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A B S T R A C T

Weathering of ultramafic rocks can lead to the formation of soil profiles with high contents of Fe, Ni, Co,
platinum-group elements (PGE) and gold. Traditionally, these metal-rich soils are known as “laterites” and are
formed under tropical climates and stable tectonic conditions. However, little is known about their possible
development in cold/humid regions, and the factors governing PGE and gold mobility and enrichment under
these weathering conditions are poorly constrained. In this study, five soil profiles developed on serpentinized,
chromite-bearing ultramafic rocks at La Cabaña, located in the Coastal Range of south-central Chile (38° S) were
studied by combining major and trace element geochemistry with chromium stable isotope data. The results
show that the soils developed at La Cabaña have higher PGE and Au contents than the parent serpentinite rock,
with ∑PGE and Au reaching up to 160 ppb and 29 ppb in a limonitic soil horizon and clay saprolite, respectively.
Most soil samples have slightly negative δ53/52CrSRM979 values, within a range of −0.089 ± 0.012‰ to
−0.320 ± 0.013‰ (average of −0.178‰), and are in agreement with previous data reported for modern soils.
A noteworthy relation between δ53/52Cr data and PGE + Au contents is observed in the studied soil horizons,
where isotopically lighter values of δ53/52Cr match the higher contents of PGE and gold. These results show that
pedogenetic processes operating at the cold and humid La Cabaña area are capable of increasing the total PGE
and Au contents of certain soil horizons. Such processes are complex and multivariate but are primarily
modulated by chromite dissolution and the formation of secondary phases such as clay minerals and oxy-hy-
droxide phases in the soil. These findings provide evidence that important weathering and PGE + Au supergene
accumulation are not only restricted to tropical latitudes, and that the chromium isotope system is a useful proxy
to track surface redox process and noble metal enrichment during pedogenesis.

1. Introduction

Intense chemical weathering produces the dissolution, remobilization,
and reprecipitation of elements at or near the Earth's surface, resulting in
alteration and modification of primary rock materials. These processes
operate together on primary minerals so as to adjust to the new en-
vironmental conditions, creating a stratified weathering profile that
contains a comprehensive record of the chemical reactions involved in the
soil formation (Reich and Vasconcelos, 2015). If the parent rock and its
mineral constituents contains an element of economic interest (e.g., Ni,
Cu, Fe, Mn, Al, and Zn), secondary in situ accumulation of metals may

result in a two- to ten-fold increase in metal grades for these commodities
(Reich, 2017). In particular, the pervasive weathering of ultramafic rocks
can lead to weathered regoliths with one or more horizons containing
exploitable reserves of Ni and Co, also known as “nickel laterites”
(Freyssinet et al., 2005; Golightly, 2010; Thorne et al., 2012; Butt and
Cluzel, 2013). This supergene enrichment process, also known as “later-
itisation”, is responsible for residual and secondary enrichment of pla-
tinum-group elements (PGE) and gold in these deposits (Bowles, 1986;
Bowles et al., 1994; Gray et al., 1996; Varajão et al., 2000; Traoré et al.,
2008b; Aiglsperger et al., 2015; Aiglsperger et al., 2016; Aiglsperger et al.,
2017a).
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Although much controversy remains, several studies have shown
that PGE and Au are mobile under surficial or near-surface conditions,
particularly in lateritic soils with a high presence of Fe-Mn oxy-hy-
droxides or clays in tropical to subtropical environments (Bowles et al.,
1994; Gray et al., 1996; Sassani and Shock, 1998; van Middlesworth
and Wood, 1999; Azaroual et al., 2001; Hattori and Cameron, 2004;
Colombo et al., 2008; Reith et al., 2014). It is in these supergene set-
tings where PGE mobility may even lead to the formation of secondary
platinum-group minerals (PGM), as reported in laterites from Brazil, the
Dominican Republic and Australia (Gray et al., 1996; Cabral et al.,
2011; Aiglsperger et al., 2015; Reith et al., 2016; Aiglsperger et al.,
2017a; Aiglsperger et al., 2017b). Considering that mineral assemblages
in ultramafic rocks are unstable under surface conditions (Bucher et al.,
2015), the weathering of ultramafic rocks and development of enriched
soils on top is not only restricted to tropical climates but it may also
occur in cooler climate regions (Taylor et al., 1992).

In ultramafic rocks, high PGE and Au contents are commonly linked
with the abundance of accessory chromite and nickel-sulfide phases
(O'Driscoll and González-Jiménez, 2016 and references therein). The
noble metals are frequently found as discrete nanometer to micrometer-
sized PGM or native gold inclusions within chromite whereas pre-
ferentially in solid solution in the Ni-sulfides. Thus, oxidative weath-
ering of ultramafic rocks can result in the destruction of both chromite
and Ni-sulfide host producing the liberation of PGM and metals towards
the environment (Traoré et al., 2008a; Aiglsperger et al., 2015). In soils
developed above mantle-derived rocks, we anticipate that the dissolu-
tion of chromite is a rate limiting step controlling the liberation of PGE
and Au into soils, and overall, a first-order control on noble metal
dispersion in the surface environment. In chromite, chromium is pre-
sent in its trivalent oxidation state, and is released as Cr(III) aqueous
species during weathering. Previous studies have shown that redox
processes have a significant effect on Cr isotope fractionation. Such
processes are complex and may involve several cycles of partial oxi-
dation and partial back-reduction. On one hand, chromium isotope
fractionation during oxidation from Cr(III) to Cr(VI) appears to be
small, with the heavier isotope concentrating in Cr(VI) species (Zink
et al., 2010). However, the reduction of Cr(VI) to Cr(III) leads to iso-
topic fractionation in the per mil range on the 53Cr/52Cr ratio, de-
pending on the electron donor/acceptor involved in the reactions,
preferentially partitioning the lighter Cr isotope (i.e. lower 53Cr/52Cr)
into Cr(III) (Ellis et al., 2002; Schoenberg et al., 2008; Zink et al., 2010;
Døssing et al., 2011). Chromium released from the host rock as Cr(III)
aqueous species can be then oxidized to hexavalent Cr by surface re-
actions with Mn oxides present in soils (Oze et al., 2007). This Cr re-
lease involves a redox cycle in which mobile species of Cr(VI) are
mobilized out of the soil, while less soluble Cr(III) is preferentially re-
tained. The overall release of Cr(VI) from the soils depends on the
presence of clays or Fe-Al oxy-hydroxides, which can back-reduce Cr
(VI) to Cr(III) within the soil profile if ferrous Fe, reduced S species or
organic materials are present (Eary and Rai, 1987; Døssing et al., 2011).
Hence, it is expected that during weathering an isotopically heavy Cr
(VI) pool is released, leaving behind an isotopically light Cr(III) com-
ponent in soils (Berger and Frei, 2014; Paulukat et al., 2015; D'Arcy
et al., 2016; Babechuk et al., 2017; Bauer et al., 2018). This overall
process is exemplified by the commonly lighter δ53/52Cr signatures
measured in soil horizons, and heavier δ53/52Cr values reported for
surface and ground waters (Frei and Polat, 2013; Berger and Frei, 2014;
Frei et al., 2014; D'Arcy et al., 2016). However, slightly positive δ53/

