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event, confirming previous thermodynamic predictions. 
Understanding these complex features is of particular inter-
est due to the fact that changes in temperature and variable 
degrees of fluid/rock interaction during metamorphism 
and intrusion have also significantly affected the chromite-
hosted IPGE carrier phases. Here, we propose that the 
metamorphic fluids involved in the hydrous metamorphism 
have caused the desulphurization of laurite RuS2, releas-
ing minute particles of Ru–Os–Ir alloys <50 nm in diam-
eter. The following short-lived thermal event that promoted 
dehydration in the chromitite had the opposite effect on 
nanoparticle stability, producing a significant coarsening 
of metal nanoparticles to dimensions larger than a micron. 
Based on such observations, we argue that IPGE nanoparti-
cles can be exsolved and grown (or coarsen) from sulphide 
matrices during prograde metamorphism or heating and not 
exclusively upon cooling under magmatic conditions as it 
has been previously suggested. These results provide new 
insights on the relevant role of temperature and nanopar-
ticle–host interaction phenomena in natural systems, shed-
ding new light on the kinetic controls of nano- to micron-
scale IPGE particle distributions during metamorphism.

Abstract  The Loma Baya complex in south-western 
Mexico is a volume of chromitite-bearing oceanic mantle 
that records a complex metamorphic history, defined by 
a first stage of hydrous metamorphism overprinted by a 
short-lived thermal event associated with an Eocene gran-
ite intrusion. During the hydrous metamorphism, the pri-
mary magmatic chromite–olivine assemblage was replaced 
by a secondary, porous intergrowth of Fe2+-rich chromite 
and chlorite. The heat supplied by an Eocene-age granite 
intrusion reversed the hydration reaction, producing chro-
mite rims with perfectly developed crystal faces. This third-
generation chromite is in equilibrium with highly mag-
nesian (neoformed) olivine and defines a chemical trend 
analogous to the original magmatic one. The preservation 
of both reactions in the Loma Baya chromitite provides 
compelling evidence that the hydration of chromite can be 
reversed by either prograde metamorphism or any heating 
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Introduction

A large body of data on platinum-group element (PGE) 
concentrations in basalts and komatiites allow predicting 
that Ir, as well as Ru and Os, are compatible with mantle 
minerals, playing sulphides and alloys the main role as host 
phases (e.g. Rëhkamper et al. 1999; Barnes and Fiorentini 
2008; Park et al. 2013). This is consistent with experimen-
tal data showing that IPGE-bearing alloys and sulphides 
can form at mantle conditions (Brenan and Andrews 2001; 
Andrews and Brenan 2002; Brenan 2002; Bockrath et  al. 
2004a, b; Pruseth and Palme 2004; Fonseca et  al. 2012) 
and with the fact that these minerals are commonly found 
in both exposed mantle fragments (i.e. peridotite massifs 
or abyssal peridotites; Mitchell and Keays 1981; Ohnen-
stetter 1992; Hutchinson et  al. 1999; Lorand et  al. 1999, 
2010; Luguet et al. 2001, 2004, 2007) and mantle xenoliths 
(Alard et al. 2000, 2002, 2011; Wang et al. 2009). The Re–
Os isotopic systematics of IPGE-rich sulphides and alloys 
occurring as inclusions in chromitites from oceanic mantle 
have been used to track the geochemical evolution of the 
upper convecting mantle (e.g. Malitch 2004; Ahmed et al. 
2006; Shi et  al. 2007; Marchesi et  al. 2011; González-
Jiménez et al. 2012a, 2013a, 2014). However, a large body 
of analytical and experimental evidence indicates that the 
chromitites may undergo significant alteration during meta-
morphism (Evans and Frost 1975; Burkhard 1993; Barnes 
2000, 2001; Zaccarini et al. 2005; Mukherjee et al. 2010; 
Saumur and Hattori 2013; Barra et  al. 2014). Commonly, 
hydrous alteration of chromite during metamorphism can 
lead to open-system conditions that may significantly dis-
turb the original IPGE signatures in chromitite (Mondal 
et al. 2007; González-Jiménez et al. 2012b).

The most significant metamorphic modification of chro-
mite is probably the formation of homogeneous, Fe3+-rich 
rims (i.e. ferrian chromite) that often overgrow Fe2+-rich 
porous chromite, defining a characteristic pattern of zon-
ing that is interpreted to be the result of either prograde 
(Bliss and MacLean 1975; Evans and Frost 1975; Barnes 
2000; González-Jiménez et  al. 2009; Merlini et  al. 2009; 
Saumur and Hattori 2013) or retrograde metamorphism 
(Proenza et  al. 2004; Mellini et  al. 2005; Gervilla et  al. 
2012; Barra et  al. 2014; Merinero et  al. 2014). However, 
thermodynamic modelling has recently shown that Fe2+-
rich porous chromite results from re-equilibration between 
igneous chromite and matrix olivine during the hydration 
of chromite-bearing ultramafic rocks (Gervilla et al. 2012; 
Barra et  al. 2014). Therefore, the development of Fe2+-
rich porous chromite is a prerequisite for the formation of 

ferrian chromite via diffusion of Fe3+ into the pores of the 
previously formed porous chromite (Gervilla et al. 2012).

As noted above, the development of such porosity can 
have a significant impact on the stability of chromite-
hosted IPGE carriers because it enhances fluid infiltration 
(González-Jiménez et  al. 2012b, 2013b). In chromitites 
from the oceanic mantle, grains of laurite–erlichmanite 
(RuS2–OsS2) solid solutions are the main host phases for 
IPGE (González-Jiménez et  al. 2014). The reaction of 
these magmatic laurites with metamorphic fluids usually 
produces secondary rims and/or nanometre to micrometre-
sized inclusions of either (Os–Ir poor) Ru and/or (Ru poor) 
Os–Ir alloys via in  situ desulphurization (Prichard and 
Tarkian 1988; McElduff and Stumpfl 1990; Nilsson 1990; 
Prichard et  al. 1994, 2008; Zaccarini et  al. 2005; Ghorfi 
et al. 2008; González-Jiménez et al. 2010). Previous com-
pilations of electron microprobe analyser (EMPA) data of 
micron-sized grains of (Os–Ir poor) Ru alloys associated 
with S-deficient laurites in metamorphosed chromitites 
have shown that these particles have Ru/(Ru +  Os +  Ir) 
ratios identical to those of the coexisting (precursor) mag-
matic laurite, suggesting that they represent metallic “resi-
dues” after the selective leaching of Os, Ir and S from the 
sulphide (e.g. Stockman and Hlava 1984; Torres-Ruiz et al. 
1996; Garuti and Zaccarini 1997). It has also been sug-
gested that Os and Ir are released immediately after nuclea-
tion, based on the occurrence of nano- to micron-sized 
alloys at the reaction fronts, edges or margins of the larger 
precursor laurite grains (Zaccarini et al. 2005; Ghorfi et al. 
2008; González-Jiménez et  al. 2010). Note that the pre-
fix “nano” is used in this work as a general term for fine 
particles or inclusions with sizes between 1 and 999  nm 
(the size below 1 μm) according to the conventional met-
ric scale (i.e. measure of 10−9 units), rather than the sensu 
stricto definition of nanoparticle as those smaller than 
100 nm (and larger than 1 nm) on the basis of the changes 
in the physical-chemical properties of the material (e.g. 
Hochella et al. 2008; SCENIHR 2010).

