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Abstract: Southern Chile placer gold deposits have been known and exploited since Spanish colonial
times. Despite this, precise knowledge about their origin is scarce. This work aims to identify
possible primary sources of the gold in the Pureo placers by studying the morphological and chemical
characteristics of gold particles according to their spatial distribution. The former was determined
by measurements and classification under a binocular microscope, allowing us to acquire a set of
parameters related to the amount of transport that had affected the samples. The microchemical
characteristics were determined by studying gold particles using optical microscopy, scanning
electron microscopy (SEM) and electron microprobe (EMPA), where the native gold composition
(in terms of major and minor elements) and the suite of mineral inclusions were obtained. The
results regarding morphological characteristics suggest a low amount of transport from a primary
source (<15 km). Microchemical data from gold particles indicate two compositional sub-populations,
distinguished in both native gold composition (<15 Ag wt% with up to 4 Hg wt% and >15 Ag wt%
with Hg bellow 1 wt%) and mineral inclusions (pyrite-galena rich and arsenopyrite rich, respectively),
indicating two different primary gold sources. These results suggest a local origin of gold in the
Coastal Cordillera, where the possible primary sources are associated with (i) massive sulfide deposits
present in Paleozoic-Triassic metamorphic rocks and (ii) hydrothermal deposits associated with more
recent Cenozoic intrusive activity. These conclusions have implications for the exploration of new
placer deposits and of gold-bearing hypogene deposits (e.g., metamorphosed VMS deposits) in
unexplored zones of southern Chile Coastal Cordillera.
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1. Introduction

Placers are the earliest known and worked gold deposits [1]. Their formation is re-
lated to the physical transport and concentration of gold particles from primary sources;
therefore, their physical and chemical features can be used to trace the original source of
gold mineralization. Systematic study of placer gold particles in a variety of geological
environments concurs in terms of two key characteristics of placer gold particles related to
their provenance. First, particle morphology evolution is considered to be directly related
to transport distance [2,3]. The size and shape of gold particles are affected during their
transport in a fluvial environment, being gradually flattened and rounded as they are trans-
ported [2,4,5]. On the other hand, the microchemical characteristics of particles have been
related to the type of primary deposit from which the particles were eroded [6,7], where
native gold composition and mineral inclusions are considered the principal characteristics
related directly to the conditions of gold formation in the hypogene environment, which
are commonly studied by using SEM and EMPA techniques [6,7]. Several works have
used these relationships to investigate the provenance of gold particles in placer deposits
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worldwide, in terms of their transport distance [3] and the style of primary gold-bearing
deposit that originated the particles [8], constituting an exploration tool for unknown
primary gold deposits [6].

In southern Chile, placer gold deposits have been known and exploited since Spanish
colonial times [9]. Despite this, the source of the gold remains unclear. Previous work
about gold particles in southern Chile placers has proposed that a large part of the gold at a
regional scale comes from eroded primary deposits in the Andean Principal Cordillera [10].
However, it has also been suggested that some placer deposits in the Coastal Cordillera
have a local origin [10,11] that could be related to metamorphic or magmatic-hydrothermal
processes in the Paleozoic metamorphic rocks constituting the Coastal Cordillera. The
Pureo gold placer area, located in the Coastal Cordillera at ~39° S, offers an opportunity
to study the primary sources of gold in southern Chile because: (1) placers are being
actively exploited by small-scale artisanal miners, whose mining tunnels allow access to the
deposits; and (2) placers are located relatively close (<20 km) to known primary occurrences
of gold in metamorphic rocks [12,13]. In this work, we aim to identify possible primary
sources of gold for the placer deposits in the Pureo area by studying the morphological and
microchemical characteristics of the gold particles according to their spatial distribution in
order to identify their relationships with primary source(s) within the metamorphic rocks
that constitute this zone of the Coastal Cordillera.

