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Abstract
The Las Cruces deposit is in the eastern end of the Iberian Pyrite Belt (SW Spain). It is currently being 

mined by Cobre Las Cruces S.A. The main operation is focused on the supergene Cu-enriched zone (initial 
reserves of 17.6 Mt @ 6.2% Cu). An Au-Ag-Pb–rich gossan resource (3.6 Mt @ 3.3% Pb, 2.5 g/t Au, and 
56.3 g/t Ag) occurs in the upper part of the deposit. The Au grade ranges from 0.01 ppm to >100 ppm, and 
occurs as three different Au ore types: (1) Au mineralization in the upper part of the gossan linked to Fe-oxides 
lithofacies, (2) Au concentration in the lower part of the gossan associated with leached black shales, and (3) Au 
ore in the cementation zone related to subvertical fractures. 

A hydroseparation device has been used to obtain heavy mineral concentrates from selected samples of 
different ore types. Reflected-light microscopy, scanning electron microscopy-energy dispersive spectroscopy 
(SEM-EDS), and electron probe microanalysis (EPMA) were used to study the separated Au particles. Signifi-
cant differences between the defined ore types include the Au-bearing lithologies, mineral associations, textural 
features, particle sizes, morphologies, and fineness. Au-rich minerals include native Au, Au-Ag electrum, and 
Au-Ag-Hg amalgams. Gold-bearing mineral associations include Pb-oxihalides, Fe-oxides, galena, pyrite, cin-
nabar, and Ag-sulfosalts.

The Au enrichment mechanism in the supergene profile involves (1) dissolution of Au from the primary sul-
fides as chloride-rich ionic complexes during the weathering of the deposit under subaerial exposure; dissolved 
Au is transported downward through the supergene profile under acidic and oxidized conditions; (2) destabili-
zation of the Au complexes by Fe-controlled redox reactions; as a consequence, coarse-grained, high-fineness 
Au particles precipitated in association with Fe-oxyhydroxides. This resulted in secondary concentration in the 
upper gossan; and (3) after deposition of cover sediments took place a progressive change in the system condi-
tions resulting in a later Au remobilization as hydroxidehalide, hydroxide, thiosulfate, and bisulfide complexes in 
the lowermost gossan and cementation zone. The main pathways for migration of enriched fluids to the cemen-
tation zone are secondary permeability zones linked to Alpine reactivated faults. Deposition of Au seems to be 
related to fluid interaction with reductant lithologies, including black shales and the primary sulfides.

Introduction
The study of secondary Au in the weathering environment 
and the possibility of supergene Au enrichment has been a 
recurring subject of research (e.g., Boyle, 1979; Webster and 
Mann, 1984; Stoffregen, 1986; Freyssinet et al., 1989, 2005; 
Groen et al., 1990; Benedetti and Bouleguè, 1991; Vasconce-
los, 1991; Krupp and Weiser, 1992; Bowell, 1993; Gray, 2001; 
Hough et al., 2008, 2009; Fairbrother et al., 2012; Reith et al., 
2012). Secondary Au ores occur mainly as a result of dissolu-
tion and redistribution of Au during the weathering of pri-
mary sulfides. Supergene Au mobility occurs via complexation 
with organic-, halide-, hydroxide-, halide-hydroxide and sulfur 
ligands, which are dependent on weathering conditions (Boyle 
et al., 1975; Mann, 1984; Webster, 1986, Groen et al., 1990; 
Benedetti and Bouleguè, 1991; Freyssinet et al., 2005; Tagi-
rov et al., 2006; Usher et al., 2009; Ta et al., 2014). In addition, 
biological activity can contribute to dissolution-precipitation 
processes of Au during weathering in the near-surface envi-
ronment (Reith et al., 2006, 2007, 2012, 2013; Southam et al., 
2005, 2009; Hough et al., 2008; Fairbrother et al., 2012).

In general, these processes led to the formation of relatively 
low grade Au deposits with concentrations ranging between 
1 to 5 ppm (Butt, 1998). Secondary Au occurs as fine-grained 
particles of variable size, in many instances associated with 
Fe-oxyhydroxide gossans (Mann, 1984; Butt, 1998; Capitan et 
al., 2003, 2006; Freyssinet et al., 2005; Andreu et al., 2014).

Gossans in the Iberian Pyrite Belt have been mined for Au 
and Ag since 3000 BC (Nocete et al., 2014) and most super-
gene Au deposits in the belt, including Riotinto, La Lapilla, 
and Filón Sur-Tharsis, were mined for precious metals dur-
ing the past century. The original resources of gossan at 
Cerro Colorado (Riotinto) exceeded 100 Mt @ 1 g/t Au and 
56  g/t  Ag, and the gossan at Filón-Sur (Tharsis) contained 
15.5 Mt @ 1.7 g/t Au and 29 g/t Ag (Velasco et al., 2013). Pre-
vious research on the Iberian Pyrite Belt Au-rich gossans has 
mainly focused on metallurgy and exploitation of these ores 
(García Palomero et al., 1986; Viñals et al., 1995; Sánchez et 
al., 1996; Roca et al., 1999), whereas little attention has been 
paid to the geologic features and genetic models of this type of 
weathering-related Au deposit. However, Williams (1950) and 
Arribas (1998) reported Au-rich ores in Riotinto that mainly 
occur near the boundary between unweathered massive sul-
fides and oxidized sulfides, whereas in gossan of Filón-Sur 
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(Tharsis), the main secondary Au enrichment occurs at inter-
mediate levels associated with goethite (Capitan et al., 2003, 
2006). Recently, Velasco et al. (2013) reported that in the gos-
san deposits of the Iberian Pyrite Belt, there is scarce native 
free Au, which is very fine grained and of low fineness.

Las Cruces is a currently exploited, volcanic-hosted mas-
sive sulfide deposit in the eastern corner of the Iberian Pyrite 
Belt, about 24 km NW of Seville, Spain. The deposit is mainly 
characterized by a polymetallic massive sulfide body and by 
an overlying supergene profile, including the Cu-rich second-
ary ore (initial reserves of 17.6 Mt @ 6.2 % Cu) and the gos-
san cap (initial reserves of 3.6 Mt @ 3.3% Pb, 2.5 g/t Au, and 
56.3 g/t Ag) (Cobre las Cruces S.A. data calculated on May 
11, 2015). The Las Cruces features and genesis have been dis-
cussed in recent studies (Knigth, 2000; Capitán, 2006; Blake, 
2008; Tornos et al., 2014; Yesares et al., 2014 and 2015), with 
the main interest focused on the Las Cruces gossan. The most 
conspicuous irregularities are the lack of an internal structure 
and an uncommon mineralogy that includes newly formed 
siderite, Fe-sulfides, galena, and calcite, with goethite and 
hematite as subordinate phases. Regarding the Las Cruces 
gossan, the Au distribution has been reported as very hetero-
geneous, with increasing values toward the lower part of the 
gossan as supergene Au-Ag-Hg amalgams, mainly associated 
with reductant lithologies (i.e., black shales and primary sul-
fides; Yesares et al., 2014).

The present study is the first detailed report of supergene 
Au mineralization in the Iberian Pyrite Belt. In addition, 
although little is known about the Au supergene mineraliza-
tion in this location, the features observed in the supergene 
Au ore at Las Cruces are inconsistent with those previously 
reported for the gossans (Williams, 1950; Arribas, 1998; Capi-
tán et al., 2003; Capitán, 2006; Velasco et al., 2013). The main 
differences lie in Au grade, Au distribution pattern through 
the supergene profile, Au-bearing lithologies, and size of Au 
particles and their fineness.

The main objectives of this study were as follows: (1) to 
determine the distribution of Au and its relationship to the 
different supergene facies and lithologies, (2) to describe the 
mineralogical and textural features of the different Au ores, 
(3) to characterize the chemical make-up of the different 
Au particles, (4) to identify the possible mechanisms of Au 
transport and precipitation in the supergene profile, and (5) 
to report on the new insights of genetic models dealing with 
the supergene mineralization of Las Cruces. 

Methods
Samples were collected from both open pit outcrops (sam-

ples weighing >1 kg) and drill core (sample length ≈ 1 m) 
throughout the different facies of the Las Cruces supergene 
profile. Samples were processed as follows.

1. Bulk geochemical analysis of 48 whole-rock samples 
was performed at Acme Analytical Laboratories LTD (Van-
couver, Canada). The major, minor, and trace element con-
tents (including Au) were determined by inductively coupled 
plasma optical emission spectrometry (ICP-OES) and induc-
tively coupled plasma-mass spectrometry (ICP-MS) after hot 
aqua regia digestion (95°C). To carry out the analysis, certified 
standard reference materials and quartz blanks were routinely 

prepared and analyzed in the same way as the supergene pro-
file samples. Only Au results have been considered for this 
paper.

2. Three Au samples assaying >100 ppm Au were selected 
and sent to the hydroseparation laboratory in Barcelona 
(www.hslab-barcelona.com) to obtain heavy mineral concen-
trates. A total of 43 g from the Fe-oxide facies, 505 g from the 
leached black shales horizon, and 67 g from the cementation 
zone were roughly disaggregated with an agate mortar and 
dispersed in water by means of an ultrasonic bath. The sam-
ple slurries were subsequently wet sieved through a standard 
screen series, resulting in the size fraction distribution given 
in Table 1. Heavy mineral concentrates of each size fraction 
were processed by using the computer-controlled device 
CNT HS 11 (Rudashevsky et al., 2001; Rudashevsky and 
Rudashevsky, 2006, 2007; <http://www.cnt-mc.ru/>). Details 
about the applied hydroseparation technique can be found in 
Aiglsperger et al. (2014, and references therein).

