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A B S T R A C T

The Picachos Project is a copper deposit that occurs in manto-type orebodies in north-central Chile and it ex-
hibits common features of Chilean stratabound or manto-type copper deposits: (1) an increase of copper contents
from the margins to the centre of the orebodies; (2) sodic and potassic hydrothermal alteration of host rocks with
subsequent chloritization and sericite alteration; and (3) its occurrence in sequences of limestones that are
intercalated with volcanic rocks. The most salient characteristic of the Picachos Project is the presence of per-
vasive framboidal pyrite in both the non-mineralized limestones and the host rocks of the copper mineralization.
These framboidal pyrites are well preserved, probably due to their close relationship with organic matter, and
have no evident textures of overgrowth, recrystallization or dissolution. Moreover, framboidal chalcopyrite and
bornite are formed in the external and internal areas, respectively, of the orebodies, sharing common mor-
phological characteristics with framboidal pyrite, and are formed by the replacement of the original pyrite
framboids, without changing their shape and size distribution. Representative size distributions of framboidal
pyrite, chalcopyrite and bornite are determined using high-resolution X-ray tomography (micro-CT). This study
highlights the effectiveness of these analytical techniques to obtain the representative size distribution of
framboids in mineralized rocks. The preservation of the original framboidal texture of pyrite makes it possible to
infer anoxic to near-dysoxic conditions. The size distributions of framboidal chalcopyrite and bornite are hy-
pothesized to be additional potential paleo-redox indicators, referring to the same formation dynamic as typical
framboidal pyrites.

1. Introduction

Framboids are the most common morphology of pyrite in sedi-
mentary environments (Wilkin et al., 1996; Peckmann and Thiel, 2004;
Schoonen, 2004; Cavalazzi et al., 2014). This morphology consists of a
compact arrangement of microcrystals forming spherical shapes that
resemble raspberries. The frequent presence in sedimentary environ-
ments of organic matter and simple alkane hydrocarbons, such as me-
thane, favours the pyrite or precursor monosulphide supersaturation
conditions that drive the formation of the multiple small microcrystals
that form framboids (Wilkin and Barnes, 1997; Butler and Rickard,
2000).

The size distribution of framboidal pyrite can be used to constrain
the paleo-redox formation environments of the rocks containing fram-
boidal pyrite (Wilkin et al., 1996; Wignall and Newton, 1998; Bond and
Wignall, 2010; Rickard, 2019). Differences in the mean and standard

deviation of the sizes were observed by Wilkin et al. (1996) as a proxy
of the sedimentary conditions. The determination of the size distribu-
tion of framboidal pyrite is mainly achieved by 2D techniques. How-
ever, there are many difficulties involved in translating these observa-
tions into their real distribution, among them the use of the diameter of
circular sections to infer the real diameter of the framboids (e.g.
Wignall and Newton, 1998; Wang et al., 2012; Tian et al., 2014; Xiao
et al., 2018). Recently, 3D techniques like micro-CT have been used to
solve these problems, obtaining near-real size distributions (Cárdenes
et al., 2015, 2016, 2018; Merinero et al., 2017).

Framboidal pyrite can also form during diagenesis, such as in low-
grade metamorphism and hydrothermal alteration (Scott et al., 2009).
It often occurs in numerous sedimentary rocks affected by hydro-
thermal alteration, for example in volcano-sedimentary sequences as-
sociated with stratabound copper deposits (Hayes et al., 2015). In these
rocks, framboidal pyrite rarely presents its original shape, because

https://doi.org/10.1016/j.oregeorev.2019.103037
Received 3 April 2019; Received in revised form 18 July 2019; Accepted 26 July 2019

⁎ Corresponding author.
E-mail address: rmeriner@ucm.es (R. Merinero).