2. Geological Background

The Pureo area is located in the southern Chile Coastal Cordillera, a mountain range
along the Pacific Coast [13], composed mainly by a heterogeneous unit of Paleozoic-
Triassic, highly deformed metamorphic rocks. In the study area, this basement is made
by a low T-high P unit, grouped as the Bahia Mansa Metamorphic Complex (BMMC,
Figure 1) [14,15], which corresponds to the oldest geological unit in this zone [16]. The
BMMC consists of pelitic to semi-pelitic and mafic schists and minor occurrences of ser-
pentinized ultramafic rocks [14,17]. The BMMC is interpreted as a paleo-accretionary
prism associated with subduction that was active during the Late Paleozoic, for a period of
50-100 Ma [15].
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Figure 1. Geological map of the Pureo area. Hypogene mineralizations and active placer artisanal
workings with the respective samples are shown. BMMC: Bahia Mansa Metamorphic Complex
(modified after [12,13,16,18-20]).
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Frequent occurrences of mineralized rocks have been reported in this area, correspond-
ing to metamorphosed deposits associated with BMMC rocks, especially small lenses of
Kieslager-type massive sulfide (VMS) deposits (Pirén Alto occurrence, Figure 1, [18,21,22])
and associated exhalites as banded iron formations and “coticules” (spessartine-rich
metacherts), which are genetically related to a common sub-marine volcanic-exhalative
origin [12,21,23]. In addition, occurrences of gold-bearing hydrothermal veins and breccias
associated with probable Cenozoic intrusions have been reported (Pirén Alto prospect,
Figure 1; [12,13,24,25]). Both occurrences are located to the northwest of the placer de-
posits (Figure 1). Detailed information about the deposits that host the placers, such as
sedimentary facies, spatial extension, or the specific ages of these auriferous gravel deposits
in the Pureo area, remains scarce. Despite this, placer locations near the Pureo area at
regional scale are hosted in an early Pleistocene unit of glaciofluvial gravel deposits [26],
and consequently, the Pureo placers could be related to a similar unit. Although these
deposits are considered fossil placers, we refer to them as placers, considering that the
term “placer’ is commonly used for Cenozoic deposits (e.g., [27]). Auriferous gravels in the
Pureo area form old subhorizontal terraces over the main channels of the Pichilingue and
Lingue rivers [28] which are currently worked by local artisanal miners. These deposits
overlay the BMMC rocks (Figure 2) and are almost exclusively formed by clasts of BMMC
lithologies [12]. Gold is irregularly distributed in the gravels, but the highest concentrations
are restricted to the first 4-5 m above the bedrock [29].

(oxidated zone)
TR gt TR TR

Auriferous

Figure 2. Auriferous gravels overlying pelitic schists of BMMC. Photographs from underground
workings, following the boundary between gravels and bedrock (pelitic schists) within the terraced
deposits. (a) A near-surface oxidated zone of gravels that exhibit reddish colors. (b) Farther surface
non-oxidated zone of gravels, exhibiting bluish grey colors. In both locations, sediments for hand-
panning were taken immediately above the contact with pelitic schists (above the yellow dashed line).
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3. Materials and Methods
3.1. Sample Collection

Samples of gold particles were collected manually by hand-panning auriferous gravels
from four underground artisanal mines, with the support of local miners (Figure 1). Aurif-
erous gravels were taken in the first 1-2 m above the bedrock. Although these artisanal
workings exploit the same gravels, some differences in the oxidation level of the auriferous
gravels were observed between them (Figure 2), e.g., in the workings that exploit parts of
the deposit close to the surface, the gravels exhibit reddish colors (Curanilahue, Potrerito),
while some tunnels that go far away from the surface expose less oxidated zones and
exhibit bluish grey colors (Juanito, La Familia). Particles were separated and handpicked
under a binocular microscope. A total of 227 particles were recovered. The number of
particles obtained for each mine is indicated in Figure 1.

