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Nanoscale Structure of Zoned Laurites from the Ojén
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Abstract: We report the first results of a combined focused ion beam and high-resolution transmission
electron microscopy (FIB/HRTEM) investigation of zoned laurite (RuS;)-erlichmanite (OS;) in
mantle-hosted chromitites. These platinum-group minerals form isolated inclusions (<50 um across)
within larger crystals of unaltered chromite form the Ojén ultramafic massif (southern Spain).
High-magnification electron microscopy (HMEM), high angle-annular dark field (HAADF) and
precession electron diffraction (PED) data revealed that microscale normal zoning in laurite consisting
of Os-poor core and Os-rich rims observed by conventional micro-analytical techniques like field
emission scanning electron microscope and electron microprobe analysis (FE-SEM and EPMA) exist
at the nanoscale approach in single laurite crystals. At the nanoscale, Os poor cores consist of
relatively homogenous pure laurite (RuS,) lacking defects in the crystal lattice, whereas the Os-richer
rim consists of homogenous laurite matrix hosting fringes (10-20 nm thickness) of almost pure
erlichmanite (OsS;). Core-to-rim microscale zoning in laurite reflects a nonequilibrium during
laurite crystal growth, which hampered the intra-crystalline diffusion of Os. The origin of zoning
in laurite is related to the formation of the chromitites in the Earth’s upper mantle but fast cooling
of the chromite-laurite magmatic system associated to fast exhumation of the rocks would prevent
the effective dissolution of Os in the laurite even at high temperatures (~1200 °C), allowing the
formation/preservation of nanoscale domains of erlichmanite in laurite. Our observation highlights
for the first time the importance of nanoscale studies for a better understanding of the genesis of
platinum-group minerals in magmatic ore-forming systems.

Keywords: Platinum-group minerals; chromitite; zoned laurite-erlichmanite; nano-mineralogy;
focused ion beam; transmission electron microscopy; precession electron diffraction
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1. Introduction

The platinum-group minerals (PGM) include a group of minerals that concentrate the six
platinum-group elements (PGE; Os, Ir, Ru, Rh, Pt, and Pd). Among these minerals, the members of the
laurite solid solution series; laurite (RuS;)-erlichmanite (OsS;) are the most abundant, particularly in
chromite ores (s.l. chromitites) associated to ultramafic rocks from the upper oceanic and subcontinental
lithospheric mantle (SCLM) [1]. Representing >75% of the PGM documented in these types of ore, these
grains of laurite-erlichmanite in the mantle-hosted chromitites are found as tiny (<25 um across) solid
inclusions forming anhedral to euhedral crystals, in single or composite aggregates, associated with
other PGM, base-metal sulfides and/or silicates [2]. Several studies, based on single-spot and elemental
mapping with electron microprobe analysis (EPMA), have shown that the laurite and erlichmanite
in the mantle-hosted chromitites, like those found in chromite ores from the crust, show mutual
substitution between the Ru and Os [3-7].

The ample substitution of Os by Ru in laurite and vice versa in erlichmanite usually results in
different patterns of zoning, which [8] are grouped into three main types: (i) grains with Os-poor (laurite)
core and Os-rich rim (normal zoning), (ii) grains with Os-rich core an Os-poor rim (reverse zoning) and
(iii) grains made up of complex intergrowth of Os-rich, Os-poor laurite and/or erlichmanite (oscillatory
zoning). Although post-magmatic alteration may also produce zoning in laurite-erlichmanite [9,10], the
origin of zoning in laurite-erlichmanite grains included in unaltered chromite grains from mantle-hosted
chromitites is widely accepted to be magmatic [6,11,12]. The analysis of zoned laurites using laser
ablation multi-collector inductively coupled plasma source mass spectrometer (LA-MC-ICPMS) also
confirmed this hypothesis showing that elemental Os zoning in laurite correlates with variations in
the Os isotopic composition [12]. The isotopic heterogeneities observed within individual grains of
laurite-erlichmanite are interpreted to reflect the crystallization of the PGM and host chromitites in
the upper mantle during mixing of individual pulses of melts with distinctive element and isotopic
compositions originally derived from already heterogeneous sources [12-16].

Chemically and isotopically zoned laurite shows a characteristic internal ordering with growth—
related bands, parallel to crystal faces, which are frequently interrupted by the external boundary of
the grain. These microstructures have been interpreted to reflect partial dissolution of the zoned grain
because of sudden changes of composition of the parental melt [8]. It is apparently consistent with the
fact that over a wide range of temperatures (>500-1000 °C) the Os uptake in pyrite-type structures
like laurite takes place by step-growth processes such as dissolution-precipitation instead solid-state
diffusion [12,17]. Recently, several authors have reported nanosized PGM sulfide minerals (e.g.,
cooperite/braggite, laurite), and Pt-Fe alloy, arsenides and oxides by combining focused ion beam and
transmission electron microscopy (FIB/TEM) confirming the magmatic origin of these phases [18-20].
However, the structure of these intergrowths at the nanoscale remains largely unexplored.

This paper provides the first nanoscale characterization of zoned laurites in nature, using a
combination of focused ion beam (FIB) micro-sampling techniques, transmission electron microscopy
(TEM) and precession electron diffraction (PED) observations. We investigated zoned laurite crystals
from chromite deposits from the Ojén lherzolite massif (southern Spain), where laurite grains exhibiting
normal and oscillatory zoning patterns have already been documented [21]. Previous electron
microprobe analysis showed that these zoned laurites show relatively high contents of As and Ir, which
indeed correlates with Os rim zoning. These relatively high As-Ir contents were originally interpreted
as reflecting “incorporation of increasing amounts of the irarsite molecule” [3,21].