Ore Geology Reviews 112 (2019) 103037

Available online 27 July 2019
0169-1368/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01691368
https://www.elsevier.com/locate/oregeorev
https://doi.org/10.1016/j.oregeorev.2019.103037
https://doi.org/10.1016/j.oregeorev.2019.103037
mailto:rmeriner@ucm.es
https://doi.org/10.1016/j.oregeorev.2019.103037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oregeorev.2019.103037&domain=pdf


hydrothermal alteration promotes the overgrowth, recrystallization,
mineralogical transformation or dissolution of the framboids (e.g.
Wilson and Zentilli, 1999; Cavalazzi et al., 2012; Carrillo-Rosúa et al.,
2014; Sadati et al., 2016; Rajabpour et al., 2017). Therefore, the use of
the size distribution of framboidal pyrite as a paleo-redox indicator is
very limited in rocks with such hydrothermal alteration.

In this paper, we present a detailed mineralogical and geochemical
study of the stratabound copper type mineralization at the Picachos
Project (north-central Chile), where framboidal pyrite occurs perva-
sively in the limestone host rocks. Original framboidal pyrite is well
preserved in the mineralized limestones, and the size distribution re-
presenting paleo-redox conditions could be determined using micro-CT,
coupled with previously used filtering methods (Merinero et al., 2017).
Moreover, since framboids of chalcopyrite and bornite have preserved
the original framboidal texture of the pyrite, the paleo-redox conditions
of limestone formation could also be determined from the size dis-
tribution of these minerals.

2. Regional context of the Picachos copper Project

The Picachos Copper Project, operated by Herencia Resources Plc,
covers 410 ha and is located at an approximate elevation of 800m
above sea level in the Coastal Range of north-central Chile.
Geographically, it occurs to the south of the Elqui Province, Coquimbo
Region, Chile, approximately at 292 700 E and 6 649 100 N. It is si-
tuated about 350 km northeast of Santiago, 42 km southeast of La
Serena city, 8 km southwest of the large Andacollo gold-copper deposit
(Reyes, 1991; Guzmán et al., 2000), and 10 km south of the small
Tambillos copper mine (Fig. 1).

The Coastal Range of north and north-central Chile comprises thick
Jurassic and Lower Cretaceous volcano-sedimentary formations gener-
ated in extensional back-arc basins and an active convergent margin,
respectively. These volcano-sedimentary formations are intruded by
Lower to Upper Cretaceous calc-alkaline granitoids (diorites to grano-
diorites and tonalites) and overprinted by very low-grade regional
metamorphism and hydrothermal alteration (Pichowiak, 1994;
Dallmeyer et al., 1996; Oliveros et al., 2006). The main assemblage of
this low-grade hydrothermal alteration is chlorite-epidote-quartz-cal-
cite-titanite-sericite-actinolite-K-feldspar-zeolite-prehnite-pumpellyite
(Oliveros et al., 2006).

In the vicinity of the Picachos Project, volcano-sedimentary for-
mations are represented by the Arqueros and Quebrada Marquesa for-
mations. The Arqueros Formation was deposited in a littoral environ-
ment under shallow‐marine conditions, and comprises lava flows with
intercalations of shallow limestones (Aguirre and Egert, 1965; Emparán
and Pineda, 2006). The Quebrada Marquesa formation is mainly com-
posed of tuffs and tuff-breccias with minor marine intercalations, con-
tinental volcanoclastic rocks and andesitic lavas (Aguirre and Egert,
1965; Emparán and Pineda, 2006).

The Picachos Project comprises numerous small copper mines and
work sites covered by three concessions (Ermita, Los Ranchos and
Prodiga), along with several prospects including 410 ha (Fig. 1). The
Project’s recent production consists mostly of small-scale mining. The
copper mineralization occurs in stratabound manto-type bodies and
mineralized veins cutting both the host rocks and the copper mantos.
The mineralization is enriched along NW-SE feeder-faults, and within
marine organic-rich limestones and calcareous sandstones. The thick-
ness of the mineralized mantos, which is closely associated with sub-
parallel NW-SE faults, is variable and ranges between 10 and 40m. The
continuity of the copper mantos can be traced over distances of up to
2 km. The mineral resources are estimated at approximately> 25 Mt,
with grading at 1.0–1.2% Cu and 25 g/t Ag, respectively (2017, https://
herenciaresources.com/our-operations/pastizal-picachos/).