Recently, an increasing number of studies have reported 
the formation of nanocluster precursors and nanoparti-
cles of PGEs under magmatic conditions (Bockrath et  al. 
2004a; Ballhaus et al. 2006; Finnigan et al. 2008; Kogiso 
et  al. 2008; Helmy et  al. 2013; Wirth et  al. 2013; Junge 
et al. 2015). In their pioneering studies on the PGE–chro-
mite–sulphide system, Bockrath et  al. (2004a) and Ball-
haus et  al. (2006) documented the formation of nanopar-
ticles of metallic Ru and Ir below the liquidus temperature 
(1200–1360  °C) in low-pressure (0.5 GPa) experiments. 
As a possible mechanism for the formation of such nanoal-
loys, Mungall (2002) and Finnigan et al. (2008) suggested 
that the IPGE alloys precipitated in response to small local 
perturbations in fO2 of the parental melt. Reduction of the 
melt around the crystallizing chromite (by preferential 
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partitioning of Fe3+ and Cr3+ into the oxide phase) caused 
saturation in the most easily oxidized PGEs (Os, Ir, Ru) in 
the melt, which precipitate as metallic nanoparticles. Some 
authors have argued that these nanoparticles would be pre-
cursors of larger PGM sulphides (e.g. laurite) by reaction 
with S upon local increases of fS2 in the melt (Tredoux 
et al. 1995; Bockrath et al. 2004a; González-Jiménez et al. 
2009, 2012a, 2014). An alternative view suggests that the 
formation of IPGE-bearing sulphides and alloys (either of 
nano- or micron-sized) is related to the desulphurization 
of base-metal sulphides during partial melting at high tem-
perature (Nakagawa and Franco, 1997; Peregoedova et al. 
2004; Fonseca et al. 2012). In this model, a series of small 
events of melt extraction and melt-rock reaction may pro-
duce a progressive but stepped sequence of decreasing fS2 
in the mantle source region, promoting the breakdown of 
PGE-bearing base-metal sulphides into “residual” PGM 
sulphides (e.g. laurite), and to a major extent IPGE-bearing 
alloys (Shi et al. 2007; González-Jiménez et al. 2014).

However, unlike igneous systems where such studies 
are available, no information is currently available on the 
behaviour of IPGE nanoparticles at lower temperatures. 
Our current understanding of the stability of noble-metal 
nanoparticles under, e.g., metamorphic conditions typi-
cal of hydrous alteration of chromite and (hence) laurite 
relies almost exclusively on field studies, since only few 
experimental constraints are available (cf. Foustoukos et al. 
2015). In particular, there is little knowledge on how size-
confinement effects—i.e. changes in physical and chemical 
properties arising at the nanoscale—control the stability 
of noble-metal nanoparticles hosted by mineral phases at 
temperatures typical of the deep crust. Therefore, there is 
still great uncertainty on the details of the mechanisms that 
form IPGE metal particles and how they are preserved in 
the geological record.

Studies reporting the behaviour of noble metals in min-
erals analogue to laurite, e.g. pyrite, might provide a first 
approach to the problem of the formation/preservation of 
nanoparticles of IPGE alloys in natural laurites. In one of 
the very few studies reporting thermal stability of metal 
nanoparticles under crustal conditions, Reich et al. (2006) 
documented dramatic changes in the thermodynamic 
behaviour of gold nanoparticles incorporated in arsenian 
pyrite from refractory Au ores, thus confirming a relevant 
role for temperature-dependent nanoscale phenomena 
in geological systems. Native Au nanoparticles averag-
ing ~4 nm in diameter were observed under the transmis-
sion electron microscope (TEM) during in  situ heating to 
~650  °C, showing that (1) gold nanoparticles remained 
unchanged from room temperature up to 370 °C, whereas 
(2) larger particles grew at the expense of smaller ones in 
an Ostwald-type ripening process above the aforemen-
tioned temperature. At 650  °C, only three nanoparticles 

(~30–35 nm) survived in the area of observation, formed by 
coarsening from the initial distribution of 115 particles of 
~4 nm diameter. Upon cooling from 550 °C to room tem-
perature, the particle growth processes were not reversed 
(Reich et al. 2006). Therefore, observations show that com-
plete ripening of noble-metal nanoparticles (i.e. the final 
formation of a single large metal particle from a starting 
array of nanoparticles) may require temperatures of >550–
600 °C to reach completion, setting an upper temperature 
and size limit for the occurrence of nanoparticulate Au in 
refractory sulphides.

In summary, naturally formed metal nanoparticles are 
subject to size and host effects that alter their thermal sta-
bility and control their occurrence in the geological record. 
Furthermore, the experiments by Reich et  al. (2006) pro-
vide evidence that noble-metal nanoparticles can remain 
stable under higher temperatures within well-constrained 
conditions of temperature versus particle size. Therefore, 
and irrespective of the nature of the nanoparticle–host 
system, the size distribution of nanoparticles in refractory 
minerals may be considered as “snapshots” of transient 
regimes and may provide additional insights into the ther-
mal history of the host rocks.

In this paper, we show evidence for the strong effect of 
temperature and mineral host alteration on the stability of 
noble-metal nanoparticle under metamorphic conditions. 
We make the first attempt to explain the formation and 
later preservation of nanoparticles of Ru–Os–Ir alloys 
in laurite from chromite-bearing rocks at Loma Baya, 
Mexico. This site is a key locality to study these effects 
because IPGE nanoparticle-bearing laurite grains have 
been modified by hydrous metamorphism followed by a 
superimposed short-lived thermal event. By combining 
mineralogical observations with geochemical data and 
thermodynamic modelling, we show that prograde meta-
morphism (or a heating event) superimposed on a porous 
Fe2+ chromite–chlorite assemblage gave rise to a new 
chromite assemblage and promoted significant changes 
in the IPGE-bearing hosts. This scenario provides a 
unique opportunity to compare the effects of thermal 
metamorphism on the composition of chromite and to 
explore how changes in temperature and variable degrees 
of fluid–rock interaction can impact the distribution of 
PGEs within chromite-hosted IPGE carrier phases. We 
also explore the potential effects of temperature, particle 
size and the texture of the host mineral on the stability of 
nanometre- to micrometre-sized particles of IPGE alloys 
in laurite. By constraining a general framework of nan-
oparticle-stability conditions, we aim to provide broad 
evidence of the relevant role of temperature and nanopar-
ticle–host interaction phenomena and shed new light on 
the kinetic controls of small-scale IPGE distribution dur-
ing metamorphism.
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Geological background

The samples used in this study are massive chromitites 
from the Loma Baya ultramafic–mafic complex and were 
carefully selected since the chromite crystals have pre-
served the microstructural and chemical changes produced 
by metamorphism better than accessory chromite dissemi-
nated in the peridotites.

The Loma Baya ultramafic–mafic complex (~2 km long 
and 750  m wide) lies within the Zihuatanejo subterrane at 
the southernmost border of the Guerrero composite ter-
rane (GCT), in the state of Guerrero, south-western Mexico 
(Fig. 1). It is one of the several mafic–ultramafic complexes 
of ophiolitic affinity that contain chromitite deposits along 
the boundaries of the GCT on the Pacific coast of Mexico 
(Ortiz-Hernández et  al. 2006; Camprubí 2013). The Loma 
Baya ultramafic complex represents a portion of obducted 
subarc upper mantle, which probably formed in an intra-
oceanic island arc developed during Late Jurassic to Early 
Cretaceous time along the palaeo-Pacific coast of Mexico 
(Mendoza 2000; Mendoza and Suastegui 2000; Ortiz-
Hernández et al. 2006). Petrographic observations and min-
eral chemistry data on metasedimentary and metavolcanic 
rocks spatially associated with ultramafic rocks indicate that 
these rocks underwent early recrystallization during subduc-
tion at high pressure and low temperature (HP–LT) within 
the blueschist facies (200–330 °C and 0.5 to 0.7 GPa; Men-
doza and Suastegui 2000). Metaultramafic rocks, chromitites 
and metamorphic rocks underwent a second stage of meta-
morphic re-equilibration (up to the amphibolite facies) dur-
ing subsequent thermal metamorphism due to the intrusion 
of mid-Tertiary granites (Mendoza and Suastegui 2000).