The new results provided here, show that zoning in laurite was not produced by diffusional
processes but by non-equilibrium growth of Os domains in the laurite rim with a pre-existing Ru-rich
laurite core. Moreover, higher Os (+ As) enrichments are due to the existence of nanoscale (10-20 nm)
domains of erlichmanite within laurite, which has partitioned not only Os but also As.
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2. Geological Background of the Samples

In this study, we focus on zoned laurite-erlichmanite crystals identified in three chromitite bodies
from the Ojén ultramafic massif in southern Spain (Figure 1a,b), namely chromitite bodies ARC and
ACA from the locality of the Arroyo de los Caballos and CD from Cerro del Algarrobo [3,21-24].
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Figure 1. (a) Geographical situation of the ultramafic massifs located in southern Spain and in northern
Morocco (in black) and (b) Schematic map of the Ojén lherzolitic massif showing its three petrological and
metamorphic domains (modified from [23,24]. The different acronyms for the chromitite bodies referred
in previous works of study are ACA and ARC for Arroyo de los Caballos and CD for Cantera de Dunitas.

The Ojén ultramafic massif is located at the internal zone of the Betic Cordillera (southern Spain)
and, together with the Ronda, Carratraca (southern Spain) and Beni Boussera (northern Morocco)
massifs, is one of the largest ultramafic bodies that crop out around the northern and southern margins
of the Alboran Sea (westernmost Mediterranean Sea) (Figure 1a). On the Iberian side, the ultramafic
massif crops out in the so-called Serrania de Ronda, covering relatively wide areas: Ronda (~300 km?),
Ojén (~80 km?) and Carratraca (~60 km?). These ultramafic massifs chiefly consist of lherzolite and
harzburgite with lesser amounts of dunite and pyroxenites layers, which were locally, intruded by
leucocratic dykes at ca. 1822 Ma.

A great body of work carried out over the past three decades has provided a deep characterization
of the peridotites of the Serrania de Ronda, revealing the existence of four kilometer-scale structural,
petrological and geochemical domains from top to bottom of the mantle section (Figure 1b):
(1) garnet-spinel mylonite domain, (2) spinel tectonite domain, (3) granular peridotite domain,
and (4) plagioclase tectonite domain [25-29]. These domains represent vestiges of an old Proterozoic
(1.8 Ga) subcontinental lithospheric mantle (SCLM) with a protracted record of early exhumation
from the roots of thick continental lithosphere and its final emplacement in an extremely attenuated
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shallow continent in the Miocene. This tectonic evolution is associated with the development and
evolution of a back-arc basin in a suprasubduction setting behind the Betic-Rif orogenic wedge [30-33].
An estimation by [34] suggested a very rapid ascent of the ultramafic rocks from the roots of a SCLM
towards their final emplacement in the crust of ~0.4 cm/year.

The chromitite hosting the zoned laurite-erlichmanite crystals analyzed here are from the northern
part of the plagioclase-tectonite domain of the Ojén ultramafic massif (Figure 1). These chromitite
bodies form irregular pods, schlieren and entwined veins enclosed in 1-10 m thick tabular dunite
bodies hosted in lherzolite and harzburgite. Asthenosphere-promoted, pervasive partial melting of
the subcontinental lithospheric mantle with infiltration of mafic and calcalkaline volatile-rich melts
resulted in re-fertilization reactions at the recrystallization front [23]. Previous works [3,21,23,35]
showed that the chromitite consist of chromite crystals with variable size (from a few millimeters to
2 cm) often hosting a broad variety of solid inclusions, including PGM, base-metal sulfides (BMS) and
silicates, frequently forming composite aggregates of up to 50 um in diameter. To ensure the magmatic
origin of the zoned laurite-erlichmanite grain, this study focused exclusively on grains that were fully
hosted in unaltered chromite.

3. Methods

3.1. Sampling, Imaging and Chemical Characterization of the Platinum-Group Minerals (PGM)

Five selected polished sections of chromitites from the Ojén ultramafic massif were carefully
studied under the ore microscope to localize and identify the PGM grains. Selected EPMA analysis of
laurite-erlichmanite grains are shown in Table 1. These grains were identified (under back-scattered
electron mode) and preliminary by means of their EDX spectra obtained using a Field Emission
Scanning Electron Microscope (FE-SEM) Jeol JSM-7100 belonging to the Centres Cientifics i Tecnologics,
Universitat de Barcelona (Spain). The operating conditions constituted an accelerating voltage of 20 kV
and a probe current of 8 pA.

Subsequently, the quantitative composition of selected PGM grains was acquired using a JEOL
JXA-8230 electron probe microanalyzer (EPMA) equipped with five tunable wavelength dispersive
spectrometers at the Centres Cientifics i Tecnologics, Universitat de Barcelona (Barcelona, Spain). The
operating conditions were 40° take-off angle, an accelerating voltage of 15 kV, a beam current of 10 nA,
with a 1 pm-diameter beam fully focused. The following WDS crystals were used: PET] for Ru L«,
Rh L&, Pd L, S Ko, TAPH for As L3 and LIFL for Pt L, Ir L&, Os L&, Cu Ko, Ni K, Fe K and Cr
Ka. The standards were Ru metal for Ru La, Rh metal for Rh L, Pd metal for Pd L3, chalcopyrite
(CuFeSy) for S K, GaAs (gallium arsenide) for As L3, Pt metal for Pt Lo, Ir metal for Ir Lo, Os metal
for Os L, chalcopyrite (CuFeS;) for Cu Ke, Ni metal for Ni Ke, FeS; (pyrite) for Fe Ko and Cr,O3
(chromium(III) oxide) for Cr Ke. Interference corrections were applied to Ru L« for interference by Ru
Lp, to Ir L« for interference by Cu Ka, to Rh L3 for interference by Pd L, to Ru L for interference by
Pd L«, to Cu Kp for interference by Os Lo and to Rh L« for interference by Pt Lox.

