal deposits



associated with intermediate-acid magmatism. The ore textures suggest that gold
precipitation occurred at the end of an early pyrite-dominated stage, with Cu, Sb,
Zn, and Pb precipitated during a later base metal-dominated stage. Arsenic is
present throughout the mineralization sequence. The mineral chemistry of the
ore minerals, such as pyrite and fahlore, also reveal a complex evolution of the
mineralizing fluids.

The range of Th (130-352°C, with most data between 150 and 250°C) is
consistent with an epithermal environment. The salinity and stable isotope signa-
ture of the ore-forming fluids suggest contributions of both meteoric and magmatic
fluids, with a mixing process between both types of fluids possibly related to
mineralization. The ore mineralogy and mineral chemistry, the control of mineral-
ization by veins, the types of hydrothermal alteration, and the composition and
temperature range of the fluids are consistent with the interpretation that the El
Dorado deposit is an epithermal intermediate-sulfidation deposit.
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