The ultramafic portion of the Loma Baya complex con-
sists of lenses of metadunite within porphyroclastic meta-
harzburgite; both were almost completely transformed to 
foliated serpentinites (i.e. schistose metaharzburgite) due 
to strong shearing and faulting. The mineral assemblages 
of these rocks consist mainly of antigorite with variable, 
although generally minor amounts of metamorphic olivine 
(~Fo0.96; Table 1 of Supplementary material), tremolite, talc, 
chromium clinochlore and Cr-rich magnetite (up to 15 wt% 
Cr2O3). Olivine occurs as small (<250 µm) irregular grains 
scattered in the serpentine matrix and commonly hosts 
inclusions of serpentine and/or Cr-rich magnetite (Fig. 2a). 
Tremolite forms irregularly disseminated aggregates of sub-
idiomorphic crystals (Fig. 2b). Talc tends to replace serpen-
tine near olivine grain boundaries. Clinochlore occurs in the 
vicinity of relatively large, Cr-rich magnetite grains (100–
300 µm) that are highly irregular in shape, often with cor-
roded outlines and always fractured. Magnetite also occurs 
as minute (<50 µm), disseminated xenomorphic grains usu-
ally containing less Cr than larger ones. The metaultramafic 
rocks also contain dykes of diabase and microdiorite and are 

associated with mafic rocks, mainly gabbros. Along the con-
tact between ultramafic and mafic rocks, a lens-like body 
that containing troctolites and hornblende pegmatites have 
yielded 40Ar/39Ar ages of ~38 Ma, consistent with resetting 
due to the intrusion of the Eocene granites (Fig. 1; Ferrari 
et al. 2014).

Blocks of massive chromitite were collected from dumps 
close to the old mining works from the Loma Baya chro-
mite deposit (Salgado-Terán and Serrano-Villar 1983; Ortiz-
Hernández et al. 2006). The chromitite body is hosted in a 
metadunite pod lying concordant with the foliation of the 
metaharzburgite and consists of massive chromite ore (>90 
vol.% chromite). Further descriptions of the petrography and 
mineral compositions of the chromite are provided below.

Analytical methods

The samples were preliminarily inspected at the Geo-
chemical Analysis Unit of CCFS/GEMOC (Macquarie 
University, Sydney, Australia) using a Zeiss EVO MAT 
15 scanning electron microscope (SEM) equipped with 
energy-dispersive spectrometry and back-scattered electron 
(BSE) detectors. Major- and trace-element compositions 
of chromite and platinum-group minerals (PGMs) were 
obtained by wavelength-dispersive (WDS) analysis using 
a CAMECA SX100 electron microprobe (EMPA) at Mac-
quarie University, Sydney, Australia, under the conditions 
described by González-Jiménez et al. (2013b).

Additional chromite and silicate grains were analysed by 
WDS using a CAMECA SX 50 at the Centres Científics i 
Tecnològics de la Universitat de Barcelona (CCiTUB) Bar-
celona, Spain. An acceleration voltage of 20 kV and a beam 
current of 15  nA were used, except for analyses of chro-
mite, which required beam currents of 20  nA. Most ele-
ments were measured with a counting time of 10 s, except 
for Ni, V and Z (30 s). Representative data on silicate and 
chromite compositions are presented in Tables 1 and 2 of 
Supplementary material, respectively.

Analyses performed using EMPA with spot size of 
~1 μm were sensitive to the presence of the nanometre- to 
micrometre-scale PGE alloy inclusions in pseudomorphs 
after laurite. As most of the analysed laurite grains con-
tain such alloys and exhibit porosity, their analytical totals 
are usually very low (Table 3 of Supplementary material). 
This effect is inherent to porous grains and already been 
described in previous studies that report EMPA data of des-
ulphurized laurites and/or porous Ru–Os–Ir alloys formed 
by low-temperature desulphurization of magmatic laurite 
(e.g. Stockman and Hlava 1984; Torres-Ruiz et  al. 1996; 
Garuti and Zaccarini 1997; Proenza et al. 2007; González-
Jiménez et  al. 2010). Higher-total analyses of laurite 
were obtained in relatively homogeneous zones where 
nanometre-scale alloy inclusions were not detected under 
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BSE, showing that all but one are S-deficient laurite grains 
(Table 3 of Supplementary material).

Thermodynamic modelling of phase relations during 
chromite alteration was performed using the Perple_X 
(Connolly 2009) with the thermodynamic database of Hol-
land and Powell (1998, revised 2002) expanded to include 
Cr-bearing phases (cr_hp02ver.dat). The components 
considered in the closed system were Cr2O3–MgO–FeO–
Al2O3–SiO2–H2O (CrMASH), and the considered solid 

solutions are the Cr-spinel (Klemme et  al. 2009), olivine 
and chlorite (Holland and Powell 1998). The Cr-spinel 
solid solution is restricted to binary mixing between Cr 
and Al in the octahedral site and between Mg and Fe2+ in 
the tetrahedral site. Mixing properties used in Perple_X 
for the octahedral site are based on the subregular solu-
tion proposed by Oka et  al. (1984), and for tetrahedral 
sites, the ideal solution model proposed by Engi (1983) is 
used. Chromium-bearing chlorite was not considered since 

Fig. 1   a Geographic localiza-
tion and main tectonic units 
of the Guerrero Terrane in 
Mexico. The box zoomed in b 
correspond to the Loma Baya 
ultramafic complex within 
the Zihuatanejo subterrane 
in south-western Mexico (b). 
c Simplified geological map 
of the Loma Baya ultramafic 
complex. Maps modified from 
Centeno-García et al. (2011). 
White starts indicate the loca-
tion of the chromitite samples 
studied in this work
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experimental data on mixing parameters for Al, Cr, Mg and 
Fe2+ in this phase are currently unavailable in the literature.

Results

Chromite zoning

Chromite modal abundance varies from 90 to 98  % in 
the studied chromitites. The grains are hypidiomorphic 
and range between 0.5 and 3  cm in diameter. The matrix 

between the chromite grains consists of clinochlore and 
rare, minute crystals of rutile. Most chromite grains exhibit 
a thick network of fractures and show optical and chemi-
cal zoning under petrographic and SEM–BSE observation, 
respectively (Fig. 2c–f). Under SEM–BSE, zoning in single 
chromite grains is defined by the presence of darker cores 
(the innermost part of the grain), with rounded and irreg-
ular morphology. Such cores are surrounded by rims of 
variable thickness of porous and/or homogeneous chromite 
in some of the largest crystals (Fig.  2c–f). Porous chro-
mite rims show higher reflectivity than cores and contain 

Fig. 2   Backscattered-electron images of silicate relationships in 
host serpentinite (a, b) and chromite structure in massive chromi-
tite at Loma Baya. a Assemblage of serpentine + Cr-rich magnetite 
replaced by a larger porphyroblast of olivine embedded in serpentine. 

b Intergrowth of tremolite and serpentine. c–f Examples of magmatic 
chromite (darker cores) surrounded by the two metamorphic rims 
(porous and homogeneous) identified in this study
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abundant xenomorphic inclusions of serpentine and chlorite 
(Fig. 2; Table 1 of Supplementary material). Homogeneous 
chromite rims show reflectivity intermediate between those 
of the dark cores and the porous rims. Overall, homogene-
ous rims form the external zone of the chromite grains and 
consist of euhedral chromite (Fig.  2f) often with polygo-
nal habit; they contain no chlorite but very small euhedral 
inclusions of olivine. After detailed petrographic inspec-
tion of several samples, the presence of the three described 
microtextural varieties (dark core ⇒ porous rim ⇒ homo-
geneous rim) was only observed in larger chromite grains; 
the transition between dark cores and the two rims (porous 
or homogeneous) can either be sharp or gradational.

Dark chromite cores show almost constant low Cr# 
[Cr# = (Cr/(Cr + Al) atomic ratio = 0.49–0.56] and high 
Mg# [Mg# = (Mg/(Mg + Fe2+) atomic ratio = 0.68–0.73] 
(Table 2 of Supplementary material). Such values are simi-
lar to those shown by the primary high-Al chromite of 
many ophiolitic chromitites and represent the most primi-
tive (i.e. magmatic) composition (Fig.  3). These ratios 
become more variable in porous chromite rims where Cr# 
ranges between 0.66 and 0.82 and Mg# between 0.55 and 
0.67. The homogeneous rims show composition inter-
mediate between those of dark cores and porous rims 
(Cr# = 0.55–0.65 and Mg# = 0.65–0.68; Fig. 3).

