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Erratic behavior of platinum-group
elements along an olivine—Cr-spinel
cotectic in sulfide-undersaturated
basaltic magma: roles of Cr-spinel
and alloys

Ivan. F. Chayka?, Vadim S. Kamenetsky?3", Anton V. Kutyrev*1*, Sarah-Jane Barnes®,
Aleksandr S. Stepanov®, Sergey E. Konstantinov’:?, Nikolay I. Baykov?, Sergey G. Kryazhev®,
Ivan A. Belousov?’, Irina A. Zhukova®, Vasily D. Scherbakov!?, Valery M. Kalugin®,

Alexey V. Ivanov'?, Nikolay V. Bryanskiy!? & Jung-Woo Park!3

The behavior of platinum-group elements (PGE) in sulfide-undersaturated primitive magmas may be
controlled by crystallization of either Cr-spinel, platinum-group minerals (PGM) or olivine. Evaluation
of the PGM-hosted PGE portion is challenging because PGM in volcanic rocks are small and rare. We
report on the sizes and compositions of PGM associated with Cr-spinel, the PGE content of Cr-spinel
and olivine, and the bulk rock PGE content from sulfide undersaturated arc volcanics of the Tumrok
range (Eastern Kamchatka). Platinum-iron and Ir-Os alloys (<30 to > 3000 nm in size) form inclusions
in Cr-spinel. Their presence and composition are mostly independent of Cr-spinel chemistry. Bulk rock
PGE contents are erratic and PGE concentrations in Cr-spinel are exceptionally variable (up to 2 orders
of magnitude). Whereas PGM inclusions in Cr-spinel and PGE in solid solution in Cr-spinel significantly
contribute to the bulk rock PGE budget, a considerable portion of the PGE must be present associated
with minerals other than Cr-spinel. The variable PGE content of the rocks is attributed to a combination
of: (a) disequilibrium kinetic effects at the Cr-spinel-melt boundary layer, strongly affecting PGE
partitioning into Cr-spinel and crystallization of PGM in the layer; (b) the presence of some sufficiently
large PGM to cause nugget effects; and (c) melt degassing.

Platinum-group elements (PGE) have a strong affinity for sulfide melts, and PGE deposits are largely hosted
by sulfide-bearing mafic and ultramafic rocks"%. Primitive magmas typically reach the crust undersaturated in
sulfide liquid, and extensive fractional crystallization and crustal assimilation are necessary to promote sulfide
liquid saturation'-%. The behavior of PGE prior to sulfide saturation and the factors controlling their partitioning
remain debated. Some studies of chromite-rich plutonic rocks propose that the platinum-group minerals
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crystallize alongside of Cr-spinel®¢, while others suggest that PGE are mainly concentrated by Cr-spinel and

exsolve from the host to form PGM upon cooling”.

Studying the behavior of PGE and the magmatic crystallization of PGM is complicated by at least two factors.
First, PGE concentrations in most magmatic rocks are extremely low (ppb to ppt), and PGM are very small and
unevenly dispersed throughout the rock matrix. This significantly restricts quantitative assessments of the PGE
behavior based on empirical data. Second, plutonic rocks, in which PGE form ore concentrations and upon
which most studies of PGE geochemistry have been based*™®, undergo post-crystallization modifications that
distort the primary magmatic distribution of the PGE. These include but are not limited to: exsolution of PGE
from the Cr-spinel lattice to form post-solidus PGM, decomposition of sulfides and fluid-driven transport of
PGE.

Examination of the behavior of PGE in volcanic rocks offers the opportunity to avoid these post-
crystallization effects. Empirical data from primitive sulfide-undersaturated volcanic rocks show that their PGE
concentrations may either follow well-defined fractionation trends or appear scattered, even within a single
magmatic series'®1%. In the absence of sulfide saturation, Cr-spinel has been shown to concentrate IPGE (Os, Ir,
Ru) and Rh (contents up to 350 ppb, with D}, ™!t up to 3700) presumably as a solid solution in the crystal
lattice (hereinafter referred to as “admixture”)!”~23 and thus potentially controls the budget of these elements.
On the other hand, Pagé and Barnes (2016) and Barnes (2024)!72° demonstrated that contents of IPGE and Rh
in Cr-spinel are insufficient to account for the entire budget of IPGE and Rh in mafic and ultramafic volcanic
rocks. Direct crystallization of PGE-bearing minerals and alloys (PGM) in primitive magmas is supported by
rare observations of micrometre-sized PGM inclusions in magmatic Cr-spinel from volcanic rocks!®*>?4-26 and
is inferred from the broad dispersion of bulk Pt contents (nugget effect) and its compatible behavior in some
sulfide-undersaturated basalts'*!>. These implications are in line with experimental studies which conclude
that “nugget fractionation simply is more likely than PGE substitution in the crystal lattice of chromite””” and
“nanonuggets can be a means to transport PGE at much higher concentrations than can be dissolved in silicate
magmas”?3. Thus, substantial evidence for both Cr-spinel and PGM controlling behavior of PGE in sulfide-
undersaturated basaltic magma requires a more detailed assessment of these processes during early stages of
crystallization of such a magma.