3. Four cylindrical monolayer polished sections (2.5 cm 
diam) were prepared from each final concentrate. Au tex-
tures, mineral associations, and grain sizes were examined by 
reflected light optical microscope.

4. Electron-probe microanalysis (EPMA) of Au particles 
was carried out on carbon-coated samples with a JEOL 
JXA-8200 Super Probe Electron Probe Micro-Analyzer by 
wavelength-dispersive spectroscopy (WDS) at the Univer-
sity of Huelva (operated at 20 kV, 20 nA, and 5–10-µm beam 
diam). A total of 142 Au grains (polished sections) were ana-
lyzed for Au, Ag, Cu, Sb, Fe, Se, Pb, S, and Hg. Routine data 
reductions, including full matrix (ZAF) corrections, were 
performed. Core and rim compositions of Au grains were 
obtained to investigate possible Au zonation.

5. Several Au grains found in heavy mineral concentrates 
from the gossan were handpicked under a binocular micro-
scope and mounted on glass slides with double-sided adhesive 
tape for grain morphology studies. A JEOL scanning electron 
microscopy-energy dispersive spectroscopy (SEM-EDS) was 
used at the University of Huelva.

Geologic Setting
The Iberian Pyrite Belt is in the southwest part of the Ibe-

rian Peninsula and is about 230 km long and 40 km wide, 
extending from Seville (Spain) to Lisbon (Portugal) (Fig. 1). 
The Iberian Pyrite Belt is one of three domains making up 
the South Portuguese zone, which is the southernmost zone 
of the Iberian Variscan Massif (Carvalho, 1976). The Iberian 
Pyrite Belt is recognized as one of the most prolific massive 
sulfide provinces in the world (Leistel et al., 1998; Sáez et 

Table 1.  Weight and Size Fraction Distribution of the  
Heavy Mineral Concentrates

 Fe-oxide facies Leached black Cementation
Size (µm) (wt gr) shales (wt gr) zone (wt gr)

 >53 35.3 386.6 15.0
  53  0.4  56.4 16.3
  75  1.9  62.5 20.1
 106  5.1 - 14.2
<125  0.3 -  1.5
S wt gr 43.0 505.5 67.1
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al., 1999). It consists of upper Paleozoic (Middle Devonian 
to Middle Pennsylvanian) sedimentary and igneous rocks, 
which include, from bottom to top, three main units: (1) the 
Givetian-Famennian prevolcanic phyllite-quartzite group; 
(2) the late Famennian-Tournaisian volcano-sedimentary 
complex; and (3) the middle Visean-Westphalian B post-
volcanic Culm Group (Schermerhorn, 1971). The massive 
sulfide deposits of the Iberian Pyrite Belt occur within the 
volcano-sedimentary complex associated mainly with volcan-
iclastic and/or black shale sequences. Deformation during 
the upper Carboniferous was a thin-skinned style (Silva et 
al., 1990) characterized by stacking of tectonic slices, fold-
ing, and very low grade metamorphism. Exhumation of 
some massive sulfide deposits during the lower Miocene 
led to weathering and the formation of gossan caps (Ess-
alhi et al., 2011; Velasco et al., 2013). Later, the Miocene 
transgression event (Abad, 2007) buried parts of the Iberian 
Pyrite Belt under post-Alpine sediments of the Guadalquivir 
(Spain) and Sado (Portugal) basins.

Deposit Geology
The Las Cruces deposit is in the eastern end of the Iberian 

Pyrite Belt and lies under a thick sequence (140–150 m) of 
carbonate-rich, detrital sedimentary cover of the post-Alpine 
(Neogene-Quaternary) Guadalquivir basin (Fig. 1). The Las 
Cruces deposit is hosted by a thick sequence of black shales 
and felsic volcanic and volcaniclastic rocks and consists of 
a massive to semimassive polymetallic sulfide body that is 
underlain by a copper-rich pyritic stockwork (Fig. 2). The 
orebody is approximately 60- to 100-m thick and extends 
for more than 1 km in an east-west direction, dipping 35° to 
the north. The upper part of the massive sulfide consists of 

a supergene profile that includes a copper-rich cementation 
zone and an overlying gossan.

The Las Cruces orebody structures are consistent with the 
tectonic setting established for the Iberian Pyrite Belt by Silva 
et al. (1990). Three structural domains have been observed 
at the deposit scale. The first fault system includes low-angle 
faults associated with the first Variscan deformation. This 
fault system was responsible for shearing of the orebody and 
resulted in stacking of massive sulfide slices. Sheared black 
shale horizons appear to play a major role as detachment hori-
zons. Las Cruces is crosscut by two other subvertical fault 
systems related to the late-Variscan deformation, as reported 
for others areas of the Iberian Pyrite Belt (Simancas, 1983). 
The older system consists of NNW-SSE–trending faults that 
are intersected by a younger system of east-west, high angle 
faults. Both late-Variscan fault systems were reactivated dur-
ing the Alpine cycle and contributed to secondary enrichment 
processes.

The primary sulfides at the Las Cruces deposit are similar 
to other massive sulfide deposits in the Iberian Pyrite Belt 
(García de Miguel, 1990; Marcoux et al., 1996; Almodóvar et 
al., 1998) and consist of pyrite, with subordinate amounts of 
chalcopyrite, sphalerite, and galena. Tennantite-tetrahedrite, 
arsenopyrite, and several Bi and Pb-sulfosalts are mostly pres-
ent as accessory minerals. The ore, however, is very irregular 
in shape and mineralogy and includes barren pyrite and poly-
metallic- and copper-rich facies.

Supergene profile

The upper part of the orebody is largely replaced by a thick 
supergene profile that includes the gossan and the underly-
ing cementation zone. The cementation zone consists of a 
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Fig. 1.  Geologic map of the South Portuguese zone showing the location of the Las Cruces deposit in the southeastern 
part of the Iberian Pyrite Belt (modified from Carvalho, 1976). Abbreviations: IPB = Iberian Pyrite Belt, PQ = phyllite-
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50-m-thick lens that is mostly developed through higher per-
meability zones associated with late-Variscan subvertical faults 
(Yesares et al., 2014, 2015). Several facies have been identi-
fied along the cementation zone by mineralogical features: 

1. Pyritic sands: This facies is at the top of the cementa-
tion zone and consists of a 0- to 5-m-thick layer of sand-like 
(crumbled and leached) barren pyrite; 

2. Chalcocite-rich secondary ore: This facies underlies the 
pyritic sands and represents the main Cu supergene enrich-
ment of the primary sulfides, both massive sulfides and stock-
work mineralization. The mineral assemblage mostly consists 
of chalcocite, digenite, and djurleite, with minor covellite, 
bornite, and enargite; 

3. Covellite-rich secondary ore: This is a 12-m-thick body at 
the base of the cementation zone, which is developed through-
out a deep subhorizontal fault. It mainly consists of covellite 
with minor chalcocite, digenite, enargite, and bornite; 

4. Fault breccia-related Au-Ag–rich secondary ore: This 
facies consists of a 0- to 5-m-wide subvertical fault-breccia 
zone that crosscuts the cementation zone. It contains coarse-
grained proustite, pyrargyrite, cinnabar, and native Au.

The gossan mineralization consists of a 0- to 20-m-thick 
profile that is limited at the base by a sharp horizontal contact 
with the massive sulfides. The upper boundary of the gossan is 
defined by the erosive discordance of the Guadalquivir basin 

sedimentary cover. The occurrence of gossan pebbles within 
the overlying conglomerate level in the sedimentary cover 
indicates that the supergene process in Las Cruces deposit 
predates the transgressive Tortonian deposits (Moreno et al., 
2002). 

Yesares et al. (2014, 2015) concluded that the Las Cruces 
gossan differs from other massive sulfide weathering pro-
files in tonnage, grade, zonation, and internal structure. The 
most conspicuous feature, however, is its mineralogical com-
position. The major mineral components of the gossan are 
reduced iron phases such as siderite and Fe-sulfides, together 
with galena and calcite, whereas goethite and hematite are 
subordinate phases. Four facies have been identified within 
the Las Cruces gossan: 

1. Carbonate-sulfide facies: These are the main gossan 
facies and are heterogeneously distributed throughout the 
profile and controlled by subvertical faults. The mineral 
assemblage consists of siderite, calcite, galena, and Fe-sul-
fides, with minor hematite and goethite and subordinate Ag-
sulfides and Au-Ag-Hg amalgams; 

2. Fe-oxide facies: These are typically close to highly per-
meable zones and are composed of siderite, Fe-sulfides, and 
galena, with minor goethite and hematite; 

3. Fracture-related facies: These consist of siderite, calcite, 
galena, and Fe-sulfides. This assemblage fills late fractures 
that crosscut the gossan; 
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Fig. 2.  Geologic cross section of the Las Cruces deposit.
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4. Leached black shales: These consist of a 5- to 15-cm-thick 
horizon located at the gossan bottom. This black shale level 
has been interpreted as a low-angle Variscan fault detachment 
slice that acted as a redox front during weathering (Yesares 
et al., 2014). It consists of an assemblage of residual miner-
als such as quartz, barite, monazite, Ti-oxides, newly formed 
phyllosilicates of the smectite and kaolinite groups, galena, 
Ag-sulfides, cinnabar, and Au-Ag-Hg amalgams.