3. Analytical methods

In order to carry out textural, mineralogical and geochemical stu-
dies, representative samples were selected from six exploration drill
cores from Herencia Resources Plc, and from exposed surface outcrops.
Detailed logging of> 40m of three drill holes was performed in order
to establish vein mineral relationships and textures. A total of 41 po-
lished thin sections, including representative host rocks and vein mi-
neralogy, were prepared and studied by transmitted and reflected light
optical microscope.

3.1. Microprobe and SEM analysis

Ore mineral compositions were determined by electron microprobe
in 12 samples using a JEOL Superprobe JXA-8900 at the Complutense
University of Madrid’s Centro Nacional de Microscopía Electrónica.

During compositional analyses, Kα X-ray lines were measured for S,
As, Fe, Co, Ni, Cu, Zn and Pb. The accelerating voltage was 20 kV, with
a 50 nA beam current and a beam diameter of 1–5 µm. Counting times
ranged from 20 to 60 s. The following standards were used: Galena,
GaAs, Fe, NiCrCo, Cu and Zn from the Smithsonian Institution and
Harvard University (Jarosewich et al., 1980; McGuire et al., 1992).

3.2. High resolution X-ray computed tomography (micro-CT) analysis

Micro-CT was used in order to estimate the size distribution of
framboidal minerals in five selected samples containing exclusively
individual framboids (Fig. 2). We obtained cylindrical samples mea-
suring 4mm in diameter and 10mm in length from each sample in
selected zones with abundant framboidal minerals. These cylindrical
samples were scanned with a tomographic system (Phoenix V|Tome|X S
240, GE) housed at the National Centre for the Research of Human
Evolution, CENIEH (Burgos), using the following settings: nanofocus X-
ray tube, voltage of 80 kV, amperage of 325 μA and exposure time of
2000ms.> 1400 projections were obtained for each sample during a
complete rotation along a vertical axis, achieving a voxel size of 1.6 µm.
These projections were reconstructed using the program Amira (Visage
Imaging). The reconstructed images were analysed following the four-
step method of Merinero et al. (2017) and segmented 3D objects re-
presenting spherical objects were obtained using Fiji ImageJ distribu-
tion 1.52i (Schindelin et al., 2012) and the plugin Roi Manager 3D
v3.92 (Ollion et al., 2013).

3.3. Statistical analyses

Data management and analyses were performed using the R v. 3.4.3
statistical software (R_Core_Team, 2017). The lognormality of the size
populations obtained from the SEM analysis was assessed by quantile-
quantile plots (QQ-plots) and applying the Shapiro-Wilk test of nor-
mality (Royston, 1995) to the natural logarithm of the size. The mixture
of lognormal populations was analysed through the spherical 3D objects
obtained from the micro-CT analysis and the four-step filtering process.
The Mclust function of the R package mclust v. 5.4.1 (Scrucca et al.,
2016) was used in order to estimate the optimal mixture model of
lognormal populations by using hierarchical clustering.

4. Results

4.1. Copper mineralization at the Picachos Project

Copper mineralization at the Picachos Project is hosted by lime-
stones of the Arqueros Formation (arenaceous and organic material-
bearing limestones) intercalated with dacitic volcanic rocks. The hy-
drothermal alteration of volcanic rocks consists of extensive sodic and
potassic alteration with subsequent chloritization and sericite altera-
tion. Plagioclase is partially argillized and replaced by secondary K-
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feldspar and albite, and subsequently altered to chlorite, calcite and
sericite. Primary K-feldspar is altered to kaolinite and sericite.
Hornblende is partially replaced by secondary biotite, chlorite and
opaque minerals such as magnetite and hematite. Primary biotite is

replaced by chlorite and hematite along its margins.
Non-mineralized limestones mainly consist of calcite and pervasive

pyrite forming framboids. Framboidal pyrite occurs in close relation-
ship with preserved organic matter and euhedral ankerite (Fig. 3a and

Fig. 1. Simplified regional geology of the Picachos Project in north-central Chile (inset).