52Cr values are also reported for soils, as documented by Novak et al.
(2017) and Wille et al. (2018). Despite these significant advances, little
is known about the geochemical factors controlling Cr isotope fractio-
nation during weathering of chromite, and the potential use of δ53/52Cr
signatures to track noble metal enrichment in soils.

In this paper, we aim to evaluate the geochemical controls on PGE
and Au enrichment during oxidative weathering of chromite-bearing

ultramafic rocks. Also, we test if noble metal enrichment in soils de-
veloped on these types of rocks can be monitored using the chromium
stable isotope system. To achieve this goal we studied five soil profiles
developed above chromite-bearing serpentinized ultramafic rocks at La
Cabaña in South-Central Chile. Our approach combined major and trace
element geochemistry with Cr stable isotope data along soil profiles of
variable thickness and degrees of weathering. Chromium isotopes were
used here as a soil redox proxy due to the well-documented fractiona-
tion of Cr isotopes during oxidation-reduction processes (Ellis et al.,
2002; Schoenberg et al., 2008; Frei et al., 2009; Zink et al., 2010). Our
results show an important correspondence between the measured δ53/

52Cr and PGE and Au contents in soil, suggesting that noble metal en-
richment in lateritic soils may be influenced by similar processes af-
fecting the Cr redox cycle during pedogenesis.

2. Geological and climatic setting

The La Cabaña area is located 60 km north-west of the city of
Temuco (Fig. 1a) and is one of the largest known occurrences of ul-
tramafic rocks preserved in the Late Paleozoic Accretionary Complex of
the Coastal Range of south-central Chile (locally named Nahuelbuta
Mountains). This fossil accretionary complex comprises different me-
tamorphic rock units separated in two metamorphic belts called the
Western Series and Eastern Series. The Western Series is mainly com-
posed of deformed metagraywackes, metapelites, metabasites and sev-
eral small serpentinite bodies (Hervé, 1988; Hervé et al., 2013;
González-Jiménez et al., 2014a; González-Jiménez et al., 2016;
González-Jiménez et al., 2017). The climate of the Coastal Range at 38°
S is characterized by a mean annual temperature around 13 °C and a
mean annual precipitation (MAP) above 1000 mm per year in coastal
areas and lowlands (Fig. 1b). Precipitation increases with altitude in the
Nahuelbuta Range (Garreaud et al., 2016), and is most intense during
the fall and winter seasons (March–August). This cool and humid cli-
mate favors the growth of abundant vegetation represented by native
forests and patches of exotic plantations including Pinus radiata and
Eucalyptus.

At La Cabaña, metamorphosed ultramafic rocks crop out in six main
bodies, known as Centinela Bajo Norte, Centinela Bajo Sur, Encanto
River, Loma Gúzman, Lavanderos and Mina de Talco (Fig. 2; González-
Jiménez et al., 2016). Centinela Bajo Norte and Sur are the largest
bodies in this area and are hosted in micaceous schists also bearing
metavolcanic rocks (Romero et al., 2017). These two bodies consist of
isolated blocks of massive chromite-bearing and clinopyroxene-poor
meta-dunite (< 60% of olivine replaced by lizardite) embedded in a
matrix of schistose, locally mylonitic, antigorite (Atg) serpentinite
(González-Jiménez et al., 2017). In these rocks chromite is frequently
found as an accessory mineral that locally may be concentrated as
schlieren, veins or chromitite pods (> 50 cm) with > 90% of modal
chromite (Barra et al., 1998; Höfer et al., 2001; Barra et al., 2014;
González-Jiménez et al., 2014a). The regional retrograde meta-
morphism has affected the chromite grains, giving rise to zoning
characterized by relic cores preserving the magmatic signature with an
internal rim of Fe+2-rich porous chromite surrounded by external rim
of Fe+3-rich homogenous chromite (i.e., ferrian chromite) and/or Cr-
magnetite (Barra et al., 2014; González-Jiménez et al., 2016). The
chromitite pods contain ~250 ppb average PGE + Au, whereas ser-
pentinites contain from 10 to 30 ppb of PGE + Au (González-Jiménez
et al., 2014a; González-Jiménez et al., 2016). This mineralization is
associated with micrometer-sized inclusions (< 25 μm) of PGMs
[mainly laurite (RuS2), erlichmanite (OsS2) and irarsite (IrAsS)], native
gold (Au0), PGE-bearing sulfides [millerite (NiS), violarite (FeNiS4)]
and arsenides [maucherite (Ni11As8) and gersdorffite (NiFeAs)], which
are found in unaltered cores and alteration rims of chromite (González-
Jiménez et al., 2014a; González-Jiménez et al., 2016).
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3. Samples and methods

3.1. Soil profile samples

Thirty samples were collected from five soil profiles developed
above the ultramafic body of Centinela Bajo (Fig. 2). Samples were
taken using a plastic soil probe (hand tube) and a plastic shovel to avoid
metal contamination. Each sample (1.5–3 kg each) was collected from
representative soil horizons and included, from bottom to top, bedrock
(serpentinites), green coarse saprolite, gray or pale clay saprolite,
yellow to brownish, sometimes reddish limonitic soil horizons (B hor-
izons), and brownish to dark brownish uppermost horizons (A hor-
izons). The sampled soil profiles have variable thickness, from 1.2 m
(LC 1) up to 12 m (P.FOR), and are mainly developed above schistose
serpentinite with antigorite ± talc, accessory chromite and Cr-mag-
netite grains, and antigorite ± tremolite, talc and Cr-magnetite
bearing serpentinite.