Most minor oxides (TiO2, NiO, MnO and ZnO) show 
small variations from unaltered chromite to porous and 
homogeneous rims. TiO2 contents are slightly higher in 
unaltered (0.03–0.21 wt%) than in porous (0.04–0.15 wt%) 
or homogeneous chromite (0.04–0.13 wt%). Similarly, 
NiO contents vary from 0.08–0.23 wt% in unaltered chro-
mite to 0.03–0.13  wt% in porous rims and to <0.12  wt% 

in homogeneous rims. In contrast, MnO contents increase 
significantly from unaltered chromite (0.3–0.6  wt%) to 
porous rims (0.6–1.0  wt%) and decrease from porous to 
homogeneous rims (0.5–0.6  wt%). ZnO contents in the 
three microstructural types of chromite are similar, ranging 
between 0.01 and 0.55 wt%.

Micron‑sized inclusions and nanoparticles of PGE alloy 
in pseudomorphs of laurite

Twenty-six grains of laurite (RuS2) were identified in the 
studied chromite grains, and all except one were found out-
side of the darker primitive cores (Fig.  4a–i). This single 
laurite grain is fully enclosed in a dark core and shows a 
homogeneous composition with almost stoichiometric 
atomic proportions (Table  3 of Supplementary material). 
The other laurite grains were found in chromite rims (Fe2+-
rich porous chromite and homogeneous chromite) and in 
the chlorite matrix; these are actually pseudomorphs of lau-
rite that now consist of a matrix of S-poor laurite (Table 3 
of Supplementary material) dusted with abundant nanome-
tre- to micrometre-sized inclusions of metallic Ru–(Os–Ir) 
alloys (Fig. 4b–h). Such laurite pseudomorphs usually pre-
serve the euhedral shape of the magmatic laurite (Fig. 4b) 
but often show irregular outlines as they adapt to the mor-
phology of micropores that formed during the alteration 
of their chromite host (e.g. Fig.  4b, c) or matrix chlorite 
(Fig. 4f).

Under high magnification and SEM–BSE observation, 
laurite shows abundant nanometre- to micrometre-sized 
particles of Ru–(Os–Ir) alloys, whose composition were 
confirmed using EDS analysis (Fig.  4). Such grains and 
particles appear bright against the lower average atomic 
mass of the laurite matrix. An estimation of their approxi-
mate composition was obtained from raw EMPA analysis 
of clusters of these nanometre- to micrometre-sized par-
ticles, subtracting the composition of the host laurite. All 
these PGM particles consist of Ru with variable propor-
tions of Ir or Os (Table 3 of Supplementary material), and 
their size and distribution vary depending on the internal 
organization of the laurite host.

In laurite pseudomorphs that contain micrometre-sized 
pores and/or a dense fracture network, a myriad of nano-
metre-sized inclusions of PGE alloys usually cluster in 
micrometre-sized pores (e.g. Fig.  4b). The abundant Ru–
(Os–Ir) nanoparticles in the laurite pseudomorphs have 
rounded shapes, average diameters of ~110 nm and modal 
abundances of ~60 nm (Fig. 5a). They also tend to occur at 
the cores of laurite grains and agglomerate at the intersec-
tion between fractures, giving a vermicular aspect at lower, 
micrometre-scale magnification (Fig. 4c, g, h). Some of the 
laurite pseudomorphs exhibit more intricate microstruc-
tures in which homogeneous nanoparticle-free S-deficient 

Fig. 3   Chemical variations of chromite at Loma Baya in terms 
of Cr# [Cr/(Cr + Al) atomic ratio] versus Mg# [Mg/(Mg +  Fe2+) 
atomic ratio]. Fields of chromite in chromitites of the “ophiolitic 
type” and “stratiform mafic intrusions type” (Leblanc and Nicolas 
1992) are included for comparison
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laurite cores or rims (concentric or irregular, patchy zones) 
alternate with zones that contain abundant Ru–(Os–Ir) nan-
oparticles (Fig.  4d, e). Nanoparticles in such zones have 
approximate average diameters and modal abundances of 
~110 and ~90 nm, respectively (Figs. 4e, 5b).

In contrast, in laurite pseudomorphs where micrometre-
sized pores are much less abundant or absent (e.g. Fig. 4f), 
Ru–(Os–Ir) nanoparticles clump to form particle aggregates 
with variable average sizes (Fig.  4h–i). Some nanoparti-
cles grow to over 500 nm in diameter and develop increas-
ingly irregular shapes (Figs.  4f, 5c). Size distributions of 
the Ru–(Os–Ir) nanoparticles in laurite pseudomorphs 
are bimodal, where larger particles >100  nm in diameter 
coexist with more abundant particles of sizes smaller than 
100 nm across (Figs. 4f, 5c). In some cases, nanoparticles 
may agglomerate to form interconnected networks of veins 
within the laurite matrix (Fig. 4g–h). As the veins coalesce 
towards the edge of laurite grains, they can produce larger 
micrometre-sized inclusions of Ru–(Os–Ir) alloys (Fig. 4h).

Discussion

Metamorphic zoning in chromite

As previously noted, zoned chromite grains that consist of 
mostly unaltered cores enveloped by chemically distinct 
porous and/or homogeneous rims of variable thickness are 
common features of primary chromite modification dur-
ing metamorphism (Golding and Bayliss 1968; Bliss and 
MacLean 1975; Evans and Frost 1975; Wylie et  al. 1987; 
Thalhammer et  al. 1990; Suita and Streider 1996; Barnes 
2000, 2001; Proenza et  al. 2004; González-Jiménez et  al. 
2009; Mukherjee et  al. 2010; Gervilla et  al. 2012; Sau-
mur and Hattori 2013; Barra et  al. 2014). In the studied 
samples, the overgrowth of homogeneous chromite with 
inclusions of metamorphic olivine on the rims of porous 
chlorite-bearing Fe-2+-rich chromite provides persuasive 
evidence that the zoning in the chromite is not igneous in 
origin (Fig. 2c–f). This is consistent with the occurrence of 

Fig. 4   Backscattered electron images of laurite (a) and pseudo-
morphs of laurite (b–i) hosting nanometre- and micrometre-sized par-
ticles of Ru–(Os–Ir) alloys in the Loma Baya chromitites. Image a a 
pristine (magmatic) laurite is protected from alteration by enclosure 
in an unaltered chromite crystal. Images b–i show altered and partly 

desulphurized laurites (i.e. S-deficient laurite) in metamorphic rims 
of chromite. Black arrows indicate preferential zones of nanometre-
sized particles coalescing to form nanometre-sized channels. White 
squares indicate the areas we used as representatives for the analysis 
of size distribution of the Ru–(Os–Ir) particles
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an assemblage of antigorite, tremolite, talc, chlorite and Cr-
rich magnetite within the host rock (Fig.  2a, b), which is 
stable at low pressures and temperatures typical of amphi-
bolite facies metamorphism.

In the zoned chromite from Loma Baya, the compo-
sition of the dark cores can be considered as representa-
tive of the original magmatic composition. This assump-
tion is supported by low Fe2O3 contents (<5  wt%; i.e. 
[Fe3+# =  Fe3+/(Fe3++Al +  Cr)]  <  0.06) and high MgO 
(>15  wt%). This is the composition expected for chro-
mian spinel in equilibrium with Fo93–95 olivine at 1200 °C 
(Fig.  3; Dick and Bullen 1984) and is typical of mantle-
hosted ophiolitic chromitites (González-Jiménez et  al. 
2014 and references therein). In contrast, a trend of Al2O3 
loss followed by MgO loss that is characteristic of Fe2+-
rich porous chromite (Fig. 3) can be associated with a the 

preferential partitioning of these elements towards second-
ary chlorite (clinochlore) that crystallized in the pores left 
in chromite.