Fig. 2. (a) Representative micro-CT image showing individual framboids; (b) the same micro-CT image after apply thresholds in order to segment objects and
measure diameters.
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d).
Mineralized bodies show a zoning of their copper content with iron-

rich sulphides at their margins, and copper-rich sulphides at their
central parts. The typical zoning of the orebodies in non-oxidized areas
consists of chalcopyrite-(galena)-bornite-(chalcocite) assemblages in
their central parts, and pyrite-(pyrrhotite) at their margins (Fig. 4).
Representative microprobe analyses of pyrite, chalcopyrite and bornite
are included in Table 1. Oxidized areas are characterized by the for-
mation of supergene sulphides (chalcocite, digenite and covellite),
copper carbonates (malachite and azurite), copper sulphates (chal-
canthite and brochantite) and supergene iron oxides (hematites), re-
spectively.

Massive pyrite is abundant at the margins of the zoned orebodies of
the Picachos Project (Fig. 4d). In limestone-hosted mineralization,
pyrite occurs with framboidal textures, forming disseminated framboids
and, more rarely, small polyframboids. No overgrowths or sunflower
textures are observed in the framboidal pyrite. Framboidal pyrite co-
exists with framboidal chalcopyrite at the margins of the mineraliza-
tion, and it also coexists with framboidal bornite at the centre of the
orebodies. Neither recrystallization (loss of internal texture), nor dis-
solution (loss of sphericity by the formation of holes) has been docu-
mented in the framboids. Massive pyrite exhibits Fe contents varying
from 46.33 to 46.98 wt% and S contents varying from 51.95 to 52.64 wt
%. The concentration of trace elements (Cu, Zn, As, Pb, Ni and Co) is
generally< 100 ppm. The Fe and S contents in framboidal pyrite ex-
hibit a greater variation than that of massive pyrite (see Table 1),
ranging from 43.58 to 45.70 wt% for Fe and 51.61 to 53.46 wt% for S.
The Cu, Zn, As, Ni and Co contents of framboidal pyrite are below the
detection limit. However, the Pb content is higher and varies from 2100
to 9700 ppm.

Chalcopyrite is the most abundant copper sulphide in the Picachos
Project and usually occurs as massive textures. In some places, chal-
copyrite grains contain small inclusions of sphalerite and galena
(Fig. 4a). Chalcopyrite replaces or is replaced by pyrite along the
margins (Fig. 4d) and can be replaced by bornite and chalcocite in
central parts of the orebodies (Fig. 4b and e). At the margins, chalco-
pyrite also occurs as individual framboids, and more rarely, as small
clusters of framboids or polyframboids (Fig. 3b and e). Framboidal
chalcopyrite does not represent overgrowth, recrystallization or dis-
solution textures. The Fe content in massive chalcopyrite varies from
29.60 to 30.22 wt%, the S content from 34.98 to 35.79 wt%, and the Cu
content from 33.13 to 33.68 wt%. The trace element (Zn, As, Pb, Ni and
Co) concentrations are< 100 ppm. By contrast, the framboidal chal-
copyrite exhibit Fe and Cu contents with a higher range of variation: 26
to 40 wt% and 8.6 to 24.8 wt%, respectively (see Table 1). Framboidal
chalcopyrite also contains appreciable amounts of Pb of up to
3300 ppm.

Bornite only occurs in the centre of the orebodies, where it usually
either replaces chalcopyrite, or occurs as inclusions in massive chal-
copyrite (Fig. 4b and e). In these places, bornite also occurs as dis-
seminated framboids in the limestones that host mineralization.
Framboidal bornite does not represent overgrowth, recrystallization or
dissolution textures (Fig. 3c and f). The Fe content in massive bornite
varies from 9.78 to 10.4 wt%, the S content from 25.9 to 26.5 wt%, and
the Cu content from 60.9 to 63.7 wt% (see Table 1). The Zn, As, Pb, Ni
and Co contents are< 100 ppm. Framboidal and massive bornite have
a low range of variation in Fe and Cu contents: 9.8 to 10.8 wt% and
60.6 to 63.1 wt%, respectively (see Table 1). Framboidal bornite also
contains appreciable amounts of Pb, of up to 1900 ppm.