In our study, the behavior of PGE is addressed in primitive, highly-oxidized, sulfide-undersaturated arc
picrites and basalts of the Tumrok range, eastern Kamchatka?*-*!. In addition to bulk rock, Cr-spinel and silicate
mineral PGE analyses, a statistical examination of PGM inclusions in Cr-spinel, including (1) their compositional
relationships along the olivine — Cr-spinel cotectic, and (2) an attempt to estimate their proportion in the magma
PGE budget has been carried out. The study has two outcomes. First, we highlight and numerically assess the
importance of PGM crystallization and variations of PGE contents in Cr-spinel, which both depend on local
kinetic factors and make PGE behavior complex and erratic. Second, we develop a semi-quantitative approach
utilizing laser ablation inductively-coupled plasma spectroscopy (LA ICP MS) and automated secondary electron
microscopy (SEM) to find micro- to nanoscale PGM inclusions and assess mass ratios of these inclusions to the
host Cr-spinel and, hence, their proportion in the bulk rock PGE budget.

Geological background

The Tumrok volcano-plutonic complex is located in eastern Kamchatka (Russia) within the Late Cretaceous
~ Paleogene Achaivayam-Valaginsky (also known as Olyutorsky) island-arc terrane®"*? (Fig. 1A, B). The
mafic-ultramafic volcanics and subvolcanics are inferred to be co-genetic with plutonic rocks, which comprise
dunites, wehrlites, and gabbros, forming the Ural-Alaskan type assemblage?*® (Fig. 1B). The volcanics and
subvolcanics form pillow lavas, tuffs, sills, and dykes (Fig. 1C, D) which are composed of olivine-phyric rocks
(picrites) (Fig. 1E, F; Fig. S1A, B), and clinopyroxene-bearing basalts (Fig. S1C). Picrites are composed of large
(up to 2.5 cm) partially serpentinized olivine phenocrysts, which contain Cr-spinel inclusions and a groundmass
composed of clinopyroxene and magnetite, set within a matrix of serpentinite and chlorite. Sub-phenocrysts
(up to 1 mm) of Cr-spinel and clinopyroxene (up to 5 mm) occur sporadically in picrites (Fig S1A, B). Based on
their chemical composition?**, all olivine and Cr-spinel are products of liquidus crystallization, not xenocrysts.
Basalts are composed by clinopyroxene phenocrysts (up to 1 cm), occasional serpentinized olivine phenocrysts
and groundmass formed by clinopyroxene, plagioclase, chlorite and magnetite (Fig S1C). Chromian spinel as
inclusions in clinopyroxene is very rare in basalts. Picrites and basalts are considered to have formed from a
single parental melt via accumulation and fractionation of olivine (78-94 mol% Fo), Cr-spinel (38-72 mol%
Mg#, 70-90 mol% Cr#, 0.85-2.5 Fe?*/Fe**) and clinopyroxene (71-90 mol% Mg#)?°. The picrites are assumed
to represent a mixture of near-primitive melt and cumulus olivine and Cr-spinel. The basalts are assumed to be a
mixture of variably differentiated melt and < 15 vol% clinopyroxene phenocrysts. The Tumrok magmas, enriched
in common subduction-related components (e.g., K, St, Ba), were derived by extensive melting (0.74-0.96 La,/
Smy) of a strongly depleted mantle wedge (eNd = +10.5; eHf = +20)'32%3034 Based on the highest MgO content
in Cr-spinel-hosted melt inclusions** and MgO-Cr regression (Fig. 2A), MgO and Cr contents in the parental
melt were estimated as ~ 15 wt% and 950 ppm, respectively.