Merlini et  al. (2009) explained the formation of Fe2+-
rich porous chromite in equilibrium with chlorite as the 
result of the reaction of chromite with antigorite during 
prograde metamorphism that post-dated serpentinization:

(1)

2
(

Mg0.60Fe0.40
)

(Cr1.30Al0.70)O4
chromite

+ 3/2
(

Mg2.57Al0.32Fe0.11
)

Si2O5(OH)4
antigorite

+H2O + 1/12O2

⇒ 7/6
(

Mg0.40Fe0.60
)

(Cr1.85Fe0.08Al0.07)O4

Fe2+-rich chromite

+ 1/2
(

Mg9.18Fe0.34Al1.60Cr0.88
)

(Al2Si6)O20(OH)16
Cr-clinochlore

Fig. 5   Particle-size distributions of nanometre-scale Ru–(Os–Ir) 
alloys hosted in laurite grains from Loma Baya. a–c correspond to 
enlarged areas in Fig. 4b, e, f, respectively. The approximate particle-
size distribution was obtained from SEM–BSE image analysis using 
the ImageJ software (Schneider et al. 2012). For each panel, the orig-
inal BSE image is shown on the left side, a threshold image show-

ing nanoparticles in red (false) colour is included in the centre, and a 
histogram is shown on the right side. In the latter, statistical particle-
size parameters are shown (average, standard deviation, mode and 
maximum and minimum sizes). Particle size was calculated as Feret’s 
diameter (or calliper length), which is the longest distance between 
any two parallel tangents to the projected outline of the particle
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However, this equation that is based on the reaction of 
a primary chromite is richer in Cr2O3 than that found at 
Loma Baya and is not in agreement with phase relations 
in the fluid saturated Cr2O3–MgO–FeO–Al2O3–SiO2–H2O 
(CrMFASH) system for Al-rich rocks such as chromitites 
(see Fig. 6 in Gervilla et al. 2012). This precludes the for-
mation of high-Cr chromite and chlorite by the breakdown 
of antigorite and high-Al chromite as suggested by Merlini 
et al. (2009).

Figure  6a shows an isochemical diagram (pseudosec-
tion) in the system CrMFASH for an initial dry assemblage 
of 90 % chromite and 10 % olivine (molar mix). We assume 
water-saturated conditions, an average dark chromite core 
of (Mg0.7Fe0.3)Cr1.08Al0.92FeO4 and Fo94, for the olivine 
in equilibrium with chromite at 1200 °C (Fig. 3; Dick and 
Bullen 1984). Our modelling predicts that the maximum 
slope is located between ~700  °C (at 4 GPa) and 300  °C 
(at 0.2 GPa), thus predicting that under water-saturated 
conditions, magmatic chromite in massive chromitites is 
not stable with olivine below 700 °C. At these conditions, 
the stable assemblage is made up of chromite with higher 
Cr# and lower Mg# in equilibrium with clinochlore, bru-
cite and diaspore, depending on pressure and temperature 
(Fig. 6a–c). Our model also predicts that porous chromite 
with Cr # = 0.82 and Mg# = 0.55 in massive samples as in 
Loma Baya should form at ~330 °C and 0.7 GPa (Fig. 6b, 
c), which fits well with the P–T conditions that estimated 
for the metamorphic peak in the metamorphic rocks that 
are spatially associated with the ultramafic complex at 
Loma Baya.

This suggests that Fe2+-rich porous chromite in the mas-
sive chromitites at Loma Baya is the result of re-equilibra-
tion between high-Al chromite and olivine when aqueous 
fluids infiltrated the mantle peridotite during (mainly) met-
amorphism within the blueschist facies. The replacement of 
olivine and chromite alteration could be expressed by the 
simplified reaction:

Reaction  2 is a modified version of those proposed by 
Gervilla et al. (2012) and Barra et al. (2014), which use a 
reacting primary chromite with high-Al contents, similar to 
the one studied in this paper. This reaction proceeds under 
water-saturated conditions, and the high silica activity in 
hydrous fluids is justified by the presence of tremolite in 
the mineral assemblage. Also, a relatively high proportion 
of silica in the system can explain the lack of brucite in the 
host-rock metamorphic assemblage (Frost and Beard 2007; 
Jöns et al. 2010; Frost et al. 2013; Foustoukos et al. 2015). 

(2)

4
(

Mg0.7Fe0.3
)

CrAlO4

Chromite

+ 4
(

Mg1.88Fe0.12
)

SiO4

Forsterite

+ 2SiO2aq. + 8H2O

2
(

Mg4.61Fe0.39
)

AlSi3AlO10(OH)8
Clinochlore

+ 2
(

Mg0.55Fe0.45
)

Cr2O4

Fe2+-rich chromite

Furthermore, contrary to the prediction of the thermody-
namic model, we did not identify diaspore in the mineral 
assemblage, which can be explained as a consequence of 
the excess of alumina in the system, which was taken up 
by chlorite. The porous texture in the secondary Fe2+-rich 
chromite is interpreted as the consequence of mass loss and 
volume reduction of chromite grains due to the preferential 
partitioning of Al2O3 and MgO into clinochlore (Merlini 
et al. 2009; Gervilla et al. 2012).

It is worth to note that in Reaction  2, the amount of 
primary chromite that is altered is directly related to the 
amount of olivine in the chromitite or host rock; i.e. 4 mol 
of primary must react with 4  mol of olivine to produce 
2  mol of secondary chromite. This is consistent with the 
observation that chromite grains in massive chromitites 
(i.e. high chromite/silicate ratios) are usually less altered 
than those of semimassive or disseminated chromitites (i.e. 
lower chromite/silicate ratios), even if all them have under-
gone a common metamorphic pathway (e.g. González-
Jiménez et al. 2009; Mukherjee et al. 2010). Our thermody-
namic model’s prediction does not exclude the possibility 
that external MgO- and SiO2-rich fluid, most likely derived 
from peridotitic country rocks, could also promote the for-
mation of secondary porous chromite and chlorite after 
primary chromite. However, in the case of Loma Baya, the 
sole consumption of the olivine matrix of the chromitite 
(i.e. 10 % vol.) may explain the formation of observed thin 
rims of secondary porous chromite. An additional supply of 
Mg and Si by external fluids once olivine matrix has been 
exhausted from the chromitite rock may explain the almost 
complete replacement to secondary porous chromite, as 
described in other metamorphosed chromitites.

Significantly, the overgrowth of homogeneous rims on 
porous rims or directly on unaltered chromite cores sug-
gests a change in metamorphic conditions (Fig.  6a). The 
homogeneous chromite rims have lower Cr# (0.55–0.65) 
and higher Mg# (0.65–0.68) than Fe2+-rich porous chro-
mite, thus turning back towards the composition of pri-
mary chromite (Fig. 3). According to our calculated phase 
relations, the increase in Al and Mg could be related to 
the breakdown of chlorite, if a change in the metamor-
phic conditions occurred in the direction opposite to reac-
tion  2: Fe2+-rich porous chromite reacts with pore and/
or matrix chlorite, thus forming homogeneous chromite 
with a composition close to that of the unaltered cores and 
olivine. Chlorite is very rare or absent in the homogene-
ous rims, whereas such rims contain minute inclusions of 
highly magnesian olivine (Fo96; Table 1 of Supplementary 
material). In the ultramafic host rock, this olivine grows at 
expense of antigorite and, to a lesser extent, of Cr-rich mag-
netite (Fig. 2a). Our thermodynamic modelling is also con-
sistent with petrographic observations, because it predicts 
that highly magnesian olivine (Fo95–96) is in equilibrium 
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with chromite with the same composition as the metamor-
phic homogeneous chromite rims identified in this study 
(Fig. 6d).