3.2. Morphological Analysis

A morphological analysis of the particles was carried out following the methodology
described in [30], which consists of the processing of images of particles taken under an
optical microscope using plugins in the Image] software (version 1.520) [31]. The output
from Image] consists of the dimensions of each gold particle: length (L), width (W) and
thickness (t). Two photographs of perpendicular cross-sections were taken to each group
of particles. This information was used to calculate morphological indices which are
commonly used in the literature, i.e., the Cailleux Flatness Index [32] and Shilo’s Flatness
Index [33,34], both of which can quantify the mass redistribution in malleable particles
due to progressive hammering during transport in fluvial environments. The CFI and SFI
calculations are shown in Equations (1) and (2), respectively:

CFI= (L + W)/2t, 1)

SFI = [(L + W)/2t] — 1, @)

Higher CFI and SFI values reflect greater amounts of transport [2-5,32]. Another cal-
culated index was Hofmann’s Shape Entropy [35]. Its calculation is shown in Equation (3):

HSE = —[(pL*In pL) + (pWxIn pW) + (ptxIn pt)]/1.0986, (3)

where p is the proportion of each particle axis (L, W, t) and 1.0986 is the maximum possible
relative entropy value for a three-component system [35]. This index reflects the particle
evolution from equidimensional shapes to flattened disks due to transport and was used
by [36] to quantitatively estimate a model for particle shape-transport distance of gold in
Klondike placers. Values of HSE lower than 1 reflect progressive flattening and greater
transport [30,36,37].

3.3. Microchemical Analysis

A total of 75 gold particles were mounted in epoxy and polished for microchemical
analyses. Polished sections were first observed using a reflected light optical microscope
to identify target zones for subsequent analysis. SEM-EDS microanalyses were done with
a Zeiss EVO-MC10 SEM, with an accelerating voltage of 20 kV and a working distance
of 8 mm, at the Universidad Austral de Chile (UACh) in Valdivia, Chile. These micro-
analyses allowed us to accurately identify mineral inclusions and chemical zoning inside
gold particles. Quantitative EMPA analyses were done in previously selected zones of
19 particles with a Cameca SX50 Electron Microprobe at the Institut Frangais de Recherche
pour L'exploitation de la Mer (IFremer) in Brest, France. Both particle cores and rims were
analyzed separately, as they represent the original primary native gold composition [6]
and supergene altered composition, respectively [2,38,39]. Selected zones were analyzed
for Au, Ag, Hg, Cu, Te, Pt, Pd. Complementarily, a gold grain found as an inclusion in
a pyrite from a coticule clast from Juanito mine was analyzed as it represents a possible



Minerals 2022, 12, 1147

50f16

source lithology. EMPA analysis were performed with an accelerating voltage of 20 kV and
a beam current of 50 nA with counting times of 30 s for each element at peak and 15 s for
background. Estimated detection limits were 0.1 wt% for Au, 0.11 wt% for Ag, 0.02 wt%
for Hg, 0.038 wt% for Cu, 0.04 wt% for Te, 0.15 wt% for Pt, and 0.1 wt% for Pd. Punctual
analysis, transects and maps were performed in both SEM-EDS and EMPA analysis.

4. Results
4.1. Particle Morphology

Mean gold particle size values for the Pureo area in terms of length (L), width (W) and
thickness (T) were 1.14 mm, 0.78 mm, and 0.38 mm respectively. Gold particle sizes and
morphological indexes are shown in Figure 3 for each mine.
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Figure 3. Gold particle size and morphological index values obtained in the Pureo area. (a—c) His-
tograms of particle dimensions (Length (L), Width (W) and Thickness (T)) for all samples. (d—f) Box-
plots for morphological index values. Boxes represents inter-quartile range, horizontal line in the
boxes represents the median, whiskers extend from the box by 1.5x the inter-quartile range and the
white dots represents flier values that are outside the whiskers. CFI: Cailleux’s flatness index, SFI:
Shilo’s flatness index. Both CFI and SFI increase with increasing transport; HSE: Hofmann’s shape
entropy. HSE decreases with increasing transport.

Gold particles from Juanito and Potrerito showed the lowest and the most homoge-
neous morphological index values. The Potrerito particles showed the lowest CFI and SFI
values, varying between 1-3 and 0-2 respectively (Figure 3d,e), with the bulk of particles
exhibiting HSE values higher than 0.9 (Figure 3f). Particles from Juanito showed similar
values, but slightly higher for CFI and SFI, with values varying between 2—4 and 1-3
respectively (Figure 3d,e), and lower HSE values. The Curanilahue and La Familia particles
showed a wider range of morphological index values (Figure 3d,e), probably due to the
low number of recovered samples. The highest CFI-SFI and lowest HSE values were found
in a particle from La Familia. Another characteristic of the Pureo particles is the common
observation of accessory minerals conserved in their surfaces, mainly quartz, Fe-oxides and
less commonly, pyrite (Figure 4). Particles showing accessory minerals were documented
in all the sampled mines.
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Figure 4. Placer gold particles from the Pureo area. (a) Gold particles under binocular microscope.
(b) Quartz pebble with inclusions of native gold, which has not been released from its quartz matrix,
probably from an eroded vein. (c) Pyrite coverage over particle surface.