3.2. Mineral separation and bulk geochemistry

Mineral characterization of the samples was undertaken using a
combination of X-ray diffraction (XRD), hydroseparation (HS) and
scanning electron microscopy (SEM) techniques. XRD analyses were
carried out using a Bruker D8 Advance Bragg-Brentano instrument in
the Department of Physics, University of Chile, using CuKα1 radiation.
The powdered samples (< 200 μm) were scanned from 4° to 80° 2θ with
a step size of 0.02° and measuring time of 0.1 s per step, and operating

conditions of 40 kV and 30 mA. Additionally, heavy mineral con-
centrates were obtained for two samples from profile LC 4 at the
Hydroseparation Laboratory at the University of Barcelona, using a
computer-controlled HS device CNT HS11, following the methodology
by Aiglsperger et al. (2015). Prior the separation, the samples were
carefully crushed with an agate mortar, homogenized, and then wet-
sieved into different size fractions using plastic screens. Mineral sepa-
rates of size fractions < 30 μm and 30–50 μm were obtained, using
between 300 and 500 g per fraction. The final heavy mineral con-
centrates were mounted as polished monolayer resin blocks. Also, mi-
neral concentrates of selected samples were obtained for SEM ob-
servation. The samples were wet-sieved using plastic screens, panned,
selected for concentrates, mounted with epoxy in cylindrical resin
blocks and polished. Subsequently, concentrates were studied with a
FEI Quanta 250 SEM at the Andean Geothermal Center of Excellence
(CEGA), University of Chile, equipped with energy dispersive spectro-
meter (EDS) and a back-scattered electron (BSE) detector. Also, two
polished monolayers were inspected using a JEOL JSM-7100 field
emission (FE) SEM at the Serveis Científics i Tecnòlogics, University of
Barcelona, Spain.

Soil samples were analyzed for major and trace elements in the
Australian Laboratory Services (ALS, Geochemistry) using a combina-
tion of inductively coupled plasma atomic emission spectrometry (ICP-
AES), X-ray fluorescence (XRF) and inductively coupled plasma mass
spectrometry (ICP-MS) techniques. PGE and Au contents were de-
termined at Genalysis Ltd. (Maddington, Western Australia) by fire
assay with nickel sulfide collection and measured by ICP-MS (detection
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Fig. 1. a) Simplified geological map of south-central Chile showing the location of the study area. Modified from Barra et al. (2014) and González-Jiménez et al.
(2016). b) Precipitation map of south-central Chile, constructed from interpolated data collected from the CR2 database (http://explorador.cr2.cl).
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limits between 1 and 5 ppb).

3.3. Chromium stable isotopes

Twenty-two samples from five soil profiles were crushed using an
agate mortar, and 20 mg aliquots were taken for digestion. Samples
were digested in pressurized bombs in an oven at a temperature of
220 °C for 4 days using a mixture of HF + HNO3 to ensure dissolution of
resistant phases such as chromite. After opening the bombs and drying
down the samples, the residue was refluxed in 6 M HCl and the bombs
placed back into the oven at 220 °C for 24 h to dissolve fluorides that
formed during the digestion. After cooling, the samples were trans-
ferred to 15 mL Savillex Beakers®, dried down on a hot plate, and then
dissolved and stored in 10 mL of 6 M HCl. Prior to chemical separation,
volumetrically-calibrated aliquots of each sample were taken at a Cr
concentration of 1.5 μg, followed by the addition of 68.2 μL of 54Cr-50Cr
double spike solution and overnight homogenization on a hot plate at
85 °C. The addition of a double spike with a known sample-spike ratio
allows to correct for any chemical fractionation that may occur during
chemical purification of Cr from the matrix (Schoenberg et al., 2008).

The purification of Cr from the matrix elements was achieved using
the protocol described by Schoenberg et al. (2016), and involves che-
mical separation by three different ion exchange chromatographic
columns. The first column is prepared with Biorad Dowex® AG1-×8
anionic porous resin and allows to remove Fe from the samples. After
that, two steps of chemical purification with BioRad Dowex® AG50W-
×8 cation resin were performed to purify Cr from the residual matrix
elements. Samples processed using this chemical procedure has been
shown to produce matching Cr isotope ratios (Schoenberg et al., 2016;
Babechuk et al., 2017; Wille et al., 2018).

All Cr isotope ratio measurements were performed using a
ThermoFisher Scientific NeptunePlus multiple-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS) at the Isotope
Geochemistry Laboratory of the Department of Geosciences, University
of Tübingen. The instrument was run in medium resolution mode to
avoid polyatomic interferences from mainly 40Ar12C+ on 52Cr+,
40Ar14N+ on 54Cr+ and 40Ar16O+ on the interference monitor 56Fe+,
respectively (Schoenberg et al., 2008; Schoenberg et al., 2016). Data
are reported in the δ notation in per mil (‰) relative to the isotopically
certified international reference material NIST SRM979:

= ×Cr [( Cr/ Cr )/( Cr/ Cr ) 1] 100053/52 53 52
sample

53 52
SRM979

4. Results

4.1. Mineral characterization of soil profiles

XRD analyses of soil samples show the presence of chlorite (clino-
chlore and chamosite), kaolinite, smectite group minerals (nontronite),
magnetite, goethite and Fe-Al-Mn oxyhydroxide phases. SEM observa-
tions of heavy mineral concentrates show the presence of chromite
(FeCr2O4), ilmenite (FeTiO3), zircon (ZrSiO4), monazite ((La, Ce, Nd,
Th)PO4), rutile (TiO2) and sulfides, including acanthite (Ag2S), chal-
copyrite (CuFeS2), covellite (CuS) and pyrrhotite (Fe1-xS). Two PGM
grains were identified in the hydro-separated concentrate of sample
LC4-4, one sperrylite (PtAs2) grain of 25 μm and a 15 μm Ru-Ir-Os-Pt-
Fe-Ni grain (Fig. 3). Also, micrometer-sized platinum-bearing particles
(Pt0 or Pt-Fe) were observed in the rim of porous chromite grains. Gold
grains were found in the 30–50 μm fraction and one grain was found in
the < 30 μm fraction, showing an average content of 80 wt% Au and
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Fig. 2. Geological map of the La Cabaña area in southern Chile, modified from González-Jiménez et al. (2016). The soil profile locations are showed as stars, from
north to south, profiles LC 2, LC 1, LC 4, P.CBS and P.FOR, respectively.
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20 wt% Ag (measured by SEM-EDS). In some cases, a few wt% Cu and
Pd were found in the Au grains. The rims of Au grains show Ag de-
pletion and Au refining, characterized by patchy textures and small
filaments (Fig. 3). Additionally, micrometer-sized native Au particles
were observed encapsulated within tremolite grains.