These observations are consistent with dehydration of 
the antigorite serpentinite host rock. The common range 
of PT conditions where dehydration reactions of antigor-
ite are reported extends from less than 0.4 GPa at <570 °C 
(contact metamorphism; Trommsdorff and Evans 1972; 
Springer 1974; Frost 1975; Arai 1975; Matthes and Knauer 
1981; Paktunç 1984; Worden et  al. 1991; Trommsdorff 
and Connolly 1996; Ulmer and Trommsdorff 1995, 1999; 
Nozaka 2003; Nagaya et al. 2014) to over 2 GPa at >680 °C 

(high-grade regional metamorphism; Trommsdorff and 
Evans 1974; Khedr and Arai 2010, 2012; Padrón-Navarta 
et al. 2010). However, it is unlikely that the observed dehy-
dration reactions of the ultramafic rocks in this study are 
related to regional metamorphism. The ultramafic complex 
of Loma Baya is in close contact with younger granitic 
batholith, and thermal metamorphism of the ultramafic 
rocks by the granitic intrusive is illustrated by resetting of 
the 40Ar/39Ar age of pegmatites associated with these ultra-
mafic rocks (Delgado-Argote et al. 1992).

Granitic magmas are usually emplaced at low pressures 
(0.2–0.35 GPa) in the mid-shallow crust at ~700–750  °C. 

Fig. 6   a Isochemical phase diagram (pseudosection) calculated for 
a model chromitite composition in the CrMFASH system for 90:10 
chromite–olivine molar proportions. Isopleths calculated for the same 
system and proportions of chromite–olivine are shown for Cr# and 

Mg# (mole proportion) in chromitites in b and c, respectively, and 
for Mg# (mole proportion) in olivine in d. Stars and red arrow indi-
cate the P–T path proposed by Mendoza (2000) in metamorphic rocks 
associated with the Loma Baya ultramafic complex
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When these magmas intrude serpentinites, they usually 
produce contact aureoles with well-defined metamorphic 
zoning and mineral assemblages in the ultramafic body 
(Trommsdorff and Evans 1972; Springer 1974; Arai 1975; 
Trommsdorff and Connolly 1996). From experimental 
studies and thermodynamic calculations (e.g. Evans et  al. 
1976; Worden et al. 1991), we know that at 0.2–0.35 GPa, 
antigorite reacts to produce olivine + talc + H2O at about 
515–570  °C in the pure MSH system. Similar tempera-
tures are obtained using a mixed silica-richer CMSH sys-
tem in which an antigorite + olivine + tremolite + chlorite 
assemblage would react to produce talc and H2O, at the 
expenses of antigorite, at ~530 °C and 0.2 GPa (Tromms-
dorff and Connolly 1996). These thermal conditions for the 
low-pressure dehydration reaction of antigorite apply well 
to the Loma Baya serpentinites, which were very likely 
derived from a dunitic and harzburgitic protolith. Interest-
ingly, our estimations from the CrMFASH predicts that at 
the given pressures of <0.35 GPa, highly magnesian olivine 
(Fo95–96) must be in equilibrium with chromite having Cr# 
of 0.56–0.57 and Mg# of 0.69 at ~550 °C (Fig. 6). If the 
uncertainty in the mixing model of spinels is considered, 
this predicted composition fits well with the composition 
of the homogenous chromite at Loma Baya (Cr# 0.55–0.65 
and Mg# = 0.65–0.68; Fig. 7).

Thermal profiles computed by Trommsdorff and Con-
nolly (1996) in the Bergell aureole (north Italy) predicts the 
existence of a zone of antophyllite + olivine, which would 
be produced at expenses of talc at ~633 °C, within ~1000 m 
away from the contact with the granitic intrusion. How-
ever, we have not observed such assemblage in our rocks. 
As a result, a temperature of approximately 550–600  °C, 
obtained from chromite–olivine pairs in the chromitites 
and silicate assemblages in their host rocks, can bracket 
the prograde metamorphic peak in the Loma Baya ultra-
mafic complex. Also, the preservation of Fe2+-rich porous 

chromite rims in some of the studied chromite samples sug-
gests that the heating event was very limited in time and/or 
restricted to the proximity of the granite intrusion, thus pre-
cluding the complete replacement of the pre-existing chro-
mite textures. However, more detailed studies are required 
to validate this statement.

On the other hand, the absence of secondary base-metal 
minerals (such as arsenides, sulpharsenides, stannides or 
antimonides), which have been observed in other thermally 
metamorphosed ultramafic bodies, rules out the infiltration 
of external fluids derived from the granitic intrusion (e.g. 
Arai et al. 1999; Garuti et al. 2007). Instead, the local for-
mation of homogeneous chromite rims is associated with 
the migration of hot fluids towards the central part of the 
ultramafic complex; these fluids would be released during 
the dehydration of serpentinites in the outermost part of the 
complex in contact with the granitic intrusion (e.g. Worden 
et  al. 1991; Trommsdorff and Connolly 1996). Similar 
cases are seen where chromitite-bearing serpentinites have 
been thermally metamorphosed by the intrusion of plu-
tonic rocks, producing core-to-rim zonation and different 
types of chromite zoning. These have been documented 
in some localities in Canada (Paktunç 1984), south-west 
Japan (Nozaka 2003 and references therein), Rio San Juan 
in the Dominican Republic (Saumur and Hattori 2013) and 
Calzadilla de los Barros in south-west Spain (Merinero 
et al. 2014).

The effects of metamorphic fluids on laurite stability

Experimental studies by Brenan and Andrews (2001), 
Andrews and Brenan (2002) and Bockrath et  al. (2004a) 
showed that nearly pure laurite (RuS2) with very low Os 
and Ir contents can form in equilibrium with Ru-poor Os–
Ir alloys at chromian-spinel-based liquidus temperatures 
(1200 to 1300  °C) from S-undersaturated melts (log fS2 

Fig. 7   Plots Cr# versus Mg# 
showing the composition of 
porous chromite and homoge-
nous predicted by our thermo-
dynamic model (grey and white 
triangles, respectively) at the 
peak of hydrous (330 °C and 
0.7 GPa) and thermal metamor-
phism (550 °C and 0.35 GPa) 
estimated for the Loma Baya 
ultramafic complex. The fields 
represent the composition of 
natural chromites in the Loma 
Baya chromitites
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from −2 to −1.3). These results also showed that if temper-
ature raises above 1275 °C and/or fS2 decreased, Ru–(Os–
Ir) alloys can replace laurite (Brenan and Andrews 2001; 
Bockrath et al. 2004a), in consistency with the observation 
that PGE metal alloys can form as residual phases after 
sulphides are consumed by high degrees of partial melting 
(Peregoedova et al. 2004; Luguet et al. 2007; Fonseca et al. 
2012). A similar transformation can occur if temperature 
drops down to 1180 °C at log fS2 = −2, although the for-
mation of Ru-bearing alloys can be achieved only when fS2 
is extremely low.

As noted above, the formation of Fe2+-rich porous chro-
mite in the chromitite at Loma Baya was concomitant with 
the serpentinization of olivine in the host rock (see also 
Fig. 6 in Gervilla et al. 2012). The hydration of olivine in 
the ultramafic rock produced antigorite and minor mag-
netite (Fig.  2b), thus releasing significant amounts of H2 
(e.g. Bach et al. 2006). In such an environment, magmatic 
sulphides tend to progressively equilibrate with H2-rich 
fluids giving rise to S-deficient sulphides and PGE alloys 
(Eckstrand 1975; Frost 1985; Klein and Bach 2009; Debret 
et al. 2014; Foustoukos et al. 2015). As the edges of chro-
mite developed porosity during the formation of Fe2+-rich 
porous chromite, it is likely that H2-rich fluids circulated 
through the interconnected network of pores and reacted 
with laurite grains that were originally hosted by primary 
chromite. This would cause reduction of laurite to Ru–(Os–
Ir) alloy nanoparticles. Although the effect of pressure has 
not been constrained yet, the RuS2/Ruº equilibrium curve 
obtained in low-pressure experiments (1GPa) show that 
under temperatures typical of Fe2+-rich porous chromite 
formation (~330 °C), there is a congruent decomposition of 
RuS2 to Ruº at ~log fS2 of ~−18 (green star in Fig. 8). Fou-
stoukos et al. (2015) obtained similar conditions of fS2 (log 
fS2 = −20) for the transformation RuS2 ⇒ Ruº in experi-
ments conducted at 300 °C and 0.05 GPa, emphasizing that 
fO2 does not significantly influence the speciation of PGEs, 
because PGE metals and alloys are stable under a great 
range to far more oxidizing conditions (≫fO2 haematite–
magnetite buffer) than is usually found in hydrothermally 
altered peridotites.