For the current work, PGE were determined (Table S1) in 5 picrites and 6 basalts, which bulk rock major
and trace element analyses were reported in Chayka et al. (2023)%. The PGE content in Cr-spinel and the
size and composition of Cr-spinel hosted PGM inclusions were studied mainly in the 21AK9c picrite sample
which contains the highest MgO (34.9 wt%) and Cr (2829 ppm) content indicative of abundant olivine and
Cr-spinel phenocrysts. Both olivine and Cr-spinel show broad compositional ranges (Table S2, S3; Fig. S2), and
we assume that this sample represents a mixture of transporting magma and olivine phenocrysts with Cr-spinel
inclusions, and Cr-spinel sub-phenocrysts from a magmatic chamber and, thus, can be considered as a record of
the olivine-Cr-spinel cotectic of the Tumrok volcanic complex in general. In addition, to confirm observations
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Fig. 1. Geological background and petrography of the Tumrok volcanics. (A) Geological map of Kamchatka
peninsula (after®®); (B) geological map of the Tumrok complex (after an unpublished sketch of Markovsky B.A.
and Chayka et al.?) with locations of the samples studied; (C) an outcrop of a picrite sill; (D) an outcrop of
basaltic pillow-lavas; (D) a close-up photo of picrite in a boulder: olivine phenocrysts are beige, groundmass

is dark; (E) a SEM BSE photo of a thin section of the 21AK9c picrite: Ol - olivine, Chr - Cr-spinel, Cpx —
clinopyroxene, Srp - serpentine.

from 21AK9¢, PGM inclusions data and some laser ablation inductively-coupled plasma mass-spectrometry
(LA ICP-MS) analyses were acquired on picrite sample 21AK17 (28.9 wt% MgO and 1968 ppm Cr) (Table S2).

Results and discussion

PGE in rocks and minerals

Bulk rock Ru, Rh, Ir, and Pt of the suite positively correlate with MgO and Cr (Fig. 2B, C, D; Fig. S3A) and are
typically higher in picrites than in basalts (Fig. 3). The observed trends define concentrations of Rh, Ir, and
Pt in the parental melt (950 ppm Cr) as 0.75, 0.2 and 9.5 ppb, respectively (Fig. 2B, C, D). Palladium behaves
incompatibly (Fig. S3B), suggesting that sulfide saturation did not occur. Osmium shows no systematic trends
in picrites, yet it is depleted in basalts, mostly below the detection limit (0.07 ppb) (Fig S3C). Nevertheless, some
basalts show elevated concentrations of Ir, Os, Ru, and Pt - in many cases as high as in picrites — and, in general,
PGE show a broad scattering in basalts (Fig. 2C, D and Fig. 3; Fig. S3).

Cr-spinel from the picrites is characterized by variable Mg# and Cr# (30-75 mol% and 65-90 mol%,
respectively) (Fig. S2). The range of Mg# of Cr-spinel corresponds to 82-94 mol% Fo of liquidus olivine, which
represents the range of the olivine - Cr-spinel cotectic in the Tumrok magmas®’, and in this study, we assume
that Cr-spinel alteration and re-equilibration at cooling were negligible. After exclusion of PGE spikes from the
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Fig. 2. Chemical variation plots with bulk rock compositions of the Tumrok complex. (A) - Cr vs. MgO

plot with denoted MgO and Cr contents in a suggested parental melt; (B) Rh vs. Cr plot; (C) Ir vs. Cr plot