Results

Au distribution in the supergene profile

Au concentrations in the primary sulfides of the Las Cruces 
deposit are mainly associated with polymetallic mineralization 
with average values of 0.7 ppm, whereas gossan has an Au 
mean value of 5.88 ppm (Yesares et al., 2014, 2015). Gold con-
centrations are highly variable throughout the gossan but the 
overall enrichment ratio relative to the primary mineralization 
is 8.4. The highest Au concentrations occur close to the gos-
san base associated with Au-Ag-Hg amalgams. Several peak 
Au values, however, are in the upper part of the weathering 
profile associated with particulate Au.

The Au contents of selected samples from the different 
supergene facies are presented in Table 2. Gold distribution 
in the different supergene facies is extremely heterogeneous, 
ranging from 0.01 to >100 ppm. In the gossan, Au is mainly 
associated with both Fe-oxide facies and leached black shales, 
and minor amounts have been analyzed in carbonate-sulfide 
facies. In Fe-oxide facies and black shales, Au reaches more 
than 100 ppm (the upper detection limit for ICP assays) and 
has mean values of 20 and 36 ppm, respectively, whereas the 
carbonate-sulfide facies has an Au mean concentration of 

1.66 ppm, ranging from 0.01 to 9 ppm. Gold distribution also 
shows a strong heterogeneity within the cementation zone. 
The Au content in the supergene Cu-rich mineralization is 
generally low, ranging between 0.03 and 0.77 ppm. Local 
peak values of up to 100 ppm are systematically associated 
with subvertical faults that mainly controlled the secondary 
mineralization processes.

The most common mineral association in Fe-oxide facies 
consists of goethite, hematite, and minor siderite, pyrite, and 
galena. Common textures include goethite and hematite as 
slightly rounded isolated fragments enclosed in later micro-
crystalline siderite, and alternating microlayers of goethite and 
siderite (Yesares et al., 2015; Fig. 3A). Both textural patterns 
include pervasively disseminated Au particles (Fig. 3A-F).

 The principal mineral associations in the fault breccia-
related Au-Ag–rich secondary ore in the cementation zone 
are composed of fault gouge mainly formed by pyrite clasts 
and newly formed cinnabar, pyrargyrite, proustite, and native 
Au. The most prominent textures are coarse-grained euhe-
dral-anhedral aggregates of Ag-sulfosalts and cinnabar filling 
fractures and voids (Fig. 4A, B). Gold occurs as disseminated 
free grains (Fig. 4D-F).

Size and morphology of Au grains

The gold grains from the Las Cruces Fe-oxide supergene 
facies include a wide variety of morphologies. Three Au sub-
types have been identified based on their morphology. The 
largest subtype consists of irregular, reniform particles of 100- 
to 250-µm-diameter (maximum dimension). These particles 
are anhedral in habit and have smooth-curved and twisted 
surface sides and rounded edges (Figs. 3D, 5A). A second 
Au subtype occurs as flattened particles with grain sizes rang-
ing from 25 to 150 µm in long axis. These platelet Au grains 
have a subhedral habit and flat surfaces, jagged contours, and 
sharp edges (Fig. 5B). The third Au subtype is characterized 
by round to subround-shaped grains of 50- to 150-µm long 
axis diameter. These particles have irregular surfaces, straight 
sides, and subrounded edges (Fig. 5C). In addition, some of 
the Au particles observed in polished sections exhibit crystal 
faces (Fig. 3C).

Most of the Au particles occur as free grains (Figs. 3, 5). 
Moreover, Au occurs in complex relationships with other gos-
san minerals such as the case of elongated Au crystals (>50 µm 
in length) associated with galena (Fig. 3E) or fine Au (<20 µm 
diam) associated with nadorite (Fig. 3F).

Secondary Au mineral associations in the fault breccia-
related Ag-Au–rich secondary ore in the cementation zone 
consist mainly of free Au particles with grain sizes varying 
from a few microns to 70 µm in maximum dimension. Au 
grains exhibit anhedral habit, with regular and subrounded 
to rounded morphologies (Fig. 4D-F). Gold usually presents 
as intergrowth relationships with proustite (Fig. 4F), whereas 
cinnabar occurs as small inclusions within Au (Fig. 4E).

Gold chemistry

EPMA analyses of different Au ore types reveal a remark-
able compositional variation (Table 3). Figures 6 and 7 show 
the Au-Ag-Hg ratio and the Au trace element contents of dif-
ferent ore types. The composition of the Au-Ag-Hg system 
indicates two compositional trends: one is associated with 

Table 2. Gold Content (ppm) of Selected Samples from Las Cruces Gossan 
Based on ICP Analysis

Sample Carbonate- Fe-oxide Leached Cementation
no. sulfide facies facies black shales zone

 1 1.64 >100.00 40.15 0.03
 2 1.02 6.47 60.84 0.09
 3 9.64 0.96 2.42 0.30
 4 1.22 0.17 0.58 0.08
 5 1.67 0.51 0.62 0.07
 6 4.00 2.64 83.13 0.04
 7 1.61 0.26 >100.00 >100.00
 8 0.21 0.24 2.60 0.77
 9 1.29 89.77  0.35
10 0.56 0.17  0.10
11 0.71   0.56
12 0.37
13 1.74
14 0.19
 5 0.01
16 0.45
17 4.95
18 0.02
19 0.16
Mean 1.66 20.12 36.29 9.31
Max 9.64 >100.00 >100.00 >100.00
Min 0.01 0.17 0.58 0.03
Std. dev. 2.33 39.53 40.88 30.08

Basic statistical parameters—mean, maximum (Max), minimum (Min), 
and standard deviation (Std. dev.)—are shown
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Fe-oxides facies whereas the other is associated with fault 
breccias in the cementation zone. Figures 6 and 7 also illus-
trate a third Au compositional cluster, formed by Au-Ag-Hg 
amalgams in lower gossan formed in leached black shales 
(Yesares et al., 2014).

Gold associated with Fe-oxide facies has a homogeneous 
composition (Table 3; Figs. 6, 7) without compositional 
zonation. Grains exhibit a mean Au content of 99 wt %, low 

concentrations of commonly alloyed elements (Table 3: 0.09 
± 0.19 wt % Ag, 0.06 ± 0.01 wt % Cu, and 0.006 ± 0.03 wt % 
Hg), and exceedingly high fineness (1,000 Au/Au + Ag) reach-
ing up to 1,000. The content of trace elements typically pres-
ent in native Au including Sb, Fe, Se, and Pb are close to 
or below the limit of detection for EPMA analyses (Table 3). 
On the other hand, significant sulfur has consistently been 
detected, with mean values of 0.059 wt %.

nad
Au
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B C
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gn+py
sd A

Au
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Fig. 3.  Reflected light microscopy images of the Las Cruces supergene Au from the upper gossan Fe-oxide facies. (A) 
Microbanded texture of alternating siderite (sd) and goethite (gt), with galena (gn) and pyrite (py) filling voids; (B) Micro-
scopic appearance of the <53-µm fraction of heavy-concentrates; (C) Detail of the free Au particles showing euhedral-to-
subhedral habits; (D) Lobular-shaped free Au grains; (E) Elongated Au (Au) crystals associated with skeletal galena (gn); (F) 
Fine Au (Au) particles linked to microcrystalline nadorite (nad).
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Fig. 4.  Reflected light microscopy images of the Las Cruces supergene Au from breccia-related Au-Ag-rich secondary 
ore located in the cementation zone. (A, B) Cinnabar (ci) and proustite (pr) intergrowth filling fractures in brecciated pyrite 
(py) fault gouge; (C) polished section microscopic appearance of the 53 µm heavy-concentrates; (D) detail of common shapes 
of free Au particles; (E) irregular Au (Au) grain with cinnabar (ci) inclusions; (F) intergrowth between proustite (pr) and Au 
(Au).
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In contrast, Au associated with fault breccias within the 
cementation zone is characterized by wider compositional vari-
ations (Table 3; Figs. 6, 7). Gold content for this ore type ranges 
from 65.3 to 88.9 wt %, with fineness grades ranging from 722 
to 948. No zonation has been observed in SEM backscattered 
studies. Gold grains are relatively rich in commonly alloyed ele-
ments: 17.79 ± 5.99 wt % Ag, 0.02 ± 0.02 wt % Cu, and 4.46 
± 2.64 wt % Hg (Table 3; Figs. 6, 7). Trace element contents 
are close to or below the limit of detection (Table 3), and as 
with Au associated with Fe-oxide facies, S is the most abundant 
trace element, with average values   of ~0.17 wt %. Neither Au 
or Au-Ag-Hg amalgam particles have been found in heavy min-
eral concentrates from the leached black shale samples.