Assuming that changes in pressure and fO2 had no sig-
nificant effect on RuS2 stability at the given conditions for 
the alteration of the Loma Baya chromitites, it is likely that 
the occurrence of Ru–(Os–Ir) nanoparticles in cores and/
or discrete bands (Fig.  4d, e) was the result of elemental 
rearrangement as laurite adjusted its composition via exso-
lution, in response to variations in T and fS2 in the fluids 
responsible for alteration (e.g. Zaccarini et al. 2005; Kap-
siotis et al. 2009). Even though some studies have provided 
experimental and empirical constrains for laurite crystalli-
zation from highly reducing fluids at infra-magmatic tem-
peratures (Stockman and Hlava 1984; Wood 1987; Barkov 

and Fleet 2004; Garuti et  al. 2007), the observation of 
laurite hosted in dark chromite cores (Fig.  4a) is consist-
ent with a magmatic origin. Furthermore, our results do not 
support recrystallization of laurite at low temperature via 
the reaction of the already exsolved Ru–(Os–Ir) alloys with 
S when fS2 increased in metasomatic fluids (e.g. González-
Jiménez et al. 2010).

Previous interpretations of the origin of primary Ru–
(Os–Ir) alloys have been based exclusively on phase rela-
tions obtained from available experiments, which usually 
involve micrometre-sized phases (i.e. >1 µm in diameter). 
Below one micron, the number of available atoms becomes 
progressively limited as particle size decreases, which dif-
fers from classical thermodynamics, where the number of 
atoms is assumed to be unlimited (Wauteletl and Shirin-
yan 2009). For example, it is well known that a decrease in 
particle size to the nanoscale can promote phase instability 
due to the associated increase in surface energy; this ulti-
mately implies that phase relations are also size- and shape 
dependent (McHale et  al. 1997; Navrotsky 2001; Pohl 
et al. 2012). Further mineralogical changes in the mineral 
host at the micron to nanoscale during cooling, heating or 
fluid infiltration have a profound impact on the stability of 
noble-metal nanoparticles and hence will control their pres-
ervation in the geologic record. As recently documented for 
noble metals in iron sulphides (e.g. Deditius et  al. 2009, 
2011), the generation of nanoporosity and the formation of 
interconnected networks of nanofractures can alter mineral 

Fig. 8   Diagram of temperature versus sulphur fugacity (fS2) for 
alloy-sulphide equilibrium (after Stockman and Hlava 1984). The red 
star indicates the conditions for the crystallization of laurite at the 
magmatic stage, whereas the green star indicates those for the reduc-
tion of laurite to Ru-alloy compound by infiltration of reducing fluids 
at the metamorphic peak in blueschist facies
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structure and promote diffusional processes, thus enhanc-
ing segregation of noble-metal nanoparticles. This could 
be the case in the S-deficient laurites at Loma Baya, which 
exhibit cracks and porosity produced by volume changes 
associated with the reduction of the original sulphides to 
alloys at subsolidus conditions. Therefore, it is likely that 
mineralogical changes operating below the micron scale 
played a role in the formation and preservation of IPGE 
nanoparticles in laurites.

Genesis and preservation of Ru–(Os–Ir) nanoalloys 
in Loma Baya

At Loma Baya, laurite with different degrees of porosity 
contain nanoparticles of Ru–(Os–Ir) that exhibit various 
ranges of size distribution (e.g. normal versus bimodal dis-
tributions; Fig.  5a–c). This observation strongly suggests 
that solid-state, diffusion-driven particle coarsening or Ost-
wald-type ripening may have controlled nanoparticle sta-
bility during protracted metamorphism. Although Ostwald 
ripening has been previously proposed to operate at above 
the micron scale (e.g. garnet porphyroblasts; Miyazaki 
1991, 1996), such coarsening processes are more efficient 
in the nanometre-scale realm, where diffusional fluxes are 
large enough to modify the distribution of nanoparticles 
(Carlson 1999; Reich et al. 2006; Becker et al. 2010).

In order to test this hypothesis, we have explored the 
thermal stability of Ru–(Os–Ir) nanoparticles hosted by a 
laurite-type mineral, by a critical assessment of the exist-
ing literature. No in  situ heating transmission electron 
microscopy (TEM) data exist for this system, but the sys-
tem Au–FeS2 (Reich et  al. 2006) may serve as an ana-
logue to metal-nanoparticle stability in a refractory mineral 
medium. In broad terms, the bulk-melting temperature of 
Au (1064  °C) does not differ significantly from those of 
Ru–(Os–Ir) alloys (~1300 °C; Andrews and Brenan 2002; 
Fonseca et al. 2012). Also, despite differences in the ther-
modynamic stability and natural occurrence of laurite and 
pyrite, their structures are almost identical in terms unit cell 
parameters and symmetry (laurite, RuS2, a = 5.61 Å, space 
group Pa3, Lutz et al. 1990; pyrite, FeS2, a = 5.42 Å, space 
group Pa3, Bayliss 1977). Therefore, as first-order approxi-
mation, it might be reasonable to expect that the diffusion 
of noble metals would behave similarly in both structures. 
Coarsening and diffusional growth processes will be most 
likely controlled by (1) the energy due to dissolution of 
noble metals into the surrounding mineral host, (2) the loss 
of energy as the former nanoparticle–host interface is dis-
rupted and (3) the cessation of intra-nanoparticle interac-
tions (Reich et al. 2006; Becker et al. 2010).

Figure 8 shows a plot of temperature versus particle size 
constructed for noble-metal nanoparticles enclosed in a 
laurite-type mineral host. The thick red curve in this phase 

diagram represents the coarsening threshold for nanoparti-
cles or diffusional boundary growth, which is broadly con-
strained here using recent datasets on noble-metal nano-
particles (Hills et  al. 2003; Alyousef et  al. 2010; So et  al. 
2010; Guisbiers et al. 2011; Cornish and Chown 2011). The 
lower limit (lower red curve) is defined by the temperature 
at which Os–Ir–Ru(–Pt) nanoalloys are stable during con-
trolled heating (i.e. no significant growth at 300 °C for nan-
oparticles of ~4 nm; Alyousef et al. 2010). The upper limit 
of the growth boundary (upper red curve) for noble-metal 
nanoalloys is defined by the temperature–size relations at 
which coarsening is negligible within a reducing medium 
(~700 °C for sizes > ~10 nm; Alyousef et al. 2009; Prestat 
et al. 2013; Watanabe et al. 2013). Due to size-confinement 
quantum effects (Halperin 1986; Reich et  al. 2011), both 
curves (and thus the whole diffusional growth boundary; red 
curved boundary area in Fig. 9) drop sharply at small parti-
cle sizes (left) and increase steadily towards the right until 
“bulk” conditions are reached at particle sizes of ~1  µm 
or larger (far right or point “7” in Fig. 9). In such a phase 
diagram, for any temperature and particle-size combina-
tion above the diffusional growth boundary (i.e. the “NPs 
unstable” field, in white) Ru–(Os–Ir) nanoparticles will 
not be stable unless coarsening occurs (horizontal black 
arrows); i.e. the growing particles will cross the diffusional 
growth boundary and enter the metal-nanoparticle stability 
field (light brown lower field, “NPs stable”). Therefore, any 
metal nanoparticle that forms below the upper boundary will 
be stable and preserved upon cooling without coarsening.