The vein-type mineralization consists of mineralized veins and

Fig. 3. Thin-section back-scatter SEM photomicrographs showing framboidal textures in non-mineralized limestones (a, d) at the margin (b, e) and the centre (c, f) of
the orebodies. ank= ankerite; cc= calcite; cpy= chalcopyrite; fr bn= framboidal bornite; fr cpy= framboidal chalcopyrite; fr py= framboidal pyrite;
om=organic matter.
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veinlets of calcite intersecting the mantos-style copper mineralization.
The mineralized veins and veinlets contain sphalerite, chalcopyrite and
tennantite assemblages (Fig. 4c and f) and represent late stages of the
mineralization.

4.2. Size distribution of framboidal textures

Five selected samples containing framboidal textures were analysed
using micro-CT techniques. The representative size distribution of
framboids in each sample was obtained from the analysis of the log-
normal populations in the micro-CT.

Fig. 4. Thin-section back-scatter SEM photomicrographs showing sulphide assemblages at the margin (a, d) and the centre (b, e) of the orebodies, and in the
mineralized veins (c, f). bn=bornite; cpy= chalcopyrite; gn= galena; py= pyrite; sp= sphalerite; tn= tennantite.

Table 1
Representative microprobe analyses of massive and framboidal pyrite, chalcopyrite and bornite from mineralized and non-mineralized limestones of the Picachos
Project (wt.% and calculated cations).

Pyrite Chalcopyrite Bornite

d.l. Massive Framboidal Pn Massive Framboidal Massive Framboidal

S 0.04 51.95 51.85 53.46 52.86 34.98 35.01 39.33 49.80 25.99 26.25 26.47 27.36
Fe2+ 0.02 46.44 46.98 43.59 45.69 30.11 30.23 29.33 39.99 9.79 10.38 9.93 10.78
Cu 0.04 b.d.l. b.d.l. b.d.l. b.d.l. 33.65 33.92 30.63 12.82 63.71 60.92 63.10 60.92
As 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Ni 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Co 0.02 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Pb 0.04 b.d.l. b.d.l. 0.34 0.30 b.d.l. b.d.l. 0.31 0.17 b.d.l. b.d.l. 0.11 0.15
Zn 0.03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Total 99.08 99.61 97.53 99.11 98.99 99.26 99.68 98.69 99.54 97.68 99.66 99.27

S 1.99 1.97 2.04 2.00 2.02 2.01 2.19 2.58 4.08 4.17 4.13 4.25
Fe2+ 1.01 1.02 0.96 0.99 1.00 1.00 0.94 1.19 0.88 0.95 0.89 0.96
Cu – – – – 0.98 0.99 0.86 0.23 5.04 4.88 4.97 4.78
As – – – – – – – – – – – –
Ni – – – – – – – – – – – –
Co – – – – – – – – – – – –
Pb – – – – – – – – – – – –
Zn – – – – – – – – – – – –
Total 3.00 2.99 3.00 2.99 4.00 4.00 3.99 4.00 10.00 10.00 9.99 9.99

d.l.=detection limit; b.d.l.=below detection limit.
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The representative size distribution of framboidal pyrite was ob-
tained from three samples: non-mineralized limestone (NP1); miner-
alized limestone from the margin (RP1); and mineralized limestone
from the centre of the orebody (CP1). The representative size dis-
tribution of framboidal chalcopyrite was obtained from one sample of
mineralized limestone from the margin (RC2), and that of framboidal
bornite from one sample of mineralized limestone from centre of the
orebody (CB2).