3.2. Nanoscale Study of the Zoned Laurite Crystal

An electro-transparent thin-foil was prepared and extracted from a laurite grain (namely ARC-16/7)
characterized by a remarkable core-to-rim enrichment in Os (i.e., normal zoning) by means of focused ion
beam scanning (FIB-SEM) Zeiss® Neon40 at the Research Centre in Multiscale Science and Engineering of
the UPC (Universitat Politécnica de Catalunya, Barcelona, Spain). The sample was coated with a Pt metallic
protective slip and then the sample was milled by means of Ga ion bombardment until a 10 X 15 um
thin-foil was obtained. The thin-foil was extracted, welded to a Cu TEM grid and thinned down to an
electron transparent thickness (down to 80 nm). Details of the FIB methodology are given in [36].

Later, the thin-foil was subsequently studied using a Transmission Electron Microscope (TEM) FEI
Titan G2 TEM equipped with Field Emission cannon XFEG, with spherical correction for the objective
lens and working at 300 kV from the Centro de Instrumentaciéon Cientifica of the Universidad de
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Granada, Granada, Spain. The FEI Titan G2 TEM is equipped with four energy-dispersive analysis
of X-rays (EDX) detectors (FEI microanalysis Super X) and high angle-annular dark field detector
(HAADF). High magnification electron microscopy images (HMEM) were acquired using Gatan
CCD Camera Orius SC1000. The EDX provided elemental maps and microanalysis from areas and
points of interest, the HAADF provided high Z-contrast images and the HMEM allowed microtexture
characterization. The obtained images were processed using Digital Micrograph® Version 1.71.38 and
the elemental maps using INCA® Microanalysis Suite version 4.09 software package.

The thin-foil was also analyzed using (TEM) JEOL JEM-2100 LaB6 at the Centres Cientifics i
Tecnologics, Universitat de Barcelona (Barcelona, Spain) to obtain high precession angle electron
diffraction patterns (PED) on the Os rich zoned laurite domains. The TEM JEOL JEM-2100 LaB6
is equipped with energy dispersed analysis of X-rays (EDX) Oxford Instruments INCA xsight and
HAADF, operating at 200 kV in STEM mode. The TEM is equipped with the commercial PED system
DigiSTAR manufactured by NanoMEGAS®. The PED patterns were recorded with a Stingray external
camera by Gatan® (Pleasanton, CA, USA) and the X-ray maps and spectra with an X-ray microanalysis
INCA® ultrathin window Si (Li) detector by Oxford Instruments® (Abington, Oxfordshire, UK) while
operating the TEM at 200 kV with a beam size used in this mode of ~15 nm as in [37].

To obtain phase maps for the corresponding PGM grain domains, PED patterns were collected
sequentially using the external Stingray camera while the sample area was scanned by an incident
quasiparallel nanobeam (<2 mrad). A 225 x 175 pixels map on a 950 nm X 1260 nm area was retrieved.
Beam scanning and precessing over the sample area took ~360 min (4800 points s~!). Each PED pattern
was recorded with a precession angle of 1° and saved imposing a d-spacing value cut-off of 0.55 A~1.
Since our data corresponds to high PED angle diffraction patterns, we have used the central and outer
noncentral diffraction spots to determine the zone axis as accurately as possible. Once the automated
acquisition of several thousand PED patterns was completed, phase identification was performed for
each individual pattern, by comparing with previously generated model templates using the Topspin®
software package (Version 3.1, Nanomegas, Brussels, Belgium). The subsequent data processing of the
PED patterns followed the procedure of [37,38].

Additionally, bright field maps were obtained under precessed illumination in parallel to
correlation index map images to stress features such as compositional variations, in-grain precipitates
and allow highlighting of selective crystalline domains [37]. By combining all these data, we aimed to
obtain the mineral phase distribution of chromite, laurite and erlichmanite at sub-micron scale within
the PGM aggregate.

4. Results

4.1. Laurite Zoning Patterns in the Ojén Ultramafic Massif

A total of 44 grains of laurite were identified in the studied polished-thin sections. All laurites were
found included in unaltered chromite forming small (<30 pm) euhedral and less commonly anhedral
isolated single or composite grains with Ir-Pt-Rh-Ru sulfarsenides, irarsite (IrAsS), hollingworthite
(RhAsS), platarsite (PtAsS), ruarsite (RuAsS) and the Pt-arsenide sperrylite (PtAs;) (Figure 2). Amongst
the 21 laurite grains identified in the samples from the Arroyo de los Caballos, only six exhibit zoning
under the back-scattered mode of the SEM (Figure 2a—d), although due to the small size of some of
these laurite grains and very fine scale of zoning only four grains (ARC-16/4, ARC-16/7, ARC-16/8
and ACA-4/9), could be reliably analyzed with the electron microprobe (Figure 2a—d). One zoned
laurite grain described by [21] from the ARC chromitite displays a small rounded (or corroded)
core of Os—poor laurite [(Ru0.74050.09Ir0.12)220.95(81‘35ASO.20)Z:2,05], Wrapped by Os-richer laurite rim
[(Rug 610s0.18110.13)5-093(51.86AS0.21)5=2.07] with idiOInOI‘phiC outlines (Figure 2a).
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ARC-16/4

16
Laurite

Irarsite

ARC-16/7 ARC-16/8

Figure 2. Backscattered electron images of zoned laurites from the Ojén ultramafic Massif. (a) Euhedral
laurite with normal zoning enclosed in chromite (ARC) [21], (b,c) Subhedral-euhedral normal zoned
laurites with Os-rich cores included within the chromite matrix, (ARC from this study), (d) Anhedral
grain with oscillatory zoning composed of laurite and irarsite (ARC) from this study. Numbers in b, ¢
and d correspond to EPMA results showed in the Table 1.