4.2. Bulk soil geochemistry

The major and trace element chemical analyses of soil and saprolite
samples from selected soil profiles are shown in Table 1. Figs. 4 and 5
display the chemical variations of selected major (Fe2O3(t), MgO, Al2O3,
SiO2), minor (Cr2O3, TiO2, MnO) and PGE (Pt, Pd and Ru) + Au as a
function of depth for two representative soil profiles, P.FOR and LC-4. In
general, upward enrichment (retention trend) is noted for Fe and Al, and
a progressive loss of Mg and Si is observed in the upper horizons, con-
trasting chemically the saprolite with the upper soil horizons. In profile

P.FOR (Fig. 4), these differences are well stablished, where the serpenti-
nite and saprolite have > 20 wt% MgO, while the limonitic and organic
matter rich upper soil horizons show < 5 wt% MgO. This geochemical
shift is coupled with the increase of Fe2O3 content up to 35.4 wt% and
SiO2 depletion to 20.7 wt% (Fig. 4). These variations correspond with an
increase of immobile elements such as Nb, Sc, Ti and Zr in upper soil
horizons (see Table 1). Soil profile LC4 shows similar major element
trends with depth, although variations are subtler than profile P.FOR
(Figs. 4 and 5). Profiles LC1 and LC2, have a similar trend with depth, but
with subtler variations than profile P.FOR. Soil profile P.CBS has much
less prominent chemical differences of major elements within soil hor-
izons, suggesting a lesser degree of weathering (Table 1).

Chromium (Cr2O3) contents in soil profile P.FOR (Fig. 4) vary from
0.14–0.28 wt% in bedrock and coarse saprolite, increasing to 2.77 wt% in
a mottled limonitic horizon (sample P.FOR-2, Table 1). This Cr-rich
horizon also contains higher contents of metals such as Co, Cu, Mn, PGE,

Fig. 3. FESEM and SEM images of PGM and Au grains found in polished monolayers of a hydro-separated concentrate from sample LC4–4. a) sperrylite (PtAs2); b)
Ru-Fe-Os-Ir-Ni grain surrounded by tremolite (tr) and ilmenite (ilm) grains; c) native gold grain with obscure triangle patch zones and small gold filament; d) native
gold grain with a gold-refined rim in which triangle shaped patch zones are noted (80 wt% Au and 20 wt% Ag measured at the grain center using EDS). e) Porous
chromite grain with a Pt-Fe nanoparticle in the rim; f) Zoom of the chromite grain and the Pt-Fe nanoparticle in e). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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REE and Sc (Fig. 4 and Table 1). Titanium (TiO2), on the other hand,
shows an upward increase in soil profiles, with a few hundred ppm in the
bedrock and reaching up to 1.3 wt% in the upper horizons (Fig. 4).
Phosphorus (P2O5) and Zr contents follow the same trend reported for Ti
(Table 1). In contrast, Mn contents do not follow a clear pattern with

depth, although this element is enriched in limonitic horizons in profiles
LC-1 and P.FOR (Fig. 4 and Table 1). In profile LC4 Mn content does not
vary with depth, although a Fe-Mn concretion with 2.88 Mn wt% is
present between the saprolite and the upper horizons (Table 1). Nickel
contents decrease towards the surface, showing a clear loss of this metal
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in the upper horizons. The Ni contents change from 1500 to 2000 ppm in
the bedrock to ~500 ppm in upper soil horizons, with the exception of
one less developed limonitic soil horizon (e.g., sample P.FOR-3) where a
slight increase in Ni content is observed (2370 ppm).

Total rare earth element (REE) contents are higher in the uppermost
horizons than in the serpentinite/bedrock and saprolite (Fig. 6,
Table 1). The highest contents are reached in the upper limonitic soil
horizons from profile P.FOR, with up to 98 ppm of total REE, con-
trasting with 4 ppm at the bottom of the profile (saprolite). Upper soil
horizons from profiles P.FOR, LC1 and LC2, have total REE contents
that are one order of magnitude higher than the serpentinite average
content. This difference is larger for light REE (LREE; La-Eu) compared
to heavy REE (HREE; Gd-Lu) contents, and is punctuated by a positive
Ce anomaly in the upper soil horizons (Fig. 6).

4.3. PGE and au contents

Total PGE contents of soil and saprolite samples from La Cabaña range
between 17 and 160 ppb (Table 1), with the highest values found in the
limonitic soil horizon from profile P.FOR (sample P.FOR-2). In profiles
LC2 and LC4, highest PGE (123 and 117 ppb respectively) contents were
found in clay-rich saprolite horizons (see profile LC4 in Fig. 5). Among all
PGE, Pd and Pt, have the higher contents in soils. Palladium contents
range from 2 ppb up to 87 ppb, followed by Pt contents from 4 up to
53 ppb. Ruthenium contents range from 3 to 39 ppb and the other PGE
(Os, Ir, Rh) are depleted in these profiles, sometimes below the detection
limit (1–5 ppb) (Figs. 4 and 5). It is relevant to note that poorly altered
coarse saprolite horizons (Samples LC 1–4 and P.FOR-4) represent the
bedrock PGE contents. Gold contents range between 3 and 29 ppb, with
slight variations throughout the soil profiles. Interestingly, in the profile
P.FOR, there is an increase of Au contents in the limonitic soil horizon, in
which Pt, Pd and Ru are also enriched (Fig. 4). In contrast, in profile LC4,
the Au content decreases from bottom to top (Fig. 5).

Chondrite-normalized PGE + Au contents in soil and saprolite sam-
ples, show an enrichment in the PPGE (Rh + Pt + Pd; Pt-group) and Au,
with respect to the serpentinite bedrock (Fig. 7a). Upper limonitic soil
horizons of profile P.FOR have also the PPGE enrichment pattern
(Fig. 7b), although patterns are less steep than saprolite enrichment
patterns of profile LC4.