Discussion
Three main types of Au-bearing mineralization occur in the 

Las Cruces supergene profile. Differentiation is based on Au 
geochemistry, depositional context, and supergene traps, min-
eral associations, Au textures (crystal morphology and grain 
size), and fineness, including the following: 

1. Coarse grains of high-fineness Au in the Fe-oxide facies 
of the upper gossan (Figs. 3, 5, 7, 8; Tables 2, 3); 

2. Coarse Au-Ag-Hg amalgams in the lower gossan associ-
ated with leached black shales (Yesares et al. 2014); 

3. Medium-sized Au particles of medium fineness in fault 
breccia-related Au-Ag–rich secondary ore in the cementation 
zone (Fig. 4; Tables 2, 3).

During economic evaluation of the Las Cruces deposit 
Cobre las Cruces S.A. did not discriminate among the differ-
ent gossan lithologies. However, observations during mining 
operations revealed that replacement of the original gossan 
by carbonate-sulfide facies (siderite-sulfides facies + calcite-
sulfide facies) was mainly controlled by subvertical faults; a 
considerable part of the weathering profile was unaffected by 
the carbonatization processes. The remnants of the original 
weathering profile include the Fe-oxide facies and leached 
black shales. These units have high gold grades (Table 2), thus 
proving that carbonatization processes were not the main 
factor for Au concentration in the Las Cruces gossan. This 
contradicts the interpretation of Tornos et al. (2014), which 
equated Au with the calcite-rich lithologies in the supergene 
profile.

All these Au ore types identified in the Las Cruces super-
gene profile are related to Au leaching from the primary 
mineralization and precipitation both in gossan and cementa-
tion zones. The high-fineness Au particles identified in the 
upper gossan are consistent with secondary Au enrichment 
described in mature weathering environments (Mann, 1984; 
Butt, 1998; Gray et al., 1992; Freyssinet et al., 2005), which 
can generally be differentiated from hypogene Au-Ag alloys 
(Boyle, 1979; Hough et al., 2009). According with Au compo-
sitions reported in IPB primary massive sulfides (Fig. 8; Leis-
tel et al., 1998; Velasco et al., 1999; Pinto et al., 2005; Oliveira 
et al., 2011), the Las Cruces gossan high-fineness Au can be 
interpreted to result from a chemical refining process during 

50 µm 50 µm 25 µm

CA B

Fig. 5.  SEM images showing morphological features of the Las Cruces supergene Au from the upper gossan Fe-oxide 
facies. (A) Reniform-shaped Au grains showing smooth curved and twisted surface sides and round edges; (B) Flattened Au 
particles which exhibit euhedral-to-subhedral habit, flat surfaces, and sharply defined edges; and (C) round to sub-round 
shaped Au showing irregular surfaces, straight sides, and subrounded edges. 

Table 3.  EPMA Analysis of Gold Ore Types in the Las Cruces Supergene Profile

Gold type (wt %) Au Ag Cu Sb Fe Se Pb S Hg Total Fineness

Gold from Fe-oxide facies of the upper gossan
(n = 133) Mean  99.03  0.09 0.00 0.02 0.00 0.01 0.01 0.05 0.00  99.23  999.05
 Max 100.55  1.32 0.09 0.21 0.11 0.07 0.16 0.15 0.30 100.74 1000.00
 Min  92.55 n.d n.d n.d n.d n.d n.d 0.02 n.d  93.61  986.64
 Std. Dev.   0.97  0.19 0.01 0.05 0.01 0.01 0.03 0.02 0.03   0.92    2.00

Gold from breccia-related Au-Ag-rich secondary ore of the cementation zone
(n = 9) Mean  76.62 17.79 0.02 0.02 0.03 0.07 0.02 0.17 4.46  99.17  810.68
 Max  88.91 25.15 0.06 0.10 0.10 0.31 0.15 0.63 8.35 100.55  948.15
 Min  65.30  4.86 n.d n.d n.d 0.00 n.d 0.07 1.59  97.04  721.89
 Std. dev.   7.54  5.99 0.02 0.03 0.03 0.10 0.05 0.17 2.64   0.95   67.05

Notes: Basic statistic parameters—mean, maximum (Max), minimum (Min), and standard deviation (Std. dev.)—are shown; n.d.: not detected
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the weathering and dissolution of primary Au and reprecipi-
tation as newly formed Au particles (Mann, 1984; Williams 
et al., 2009; Hough et al., 2011).. Likewise, trace elements 
such as Sb, Fe, Se, Pb, and S in Au grains (Table 3) seem to 
be derived from micro-inclusions of common minerals in the 
Las Cruces gossan, such as galena, Pb-Sb-sulfosalts, siderite, 
Fe-oxides, and Fe-sulfides (Yesares et al., 2014, 2015). Tex-
tural features of Au grains (smooth surfaces) and the lack of 
zonation of Au and Ag within the particles suggests that de-
alloying processes do not increase the fineness of Au particles 
(Erlebacher et al., 2001; Hough et al., 2007). The high fine-
ness of Au particles in the Las Cruces gossan contrasts with 

the relatively low fineness of Au particles reported in other 
Iberian Pyrite Belt gossans (Velasco et al., 2013).

Medium fineness Au particles are also consistent with a 
newly-formed phase due to their specific location (Fig. 9) and 
their mineral associations (Fig. 4). These medium fineness Au 
grains are closely linked to supergene proustite and cinnabar, 
which are common in late-subvertical faults gouge, cross-
cutting the Las Cruces cementation zone. These structures 
exert a significant control on the distribution of the secondary 
mineralization and its role in the supergene enrichment pro-
cess has been discussed by Yesares et al. (2014, 2015) (Fig. 9). 
Furthermore, Au-Ag-Hg amalgams in the lower gossan show 

Fig. 6.  Composition of Au grains in the Au-Ag-Hg ternary diagram. Three clusters can be distinguished according to 
elemental ratios. A fourth cluster Ag-Hg amalgams is depicted close to the lower axis. Amalgam compositions from Yesares 
et al. (2014).
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Fig. 7.  Ag + Hg vs. Au diagram showing the main chemical composition of the Las Cruces supergene Au grains, based on 
EPMA analysis. Amalgam compositions from Yesares et al. (2014).
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also textural evidences for supergene deposition (Yesares et 
al, 2014).

The existence of three different Au ore types in the super-
gene profile has implications for Au mobilization and precipi-
tation mechanisms including: 

1. The presence of different Au composition types in the 
Las Cruces supergene profile (Table 3; Figs. 6, 7) suggests 
that more than one mechanism could have been involved in 
Au dissolution and mobilization during the weathering of sul-
fide ores and the later evolution during subsequent sedimen-
tation (Fig. 9); 

2. The Au distribution is not uniform throughout the super-
gene profile, thus indicating multiple fluid pathways (Fig. 9); 

3. Each Au type is intimately associated with a specific 
supergene facies, involving different lithologic traps and pre-
cipitation mechanisms (Fig. 9).

The overall supergene profile is the result of overlapping 
genetic stages, including oxidative weathering of the massive 
sulfide during deposit exhumation, as well as changes in redox 
conditions during the later burial of the deposit beneath the 
Neogene sedimentary cover (Fig. 9). Thus, the environmental 
conditions of gossan formation changed from oxidizing and 
acidic during the early stage of gossan formation upon surface 
exposure, to near-neutral and reducing during the burial stage 
due to basinal fluid equilibration with the carbonate-rich sedi-
mentary pile. (Fig. 9)

The uneven Au distribution within the Las Cruces gossan 
and its enrichment toward the lower gossan is a common fea-
ture in weathering profiles of a VMS deposit (e.g., Zapdno-
Ozeroe, South Urals (Belogub et al., 2003); and TAG and 
Cyprus Troodos Ophiolite (Herzig et al., 1991), including 
those in the Iberian Pyrite Belt gossans (Williams, 1950, Arri-
bas, 1998; Velasco et al., 2013). However, Au concentration for 

the Las Cruces gossan (greater than 100 ppm) is higher than 
for other Iberian Pyrite Belt gossans (0.02–10.49 ppm Au, 
Velasco et al., 2013). In addition, the distribution of Au in the 
cementation zone of Las Cruces differs from that described 
in other supergene profiles. Both the high Au concentration 
and the dispersion patterns in the Las Cruces supergene pro-
file suggest that the metals have been remobilized and sub-
sequently precipitated by a wide range of mechanisms as has 
been proposed for other supergene profiles (Mann, 1984; 
Webster and Mann, 1984; Gray et al., 1992; Butt, 1998; Fre-
yssinet et al., 2005; Capitán, 2006; Reith et al., 2007; Williams 
et al., 2009; Andreu et al., 2014).

The fineness of secondary Au in a supergene profile can be 
attributed to the ligands that are responsible for Au migration 
after its dissolution (Gray et al., 1992; Freyssinet et al., 2005). 
In this way, high-fineness Au located within the Fe-oxides 
facies in the upper gossan (Figs. 3, 5–8; Tables 2, 3) results 
from Au-chemical refining (Fig. 8), which is produced by pre-
cious metal mobilization during oxidation of the primary ores 
via halide-complexes in acidic, Fe-rich, oxygenated, and saline 
conditions (Mann, 1984; Gray et al., 1992; Saunders, 1993; 
Butt, 1998; Gray, 2001; Freyssinet et al., 2005). 