In this study we have also identified another two zoned laurite grains from the same chromitite
(namely ARC-16/4, ARC-16/7; Table 1 and Figure 2b,c and Figure 3a,b), which are characterized
by cores surrounded by bands with variable Os contents but still defining a core-to-rim of Os
increasing trend (i.e., normal zoning as defined by [8]). The measured chemical composition of
the core of the zoned laurite ARC-16/4 is [(Rug 95Rhg g9Feq.01)s=1.05(51.91AS0 04)5-1.95] whereas zoned
laurite ARC-16/7 exhibit core-to-rim variation between [(Rugg5Rhg ggFeg.02)5=1.05(51.90AS0.05)5=1.95]
and [(Rug s7Rhg 071r0,01080.07F€0.02)2=1.04(51.92A80.04)5=1.96] (Figure 2b,c; Table 1).

In addition, one grain from the ARC and other from the ACA chromitite bodies also exhibit
grains (i.e.,, ARC-16/8 and ACA-4/9; Table 1 and Figures 2d and 3c) with bands of laurite with
variable Os, Ru and Ir contents alternating with thin (not appropriate for reliable quantitative
determinations with EPMA) bands of irarsite. In the zoned laurite grain ARC-16/8 the core of Os-rich
laurite [(Rug 64Osp.171rg.11Rhg 07Feq 02)5=1.01(51.84AS0.15)5=1.99] is surrounded by alternating bands of
Os-poor and Ir-As-rich laurite (Figure 2d; Table 1) with an associated outermost rim of irarsite. In
contrast, the zoned laurite grain ACA-4/9 exhibits an oscillatory zoning characterized by a nuclei
of OS-pOOl‘ laurite [(Ru0.66OSO.181r0.09RhO.08FeO.02)Z:1.03(51.86ASO.11)2:1.97] surrounded by a first rim
of Os-richer laurite [(RUO.&080.2311'0_10Rh0.08F60,02)):=1.05(S1,S4ASQ'11)Z=1.95], a second rim of OS-pOOI‘
laurite [(Ruo,72050.1glr0.06Rh0,06Feo.03))2=1.02(81.90A50.06)2=1.95] (Figure 3¢, Table 1) which fmally are
surrounded by irarsite bands [(Irg.45Rhg 33Ru0.16080.04)2=0.98(51.21A80.78)2=1.99]-

Unzoned laurites accompanying the zoned laurites described above are also present in the chromitite
bodies and their measured compositions range from [(Rug 91 Osg 0sRhg 031r0.01Fe0.02)5=1.05(51.95)5=1.95] to
[(Rug 640s0.29Ir0 07Fe0.02)5=1.02(51.98)x=1.98] with negligible amounts of Pt, Rh and Ir in their compositions
(Table 1, Figure 3d)).
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Ir

Figure 3. Ru-Os-Ir plots of the laurite grains from the investigated chromitites and from those studied

by [21] (shaded domains). From left to right: (a) Plot of a grain with normal zoning with little chemical

variation between core (C) and rim (R), (b) Plot of one grain with normal zoning with remarkable

chemical variation (C: cores, R: rims, arrows indicate compositional variation from cores to rims);

(c) Plot of laurite grains displaying oscillatory zoning) and (d) Plot of laurites without zoning.

Table 1. Representative EPMA analyses of minerals from the laurite-erlichmanite series.