4.4. Cr stable isotopes

The Cr stable isotope data of samples from La Cabaña are reported
in Table 2. All soil samples have negative δ53/52CrSRM979, within a range

of −0.089 ± 0.012‰ to −0.320 ± 0.013‰ (average of −0.178‰),
with the exception of sample LC4–5 (Fe-Mn concretion), which shows a
positive δ53/52CrSRM979 of +0.129‰.

The δ53/52Cr data show two distinct trends with depth (Figs. 4 and 5).
The first trend is represented by soil profiles LC2, LC4 and P.CBS, and is
characterized by progressively heavier δ53/52Cr values towards the top,
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with lighter values for saprolite at the base of the profile (Fig. 5). The
second trend, represented by soil profiles P.FOR and LC1, shows an inverse
pattern, with δ53/52Cr values decreasing towards the top, with lighter
compositions at the limonitic horizons (B horizons) (Fig. 4). A striking
feature of this second trend is how the δ53/52Cr values mirror the total PGE
and Au contents. In fact, the isotopically lighter values of δ53/52Cr are
coincident with the highest contents of PGE and Au along the profiles,
especially for Pt and Pd (Figs. 4 and 5, Tables 1 and 2).

5. Discussion

5.1. Degree of weathering of soil profiles

Magnesium and Si are main chemical components of ultramafic
rocks, and after weathering they are removed whereas Al and Fe tend to
be retained in the soil. This geochemical signature is related to the

breakdown of the parent rock mineralogy, followed by the development
of secondary minerals such as clay minerals and oxy-hydroxide phases.
In order to track the degree of chemical alteration of rocks, weathering
indexes are used to quantify the elemental remobilization and char-
acterize the degree of chemical alteration (Babechuk et al., 2014). The
Ultramafic Index of Alteration (UMIA, using molar ratios), proposed by
Aiglsperger et al. (2016) and the Index of Laterisation (IOL), in wt%
from Babechuk et al. (2014), are calculated as:
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+ + +
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Al O Fe O
SiO MgO A O Fe O
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These index values illustrate the weathering trend of ultramafic
rocks in ternary AF-S-M or A-F-SM diagrams (Al, Fe, Si, Mg respectively,
and Fig. 8). UMIA values of soil samples from La Cabaña range from
4.2% to 46.8% and IOL values range from 20.6% to 72.2%. The less
weathered, coarse saprolite samples (samples P.FOR-4 and LC 1–4)
resemble the bedrock contents with a small degree of weathering, and
the higher values are reached at upper limonitic horizons of profile
P.FOR, with all sampled profiles following a geochemical trend towards
Fe retention (Fig. 8). Overall, the calculated values, are in agreement
with an intermediate stage of weathering or moderately “laterised”
profile according to the classification proposed by Babechuk et al.
(2014).

As weathering progresses, laterite-type soils are formed, and metals
released at the weathering front can be incorporated into Fe-Al oxy-
hydroxide phases, clays, serpentine and chlorite-type minerals (Butt
and Cluzel, 2013). Additionally, residual accumulation of resistant
phases also plays an important role as a metal-retention mechanism in
lateritic soils (Bowles et al., 2017). At La Cabaña, these two mechan-
isms may explain the enrichment of precious and transition metals
observed in the clay saprolite in profiles LC2 and LC4 (Fig. 5, Table 1).
These profiles show a small degree of weathering and are characterized
by a high abundance of chromite, ilmenite, rutile and zircon grains in
the upper horizons. Furthermore, higher metal contents are noted in Fe-
rich soil horizons with characteristic red to yellow-brownish coloration.
These features are consistent with the degree of weathering (i.e., UMIA)
calculated at the particular depth in the P.FOR profile (Fig. 8) and with
the enrichment observed for immobile elements such as Ti, Zr, Hf, Nb

Table 2
Cr stable isotope data reported in δ notation from selected soil samples. Errors
reported as 2 standard errors.

Sample Sample type δ53/52Cr 2SE

LC1-1 Soil −0.105 0.009
LC1-2 Soil −0.138 0.013
LC1-3 Soil – –
LC1-4 Coarse saprolite −0.097 0.014
LC2-1 Soil −0.013 0.007
LC2-2 Soil −0.161 0.017
LC2-5 Coarse saprolite −0.169 0.009
LC4-1 Soil −0.167 0.011
LC4-2 Soil −0.209 0.013
LC4-3 Soil −0.230 0.012
LC4-4 Clay saprolite −0.317 0.010
LC4-5 Fe - Mn Concretion 0.129 0.013
P.FOR-1 Soil −0.205 0.012
P.FOR-2 Soil −0.234 0.013
P.FOR-3 Soil −0.135 0.007
P.FOR-4 Coarse saprolite −0.089 0.020
P.CBS-1 Coarse saprolite – –
P.CBS-2 Coarse saprolite −0.320 0.012
P.CBS-3 Saprolite −0.279 0.011
P.CBS-4 Soil −0.210 0.009
P.CBS-5 Soil −0.128 0.011
P.CBS-6 Soil −0.177 0.011
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and Sc, towards upper horizons (Table 1).
Mass balance calculations using tau(τ) factors allow quantifying

mass gains and losses of individual chemical elements (Brimhall and
Dietrich, 1987; Anderson et al., 2002; Brantley and Lebedeva, 2011)
relative to fresh parent rock at La Cabaña. The τ factors were calculated
using:

=
C C
C C

/
/

1;i j
j s i s

j p i p
,

, ,

, ,

where “Cj,s” is the concentration of an element “j”, against the con-
centration of, an immobile element “i” “Ci,s” in the soil, normalized by
the concentrations of the same elements in the unaltered parent rock
(Cj,p and Ci,p). Tau values for Cr against Sc and Ti concentrations are
reported in Table 1. Parent rock contents of Cr, Sc and Ti are obtained
from data previously reported in González-Jiménez et al. (2016), and
also considering contents of the less weathered samples LC 1–4 and
P.FOR-4. The τSc,Cr show in general, negative values, despite the in-
crease in Cr concentrations in most of the soil horizons. These results
point to a progressive Cr loss in these soils, although the presence of
resistant chromite and Cr-magnetite grains suggest relatively slow dis-
solution kinetics in comparison to other primary phases such as olivine
or pyroxene. τTi,Cr values are in agreement with Sc normalized values
for profiles P.FOR and LC1, but on the other hand show an opposite
trend for profiles LC2 and LC4, where isotopically lighter soil horizons
do not have the more negative τTi,Cr values. These differences suggest
that resistant minerals (e.g., Fe-Ti oxides, chromite) could be residually
accumulated in these profiles, and hence, buffer the Cr isotopic signal.