This stage coincides with the early Miocene exhumation 
and oxidation of the Las Cruces deposit (Fig. 9). In addition to 
the acidic, Fe-rich, and oxygenated conditions that character-
ize the supergene environment, the closeness of the seashore 
(Martín-Algarra and Vera, 2004) during this period could have 
provided enough sea aerosols to supply Cl, I, and Br in the 
Las Cruces weathering environment. The stratigraphic record 
of the Las Cruces area indicates a marine incursion during 
Miocene times (Abad, 2007; Pérez-Asensio et al., 2014) and, 
as a result, the Las Cruces deposit was subject to pervasive 
seawater-gossan interaction (Yesares et al., 2015). Nadorite 
(PbSbO2Cl) has been identified as a common phase in close 
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Fig. 8.  Ag + Hg vs. Au diagram contrasting the composition of the Las Cruces supergene Au grains with Au from Iberian 
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association with Au particles in the Fe-oxides facies in the Las 
Cruces gossan and may reflect saline seawater involvement 
(Fig. 3F). 

Au mobilization in Cl-rich systems has been discussed by 
Usher et al. (2009) who reported halide Au-complexes as the 
main soluble Au species in oxidized waters at 25°C. These 
include (AuCl/Br4)– at <4 pH, (AuOH4)– at <10 pH, and 
hydroxidehalide-mixed complexes at intermediate pH con-
ditions. Ta et al. (2014) reported such Au3+-halidehydroxide 
complexes in natural hypersaline waters.

Marine aerosol involvement in the formation of Au-halide 
or Au-hydroxidehalide complexes is supported also by the 
fact that other Iberian Pyrite Belt gossans contain iodargyrite 
and chlorargyrite as the main Ag-bearing minerals (Capitán, 
2006; Velasco et al., 2013), especially in deposits which were 
closer to the sea during the Miocene marine transgression 
(e.g., Filón Sur-Tharsis). The precipitation of these Ag-halides 
phases results in the fractionation of Au/Ag in Cl-rich systems 
(Mann, 1984; Krupp and Weiser, 1992; Saunders, 1993). Fur-
thermore, Ag-halides are commonly interpreted as indicators 
of extremely arid environments (Boyle, 1997; Reich et al., 
2009; Golebiowska et al., 2010; Velasco et al., 2013), although 
Ag-halides have also recently been described in a tropical 
developed gossan by Andreu et al. (2014).

Medium-fineness Au located in the gossan base and in fault 
breccias in the cementation zone is related to the later evolu-
tion of the supergene profile beneath the Guadalquivir basin 
sediments which involved a progressive change in the sys-
tem conditions (i.e., Eh, pH, T). The deposition of the Gua-
dalquivir basin sediments took place in the Miocene-Pliocene 
(Abad, 2007; Yesares et al., 2015), resulting in the burial of the 
deposit by a thick sequence of carbonate-rich sediments. The 
mineralogical assemblage formed during this stage (carbon-
ates and sulfides), indicates that the Eh-pH conditions of the 
Las Cruces supergene environment were progressively more 
reducing due to the rise of the redox front, as well as more 
alkaline as a result of the buffering of carbonate-rich basinal 
fluids which circulated through the sedimentary supergene 
interface along late subvertical fractures that linked the sedi-
mentary cover, the gossan, and the cementation zone (Fig. 
8). At this stage, the intensity of supergene-related processes 
decreased as well as the influx of halide into the system due 
to the burial of the deposit and the later marine regression 
during the uppermost Miocene (Haq et al., 1987; Sierro et 
al., 1996). Hence, the Au mobilization via halide complexes 
decreased due to lesser availability and higher pH, resulting 
in the destabilization of such halide complexes (Krupp and 
Weiser, 1992; Usher et al., 2009).

During this period, basinal fluids enriched in precious met-
als migrated through the most permeable zones of the profile 
under neutral-to-alkaline and slightly oxidizing-to-reducing 
conditions. As a general rule, Au3+ halide complexes can only 
be transported short distances downward through the weath-
ering profile due to low stability in less acidic environments 
(Mann, 1984; Saunders, 1993); hence, these complexes are 
not stable in the new system conditions. At neutral pH, how-
ever, Au3+-halide ligands can be hydrolyzed to Au3+-hydrox-
ide-halide complexes, increasing their solubility (Krupp and 
Weiser, 1992; Usher et al., 2009; Ta et al., 2014). Alterna-
tively, they could be reduced to Au1+-halide complexes that 

are also more stable at neutral pH (Krupp and Weiser, 1992; 
Usher et al., 2009). In addition, in areas within the supergene 
profile under alkaline conditions, Au could be mobilized as 
Au3+-hydroxide complexes, which are the most soluble ligands 
under these conditions (Krupp and Weiser, 1992; Usher et al., 
2009; Ta et al., 2014). These mechanisms are sufficient for 
the transport and precipitation of Au throughout the weath-
ering profile. Nevertheless, some proportion of the observed 
Au concentrations could have been fixed via micro-organism 
detoxification before reaching the gossan base or cementation 
zone. These Au3+ complexes would be highly toxic to some 
micro-organisms, which reduce the Au3+ complexes, thus 
resulting in precipitation of Au0 nanoparticles (Reith et al., 
2006, 2009; Brugger et al., 2013). These nanoparticles have 
not been identified to date within the Las Cruces supergene 
profile but have been reported in other gossans of the Iberian 
Pyrite Belt (Capitán, 2003; Viñals et al., 2003).

At this stage, alternative Au mobilization mechanisms via 
Au1+-thiosulfate and Au1+-bisulfide complexes, depending on 
the oxygen fugacity, are possible. Au1+-thiosulfates are highly 
stable in neutral and slightly reducing conditions, as well as in 
the presence of carbonates (Webster and Mann, 1984; Renders 
and Seward, 1989; Benedetti and Bouleguè, 1991; Gray et al., 
1992; Freyssinet et al., 2005; Tagirov et al., 2006). The pH-Eh 
condition suggested by the precipitation of siderite and calcite 
at this stage in the Las Cruces gossan enhances the stability 
of precious metal thiosulfate complexes (Yesares et al., 2014, 
2015). These ligands could remain in solution over relatively 
long distances due to their slow kinetic transformation (Rolla 
and Chakrabarti, 1982). In addition, thiosulfate complexes 
could carry higher Au concentrations through the supergene 
profile, unaffected by possible Au-detoxifying microorgan-
isms due to lesser toxicity of Au1+-complexes (Brugger et al., 
2013). Nevertheless, thiosulfate complexes formation involves 
mainly (bio)sulfur oxidation and weak (bio)sulfate reduction 
(Benedetti and Boulegue, 1991; Gray et al., 1992; Southam 
and Saunders, 2005; Lenke and Southam, 2006a; 2007; 
Southam et al., 2009; Shuster and Southam, 2015). In con-
trast, the Las Cruces gossan precipitated significant amounts 
of sulfides at this stage (Yesares et al., 2014, 2015). This min-
eral paragenesis (siderite ± galena within the gossan, and cin-
nabar + Ag-sulfosalts within fault breccias in the cementation 
zone) involves a reducing solution and (bio)sulfur reduction, 
which constrains the role of thiosulfate complexes as the only 
mobilization mechanism throughout the supergene profile. In 
zones where solutions were more reducing, thiosulfate com-
plexes could have been reduced to bisulfide complexes due to 
their high solubility under low oxygen fugacity and near neu-
tral conditions, as well as in equilibrium with pyrite (Stroffe-
gen, 1986; Webster, 1986; Huston and Large, 1989; Renders 
and Seward, 1989; Vlassopoulos and Wood 1990; Benedetti 
and Boulegue, 1991; Gray et al., 1992; Tagirov et al., 2006). 
Furthermore, late-vertical fault systems acted as high perme-
ability conduits driving the Au-Ag–enriched basinal fluids, 
with precious metals thiosulfate and/or bisulfide complexes as 
stable compounds in solution, until reaching the cementation 
zone (Fig. 9).