Grain Phase 4 Os Ir Ru Pt Pd Rh Fe Ni Cu S As Cr  Total
(wt.%)
ACA-4/1 Osp-La 1 13.81 1351 3493 bld bld 106 076 025 0.04 3063 233 211 99.43
ACA-4/2 Osp-La 2 21.04 925 3409 bld bld 037 052 008 003 3076 1.08 1.18 98.40
ACA-4/5 Osp-La 3 2248 7.85 3341 bld bld 043 071 005 003 3045 079 1.70 97.90
ACA-4/6 Osg-La 4 2277 9.79 2345 bld bld 233 057 005 008 2686 3.60 144 90.94
ACA-4/9C Osp-La 5 1726 839 3268 001 026 4.06 0.67 - bld 2946 409 171 98.60
ACA-4/9 Osp-La 6 21.66 9.09 3050 bld 0.08 378 0.69 002 bld 2892 4.01 171 100.46
ACA-4/9R Osp-La 7 1731 6.04 3723 023 014 3.08 073 0.04 bld 3117 223 1.89 100.09
ACA-4/10 Osp-La 8 582 546 4477 035 034 368 094 005 bld 3247 138 259 97.86
ACA-4/14 Osg-La 9 2633 9.26 2861 032 037 132 061 008 bld 2970 251 1.58 100.69
ACA-4/16 Osp-La 10 21.04 925 3409 bld bld 037 052 008 003 3076 1.08 1.18 98.40
ARC-16/4C Osp-La 11 001 050 5466 021 bld 500 039 003 bld 3532 1.62 123 98.97
ARC-16/5 Osp-La 12 2568 321 3213 0.65 033 112 055 003 bld 3045 1.17 1.68 97.01
ARC-16/6 Osp-La 13 797 098 5099 031 bld 167 047 005 bld 3450 bld 1.06 98.00
ARC-16/7C Osp-La 14 012 028 5398 038 bld 454 048 0.02 bld 3425 175 148 97.28
ARC-16/7R Osp-La 15 734 093 4754 046 025 386 056 0.02 0.02 3348 173 172 97.91
ARC-16/8 Osp-La 16 1621 10.14 3200 0.02 0.12 380 050 0.06 0.04 2918 538 1.44 98.89
CD-32/9 Osg-La 17 2730 655 3218 bld 023 bld 064 006 bld 3154 bld 149 99.99
Apfu (atoms per formula unit) Os Ir Ru Pt Pd Rh Fe Ni Cu S As Ru/(Ru + Os)
ACA-4/1 Osp-La 1 0.14 0.14 0.69 - - 0.02 0.03 - - 191 0.06 0.83
ACA-4/2 Osp-La 2 022 0.10 0.68 - - 0.01 0.02 - - 1.94 0.03 0.75
ACA-4/5 Osp-La 3 024 0.08 0.68 - - 0.01 0.03 - - 1.94 0.02 0.74
ACA-4/6 Osg-La 4 027 012 0.53 - - 0.05 0.02 - - 1.90 0.11 0.66
ACA-4/9C Osp-La 5 0.18 0.09 0.65 - - 0.08 0.02 - - 1.86 0.11 0.78
ACA-4/9 Osp-La 6 023 010 0.62 - - 0.08 0.03 - - 1.84 0.11 0.73
ACA-4/9R Osp-La 7 018 006 0.72 - - 0.06 0.03 - - 190 0.06 0.80
ACA-4/10 Osp-La 8 0.06 0.05 0.84 - - 0.07 0.03 - - 191 0.03 0.94
ACA-4/14 Osg-La 9 029 0.10 0.58 - - 0.03 0.02 - - 191 0.07 0.67
ACA-4/16 Osp-La 10 022 010 0.68 - - 0.01 0.02 - - 194 0.03 0.75
ARC-16/4C Osp-La 11 - - 0.94 - - 0.08 0.01 - - 1.92 0.04 1.00
ARC-16/5 Osp-La 12 028 0.03 065 0.01 - 0.02 0.02 - - 1.95 0.03 0.70
ARC-16/6 Osp-La 13 008 0.01 091 - - 0.03 0.02 - - 1.95 - 0.92
ARC-16/7C Osp-La 14 - - 0.95 - - 0.08 0.02 - - 1.90 0.04 1.00
ARC-16/7R Osp-La 15 0.07 0.01 0.87 - - 0.07 0.02 - - 1.92  0.04 0.92
ARC-16/8 Osp-La 16 017 011 0.64 - - 0.07 0.02 - - 1.84 0.15 0.79
CD-32/9 Osg-La 17 029 0.07 0.64 - - - 0.02 - - 1.98 - 0.69

Osp-La: Os-poor laurite, Osg-La: Os-rich laurite, C: Core, R: Rim, b.1.d.: below limit of detection.
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4.2. Nanoscale Structure of Zoned Laurite

One thin-foil (Figure 4) was cut perpendicular to the zoned microstructure of the laurite grain
ARC-/7 revealing a pseudo-trapezoidal zoned shape (Figure 4). The BSE images acquired from both
sides of the thin-foil displayed nanometric-scale heterogeneities, which is fully consistent with the
micro-structural core-to-rim Os zoning observed in the acquired BSE images on the surface of a
polished thin section (Figure 4a,b). The SEM-EDX mapping revealed overall homogenous contents of
S throughout the grain. The different domains observed in the grains exhibit a positive correlation
between the contents of S and Ru, and Os appears to be predominantly concentrated in the rim.
However, the obtained BSE images from the thin-foil revealed compositional heterogeneities associated
to the Os rich rim that has been further characterized by means of TEM (Figure 4b).

Os-Laurite

Lau

Figure 4. (a) Backscattered electron (BSE) images of euhedral normal zoned laurite (ARC-16/7 grain)
with Os-rich core included within the chromite matrix. EDX elemental mapping and compositional
profile obtained using SEM reveal for S, Os and Ru are also shown. (b) BSE images collected with
FIB-SEM of the thin-foil extracted from the laurite ARC-16/7 grain. 1 (core zone) and 2 (rim zone) show
different compositional zoning domains, white rectangle corresponds to the region of interest showing
core-rim boundary.

The TEM images from ARC-16/7 thin-foil confirmed the presence of two compositionally distinct
domains, corresponding to the core and the rim as observed using FE-SEM from the grain cross
section (Figure 5). In agreement with the EPMA and SEM-EDX analysis, the obtained TEM-EDX
profiles across the core-rim contact show that the core is enriched in Ru, whereas at the rim there
are higher concentrations of Os, S and to a minor extent As (Figure 5). In addition, the HAADF
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images indicate that at the nanoscale, the rim internally consists of 10-20 nm-wide parallel fringes
with alternating composition (Figure 5a). The selected area electron diffraction (SAED) patterns
taken at the core-rim boundary (Figure 5b) indicate that these fringes are not the result of an array of
interferences and superpositions of different plane orientations or powder diffraction rings characteristic
of polycrystalline/amorphous phases but a continuous single-crystal (Figure 5). Nevertheless, the
TEM-EDS profiles obtained across the rim confirmed that these lattices correspond to distinctively
different nanoscale chemical domains, with the white fringes corresponding to atomically heavier
domains enriched in Os and dark fringes as atomically lighter domains enriched in Ru (Figure 5c).
The observed Ir content is scarce and almost invariable throughout the profile (Figure 5d).