The mean size and the standard deviation of framboidal pyrite in
non-mineralized limestone (sample NP1) are 7.77 and 2.12 µm respec-
tively. At the margin of the orebody, the mean size of framboidal pyrite
(sample RP1) is 7.25 µm and the standard deviation 1.73 µm. By con-
trast, the mean size of framboidal chalcopyrite (sample RC2) is 7.35 µm

and the standard deviation 1.76 µm. Finally, in the centre of the ore-
body, the mean size of framboidal pyrite (sample CP1) is 7.50 µm and
the standard deviation 1.78 µm, whereas the mean size and the stan-
dard deviation of framboidal bornite (sample CB2) are 7.34 and
1.82 µm respectively. Histograms and QQ-plots of each size distribution
are shown in Fig. 5. A chi-square test of homogeneity was applied to the
frequency counts (size of class= 0.5 µm) of each framboidal size dis-
tribution in order to determine if they have similar distributions. The p-
value obtained from this chi-square test is 1, the chi-squared statistic is
31.56, and the degrees of freedom are 76, accepting the null hypothesis
of homogeneity and therefore concluding that the five populations of
framboids are identically distributed.

Fig. 5. Absolute frequency histograms of representative populations of framboidal pyrite in non-mineralized limestones, and quantile-quantile plots assessing log-
normality, sample NP1 (a); framboidal pyrite and chalcopyrite in limestones from the margins of the orebodies, samples RP1 (b) and RC2 (c), respectively; framboidal
pyrite and bornite in limestones from the centre of the orebodies, samples CP1 (d) and CB2 (e), respectively.
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5. Discussion

Chilean stratabound or manto-type copper deposits mainly occur in
Early Upper Jurassic to Late Lower Cretaceous volcano-sedimentary
sequences of the Coastal Range of northern and north-central Chile.
Kojima et al. (2009) suggest that these deposits were formed epigen-
etically by the hydrothermal interaction between non-magmatic sur-
face-derived brines and volcano-sedimentary host rocks.

The copper mineralization at the Picachos Project occurs in strata-
bound manto-type bodies, within the volcano-sedimentary sequence of
limestones of the Arqueros Formation, and intercalated with dacitic
volcanic rocks. Geographically, the Picachos Project is located in the
Coastal Range of north-central Chile, where Kojima et al. (2009) pro-
pose the genetic formation model of Chilean manto-type copper de-
posits. Moreover, the metal zoning of mineralized orebodies of the Pi-
cachos Project, with increasing Cu contents from the margin to the
centre, is typical for this type of deposits (e.g. Boric et al., 2002; Saric
et al., 2003; Oliveros et al., 2008). Hydrothermal alteration of the host
rocks in Picachos is especially notable in dacitic volcanic rocks, with
replacement of plagioclase by K-feldspar and albite, and subsequent
chloritization and sericite alteration. These patterns of sodic and po-
tassic hydrothermal alteration also frequently occur in Chilean manto-
type copper deposits (e.g. Boric et al., 2002; Kojima et al., 2003;
Cisternas and Hermosilla, 2006; Oliveros et al., 2008). Therefore, and
applying the model of Kojima et al. (2009) for Chilean manto-type
deposits to the Picachos Project, the host rocks in the Arqueros For-
mation probably formed prior to copper mineralization. Evidence of
this is the replacement of pyrite framboids by chalcopyrite and subse-
quently by bornite, thereby preserving the framboidal texture (see
below), and the preservation of the framboidal texture of pyrite in non-
mineralized limestones.

Framboidal pyrite in non-mineralized limestones occurs in close
relationship with organic matter and euhedral ankerite (Fig. 3d). This
suggests the formation of framboidal pyrite as a consequence of the
anaerobic oxidation of the organic matter and the activity of sulphate
reducing bacteria (Wilkin and Barnes, 1997; Butler and Rickard, 2000).
No overgrowth or sunflower textures developed in this framboidal
pyrite; likewise, neither recrystallization nor dissolution signals are
observed in the framboids. This indicates the preservation of the ori-
ginal shape of framboidal pyrite in non-mineralized limestones from the
Picachos Project (e.g. Ye et al., 2017) and, therefore, the observed size
distribution of framboids in sample NP1 is indicative of the redox
conditions during limestone formation. The preservation of organic
matter in these rocks can delay the oxidation of framboidal pyrite and
aid in maintaining the framboids’ original shapes (Rigby et al., 2006).