Regarding Au precipitation during the early gossan forma-
tion, high-fineness Au associated with the Fe-oxide facies at 
the upper gossan was formed as a result of the separation of 
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Au and Ag chlorides on ferrolysis (Mann, 1984; Saunders, 
1993; Karasyova et al., 1998; Ran et al., 2002; Cohen and 
Waite, 2004). During ferrolysis-related processes, Au pre-
cipitated by reduction of Au-chloride complexes. However, 
Ag-chloride complexes are not precipitated as native Ag by 
oxidation of Fe2+ because the redox potential for Ag/AgCl is 
below that of the Fe2+/Fe3+ couple (Mann, 1984; Saunders, 
1993). Despite the limited solubility of Ag-halide minerals, 
Ag-chloride complexes can remain in solution, increasing 
their solubility in high chloride ion concentration ground-
water and in the presence of Fe+2 (Mann, 1984; Saunders, 
1993). Therefore, Ag-chloride complexes were separated and 
transported downward, enhancing the purity of gold grains 
(Saunders, 1993; Hough et al., 2009). In the Las Cruces case, 
the processes involved in Au precipitation give a wide range 
of morphologies including reniform, platy, and subrounded 
coarse particles (Fig. 5). Recently, the possibility of supergene 
Au enrichment linked to biogenic-related processes has been 
a topic of discussion (Reith et al., 2006; 2010; 2013; Southam 
et al., 2009; Fairbrother et al., 2012; Shuster and Southam, 
2015). In this way, very fine (1–25-µm) reniform Au particles 
have been reported related to biological activity (Lengke et 
al., 2006a; Reith and McPhail, 2006; Reith et al., 2009, 2013; 
Southam et al., 2009). Moreover, other morphologies, includ-
ing fine octahedral and hexagonal crystals (5–15 µm) have 
been attributed to similar biological genesis (Lengke et al., 
2006b, c; Southam et al., 2009). In addition, it has been dem-
onstrated that biomediated Au nanoparticles can aggregate 
rapidly by a biofilm to form coarse nuggets (4 to 5-mm). These 
coarse Au particles typically have surfaces composed of fine 
aggregates of biofilm-like Au (Reith et al., 2006, 2010; Shus-
ter and Southam, 2015). In the Las Cruces gossan, several 
Au shapes have been described; however, most of these par-
ticles have grain sizes significantly larger than those reported 
as microbially mediated Au grains. Furthermore, at the time 
of writing, no evidence of nanoparticles accretion by biofilm 
has been observed on the surface of the Las Cruces Au grains 
(Fig. 5), as pointed out in other studies (Reith et al., 2006; 
Shuster and Southam, 2015) and as suggested for Las Cru-
ces by Tornos et al. (2014). Thus, the different textures of Au 
particles reported from the Las Cruces supergene profile are 
not sufficient evidence by themselves to link their genesis to 
bacteriogenic processes. It should be noted that there could 
be a small proportion of Au nanoparticles dispersed through-
out the gossan that are too small to have been detected in 
the present study, and these could have resulted from a Au 
biogenic precipitation mechanism.

Regarding Au precipitation mechanisms during the late 
evolution of the Las Cruces deposit, medium-fineness Au par-
ticles formed related to the gossan base and the fault breccias 
in the cementation zone. This later stage of the gossan evolu-
tion beneath the sedimentary cover led to gossan reduction 
and carbonatization (Fig. 9; Yesares et al., 2015), resulting in 
the precipitation of siderite, galena, and Fe-sulfides linked to 
the gossan profile (Yesares et al., 2015; Fig. 3A), as well as 
cinnabar, Ag-sulfides, and sulfosalts related to reduced lith-
ologies such as black shales from the gossan base, and pyritic 
fault gouge from the cementation zone (Fig. 4A, B). For-
mation of cinnabar, Ag-sulfides, and sulfosalts from reduced 
percolating fluids associated with those reduced lithologies 

involved desulfurization in the Au-bearing solutions (Huston 
and Large, 1989; Williams et al., 2009). Therefore, these pro-
cesses resulted in the destabilization of the aqueous Au1+-sul-
fur carrier complexes and the formation of medium-fineness 
and subrounded Au grains (Figs. 4, 6, 7). Au precipitation 
at this stage involved the reduction of aqueous Au1+-sulfur 
species to elemental Au likely at contact with the preexisting 
sulfides such as pyrite fault gouge in the cementation zone 
or even cinnabar and Ag-sulfosalts previously formed. As a 
consequence, Au fillings of interstices and Au coatings of sul-
fides can be observed. This Au precipitation mechanism by 
adsorption of Au complexes on sulfides has been described 
by Jean and Bancroft (1985), Hyland and Bancroft (1989), 
Renders and Seward (1989) and Schoonen et al. (1992). That 
Au and Ag sulfur complexes have similar solubilities and 
that both precipitated under similar pH and Eh conditions 
(Webster and Mann, 1984; Stoffrengen, 1986; Renders and 
Seward, 1989; Freyssinet., et al 2005), explains the presence 
of medium-fineness gold particles in the Las Cruces gossan 
(Figs. 4, 6, 7 and 9). In addition, these processes are believed 
to be responsible for the observed compositional variations 
of Au grains formed at this stage (Figs. 6, 7). Moreover, Au 
precipitation from sulfur complexes could be also favored by 
bacterial activity, resulting in Au crystals incorporated into the 
newly formed sulfide minerals (Lenke and Southam, 2006; 
2007; Reith et al., 2007; 2013; Shuster and Southam, 2015). 
For instance, sulfate-reducing bacteria are able to reduce 
thiosulfate complexes to hydrogen sulfide (H2S), leading to 
metal ion precipitation and subsequent formation of metal 
sulfides via bacterial detoxification. These processes desta-
bilize the Au in solution, which can be incorporated into 
the newly formed sulfide as nanoparticles and or/ bioforms 
(Lengke and Southam, 2006a; 2007; Reith et al., 2007; Reith 
et al., 2013).

This later gold-bearing mineralization in the Las Cruces 
supergene profile differs from common Au-enriched gos-
sans in the Iberian Pyrite Belt. Due to paleogeography, most 
deposits in the Iberian Pyrite Belt have not been covered by 
Tertiary basins (Strauss and Madel, 1974). Hence, only some 
profiles were involved in the weathering stage and precious 
metal concentration processes that are commonly described 
for Iberian Pyrite Belt deposits (Capitán et al., 2003; Capitan, 
2006; Velasco et al., 2013) and deposits elsewhere (Grey et al., 
1992; Freyssinet et al., 2005). In this way, Au in Iberian Pyrite 
Belt supergene mineralization has been reported exclusively 
as related to oxidized facies, including Fe-oxyhydroxides and 
sulfates (e.g., Riotinto: Viñals et al., 1995; Sanchez et al., 1996; 
Roca et al., 1999; Tharsis: Capitán et al., 2003; Capitán, 2006; 
Lomero-Poyatos: Velasco et al., 2013). Gold grains in these 
deposits are very fine grained, with subrounded morphologies 
(e.g., micrometer-sized subrounded, free-Au grains at Filón 
Sur Tharsis gossan, Capitán et al., 2003; submicroscopic- to 
1-µm Au particles at Riotinto gossan, Viñals et al., 1995). 
Analogous textural features have been reported for other gos-
sans elsewhere. As a general rule, Au in weathering profiles 
occurs as micrometer-sized grains up to 50 µm as free par-
ticles or associated with Fe-oxihydroxides and minor sulfates 
(Freyssinet et al., 2005). Examples of these supergene Au fea-
tures have been reported at Zapdno-Ozeroe in South Urals 
(Belogub et al., 2003); at the TAG and for the Cyprus Troodos 
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Ophiolite (Herzig et al., 1991); at the Brasileiro Au deposit, 
Bahia, Brazil (Vasconcelos and Kyle, 1991); and at Cerro de 
Maimón, Dominican Republic (Andreu et al., 2014).

Conclusions
The supergene Au mineralization in the Las Cruces deposit 

differs significantly from Au-rich gossans elsewhere, including 
those found in the Iberian Pyrite Belt, in the following ways: 
(1) The Las Cruces deposit has a higher grade of Au than that 
found in other Iberian Pyrite Belt supergene profiles; (2) the 
Las Cruces Au distribution through the supergene profile 
and the Au-bearing lithologies are more variable than other 
Iberian Pyrite Belt deposits, including Fe-oxide facies dis-
persed in the upper part of the gossan, leached black shale 
levels at the gossan base, and fault breccia-related Au-Ag–rich 
secondary ore in the cementation zone (these last two Au-
rich lithologies have not been described before in the Iberian 
Pyrite Belt); (3) Au particle sizes, fineness, textural features, 
and mineral associations are also different in Las Cruces in 
comparison with other Iberian Pyrite Belt supergene profiles. 
At Las Cruces, Au particles in Fe-oxide facies occur as coarse 
Au grains of high fineness associated with nadorite. Au linked 
to leached black shale levels occurs as coarse Au-Ag-Hg amal-
gams, whereas Au related to subvertical fault gouge in the 
cementation zone appears as relatively fine-grained particles 
of medium fineness associated with cinnabar, pyrargyrite, and 
proustite.

As in other Iberian Pyrite Belt deposits, the supergene Au 
concentration at the Las Cruces deposit is the result of Au 
leaching of the primary sulfides during weathering, whereas 
the further evolution of the Las Cruces deposit beneath the 
sediments of the Guadalquivir basin makes the Las Cruces Au 
mineralization unique.

The existence of three different Au ore types in the Las 
Cruces supergene profile suggests that more than one mecha-
nism was involved in Au dissolution, mobilization, and pre-
cipitation. The occurrence of high-fineness Au associated 
with Pb-halides in the Fe-oxides facies involves Au chemical 
refining produced by precious metal mobilization during the 
oxidation of primary ores via halide complexes. These events 
took place during the deposit exhumation in Miocene times. 
Gold grains precipitated in association with early gossan Fe-
oxihydroxides, which were later replaced by carbonates and 
sulfides.

After the deposition of the overlying sediments, the super-
gene profile redox conditions were progressively more reduc-
ing due to the rise of the redox front, and more alkaline as a 
result of the buffering of basinal fluids that circulated per-
vasively through the sediment-supergene profile interface 
along late subvertical fractures that linked the sedimentary 
cover, gossan, and cementation zone. The progressive change 
in the physico-chemical conditions of the Au-bearing solu-
tion resulted in precious metal migration through the profile 
linked to several ligands such as hydroxidehalide, hydroxide, 
and thiosulfate and bisulfide complexes. Au carrier ligands 
reached the gossan base and the cementation zone, resulting 
in the destabilization of the complexes and formation of Au-
Ag-Hg amalgams and medium-fineness Au, both related to 
reduced lithologies such as black shales from the gossan base 
and pyritic fault gouge from the cementation zone.