Lau [0 1_2]

— Ru-La
Os-La
Ir-Lat

—5-Ku

— As-Lp

ARG 1
HAAD

Figure 5. (a) HAADF image of the core-rim contact of the laurite thin-foil (ARC-16/7 grain).
(b) Diffraction pattern obtained on the fringes domain showing a monocrystalline pattern of laurite.
(c) Detail of the HAADF image of the rim to core contact of the laurite thin-foil. White arrow showing
the direction of the EDX profile obtained. (d) EDX profile showing the compositional variations of
Ru-L&, Os-La, Ir-La. S-Koc and As-L vs counts per second (cts).

Furthermore, the analysis at the core-rim contact was performed using PED to unequivocally
identify the crystalline phases, their distribution and orientation (Figure 6a,b). The central and outer
noncentral diffraction spots from the high PED angle diffraction patterns were used to determine the
phase assignations as accurately as possible. The transmitted beam intensity fluctuation maps were
obtained (virtual bright field image) by integrating the intensity within a virtual aperture placed on
the same position. The PED associated virtual bright field (VBF) map confirmed the Os enrichment at
the rim with a distinctive lower transmitted electron beam intensity in agreement with the TEM-EDX
mapping (Figure 7a,c). The PED-based map has further been used to study the crystal domains, size
and orientation within the thin-foil.
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Figure 6. Precession Electron Diffraction (PED) patterns with their corresponding Miller indices
corresponding to (a) chromite (Chr) and the associated (b) laurite (Lau) and the associated (c) erlichmanite

(Exl) from the Os-rich zoning. Indexing intensities, phase identification and crystal orientation has been
performed using the Astar™ software package.

Figure 7. (a) TEM EDX mapping displaying Os and Ru distribution across laurite zonation, white
rectangle shows the PED selected area. (b) Its correspondent elemental composition variability vs
counts per second (cts) EDS profile displaying the Os/Ru correlation (black) with light fringes. (c) Virtual
Bright Field (VBF) image shows the darker area enriched in Os. (d) Phases distribution map acquired
by PED with chromite (dark grey) laurite (yellow) and erlichmanite (blue). (e) HAADEF image of the

nanoscale fringes located within the rim domain of the laurite grain with the trace of the EDS profile
(white arrow).

Each individual experimental PED pattern was compared with the full set of generated templates
using the laurite, erlichmanite and chromite structures [39—41] and a correlation index (goodness of
matching map) in association with the scanned area. The PED patterns showed in Figure 6 have been
obtained at the same spot where compositional fringes had been identified and, additionally where
the reliability index was higher by assigning the best orientation for each individual pattern obtained.
This PED-based phases map also reveals that higher Os contents in the fringes observed in the rim
domain of the grain correspond to erlichmanite (OsS,), which are found in some cases as segregated

and aligned in parallel fringes (10-20 nm wide) within the monocrystalline laurite constituting most of
the PGM grain (Figure 7).
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The obtained PED-based crystal phase maps shown in Figure 7 confirmed that two crystal phases
constitute the rim zone, and the corresponding automated pattern indexing enabled analysis of their
crystallographic textures. The dominant [409] (laurite) and the [307] (erlichmanite) constituting the
10-20 nm fringes have been identified with little disarrange angle (Figure 6a,b), which is consistent
with compositional differences observed in EDX profiles (Figure 7d,e). The indexation of the three
phases recognized with the PED mapping, obtained from the matching of the corresponding diffraction
patterns show a good identification of laurite, the erlichmanite fringes and the surrounding hosting
chromite (Figure 6c).

5. Discussion

5.1. Magmatic Origin of Laurites from the Ojén Chromitites

The occurrence of the zoned laurites within unaltered chromite crystals in the Ojén chromitites
suggests that these grains were mechanically trapped during the formation of the hosting mineral [4,11,14].
In addition, the euhedral shape of most of these grains (Figure 2a—) suggests that these minerals
crystallized freely from a melt prior or contemporary to chromite [42].

The hypothesis that laurite could form during crystallization of the chromitites from basaltic
melts at relatively high temperatures (>1000 °C) is supported by a series of experiments [12,43—-46]
indicating that almost stoichiometric Os-poor laurite can crystallize from S-undersaturated basaltic
melt at 1200-1300 °C and log fS, from —2 to —1.3. The results of these experiments also showed that
Os solubility in laurite crystallizing directly from a basaltic melt increases with decreasing temperature
or increasing fSp.

In addition, the results provided in the experiments carried out by [45] also support the notion
that laurite can crystallize directly out of a S-bearing sulfide-undersaturated silicate melt, although
they proposed a model in which laurite would form by reaction of nano-to-micron sized metallic
Ru-(Os-Ir) alloys with S eventually dissolved in the silicate melt. More recently, [12] have demonstrated
experimentally the growth in equilibrium of laurite and Pt-Ir-Os-Fe alloys from Ni-Cu-Fe sulfide melts
at >1200 °C.

Single-spot analysis laurite from the investigated chromitite bodies using EPMA shows a wide
range of Os contents up to the end-member erlichmanite (OsS,) (Figure 3), indicating that they formed
at a somewhat wider range of temperatures (and sulfur fugacity) than those defined by [43] for the
stability of pure laurite (1300-1150 °C). Therefore, the origin of these PGM can be related with their
crystallization from the basaltic melts that have crystallized the chromite in the mantle [3,21,23].