The chemical patterns observed in the soil profiles at La Cabaña are
similar to those reported in more mature lateritic soils, and seem to be
controlled by the bedrock lithology, the intensity of weathering and the
geomorphological context of the soil profiles (Freyssinet et al., 2005).
However, it is important to note that weathering at La Cabaña is in-
cipient and does not show the advanced stages typical of tropical la-
terites in stable tectonic regions (Thorne et al., 2012; Butt and Cluzel,
2013; Babechuk et al., 2014; Aiglsperger et al., 2016). Despite these
limitations, our findings provide insights into the incipient weathering

processes affecting ultramafic rocks, and their impact on PGE enrich-
ment and Cr stable isotope fractionation, which are discussed in the
next sections.

5.2. PGE and Au enrichment in soils

The noble metal enrichment observed in these soils does not reach
the economic grades reported, for example, in Ni laterites of Cuba,
Dominican Republic or New Caledonia (Traoré et al., 2008a;
Aiglsperger et al., 2015; Aiglsperger et al., 2016). However, PGE and Au
enrichment at La Cabaña is noteworthy considering the incipient degree
of weathering. The bulk geochemistry of the soil profiles developed
above ultramafic rocks at Centinela Bajo reveals different trends of
metal enrichment or depletion, showing distinct chemical signals
among soil horizons (Figs. 4 and 5). PGE contents in the soils are higher
than in the parental rocks, most notably for Pt and Pd (Fig. 7). This
enrichment follows two different trends, a saprolite enrichment trend in
profiles P.CBS, LC2 and LC4 (Fig. 5), and an upward enrichment trend
with higher PGE + Au contents in limonitic soil horizons for profiles
LC1 and P.FOR (Fig. 4). In the particular case of sample P.FOR-2 from
the P.FOR profile, the total PGE content reaches up to 160 ppb, ap-
proximately five times the original bedrock contents. This increase is
coupled with an increase in Au, Co, Cr, Cu, Fe, Mn, Sc, and REE con-
tents along the aforementioned profile, also corresponding with the
highest calculated degree of weathering (UMIA ~46.8%, Table 1). In
contrast, sample LC4-4 from profile LC4 reaches 117 ppb total PGE, but
it is not related with high UMIA values. Also, almost no Ir, Os, Ru and
Rh are present in LC4 profile, with PGE, Au and Cu contents decreasing
towards the top (Table 1 and Fig. 5).

These geochemical trends may reflect local changes in redox con-
ditions in the soil pore space due to rainfall seasonality and long-term
precipitation variability, which may affect weathering reactions in La
Cabaña. These changes may have an impact on solution-phase re-
actants, specifically the concentrations of protons, complex (in)organic
ligands, and oxidizing or reducing equivalents (Perdrial et al., 2015).
Also, some of these changes may be affected by biological activity and
the nature of the vegetation cover (e.g, native vs. pine forest). It is re-
levant to mention that pine plantations developed above P.FOR in the
south end of Centinela Bajo (Fig. 2) may have enhanced higher
weathering rate at this location, explaining the higher UMIA values in
the upper horizon of this profile. Several studies have documented that
leaf litter of species from the genus Pinus contains different chemical
compounds (e.g., high and low molecular weight organic acids) that
can act as acidifying agents, enhancing the chemical weathering of
primary minerals (Becerra and Montenegro, 2013; Casanova et al.,
2013; Perdrial et al., 2015; Pawlik et al., 2016). However, it is more
likely that differences in the degree of weathering at La Cabaña might
reflect other factors, including complex tectonic/uplift and climatic
feedbacks, which need to be evaluated in detail but are beyond the
scope of this paper.

Of particular interest is the relatively high Pd contents in soils at La
Cabaña. Fig. 9 shows an Eh vs. pH diagram of Pd species under surface
stream water conditions. The gentle slope of the equilibrium between
Pd aqueous species Pd+2(OH)2(aq) and a solid phase (Pd(s)) suggests a
strong redox control on Pd mobility, with Pd most likely forming hy-
droxide species (Pd(OH)2) in oxidizing environments such as runoff
waters, freshwater and soil solutions (Wood, 1991; Wood et al., 1992;
van Middlesworth and Wood, 1999; Azaroual et al., 2001; Colombo
et al., 2008; Kubrakova et al., 2011; Reith et al., 2014). The role of pH
on Pd release and mobility is less clear, although according to the Eh vs.
pH diagram its influence would be limited when compared to redox
potential. However, detailed studies of soil and porewater pH must be
conducted in the area to evaluate the variations in soil pH above ul-
tramafic blocks, which is estimated to vary between 5 and 5.9 in lo-
cations in the Coastal Range close to the study area (Casanova et al.,
2013). If ammonia species are present, they could also play an
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important role in Pd and Pt mobilization under these conditions
(Colombo et al., 2008; Reith et al., 2014). Platinum, may also form
aqueous hydroxide species, but is less mobile than Pd at surface en-
vironments due to the higher oxidation potential to enter into solution
(Sassani and Shock, 1998; Colombo et al., 2008; Reith et al., 2014). The
relatively soluble behavior of Pd (and to a lesser extent Pt) at near-
surface conditions suggests that Pd may be liberated during the initial
stages of weathering from host minerals (PGM, Fe-Ni sulfides and na-
tive Au), to be incorporated into pore water as, e.g., Pd2+(OH)2(aq)

species and then partially mobilized throughout the soil. This may re-
sult in Pd (and Pt) being incorporated or trapped onto clay and oxy-
hydroxide-rich soil horizons, or being reduced by Mn or organic matter
compounds, due to their high surface area and highly negatively
charged interfaces (Bowles, 1986; Gray et al., 1996; Traoré et al.,
2008b; Cabral et al., 2011; Kubrakova et al., 2011; Aiglsperger et al.,
2015; Aiglsperger et al., 2016). FESEM and SEM observations of heavy
mineral concentrates of sample LC4-4 show the presence of Pt minerals
(sperrylite and Ru-Os-Ir-Pt-Fe; Fig. 3) and Pt particles associated with
porous chromite grains, although no Pd-bearing minerals were ob-
served. In addition, higher Pt contents correspond with higher Sc con-
tents (Table 1), which is a highly immobile element in surficial en-
vironments, suggesting that Pt is residually enriched, and is retained as
a more resistant phase during weathering. The more soluble Pd, in
contrast, is most likely incorporated into very fine grained mineral
fractions (Fe hydroxides or clays; Gray et al., 1996; Traoré et al.,
2008b), also explaining the difficulty of finding Pd-bearing minerals in
soils (Gray et al., 1996).