The Au mobilization and precipitation mechanisms pro-
posed for the Las Cruces supergene profile, with complexly 
changing redox conditions, could help to explain other super-
gene Au deposits that are less well understood. Moreover, 
the Las Cruces deposit irregularities and the precious metal 
mobilization-precipitation processes associated with the 
supergene profile evolution after the sedimentary cover depo-
sition resulted in higher Au grades at Las Cruces than other 
Iberian Pyrite Belt deposits. Therefore, Iberian Pyrite Belt 
areas covered by Tertiary basins are a new target for precious 
metal exploration associated with supergene profiles devel-
oped from massive sulfides.
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Appendix Table 1.  EPMA Analysis (wt %) of Gold Ore Types in the Las Cruces Supergene Profile

Gold type Samples Au Ag Cu Sb Fe Se Pb S Hg Total Fineness

Gold grains from Fe-oxide facies of the upper gossan
 1-1 98.73 n.d n.d n.d n.d n.d n.d 0.05 0.06 98.85 1,000.00
 1-3 99.89 n.d n.d 0.10 n.d n.d n.d 0.05 n.d 100.056 1,000.00
 1-4 99.53 0.29 n.d n.d n.d n.d 0.15 0.06 n.d 99.78 997.09
 1-5 99.34 n.d n.d n.d n.d 0.03 n.d 0.04 n.d 99.43 1,000.00
 1-6 92.55 0.67 0.07 0.08 n.d 0.07 n.d 0.15 n.d 93.61 992.80
 1-7 96.81 0.40 n.d 0.14 n.d n.d n.d 0.05 n.d 97.04 995.88
 1-8 99.43 n.d n.d 0.12 n.d 0.02 n.d 0.03 n.d 99.62 1,000.00
 1-9 100.26 n.d n.d n.d 0.10 n.d n.d 0.04 n.d 100.41 1,000.00
 1-10 99.09 n.d n.d n.d 0.02 n.d n.d 0.04 n.d 99.15 1,000.00
 1-11 100.00 0.31 0.03 n.d n.d n.d n.d 0.07 0.08 100.22 996.91
 1-12 100.39 0.40 n.d n.d n.d n.d n.d 0.04 n.d 100.47 996.03
 1-13 99.71 n.d n.d n.d n.d n.d n.d 0.06 n.d 99.77 1,000.00
 1-14 97.94 0.34 0.03 n.d n.d n.d n.d 0.08 n.d 98.41 996.50
 1-15 98.94 0.38 0.02 n.d n.d n.d n.d 0.07 n.d 99.42 996.17
 1-16 100.47 n.d n.d n.d n.d n.d n.d 0.04 n.d 100.51 1,000.00
 1-17 99.69 0.30 n.d n.d 0.01 n.d n.d 0.02 n.d 99.76 997.00
 1-18 100.36 n.d n.d n.d n.d n.d n.d 0.04 n.d 100.41 1,000.00
 1-19 99.60 n.d n.d n.d n.d n.d n.d 0.04 n.d 99.645 1,000.00
 1-20 96.56 n.d n.d 0.21 n.d n.d n.d 0.05 n.d 96.83 1,000.00
 1-21 98.12 n.d n.d 0.18 n.d n.d n.d 0.05 n.d 98.36 1,000.00
 1-22 99.24 0.24 n.d 0.08 0.01 n.d 0.07 0.06 n.d 99.72 997.56
 1-23 99.74 n.d n.d n.d n.d 0.02 n.d 0.03 n.d 99.80 1,000.00
 1-24 99.40 n.d n.d n.d n.d n.d n.d 0.05 n.d 99.46 1,000.00
 1-25 98.90 n.d n.d n.d n.d n.d 0.16 0.07 0.00 99.15 1,000.00
 1-26 98.79 n.d n.d n.d n.d 0.03 n.d 0.05 n.d 98.87 1,000.00
 1-27 98.49 n.d n.d n.d n.d n.d n.d 0.03 n.d 98.53 1,000.00
 1-28 98.45 n.d n.d n.d n.d n.d 0.12 0.09 n.d 98.67 1,000.00
 1-29 98.20 n.d n.d n.d 0.02 0.02 n.d 0.04 n.d 98.29 1,000.00
 1-30 98.72 n.d n.d 0.09 0.02 n.d 0.05 0.06 n.d 98.96 1,000.00
 1-31 98.76 n.d n.d 0.11 n.d n.d n.d 0.05 n.d 98.93 1,000.00
 1-32 98.09 n.d n.d n.d 0.01 n.d n.d 0.09 n.d 98.19 1,000.00
 1-33 99.59 n.d n.d n.d n.d n.d n.d 0.03 n.d 99.62 1,000.00
 1-34 99.01 n.d n.d n.d n.d n.d n.d 0.04 n.d 99.06 1,000.00
 1-35 98.58 n.d n.d n.d n.d 0.02 n.d 0.05 n.d 98.66 1,000.00
 1-36 98.90 0.29 n.d n.d n.d n.d 0.10 0.06 n.d 99.11 997.07
 1-37 98.32 n.d n.d n.d n.d n.d n.d 0.06 n.d 98.38 1,000.00
 1-38 99.74 n.d n.d 0.07 n.d n.d n.d 0.03 n.d 99.85 1,000.00
 1-40 98.78 n.d n.d 0.09 n.d 0.02 n.d 0.05 n.d 98.96 1,000.00
 1-41 99.54 n.d n.d 0.07 0.01 n.d n.d 0.06 n.d 99.70 1,000.00
 1-42 99.01 n.d n.d 0.09 n.d n.d n.d 0.05 n.d 99.16 1,000.00
 1-43 98.51 n.d n.d n.d n.d n.d 0.06 0.06 n.d 98.64 1,000.00
 1-44 99.63 0.30 n.d n.d 0.01 n.d n.d 0.03 0.02 99.73 996.69
 1-45 99.68 n.d n.d n.d 0.02 0.05 n.d 0.04 n.d 99.81 1,000.00
 1-46 98.40 n.d n.d n.d n.d n.d n.d 0.06 n.d 98.46 1,000.00
 1-47 99.40 n.d n.d 0.14 n.d n.d n.d 0.03 n.d 99.58 1,000.00
 1-48 99.45 n.d n.d n.d 0.01 0.05 n.d 0.06 n.d 99.58 1,000.00
 1-49 97.52 0.28 n.d 0.09 n.d n.d n.d 0.03 n.d 97.68 997.13
 1-50 99.33 n.d n.d 0.09 0.03 n.d n.d 0.08 n.d 99.54 1,000.00
 1-51 98.63 0.27 n.d n.d n.d n.d n.d 0.07 n.d 98.73 997.27
 1-52 99.61 0.16 0.04 n.d n.d n.d n.d 0.04 n.d 99.86 998.36
 1-53 99.71 n.d n.d n.d n.d 0.07 n.d 0.05 n.d 99.83 1,000.00
 1-54 99.82 n.d 0.02 n.d n.d 0.02 n.d 0.02 n.d 99.89 1,000.00
 1-55 99.28 n.d n.d n.d 0.03 n.d n.d 0.03 n.d 99.35 1,000.00
 1-56 99.21 n.d n.d n.d n.d n.d 0.05 0.02 n.d 99.29 1,000.00
 1-57 97.97 1.32 0.09 n.d n.d n.d n.d 0.04 n.d 99.44 986.64
 1-58 98.56 n.d n.d n.d n.d 0.03 n.d 0.03 n.d 98.63 1,000.00
 1-59 99.14 n.d n.d 0.12 0.02 n.d n.d 0.04 n.d 99.34 1,000.00
 1-60 99.91 n.d n.d n.d n.d 0.03 n.d 0.05 n.d 100.00 1,000.00
 1-61 98.85 n.d n.d n.d n.d n.d n.d 0.02 n.d 98.87 1,000.00
 1-62 99.17 n.d n.d n.d n.d 0.02 n.d 0.05 0.10 99.36 1,000.00
 1-63 98.25 n.d n.d n.d n.d n.d n.d 0.04 n.d 98.29 1,000.00
 1-64 98.68 n.d n.d 0.11 n.d n.d n.d 0.02 n.d 98.82 1,000.00
 1-65 99.13 n.d n.d n.d n.d n.d 0.07 0.05 n.d 99.26 1,000.00
 1-66 98.34 n.d n.d n.d 0.01 0.04 n.d 0.04 n.d 98.45 1,000.00
 1-67 98.31 n.d 0.03 n.d n.d n.d n.d 0.07 n.d 98.41 1,000.00
 1-68 99.12 n.d n.d n.d n.d 0.03 n.d 0.07 n.d 99.23 1,000.00
 1-69 98.51 0.25 n.d n.d n.d 0.03 n.d 0.06 n.d 98.63 997.46
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 1-71 98.15 n.d 0.05 n.d n.d n.d 0.05 0.04 n.d 98.31 1,000.00
 1-72 99.27 n.d n.d 0.09 n.d n.d n.d 0.03 n.d 99.41 1,000.00
 1-73 98.50 n.d n.d n.d 0.02 n.d 0.05 0.05 n.d 98.64 1,000.00
 1-74 99.19 n.d n.d 0.09 0.04 0.06 0.08 0.04 n.d 99.52 1,000.00
 1-75 96.35 n.d n.d n.d 0.02 n.d n.d 0.06 n.d 96.44 1,000.00
 1-76 98.79 n.d n.d n.d n.d n.d n.d 0.05 n.d 98.84 1,000.00
 1-77 98.92 n.d n.d n.d n.d 0.04 n.d 0.05 n.d 99.02 1,000.00
 1-78 99.34 n.d n.d n.d n.d n.d n.d 0.05 0.05 99.44 1,000.00
 1-79 99.59 n.d n.d 0.17 n.d n.d n.d 0.06 n.d 99.83 1,000.00
 1-80 96.49 n.d n.d n.d 0.01 n.d n.d 0.11 n.d 96.62 1,000.00
 1-81 99.25 n.d n.d n.d n.d n.d n.d 0.04 n.d 99.30 1,000.00
 1-84 99.30 n.d n.d n.d n.d n.d n.d 0.06 n.d 99.37 1,000.00
 1-85 99.38 n.d n.d n.d n.d n.d n.d 0.06 n.d 99.44 1,000.00
 1-86 99.75 0.38 n.d n.d n.d n.d n.d 0.02 n.d 99.81 996.20
 1-87 99.90 n.d n.d n.d n.d n.d n.d 0.05 n.d 99.95 1,000.00
 1-88 99.19 n.d n.d 0.14 0.01 n.d 0.07 0.05 n.d 99.48 1,000.00
 1-89 98.12 n.d 0.05 n.d n.d n.d 0.10 0.09 n.d 98.37 1,000.00
 1-90 99.07 n.d n.d n.d n.d n.d n.d 0.06 n.d 99.14 1,000.00
 1-91 98.46 n.d 0.03 n.d 0.01 0.02 n.d 0.04 n.d 98.58 1,000.00
 1-92 98.43 n.d n.d n.d n.d 0.03 n.d 0.06 n.d 98.53 1,000.00
 1-93 98.38 n.d n.d n.d n.d 0.03 n.d 0.05 n.d 98.48 1,000.00
 1-94 98.66 0.37 n.d 0.08 0.06 0.02 n.d 0.10 n.d 99.31 996.25
 1-95 99.38 0.24 n.d n.d 0.03 0.02 n.d 0.06 n.d 99.74 997.58
 1-96 99.43 0.14 n.d n.d 0.01 0.02 n.d 0.06 0.08 99.76 998.58
 1-97 100.25 n.d n.d n.d n.d 0.05 n.d 0.05 n.d 100.35 1,000.00
 1-98 99.03 n.d n.d 0.07 n.d n.d n.d 0.04 n.d 99.16 1,000.00
 1-99 99.60 0.37 n.d n.d 0.02 0.02 n.d 0.08 n.d 100.10 996.24
 1-100 98.90 0.39 n.d 0.09 0.02 0.03 n.d 0.14 n.d 99.60 996.02
 1-101 97.27 n.d n.d n.d n.d 0.02 n.d 0.06 n.d 97.36 1,000.00
 1-102 99.73 n.d n.d n.d n.d n.d n.d 0.09 n.d 99.82 1,000.00
 1-103 99.77 0.24 n.d n.d n.d 0.02 n.d 0.04 n.d 99.87 997.60
 1-104 99.44 0.28 0.05 n.d 0.04 n.d 0.11 0.09 n.d 100.04 997.12
 1-105 100.10 n.d 0.05 n.d n.d 0.04 n.d 0.04 n.d 100.24 1,000.00
 1-106 98.83 0.22 n.d n.d 0.11 0.03 0.15 0.06 n.d 99.40 997.77
 1-107 97.99 0.58 n.d n.d n.d n.d 0.05 0.06 n.d 98.68 994.09
 1-108 99.34 0.59 n.d n.d n.d n.d n.d 0.11 n.d 100.05 994.04
 1-109 98.43 0.62 n.d 0.07 n.d 0.05 n.d 0.11 n.d 99.30 993.69
 1-110 99.36 n.d n.d 0.08 n.d 0.03 n.d 0.06 n.d 99.54 1,000.00
 1-111 100.12 n.d n.d n.d n.d n.d n.d 0.04 n.d 100.17 1,000.00
 1-112 99.10 n.d n.d n.d n.d n.d n.d 0.04 n.d 99.15 1,000.00
 1-114 98.89 n.d n.d n.d n.d n.d 0.04 0.06 0.30 99.30 1,000.00
 1-115 99.28 n.d n.d n.d n.d n.d n.d 0.0 n.d 99.36 1,000.00
 1-116 100.12 n.d n.d 0.08 n.d n.d n.d 0.07 n.d 100.29 1,000.00
 1-117 99.14 n.d n.d n.d 0.01 n.d n.d 0.07 n.d 99.24 1,000.00
 1-118 99.86 n.d 0.09 0.08 0.02 n.d n.d 0.05 n.d 100.12 1,000.00
 1-119 99.83 n.d n.d n.d 0.02 n.d n.d 0.03 n.d 99.89 1,000.00
 1-120 100.21 n.d n.d n.d n.d n.d n.d 0.07 n.d 100.29 1,000.00
 1-121 99.51 n.d n.d n.d n.d 0.03 n.d 0.04 n.d 99.59 1,000.00
 1-122 99.33 n.d n.d 0.15 0.07 n.d n.d 0.04 n.d 99.60 1,000.00
 1-123 99.66 n.d n.d n.d n.d n.d n.d 0.06 n.d 99.73 1,000.00
 1-124 100.19 n.d n.d n.d 0.01 n.d n.d 0.04 n.d 100.25 1,000.00
 1-125 99.41 n.d 0.05 n.d n.d n.d n.d 0.05 n.d 99.52 1,000.00
 1-126 100.55 n.d n.d 0.07 n.d 0.04 n.d 0.03 0.04 100.74 1,000.00
 1-127 98.46 n.d n.d 0.07 n.d n.d n.d 0.08 n.d 98.61 1,000.00
 1-128 99.35 0.17 n.d n.d 0.01 n.d n.d 0.05 n.d 99.59 998.25
 1-129 99.17 n.d n.d n.d n.d n.d n.d 0.03 n.d 99.21 1,000.00
 1-130 99.29 n.d n.d n.d 0.01 0.02 n.d 0.04 n.d 99.38 1,000.00
 1-131 100.16 n.d n.d 0.09 n.d n.d n.d 0.05 n.d 100.31 1,000.00
 1-132 98.74 0.47 0.05 n.d 0.01 n.d n.d 0.14 n.d 99.43 995.19
 1-133 99.45 0.59 n.d n.d 0.02 0.03 n.d 0.05 n.d 99.62 994.10
 Mean 99.03 0.09 0.00 0.02 0.00 0.01 0.01 0.05 0.00 99.23 999.05
 Max 100.55 1.32 0.09 0.21 0.11 0.07 0.16 0.15 0.30 100.74 1,000.00
 Min 92.55 n.d n.d n.d n.d n.d n.d 0.02 n.d 93.61 986.64
 Std. Dev. 0.97 0.19 0.01 0.05 0.01 0.01 0.03 0.02 0.03 0.92 2.00