4.2. Microchemical Characteristics
4.2.1. Native Gold Composition and Internal Chemical Zonations

A total of 75 gold particles were analyzed using SEM-EDS in order to determine the
semi-quantitative native gold composition. Additionally, 19 of them were analyzed in
EMPA to determine the quantitative composition. In general, our microchemical results
showed that Pureo native gold particles mainly comprised Au and Ag with minor detectable
Hg contents (>0.02 wt%) in the particle cores, recorded in all particles analyzed with
EMPA. The contents of all other elements, such as Cu, Te, Pt, and Pd, were below the
detection limits.

The semi-quantitative silver compositions of the 75 particle cores, as determined by
SEM-EDS analyses, are shown in a cumulative frequency plot (Figure 5a), which shows
homogeneous curves in the La Familia and Curanilahue particles. Conversely, the Potrerito
and Juanito curves show a slope break at around 15 Ag wt% (850%. Au) (Figure 5a), and
therefore, two compositional sub-populations were distinguished in terms of their Ag con-
tents. Quantitative core compositions, as determined by EMPA punctual analyses, varied
between 72.9-94.4 wt% Au, 5.7-28.1 wt% Ag and 0.02—4.02 wt% Hg. These compositions
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are equivalent to a gold fineness range between 649-955%o in particle cores. An important
observation is that Ag and Hg appear to be slightly inversely correlated (Figure 5b). In
other words, the particle cores that showed highest mercury contents were those with the
lowest silver contents (<15 Ag wt%).
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Figure 5. Compositions of native gold particle cores determined with SEM-EDS and EMPA analyses.
(a) Cumulative frequency plots for semi-quantitative core silver contents obtained with SEM-EDS.
(b) Variations in quantitative silver and mercury contents obtained with EMPA. The composition of a
gold grain found as a pyrite inclusion in a “coticule” (metachert) clast is shown. Particles with lower
silver contents show the highest mercury contents.

Chemical zonations associated with different proportions of native gold components
were observed. Ag-Hg-depleted rims (Figure 6a) were the most common zonation found,
characterized by a depletion of these elements and an enrichment of Au that develops
in the rims and fractures of the particles. Rim zonation is limited by marked and abrupt
contact between the two compositions without any transitional zones between the cores
and the Ag-Hg-depleted rims (Figure 6a). An estimation of the rim proportion was done
by measuring two transects over the particle section analyzed in a BSE image, calculating
the proportion of the line segment contained in the rim and its length and averaging them
(Figure 7). Rim size was observed to be higher in particles recovered from near surface
areas of the auriferous gravel deposit, which present marked oxidation (Figure 7). In
contrast, in the particles recovered farther from surface with a lower oxidation, the size of
the rim is smaller (Figure 7). The oxidation levels of the gravel deposits were observed
in artisanal underground workings as an abrupt change in the deposit color (Figure 2).
Although gold particle cores are mostly compositionally homogeneous, some particles
showed heterogeneities that occur in the form of irregular or ‘vein-like” patches with a
different composition from that of the surrounding core (Figure 6b). Compositionally
heterogeneous cores were observed only in six gold particles from Potrerito that exhibited
high silver contents (over 15 Ag wt%).
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Hg wt%
1.75