Reported cases of the occurrence of framboidal chalcopyrite are
scarce, and its formation is debated (e.g. Oszczepalski, 1999; Wilson
and Zentilli, 1999; Hu et al., 2015). Table 2 contains a synopsis of the
geological characteristics of these deposits containing framboidal
chalcopyrite. Oszczepalski (1999) reports the mimetic replacement of
framboidal pyrite by chalcopyrite, bornite and digenite in the Kup-
ferschiefer polymetallic mineralization in Poland. Wilson and Zentilli
(1999) also report the replacement of framboidal pyrite formed in stage
I of the mineralization by chalcopyrite, bornite and chalcocite during
stage II of mineralization in the El Soldado Chilean manto-type deposit.
In both cases, the evidence for replacement lies in the presence of
remnant pyrite in the framboidal texture of Cu-sulphides. Its genesis is
attributed to the alteration of pyrite by cupriferous fluids (Oszczepalski,
1999; Wilson and Zentilli, 1999).

In the studied samples of the Picachos copper Project, no relicts of
pyrite are observed in the framboidal texture of chalcopyrite. The lack
of significant differences in the mean and standard deviation of sizes,
and the chi-square test of homogeneity, indicate that framboids of
pyrite and chalcopyrite are identically distributed, suggesting a com-
plete pseudomorphic replacement of pyrite by chalcopyrite, and pre-
serving the shape of primary framboidal pyrite without any evidence of Ta
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overgrowths or dissolution. Additional evidence of the replacement of
pyrite by chalcopyrite is the geochemical composition of the framboidal
chalcopyrite. Framboidal chalcopyrite exhibits a large range of varia-
tion in Fe and Cu contents, indicating a geochemical composition ran-
ging from Cu-rich pyrite to stoichiometric chalcopyrite (Table 1).

The origin of framboidal bornite also points to a pseudomorphic
replacement of previous framboids. The formation of framboidal bor-
nite is attributed to the replacement of framboidal pyrite by
Oszczepalski (1999) and Wilson and Zentilli (1999). Here, no evidence
of this process is observed and, therefore, the formation of framboidal
bornite from framboidal chalcopyrite cannot be ruled out. Moreover,
evidence points to the replacement of chalcopyrite by bornite in the
framboidal textures at the centre of the orebodies from the Picachos
Project. Framboidal bornite does not show signs of overgrowth or dis-
solution, indicating the preservation of the shape of the original fram-
boids. Populations of framboidal bornite and chalcopyrite are identi-
cally distributed, as indicated in the chi-square test of homogeneity.
The formation of bornite at the centre of the orebodies from Picachos is
attributed to the pseudomorphic replacement of chalcopyrite or
through its growth inside the chalcopyrite grains (Fig. 4d). Zhao et al.
(2014) report the replacement of chalcopyrite by bornite under dif-
ferent hydrothermal conditions of solutions containing Cu; however,
the formation of bornite directly from pyrite has not been documented.

6. Conclusions

The copper mineralization at the Picachos Project shows typical
characteristics of Chilean stratabound or manto-type copper deposits.
Such characteristics include: (1) the type of host rocks; (2) the chemical
zoning of the orebodies with increasing Cu contents from the margin to
the centre; and (3) the sodic and potassic hydrothermal alteration
produced by mineralization inside the host rocks.

The preservation of the original framboidal textures of pyrite in
non-mineralized and mineralized limestones makes it possible to de-
termine the paleo-redox limestone formation conditions. According to
the plots of mean and standard deviation of representative populations
of framboidal pyrite in Fig. 6, the Picachos Project limestones were
formed under anoxic conditions near the limit of dysoxic conditions.
This result is compatible with previous interpretations of the origin of
limestones in the Arqueros Formation, and its formation under shallow
marine conditions (Aguirre and Egert, 1965; Emparán and Pineda,

2006). Moreover, the size distribution of framboidal chalcopyrite and
bornite also indicates the paleo-redox conditions of the limestone for-
mation (Fig. 6). The formation of chalcopyrite by the replacement of
primary framboidal pyrite, preserving the framboids’ shapes, means
that the size distribution of framboidal chalcopyrite is identical to those
of the framboidal pyrite. Framboidal bornite is also formed through the
pseudomorphic replacement of framboids, thus preserving the original
size distribution of framboidal pyrite.
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