5.2. Nanostructure of Cores and Rims in Zoned Laurites from the Ojén Chromitites

There is a consensus that a progressive increase in the Os content of laurite would be expected on
cooling because of both decreasing temperature and increasing fS,, thus normal zoning should reflect
the different stages of fractional crystallization during cooling of the chromitite parental melt [42,47-49].
In contrast, oscillatory zoning consisting of bands of Os-poor and Os-rich laurite often alternating with
irarsite (Figures 2d and 3c) indeed highlight the existence of a magmatic system with different fS, (and
a As) gradients in space and/or time, with or without changes in temperature, and over short time
spans [6,8,11]. However, these hypotheses depart from the assumption that there is a complete mutual
substitution of Ru©0s between laurite and erlichmanite as these two disulfides are isostructural [50].

The TEM observation of the thin-foil extracted from the laurite ARC-16/7 displaying normal
core-to-rim zoning shows that, this zoned grain is laurite (Figures 4b, 5c and 7a). The EPMA of the core
of this grain yielded up to 53.98 wt.% Ru and negligible amounts of Os, which is consistent with the
nanoscale textures observed and the homogenous distribution showed by the elemental map acquired
using TEM-EDX. The disparity between the laurite chemistry and the presence of erlichmanite resides
in the fact that the EPMA spatial resolution is ~2 um, way too large to discriminate the Os influence
between core and rim domains within the normal zoning (Figure 7a).
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This contrasts with the heterogenous nanostructure of the outer Os-richer rim surrounding this
Os-poor nucleus. The rim consists of alternating fringes of erlichmanite up to 10-20 nm preferentially
oriented within a relatively homogenous laurite matrix (see compositional TEM-EDX profiles in
Figures 5d and 6b and PED map in Figure 7d).

The HMEM images and the PED analysis indicate that there is not significant crystallographic
mismatch between the core of laurite and the Os-richer rim consisting of a laurite matrix hosting
nano-domain of erlichmanite. These observations suggest that changes in chemistry in zoned
laurite-erlichmanite grains indeed reflect crystallization in non-equilibrium conditions what would
prevent the intra-crystalline diffusion of Os from core to rim within the laurite structure at high
temperature. These changes in the chemistry of the parental melt would account in parallel to
variations of the thermodynamic conditions as noted in the previous section.

Interestingly, the HMEM images and the PED analysis also show that in the Os-rich rim the
crystallographic orientation of the erlichmanite fringes match those of the Ru-rich matrix of laurite
(Figure 7d), suggesting that these nano-meter sized domains of erlichmanite fringes could form as a
result of: (1) the exsolution of Os from laurite, (2) heterogeneous dissolution of Os in the structure of
laurite at high temperature. In the first scenario, one could assume that Os entered in the structure
of laurite at high temperature but upon cooling it would exsolved via the occupation of vacancies in
the position or Ru. An equilibration of a chemically heterogeneous laurite grain by intra-crystalline
diffusion of Os could be expected during subsolidus cooling from the very high temperatures of
crystallization of laurite and host chromite (~1300-1150 °C) up to the typical lower conditions of closure
of the chromitite system (~600 °C). If so, this would evidence a compositional gap between laurite and
erlichmantite at low temperature, which has not yet been defined in experiments. However, we already
noted that peridotites (and hosted chromitite including laurite grains) from the Ojén ultramafic massif
experienced a very fast exhumation from the roots of the SCLM towards their final emplacement into
the crust. This rapid exhumation very likely caused a relatively fast cooling of the chromite and their
hosted laurite inclusions, which could prevent the complete homogenization of Os into the laurite
structure allowing the preservation of the erlichmanite fringes within a matrix of pure laurite. Thus, as
the temperature fell, the miscibility gap widened until at low temperatures very little solid solution
existed resulting in a two phases mixture.

A third alternative is that the observed fringes of erlichmanite in laurite reflect breakdown of laurite
into erlichmanite due to spinodal decomposition. The spinodal decomposition is a typical solution
model where the solid solution is unstable to variations in composition, leading to a unmixing process
into regions of different compositions [51]. This has been documented in many other high-temperature
minerals such as silicates (e.g., feldspar [52-57] and clinopyroxenes [58]) or oxides (e.g., spinel
exsolution in magnetite [59]). In the case of sulfides, spinodal ordering has been calculated in Zn-Fe-S
and Sn-Pb-S in the corresponding phases diagrams in disequilibrium conditions [60,61]. The spinodal
decomposition differs from nucleation and growth in that it proceeds from a compositional perturbation
small in degree but large in extent. This perturbation grows, and a new phase gradually emerges
which is structurally coherent with its surroundings across a diffuse interface. Thus, unlike the classical
nucleation, there is no clear stage at which the second phase appears [56]. The phases identification
extracted from the PED mapping and the fringes observed in the HAADF image indicate that in
laurites the spinodal decomposition indeed took place where there an increase of Os content results in
an increase of free energy, the re-equilibrium is shown to nucleate a new phase (i.e., erlichmanite in the
Os-rich rim) (Figure 7d,e).