The effect of temperature on the average size of noble-
metal nanoparticle in laurite grains from Loma Baya, which 
follows potential trajectories after their high-temperature 
formation (~1250 °C; Brenan and Andrews 2001; Andrews 
and Brenan 2002), is shown in Fig.  9. Under magmatic 
conditions, laurite will form a homogeneous solid solution 
[(Ru,Os,Ir)S2] with a high Ru/(Ru +  Os +  Ir) ratio, and 
any available Os and Ir will be “dissolved” into the laur-
ite matrix (no nanoparticles present, point 1 in Fig. 9), as 
observed in high-temperature experiments (e.g. Bockrath 
et  al. 2004a). This is consistent with the homogeneous 
nature of the laurite enclosed in the darkest unaltered cores 
of chromite (Fig.  4a), which lack observable (<20  nm) 
nanoparticles. As primary laurite cools to 200 °C (point 2, 
i.e. minimum temperature estimated here for initiation of 
metamorphism) with no fluid infiltration, no changes are 
expected in either chromite or laurite, and the original mag-
matic structure of the sulphide is preserved.

During prograde HP/LT metamorphism in greenschist-
to-blueschist facies (200–330 °C), fluids released may have 
produced partial hydration of the ultramafic rocks and their 
hosted chromitite, thus promoting the desulphurization of 
laurite under highly reducing conditions (trajectory 2 ⇒ 3 
in Fig. 9). This will progressively affect the laurite matrix 
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at the nanoscale and trigger the exsolution of Ru–(Os–Ir) 
nanoparticles due to, e.g., deviation from the ideal laurite 
stoichiometry as a result of desulphurization. Under this 
scenario, the first exsolved nanoalloys in the laurite matrix 
will be a few nanometre in size, as documented for nano-
particles exsolved from ABO3 perovskites (e.g. Neagu 
et al. 2013). The exsolved nanoalloys will become unstable 
at such temperature–size conditions (“NP unstable” field 
in Fig. 9, e.g. point 3) unless they undergo coarsening by 
diffusion-driven, solid-state Ostwald ripening (black hori-
zontal arrows) and cross the red boundary into the nano-
particle stability region (“NPs stable”, Fig.  9). Assuming 
that exsolution and coarsening occur at this stage (path 
3  ⇒  4 in Fig.  9, at the conditions of the metamorphic 
peak at ~330  °C), nanoparticles will become stable after 
coarsening (point 4), and particle distributions with aver-
age sizes <10 nm will be preserved on cooling. However, 
this simplified trajectory does not satisfactorily explain the 
broad spread in Ru–(Os–Ir) nanometre-size distributions 
and textures observed at Loma Baya, i.e. variable particle 
sizes from tens of nm to 1  µm, and the different degrees 
of porosity and nanometre- to micrometre-scale veining 
(Fig. 5a–c).

A more reasonable scenario for metamorphic evolution 
at Loma Baya comprises an additional heating event asso-
ciated with contact metamorphism after the hydrous meta-
morphism. As noted above, the peak of this thermal event is 
estimated to occur at 550–600 °C, at which the process of 
chromite alteration was inverted (point 5 in Fig. 9). Heating 
of the previously exsolved (and coarsened) nanoparticles of 

metal alloys during the prograde path (4 ⇒ 5 in Fig. 9) will 
dramatically affect nanoparticle stability (point 5). Thus, 
the exsolved Ru–(Os–Ir) alloy nanoparticles are not stable, 
and they will coarsen progressively until they reach average 
sizes of 100  nm (coarsening trajectory, from points 5–6). 
Considering that such prograde heating will affect the host 
rocks differentially (i.e. as a function of distance to heat 
source), it is likely that the wide spectrum of nanometre- 
to micrometre-sized particles observed in the laurites at 
Loma Baya reflects differential heating (horizontal range, 
lower right side of Fig.  9). This mechanism would allow 
significant coarsening of alloys in certain laurite grains (i.e. 
towards micron-scale path 7 ⇒ 8) while allowing the pres-
ervation of smaller nanoparticles in laurite grains that were 
less affected by heating (cooling from point 9).

Conclusions

The observed zoning in the Loma Baya chromites was pro-
duced during the polyphase metamorphism that affected 
the Loma Baya ultramafic complex. Porous rims of Fe2+-
rich chromite resulted from the hydrous alteration of mag-
matic chromite during greenschist-to-blueschist-facies 
metamorphism, whereas homogeneous chromite rims prob-
ably formed in response to a short-lived thermal event asso-
ciated with an Eocene granite intrusion. Thermodynamic 
modelling in the CrMFASH system predicts the formation 
of Fe2+-rich porous chromite in equilibrium with chlorite 
by hydration at 300 °C and 0.7 GPa, which coincides with 
the metamorphic peak as determined in metamorphic rocks 
spatially associated with the ultramafic rocks at Loma 
Baya. The Eocene thermal metamorphism induced by the 
granite intrusion reversed the alteration of chromite, thus 
producing new chromite with a composition close to the 
igneous one, in equilibrium with metamorphic (neoformed) 
olivine. The dehydration reaction is estimated to occur 
550–600  °C, consistent with contact metamorphism pro-
duced by the intrusion of the Eocene granite. Our results 
show that chromite could record discrete metamorphic 
events (including recycling through a subduction zone to 
deep mantle regions or intrusions of hot plutonic bodies) 
in ultramafic rocks (preferentially containing chromitites) 
with complex, polymetamorphic histories. Such is the case 
especially if cooling rates are fast enough to prevent the 
complete obliteration of chemical and microstructural fea-
tures in chromite caused by previous metamorphic events.

The changes that affected chromite during metamor-
phism had a profound impact on their hosted IPGE carri-
ers. In particular, fluid infiltration under the reducing condi-
tions in which Fe2+-rich porous chromite formed promotes 
the reduction of the Ru-rich Os–Ir-bearing laurite to pro-
duce laurite progressively more S-deficient laurite while 

Fig. 9   Stability diagram for Ru–(Os–Ir) alloys as a function of 
temperature, particle size and mineral host (laurite-type structure). 
The thick red curve represents the nanoparticle coarsening thresh-
old or diffusional growth boundary. Above this upper temperature 
limit (e.g. point 5), noble-metal nanoparticles in laurite are unstable 
unless coarsening occurs (black horizontal arrows). The lower light 
brown field represents the temperature versus size range of stability 
of nanoalloys (NPs stable). As a reference, the experimental curve 
for Au nanoparticle coarsening in refractory ore (Reich et al. 2006) is 
shown (thin black curve). See main text for details. Key: NP = nano-
particles
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exsolving nanoparticles of Ru–Os–Ir alloys. Using a tem-
perature versus particle-size diagram constructed for noble-
metal nanoparticles enclosed in a laurite-type mineral host, 
we show that these nm/µm Ru–(Os–Ir) particles did not 
form by cooling but by progressive heating during fluid-
assisted prograde metamorphism. Further, the exsolution of 
such alloys is related to changes in the laurite structure (i.e. 
generation of nanopores) that promote diffusion, while the 
size, shape and preservation of the alloys are related to the 
thermal regime. At Loma Baya, the wide spectrum of nano-
metre- to micrometre-sized IPGE particles in laurite is the 
final result of differential heating.

The exsolution of nanometre- to micrometre-sized Ru–
(Os–Ir) alloys in partly desulphurized laurite at Loma Baya 
was due to (and enhanced by) thermal metamorphism. This 
suggests that many of the nanoparticles documented in other 
partly desulphurized sulphides, which were interpreted 
as due to exsolution upon cooling, may instead be due to 
local thermal events related to contact or regional metamor-
phism. Therefore, interpretation of the origin of secondary 
Ru–Os–Ir alloys from many other geological suites may 
need to be reconsidered. In particular, the segregation of 
secondary Os-rich alloys may generate partly desulphurized 
sulphides with higher Re/Os ratios that over time will pro-
duce an excess of 187Os, leading to potentially altered values 
for model ages and initial 187Os/188Os ratios in PGMs. As 
noted recently by Foustoukos et al. (2015), the recycling of 
these minerals back into the convecting mantle could result 
in locally high Pt/Os and Re/Os signatures that may explain 
heterogeneities in the osmium isotopic composition of the 
mantle.
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