Figure 6. BSE image and EMPA chemical maps for Au-Ag-Hg. Colorscale in chemical maps shows
the relative element abundance. Composition and native gold fineness in both core and rim of particle
are shown. (a) Rim zonation that exhibits Ag-Hg depleted and Au enriched domains toward the
edges. There is a sharp contact between the rim and the core. Hg contents seems to be less associated
with Au-Ag contents in the particle core (b) Particle showing a compositional heterogeneity in the
form of a ‘vein-like’ zone with higher contents of Ag and Hg. In both particles, Hg is absent in
particle rims.
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Figure 7. Differences in Ag-Hg depleted rim zonation size observed in different zones of the deposits.
(a) Proportion of the particle cross-section affected by rim development. (b) Mean longitude of the
rim. Near surface zones of the deposit (most oxidated), exhibit a higher rim development than the
farther surface zones (non-oxidated).
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4.2.2. Mineral Inclusions

Mineral inclusions are a very common feature observed in the Pureo gold particles.
Fifty-five of the 75 particles studied using optical microscopy and SEM showed mineral
inclusions, mainly composed of silicates and ore minerals. Micron-scaled ore mineral
inclusions (Figure 8) were recorded in 29 particles from all mines. The ore minerals
identified in SEM with EDS were mainly sulfides such as pyrite, galena and, less commonly,
arsenopyrite, chalcopyrite, sphalerite, gersdorffite and Sb-bearing sulfosalts as boulangerite
and tetrahedrite. Quartz was the most common silicate. A summary of the ore mineral
inclusions and their frequencies can be found in Table 1. These minerals are mainly found

as hosted inclusions within particle cores, but in some cases, they occur on particle surfaces
(Figure 8b).

¥ o
*Au (875%0)
11.3 Ag%
1.2 Hg%

;2‘3 Ag 1’(.

4.0 Hg%

Figure 8. BSE and reflected light microscopy images of mineral inclusions in contact with native gold
in Pureo particles. Composition and fineness of the hosting native gold is shown. (a) Arsenopyrite
(Apy) and galena (Gn) in the particle core. (b) Pyrite (Py), chalcopyrite (Cpy) and quartz intergrowths
occurring both in core and surface (upper left corner). (c) Boulangerite (Bou) and galena (Gn) in
particle core. A change in the host native gold composition (rim) is visible as a lighter grey zone in
the upper left particle border. (d) Quartz present in both core and surface of the particle. (e, f) Pyrite
(Py) inclusions in contact with native gold cores with >1 Hg wt%.

The type of ore mineral found as an inclusion is related to the silver content of its host
native gold (Figure 9), indicating that certain ore minerals tend to be more common in a
determined composition. This relation confirmed the presence of two populations of native
gold, as already evidenced with the slope break in silver cumulative frequency curves
(Figure 5a). Pyrite, galena, and chalcopyrite are commonly found in low silver particles
(lower than 15 Ag wt%; 850%. Au), whereas arsenopyrite seems to be more frequent in high
silver particles (higher than 15 Ag wt%; 850%. Au). Also, gersdorffite was only observed in
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low silver particles, while Sb-bearing sulfosalts as tetrahedrite and boulangerite were only
observed in high silver particles.

Table 1. Ore minerals found as inclusions in native gold particles.

Placer Location Total Particles P;?rtlcles with f)re Ore Mineral Inclusions
Analyzed Mineral Inclusions
La Familia 8 6 Py, Gn, Apy, Cpy, Gdf
Juanito 36 11 Py, Gn, Cpy, Gdf
Potrerito 26 11 Py, Gn, Sp, Apy, Cpy, Tth, Blg
Curanilahue 6 1 Py, Apy, Gn

Number of particles analyzed and particles with mineral inclusions are shown. Ore mineral inclusions are listed
in order of abundance. Mineral abbreviations: Py-Pyrite, Gn-Galena, Apy—-Arsenopyrite, Cpy-Chalcopyrite,
Sp—Sphalerite, Gdf-Gersdorffite, Tth-Tetrahedrite, Blg-Boulangerite.

40
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Figure 9. SEM-EDS silver contents in native gold particle cores hosting most commonly observed
ore mineral inclusions. Arsenopyrite appears to be more abundant in high-silver-low fineness
(>15 Ag wt%) particles, while galena, pyrite and chalcopyrite are more likely to be found in low-
silver—high fineness (<15 Ag wt%) particles.