Theoretically, these fluctuations may allow the coexistence of regions with slightly different lattice
parameters [51], which agrees with the small disarrange between the laurite and the erlichmenite
fringes as seen in Figures 5-7. These regions are periodic, very fine scale (ideally between 5 nm and
50 nm) and with sinusoidal compositional modulations throughout the crystal, the same characteristics
are shown in laurite from Figure 7b,e. Likewise, if the cooling rate is fast the wavelength from the
partial decomposition remains constant and lies in the range 1-35 nm [62].
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As noted above, the proposed spinodal decomposition in laurites could be explained because
the peridotites and the hosted chromitite including the laurite grains from the Ojén ultramafic massif
experienced a very fast exhumation from the roots of the SCLM towards their final emplacement into
the crust. In fact, [63] already proposed that due the rapid exhumation very likely caused a relatively
fast cooling of the chromite bodies; which could prevent the complete homogenization of Os into the
laurite structure allowing the preservation of the 20 nm wide erlichmanite observed fringes within the
Os-rich laurite rim.

5.3. Nanoscale Coupling of Os and As in Erlichmanite

Single-spot EPMA show that both zoned and unzoned laurite from the three chromitite bodies
analyzed in this study display positive correlations of Ir vs. As (Figure 8; Table 1), which in some of
the zoned laurites is directly related with the higher Os content. Despite that some laurites from the
chromitites CD and ARC have As below detection limits, they still contain Ir of up to 6.55 wt.% and up
to 10.14 wt.% respectively. Considering all the analyzed laurites, the positive Ir vs. As correlation define
trends parallel to Ir/As line = 1, and present coupled Ir-As enrichments of similar extent (Figure 8).
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Figure 8. Plot of Ir versus As (at %) for laurite-erlichmanite from the Ojén ultramafic Massif, updated
from [1,6]. Black polygons correspond to grains displaying normal zoning and dark-grey for oscillatory
zoning (C = core; R = rim). The different acronyms for the chromitite bodies referred in previous works
of study are ACA and ARC for Arroyo de los Caballos and CD for Cantera de Dunitas. Symbols from
this study follow the same code used in [1], to the exception of grey circles corresponding to analysis of
Arroyo de los Caballos (undifferentiated) and white to Cerro de Aguila from [6]. Numbers correspond
to EPMA results showed in the Table 1. Literature and new data define positive correlation trends
parallel to the Ir: As =1 line.

Empirical data indicate that laurite can accommodate up to 10 wt.% Ir [1], although synthetic
laurite obtained in experiments overall have <3 wt.% Ir [12,43]). Thus, previous authors [3,21]
suggested the possibility that Ir and As in laurite from the Ojén chromitites could be controlled by
the presence of molecule (sic. nanoinclusions) of irarsite (IrAsS). However, the detailed TEM analysis
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carried out in this study does not reveal the presence of nanoinclusions of sulfarsenides in laurite,
rather we observed that this positive Ir/As correlation is particularly remarkable in those laurites
containing bands, or associated with, irarsite, which confirms the influence of the sulfarsenide not as
nanoparticles as suggested by [3].

On the other hand, while single-spot EPMA of the zoned laurite grain ARC-16/7 shows almost
invariable As contain between the core and rim on grain ARC-16/7 (1.75 to 1.73 wt.%, Table 1),
micro-profile analysis acquired using HRTEM indicate slightly higher As contents in the Os-rich
rim (Figure 5d). Apparently, within this Os-rich rim the relatively higher peaks of As match with
erlichmanite fringes suggesting a possible coupling of As with Os. This is consistent with recent
experiments [64] showing that despite of the tendency of Os to form metal-S complexing at high
temperatures, its affinity towards As in melts increases significantly below 1200 °C, consistent with the
hypothesis that erlichmanite could crystallize at lower temperatures and higher As activity in the melt
than laurite.

6. Conclusions

This is the first nanoscale study on the structure of minerals of the laurite-erlichmanite solid
solution series by means of a combination of FIB-HRTEM-PED. The obtained results show that the
Os enrichment detected in laurite by conventional micro-analytical techniques (FE-SEM and EPMA)
might correspond in some cases to the presence of nanoscale domains of erlichmmanite within a
matrix of Os-rich laurite. These observations above are twofold. First, the conventional definition
of the intermediate terms of the solid solution, i.e., Os-poor or Os-rich laurite, between the pure
species laurite (RuS;) and erlichmanite (OsS;) only using in-situ single-spot EPMA analysis or BSE
images using SEM should be reevaluated in some natural cases. It can only be adequately assessed
by detailed TEM studies. Secondly, zoning in laurite grains can occur not only at the microsize
scale but also at the nanoscale-domain and it is not related with subsolidus re-equilibrium of the
grains but is reflects composition in equilibrium with the environment at the time of its formation.
Nanoscale domains of erlichmanite in the Os rich laurite rim may reflect a spinodal decomposition of
laurite structure to exsolve Os even at the high temperature of crystallization of chromitites (1200 °C),
particularly in magmatic systems that experienced a relatively fast undercooling. Fast cooling of the
chromitite-laurite magmatic system could be also responsible for the preservation of microscale zoning
in laurite-erlichmanite grains, which is the result of changes in the thermodynamic conditions of the
melt and nonequilibrium conditions hampering the intracrystalline diffusion of Os limited by the
diffusion of Os during laurite crystal growth. Our results confirm (at the nanoscale approach) that
zoning in laurite-erlichmanite is a faithful record of heterogeneous physicochemical environment in
which these minerals and their host chromitites form in the upper mantle. Additionally, the discrepancy
highlighted by our observations illustrate the necessity of additional experiments to determine the
solubility limits for Os and Ru in the structure of erlichmanite-laurite under conditions of relatively
fast cooling that usually occur in natural systems as well as at temperatures lower than magmatic.
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