with compositions of the low-Ti Emeishan picrites!® plotted for comparison; (D) Pt vs. Cr plot. At (B-D)
panels reconstructed contents of PGE in the parental melt are plotted and calculated Cr-spinel + olivine
accumulation trends with the error ranges are given. Red dashed lines denote calculated Cr-PGE trends during
olivine + Cr-spinel accumulation assuming that olivine is PGE-free, pink fields are ranges of uncertainty for
these trends (see main text and Methods for details), grey dashed lines denote calculated Cr-PGE trends during
olivine + Cr-spinel accumulation assuming PGE contents in Cr-spinel to be the highest and PGE contents in
olivine equal to their detection limits (highest possible, as well).
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Fig. 3. A primitive-mantle (PM-) normalized spider-diagram with the plotted composition of the studied
picrites and basalts, average PGE contents in Cr-spinel excluding (PGE admixture only) and including Cr-
spinel-hosted PGM inclusions. PM values for normalization are from®*.
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time-resolved spectra, LA ICP MS analyses (N=128) on grains extracted by gravitational separation and hand-
picking from 21AK9c picrite show that Cr-spinel contains broad ranges of Rh: 33-183 (median 93) ppb; Ru:
110-300 (median 216) ppb; Ir: 1-172 (median 66) ppb; and Os: 11-70 (median 36) ppb admixtures (Fig. 4; Figs.
$4, S5 Table S2). Additional LA ICP MS analyses on Cr-spinel from 21AK17 picrite (N=22) fall into the same
ranges, but were not used in statistical processing and calculation because of larger error ranges (Supplementary
Information). The time resolved analyses (TRA) for Pt show peaks presumably due to the presence of small
Pt-Fe inclusions (see next sub-chapter). Aside from these peaks, the concentrations of Pt are largely below the
detection limit (2 ppb).

Correlation analysis executed using Spearman rank correlation coefficients (as for nonparametric distributions)
with a Student’s test of significance level (p) shows that the PGE contents of chromite are either uncorrelated or
very weakly correlated with the Cr-spinel compositions (Mg#, Cr#, (Fe**/Fe>"), Fe**/(Cr + Al + Fe**), AL,O,, and
TiOz). The correlations among the PGE in Cr-spinel are very poor as well (Fig. 4A, B, C; Figs. 4, S5). The most
significant (p <0.001) are correlations in pairs Rh—CrZO3, Rh—TiOz, Rh-Fe3*/(Fe* + Cr + Al), Os-Rh, and Os-Ru.
Iridium shows the broadest scattering and does not have apparent correlations with any other elements in Cr-
spinel, yet statistical tests show that it may be positively and negatively correlated with Ru and Rh, respectively
(Fig. 4B, C; Figs. $4, S5). The compositions obtained are largely in line with PGE-Fe** (Fig. 4A-C) and K-
f(O,) (Fig. 4D) systematics of volcanic Cr-spinel worldwide??, supporting that an increase of fO, increases IPGE
and Rh compatibility in Cr-spinel'®2>23 but the scattering of the PGE values even within the single sample, is
exceptional and overlaps with Cr-spinel composition of various occurrences. (Fig. 4B, C).

The concentrations of PGE in olivine, clinopyroxene, and groundmass serpentine are largely below the
detection limits, which are 1 ppb for Ir, 3-4 ppb for Pt, 4-5 ppb for Os, 5 ppb for Ru, and 9 ppb for Rh. Less than
a half of olivine analyses show detectable Ru in a range of 5-12 ppb, but it is not clear whether they result from
isobaric argide interferences from Ni and Co (Table S3).

PGM inclusions in Cr-spinel

A nanometer Pt-Fe inclusion has been found in situ in a Cr-spinel crystal, itself enclosed within an olivine
phenocryst (Fig. 5A, B), confirming that Pt-Fe alloys can crystallize from melt along an olivine - Cr-spinel
cotectic. Nevertheless, due to an extreme scarcity of such inclusions, the main electron microscopy data on PGM
in Cr-spinel were acquired by both automated and manual search on exposed surfaces of ~ 10° grains in Cr-spinel
concentrates with the total exposed area of Cr-spinel ~300 mm? (see Methods and Table S4 for the details). In
total, there were found 26 PGM inclusions in 21AK9c Cr-spinel and 10-21AK17 in Cr-spinel (Fig. 5C, D; Fig.
S6A-U; Table S4). The exposed cuts of the inclusions are mostly isometric, resembling sections of a cube with
rounded edges and vary in size from 300 nm to 1 pm (23 inclusions), occasionally reaching up to 3.3 um (5
inclusions) (Fig. 6A; Fig. S6A-U; Table S4). The PGM are dominated by Pt-Fe alloys with a stoichiometry close
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Fig. 4. Chemical variation plots with concentrations of PGE in Cr-spinel from 21AK9¢ (A-C) and inferred
K Chr=melt (Ir) plotted versus fO, for the Tumrok picrites compared to other empirical and experimental data
(D). Error bars for the points denoting element variations in Cr-spinel from volcanic occurrences worldwide
correspond to 1 SD in analysis arrays from Park et al.?*. Error bars for the K *=™¢! (Ir) for the Tumrok
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references therein and Pagé and Barnes”” and references therein. Experimental K "*=™¢! (Ir) are from Brenan
et al. and Righter et al.136,
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to isoferroplatinum and containing Cu (< 2.1%), Ni (<0.6%), Ir (<8%), Os (<2%), Rh (< 1.5%) and, occasionally,
Pd (<0.7%) (Table S5). Many inclusions in Cr-spinel contain both alloys and silicates, forming together negative
crystal shapes within the host Cr-spinel (Fig. 5C; Fig. S6B, C,G, K,L, O,Q). The silicates contain Si, Mg, Fe, Ca,
K, and Al, and likely represent silicate melt entrapped along with the PGM but are too small for quantitative
analysis. Additionally, two occurrences of Os-Ir alloys intergrown with Pt-Fe have been identified by SEM
(Fig. 5D; Fig. S6K).