5. Discussion
5.1. Particle Morphology and Transport Distance

The morphological features of placer gold particles are related to their distance of
transport [2,3]. One of the main relationships between morphology and transport is
particle flatness, which increases with the transport distance, due to progressive particle
hammering that occurs during transport [5]. Pureo gold particles show CFI values lower
than 6 (Figure 3d), suggesting low transport distances [2,3,5]. CFI values of 1-8.6 would
indicate transport distances lower than 1 km [3], a range similar to the one observed in Pureo
gold particles. SFI represents the same as CFI, and it has been used by other authors [2,34]
to compile flatness and transport distance of placer gold particles in a variety of localities
worldwide. These compilations constrain SFI values obtained in Pureo particles to transport
distances no further than 15 km. Similarly, HSE values obtained in the particles also point
to reduced transport distances, based on the HSE-distance model developed by [30] for
Klondike placers. An estimation of transport distance using this model was done with HSE
distribution for each mine and weighted according to the number of samples recovered
in each mine. Equations and detailed description of the model can be found in [30,36].
The given transport distances for Pureo gold particles are only first-order estimations,
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since specific sedimentologic and hydrologic variables for Pureo area placer deposits are
unknown. This estimation leads to transport distances between 1-8 km (Figure 10), which is
consistent with those estimated with CFI and SFI. As shown with this estimation, transport
distances between mines are slightly dissimilar (Figure 10), as Potrerito gold particles
shows the lowest CFI, SFI and highest HSE (Figure 3d—f) values, suggesting that these
particles have the lowest transport distances (Figure 10). The Curanilahue and La Familia
mines show the highest transport distances (Figure 10).
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Figure 10. Relative probability (values normalized between 0-1) of provenance according to particle
morphology quantified by HSE distributions and distance estimated using [30] shape-distance
models for Klondike placers. Probability was weighted with the number of samples recovered in each
site and normalized, obtaining a relative probability. Proportions of compositional sub-populations
occurring in the placers and hypogene mineralizations are shown.

Low transport distances indicated by morphological indices are consistent with the
frequent observation of accessory minerals such as quartz or pyrite in particle surfaces,
since these are considered inherited characteristics from their primary sources [40]. Ac-
cording to [3], these features are removed rapidly, i.e., in the first hundreds of meters of
transport, due to mechanical effects and the chemical instability of minerals like pyrite in
the supergene environment. Thus, our results regarding the morphological features of the
Pureo gold particles constrain their transport to distances no further than 15 km, indicating
a local origin of the gold in the Coastal Cordillera. Our results are consistent with those
presented in previous works [10,11] that reported morphological results compatible with
low transport distances and a local origin of gold in BMMC rocks in other placer localities in
the Coastal Cordillera, such as Marilan, Bahia Mansa, Hueyusca and Madre de Dios [10,11].

5.2. Microchemistry and Gold Sub-Populations

The co-existence of native gold and mineral inclusions in placer gold particles is con-
sidered to be an inherited relict that reflect the formation conditions of primary gold in the
source mineralization [6,41]. As previously shown, the silver cumulative curves for particle
cores show a marked slope break around 15 Ag wt% (Figure 5a). This break is interpreted as
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the contribution of two compositional sub-populations with different ranges in their silver
contents that could be derived from different mineralization styles as sources of gold or a
single hypogene source that shows internal zoning due to fluid evolution or multiple para-
genetic stages with generation of different gold types [7]. However, this slope break is also
visible in the distribution of ore mineral inclusions, where pyrite, galena and chalcopyrite
appear to be mostly present in low silver particles, while arsenopyrite appears to be mostly
present in high silver particles (Figure 9). Slope breaks in cumulative plots integrating the
abundances of ore mineral inclusions with their host native gold silver contents, have been
used to support the presence of compositionally distinct sub-populations in placer gold
that comes from multiple sources [42,43]. In addition to this, mercury contents observed
in particle cores (Figure 5b) can be interpreted as an additional discriminant between
sub-populations and hypogene sources [7,44], whose variation is consistent with slope
breaks of cumulative silver content curves. Moreover, the compositionally homogeneous
cores exhibited by low silver particles contrast with the occurrence of compositional core
heterogeneities only observed in high silver particles. These heterogeneities are interpreted
to reflect changes in the hypogene mineralizing environment conditions [45]. Therefore, our
results indicate that two populations of gold particles are present in the Pureo area, proba-
bly deriving from different types of primary sources. Considering the Pureo area geologic
context and the presence of more than one type of gold-bearing mineralization style [12,13],
the possibility of different sources originating the compositional sub-populations is possi-
ble. However, the possibility of a single zoned source cannot be completely discarded, due
to the lack of details about the known gold mineralization styles in this area.