The morphology and textures of the gold grains found in the sample
LC4–4 are characterized by Au refinement towards the rims (Fig. 3).
Such textures and chemical features (i.e., lower Ag content) are at-
tributed to the relatively high solubility of Ag compared to Au in oxi-
dizing environments, leading to Ag loss and Au purification (Bowles,
1986, Craw and Lilly, 2016; Stewart et al., 2017, and references
within). Considering that the observed gold grains still contain Ag
(80 wt% Au–20 wt% Ag) and even some Cu in the cores, it is likely that
they were recently liberated from their host rocks, or they were trans-
ported only a short distance from the source (Yang et al., 2009; Reith
et al., 2012; Stewart et al., 2017). Therefore, the “bulk” Au chemical
content of soil horizons at La Cabaña may be related to newly formed
Au particles that were further encapsulated by goethite and/or Fe-Mn
oxy-hydroxides (Yang et al., 2009, and reference therein).

5.3. Cr isotope isotopes as monitors of PGE enrichment

Since chromium is predominantly hosted by chromite in the ultra-
mafic rocks at La Cabaña, the δ53/52Cr values of the less weathered
samples, i.e., low UMIA values (Tables 1 and 2) were taken as the
primary isotopic signature of the parent rock (P.FOR-4:
−0.089 ± 0.02‰ and LC 1–4: −0.097 ± 0.014‰). These values
resemble the global mean value for chromite of δ53/

52Cr = −0.082 ± 0.065‰ (Schoenberg et al., 2008; Farkaš et al.,
2013), and are close to the δ53/52Cr value of −0.124 ± 0.101‰ re-
ported for silicate Earth reservoirs or the igneous inventory
(Schoenberg et al., 2008; Schoenberg et al., 2016). Hence, it is im-
portant to note that the δ53/52Cr values of the studied soils are at least
partially buffered by the primary chromite and Cr-rich magnetite grains
remaining in the soils (Fig. 5). However, the two distinctive trends of
δ53/52Cr vs. depth reported here indicate that soil horizons with the
highest PGE contents have the lightest δ53/52C values (Figs. 4 and 5).

During weathering, chromium is released from chromite most likely
as Cr+3(OH)3(aq). This compound, could be later oxidized to form
chromate species (e.g., CrO4

2−) and either be mobilized out of the soil
or back reduced and retained by clay minerals and Fe-Al oxy-hydroxide
phases during pedogenesis (D'Arcy et al., 2016; Babechuk et al., 2017;
Wille et al., 2018 and references therein). The immobilization of Fe and
Al in secondary phases, may also influence the retention of other metals

such as Mn, and in some cases, even Pd and Pt (Gray et al., 1996;
Aiglsperger et al., 2015). Such interplay of mechanisms of redox
transformations and progressive development of secondary phases, are
likely to produce isotopic fractionation in modern soils, as reported in
previous studies, where the δ53/52Cr values of soils deviate from the
bedrock isotopic signal both to lighter and heavier Cr compositions
(i.e., δ53/52Cr ranging from −1.29 to 0.5‰; Berger and Frei, 2014;
Paulukat et al., 2015; D'Arcy et al., 2016; Novak et al., 2017; Wille
et al., 2018). It is well documented that Cr isotopes do not significantly
fractionate during oxidation from Cr(III) to Cr(VI) (Izbicki et al., 2008;
Zink et al., 2010). However, the reduction of Cr(VI) to Cr(III) leads to
isotopic fractionation in the per mil range on the 53Cr/52Cr ratio (Ellis
et al., 2002; Schoenberg et al., 2008; Zink et al., 2010; Døssing et al.,
2011). For this reason, as chromite is weathered and PGE are liberated
and subsequently re-concentrated due to redox changes during soil
formation, it is likely that such oxidation-reduction reactions have an
impact on 53Cr/52Cr ratios. Thus, repeated cycles of Cr partial oxidation
and partial back-reduction in the soil influence the δ53/52Cr signal of the
PGE-enriched soil.

Fig. 10 shows that the highest Pd, Pt, Au and PGE contents are re-
lated to the lightest δ53/52Cr signatures. Chromite in the bedrock has
relatively low Pd contents, as reported by González-Jiménez et al.
(2014a) and González-Jiménez et al. (2016). However, palladium is the
most enriched PGE in soils at La Cabaña (Fig. 7), suggesting that Pd
liberation and sorption may be related with similar redox mechanisms
that affect the liberation/retention of Cr in soils. Experimental data
show that Cr reduction by Mn oxy-hydroxides produces a measurable
isotopic fractionation towards negative δ53/52Cr values (Schoenberg
et al., 2008; Zink et al., 2010). This effect is not restricted to Mn-bearing
secondary phases as Fe-bearing species (e.g., magnetite) may cause si-
milar Cr isotopic fractionation (Ellis et al., 2002; Døssing et al., 2011).
Considering also that native Au and Pt particles are related with the
porous chromite rims and the secondary fine grained PGE mineraliza-
tion is likely related with the presence of Fe-Mn oxy-hydroxides (Gray
et al., 1996; Aiglsperger et al., 2015; Aiglsperger et al., 2016), we argue
that the correspondence between lighter δ53/52Cr values and Pd, Pt, Au
and total PGE enrichment observed in Fig. 10 is a geochemical signal
that monitors the progress of chromite weathering and dissolution, and
the amount of Pd and Cr (VI) scavenged by secondary phases in soils
such as Fe-Mn oxy-hydroxides.