Notes: Basic statistic parameters—mean, maximum (Max), minimum (Min), and standard deviation (Std. dev.)—are shown;
n.d. = not detected
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Appendix Table 2.  EPMA Analysis (wt %) of Gold Ore Types in the Las Cruces Supergene Profile

Gold type Samples Au Ag Cu Sb Fe Se Pb S Hg Total Fineness

Gold from breccia-related Au-Ag-rich secondary ore of the cementation zone
 2-1 74.89 18.39 0.03 0.10 0.04 0.16 0.04 0.15  3.206  97.04 802.81
 2-2 70.52 22.47 n.d n.d 0.03 0.04 n.d 0.07 6.21  99.36 758.32
 2-3 65.30 25.15 n.d n.d 0.00 0.04 n.d 0.08 8.35  98.96 721.89
 2-4 88.91  4.86 0.06 0.03 0.03 0.02 n.d 0.13 6.48 100.55 948.15
 2-5 82.02 15.27 n.d 0.01 0.01 0.00 n.d 0.14 1.87  99.34 843.02
 2-6 82.34 14.96 0.04 0.07 0.01 0.03 n.d 0.08  1.599  99.15 846.24
 2-7 78.44 18.54 0.06 n.d 0.10 0.31 n.d 0.63 2.36  99.97 808.82
 2-8 78.71 17.34 0.00 n.d 0.02 0.02 0.15 0.15 2.58  99.00 819.40
 2-9 68.50 23.14 0.03 n.d n.d 0.01 n.d 0.11 7.49  99.30 747.44
 Mean 76.62 17.79 0.02 0.02 0.03 0.07 0.02 0.17 4.46  99.17 810.68
 Max 88.91 25.15 0.06 0.10 0.10 0.31 0.15 0.63 8.35 100.55 948.15
 Min 65.30  4.86 n.d n.d n.d 0.00 n.d 0.07 1.59  97.04 721.89
 Std. dev.  7.54  5.99 0.02 0.03 0.03 0.10 0.05 0.17 2.64   0.95  67.05

Basic statistic parameters—mean, maximum (Max), minimum (Min), and standard deviation (Std. dev.)—are shown)