Considering this distinction between gold sub-populations, it is possible to see some
differences in their morphologies (Figure 11). The grain morphologies in high silver
particles tend to show restricted and lower CFI, SFI and HSE values than the low silver
particles. Considering the above discussion about the morphology of gold particles, the
difference in morphological index values could indicate a rather restricted and local origin
for the high silver particles. The proportions of each compositional sub-population in
the locations shown in Figure 10 could implicate that the contributing source for high
silver particles is restricted to the N-NW of the study area, explaining the absence of those
particles in the Curanilahue and La Familia mines (Figure 10).
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Figure 11. Morphological index variations for the two compositional sub-populations. Low silver
population shows a broader range of values and higher maximum values than high silver particles,
exhibiting possible differences in their transport. CFI: Cailleux’s flatness index, SFI: Shilo’s flatness
index, HSE: Hofmann's shape entropy.

Other features related with supergene environment processes, such as compositional
rim formation, were commonly observed in the Pureo gold particles. Rims are a common
feature in placer gold particles in a variety of geological environments; their formation is
mostly attributed to the removal of Ag and Hg from the native gold, causing a relative
enrichment in Au in the particle rim due to exposure to supergene conditions [2,38,39,46,47].
Rims can also be formed due to the authigenic re-precipitation of gold in a supergene
environment, a process that can be important in tropical environments [6,48]. Despite this,



Minerals 2022, 12, 1147

13 of 16

the climatic conditions and active tectonics in southern Chile Coastal Cordillera (38° S)
do not favor the formation of well-developed weathering fronts as they do in tropical
environments [49]. Therefore, this process, although present, may not be so relevant in
here. According to [2], the formation of rims in placer gold particles can occur during
their transport. Transport is an intermittent process where, for some periods, particles are
moving in an active stream while in others, they remain in dormant sediments [2]. Rims
are thought to thicken during the latter stages, because as particles move, these rims are
removed due to abrasion [2]. In consideration of this, rim formation in the Pureo gold
particles was not associated with transport, but rather, with the post-depositional stage of
the deposits. Indeed, the differences in the rim development were probably related to their
different oxidation levels and the distance to the surface (Figure 7), because oxidation is a
key factor in the destabilization of Au-Ag alloys that causes rim formation [39]. In other
words, rims in particles extracted from zones of the deposits far away from the surface
can be associated with their last exposition to atmospheric conditions before burial, while
rims in particles from near surface zones undergo further development and are probably
enhanced by the progressive oxidation in these zones.

5.3. Mineralization Styles in the Coastal Cordillera and Possible Sources of Gold

Considering that our morphological data suggest a local origin of gold in the Coastal
Cordillera metamorphic rocks, we discuss the possible relationship between placer gold
and known primary gold occurrences in these metamorphic rocks.