Studies have shown that when Cr(III) is oxidized and is incorporated
into solution as Cr(VI) chromate complexes (CrO4

2−), an isotopically
heavier Cr fraction is mobilized leaving a progressively lighter residual
δ53/52Cr signature (Frei et al., 2009; Frei et al., 2014). However, it is
important to note that the oxidation mechanisms and pathways are not
well constrained and further experimental studies are needed (Izbicki
et al., 2008; Zink et al., 2010; Døssing et al., 2011). This possible oxi-
dation pathway may leave an isotopically light Cr signal in soil hor-
izons, which may be augmented if an additional back-reduction of so-
lubilized Cr (VI) species modulated by Mn oxides occurs (Ellis et al.,
2002; Schoenberg et al., 2008; Zink et al., 2010; Døssing et al., 2011).
This mechanism could explain, for example, the δ53/52Cr signature of
P.CBS profile, which is an inceptisol with poor development where Mn
oxy-hydroxide crusts are observed in the saprolite. Nevertheless, the
formation of Fe oxy-hydroxides phases in upper soil horizons, which
have high Cr adsorption capacity, may be responsible for the additional
back-reduction of Cr if reducing agents are present (e.g., Fe(II)aq;
Døssing et al., 2011), contributing to the lighter δ53/52Cr signatures in
samples with higher Cr contents (e.g., profile P.FOR).

We favor a scenario in which both mechanisms, i.e., oxidation of Cr
(III) and back-reduction of Cr(VI), result in soil deviating from the
homogeneous δ53/52Cr value of chromite/bedrock (here taken as δ53/

52Cr − 0.089 ± 0.02‰ indistinguishable of δ53/52Cr − 0.082
± 0.065‰ by Schoenberg et al. (2008)). In Fig. 11, the τSc,Cr and τTi,Cr

values are plotted against the δ53/52Cr data. The results show that
lighter δ53/52Cr values are mostly related with negative τCr values, i.e.,

J. Rivera et al. Chemical Geology 499 (2018) 84–99

96



higher Cr loss. This suggests that Cr is being removed from the La Ca-
baña soils, despite the fact that low rates of chromite dissolution and
high initial Cr contents may produce a relative enrichment with respect
to other elements. The negative τCr values corresponding with the
lightest δ53/52Cr values support an oxidative weathering model of Cr
fractionation (Frei et al., 2009; Frei and Polat, 2013), which produces
an isotopic shift to lighter δ53/52Cr values, controlled by the amount of
Cr retained at soils as a result of sorption effects modulated by Fe and
Mn oxy-hydroxides.

Similar redox-controlled mechanisms have been proposed to explain
the stable chromium signatures that are reported in modern soils
(Berger and Frei, 2014; Frei et al., 2014; D'Arcy et al., 2016). Even

though such mechanisms also explain the slightly positive δ53/52Cr
values reported for surficial waters (Izbicki et al., 2008; Frei et al.,
2014), further studies are still needed to clarify seasonal effects on δ53/

52Cr values of soils and runoff (Novak et al., 2017). Additionally, open-
system removal of isotopically light aqueous Cr(III) during pedogenesis
has been invoked to explain the δ53/52Cr signature of paleosols where
oxidation of Cr(III) and loss of isotopically heavy Cr(VI) is not easily
modeled (Babechuk et al., 2017), and recently, non-redox fractiona-
tions are reported between Cr(III)-Cl-H2O aqueous complex (Babechuk
et al., 2018) and inorganic ligand promoted dissolution (Saad et al.,
2017). Therefore, it is important to keep in mind that the isotopic
fractionation of Cr may not be exclusively restricted to redox reactions,

0

10

20

30

40

50

60

70

80

90

100

-0.35 -0.25 -0.15 -0.05 0.05

53/52Cr ‰

LC 1 LC 2 LC 4 PFOR PCBS

0

5

10

15

20

25

30

35

-0.35 -0.25 -0.15 -0.05 0.05

53/52Cr ‰

LC 1 LC 2 LC 4 PFOR

0

10

20

30

40

50

60

-0.35 -0.25 -0.15 -0.05 0.05

53/52Cr ‰

LC 1 LC 2 LC 4 PFOR PCBS

0

20

40

60

80

100

120

140

160

180

-0.35 -0.25 -0.15 -0.05 0.05

53/52Cr ‰

LC 1 LC 2 LC 4 PFOR

P
d 

(p
pb

)
P

t (
pp

b)

)b pp(
u

A
) bpp(

E
G

Pl ato T

)b)a

d)c)

Fig. 10. a, b, c, d) show plots of δ53/52Cr against Pd, Au, Pt and total PGE content, respectively. The lighter δ53/52Cr signature of soil horizons corresponds with higher
Pd, Pt, Au, and total PGE concentrations.
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as widely assumed, and thus non-redox effects should be also taken into
consideration in future studies.

6. Concluding remarks

The results presented in this study point to similar metal enrichment
patterns as reported for traditional “laterites” developed above ultra-
mafic bodies in tropical latitudes (e.g., Aiglsperger et al., 2015;
Aiglsperger et al., 2016). Our data show that the degree of weathering
of the La Cabaña soils correspond to an early to intermediate stage of
weathering compared to the traditional tropical laterite deposits.
Nevertheless, these results provide evidence that important weathering
and metal enrichment are not only restricted to tropical latitudes. In
fact, pedogenetic processes operating at La Cabaña are capable of in-
creasing the total PGE content of specific soil horizons by several times
with respect to the parent rock. This enrichment is not ubiquitous in the
study area and seems to be controlled by the parental rock type, the
extent of weathering, the geomorphological context of the soil profiles
and the type of vegetation. It is important to note that the active tec-
tonics of the Chilean margin is another factor that may impact soil rate
formation, modifying weathering/erosion ratios and rearranging the
weathering fronts. Future studies should also address the impacts of the
recent uplift history of the Coastal Range on soil development.

Chromium isotope systematics were used here as a soil redox proxy
due to well-documented fractionation of Cr(VI) to Cr(III) during re-
duction (Ellis et al., 2002; Schoenberg et al., 2008; Frei et al., 2009;
Zink et al., 2010; Frei et al., 2014), which generates a fractionation
towards lighter isotopic signatures. Measured δ53/52Cr values show
slight variations among the soil profiles (−0.320 to −0.089‰), but
most importantly, in Fe-Mn-rich soil horizons, where more negative
δ53/52Cr values correlate with PGE and Au enrichment and the intensity
of weathering. These results point to a strong redox control on the
mobility and sequestration of PGE in the surficial environment, possibly

modulated by the presence of Fe-Mn oxy-hydroxides. The results ob-
tained in this study show that Cr stable isotopes, when used in com-
bination with detailed mineralogical and geochemical studies, are a
powerful tool for understanding redox cycles during weathering, and
the role of secondary phases as potential sinks of important amounts of
precious metals in supergene profiles.
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