The nearest possible gold source is the Kieslager VMS mineralization, located at the
west of the study area (Figure 1), which corresponds to orebodies composed of pyrite,
chalcopyrite, pyrrothite and minor sphalerite, where minor gold has been described [12,22]
as well as the associated exhalites. This is supported by the fact that “coticule” clasts
in gravel deposits are present in the host placer deposits, and that these coticules are
considered parts of a single VMS sub-marine hydrothermal system which was active
during the Paleozoic era and is preserved in the BMMC rocks [12,18,21,23]. Moreover,
our results show that the microchemical characteristics of a native gold grain found in
a coticule clast [20] are similar to those in the low silver population defined above, with
detectable contents of Hg in the native gold (Figure 5b). The formation of Au-Ag-Hg
alloys in VMS deposits that have undergone regional metamorphism in similar conditions
as the BMMC rocks is reported by [50], suggesting that although these alloys can be
formed in the submarine hydrothermal stage of the protolith, they can also form during
their metamorphism due to metal remobilization and re-precipitation from other minerals
which are present in VMS deposits. Similarly, it has been suggested that hydrated, low to
medium grade metamorphism and deformation can promote the growth of pre-existent
electrum grains in VMS due to metal remobilization from sulfides [51]. Specifically, gold is
known to form from sulfides as pyrite [51] by processes enhancing metal remobilization,
as syn-tectonic recrystallization and cataclastic fracturing, features reported in pyrites of
the Pirén Alto VMS from the BMMC [20,22]. This suggests that gold possibly formed
in pyrite and sulfides from the VMS and surrounding rocks (e.g., ‘coticules’), due to re-
mobilization and re-precipitation during subduction and accretion metamorphism [20].
The above could point to VMS as a contributor for the low silver compositional population.
Additionally, the presence of galena, pyrite and chalcopyrite as mineral inclusions in
this compositional population, is compatible with an origin in VMS, as these sulfides are
common in these deposits and have been described in the local occurrences of VMS in
BMMC [21,22]. Although Pirén Alto is the only orebody of this type described near the
Pureo area, these occurrences are common in the metamorphic rocks of Coastal Cordillera,
with several similar orebodies recognized to the north of the study area [18,21], therefore it
cannot be ruled out that more orebodies of similar characteristics have been eroded away
in the area or remain undiscovered, contributing to the gold in Pureo placers.

On the other hand, veins and breccias related to hydrothermal activity in Cenozoic
intrusions in the BMMC are considered as another possible contributor [12]. The nearest
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occurrence of this type of system (Pirén Alto prospect), located around 10 km northwest
from the Pureo placers (Figure 1), is characterized by veins and breccias hosted in pelitic
and mafic schists of BMMC, with quartz-sericite alteration, where the gold mineralization
is associated with pyrite and arsenopyrite [13,25]. This occurrence is probably related to
hydrothermal alteration due to felsic sub-volcanic intrusions of unknown age, as observed
in drill cores extracted during older explorations of the area [12,24,25]. The association with
arsenopyrite in this mineralization style could suggest a relation with the high silver compo-
sitional population studied in this work, which is characterized by arsenopyrite abundance
as inclusions. However, this relationship is highly uncertain, due to the scarce informa-
tion of this type of deposits in the Coastal Cordillera. Other possibilities of gold sources
from metamorphic rocks of BMMC could be gold-quartz veins found in metamorphic
terranes [12]. However, this mineralization style has not been described in BMMC rocks.

6. Conclusions

In this study, we analyzed the morphological and microchemical characteristics of
gold particles from the Pureo area. Our results allowed us to conclude a low transport
distance of gold particles and to identify two compositional sub-populations that could
reflect different types of primary sources for gold. The main conclusions of this study are
as follows:

1.  The morphological characteristics of Pureo gold particles indicate a limited transport,
with distances no further than 15 km, probably in the range of 1-8 km, consistent with
a local provenance restricted to the metamorphic rocks of the Coastal Cordillera.

2. Particle microchemical characteristics, such as native gold composition and mineral
inclusions, allowed us to identify two compositional sub-populations. These com-
positional types could be associated with two contrasting primary sources, formed
by different types of magmatic-hydrothermal and/or metamorphic processes in the
Coastal Cordillera. The possible sources of gold can be correlated with two types
of hypogene mineralization styles observed in the study area: metamorphosed hy-
drothermal deposits of the BMMC (metamorphosed Kieslager massive sulfide de-
posits and their related exhalites) and subsequent magmatic-hydrothermal processes
(Cenozoic intrusive activity and related hydrothermal systems).

3. Both characteristics allowed us to conclude a local origin of the gold, restricted to
the erosion of rocks present in the Coastal Cordillera. Because some manifestations
of possible primary gold source types remain locally and regionally preserved, it
is possible that undiscovered deposits exist in this and other regions of the Coastal
Cordillera. The microchemical characteristics defined in this work could provide
a basis for further exploration works. Therefore, additional work could focus on
morphological and microchemical studies of gold particles from other placer deposits
in Coastal Cordillera and placers in active rivers.
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