Time-resolved LA-ICP-MS spectra demonstrate numerous Pt-Fe alloy inclusions, revealed as Pt spikes (to
avoid occasional “background” spikes we took into account those spikes which occupy 3 sweeps and more if
only one PGE is present, while single- sweeps spikes were considered only if there are several PGE in the spike)
(Fig. 7; Figs. S7A-O, S8; Tables S6, S7). In many cases, these spikes coincide with weaker signals of Ir, Os and,
in some cases, Ru and Rh (Fig. 7A). Inclusions which consist mainly of Os or Ir without or with minor Pt are
less common (Fig. 7B). A few inclusions containing Pd, Cu, Ni and Ru were found as well (Fig. S7G, J; Tables
S6, S7). A rough quantification of the LA ICP-MS data (see Methods) shows that the PGM particles found by
this method vary in size from 30 to 300 nm and their abundance decreases from the smallest to the largest ones
(Fig. 6B; Table S6). The inclusions are distributed heterogeneously: some grains are inclusion-free, whereas in
the other grains up to 4 inclusions are present (Figs. S7A-O, S8; Table S6).

Chromian spinel that hosts PGM cover the full range of chromite compositions thus the presence of PGM
inclusions is not meaningfully related to a particular Cr-spinel composition (Fig. 8A). An apparent preference
of the SEM-found inclusions to low-Mg# and high-Fe?* Cr-spinel follows from the magnet separation technique
utilized to produce Cr-spinel concentrates (see Methods). Occurrence of Pt or Ir-Os inclusions does not correlate
with Cr-spinel Mg#, but Ir-Os inclusions seem to be more common in Cr-spinel with lower Fe3*/Fe?* (Fig. 8B).
Notably, ranges of Ir and Os contents in Cr-spinel surrounding Ir- and Os- bearing inclusions are not different
from those in the inclusions-free Cr-spinel (Fig. 8C), suggesting that these inclusions are primary rather than
resulted of Ir (Os) exsolution from the host Cr-spinel®?’. Compositions of Pt-Fe alloys weakly depend on the
host Cr-spinel as well: weak positive and negative correlations with Cr-spinel Mg# are revealed by Pt and Cu
contents in alloys, respectively (Fig. 9A, B). Based on a negative Mg# - Ir correlation in Pt-Fe inclusions from
Ambae picrites, Park et al. (2012)* suggested that these alloys were enriched in Ir during slow cooling and
possible re-equilibration between Cr-spinel and olivine, which led to a Mg# decrease. In our case, absence of
correlation between Ir (Os) in alloys with Mg# (Fig. 9C, D) is not supportive of this hypothesis and suggests
that the compositions of the Tumrok Pt-Fe alloys retain their primary-magmatic features. Thus, the formation
of PGM in Tumrok magmas occurred together with the liquidus Cr-spinel along the whole olivine - Cr-spinel
cotectic. Furthermore, nucleation and entrapment of PGM by Cr-spinel was sporadic, as some Cr-spinel grains
were free of PGM, some are sprinkled with nano-PGM, while others contain rare 0.3-2 um nuggets.

Cr-spinel PGE budget: admixture vs. PGM inclusions

Data obtained on the PGM inclusions, PGE content of Cr-spinel and the whole rock were combined to calculate
the proportions of PGE hosted in each phase. Ranges of PGE admixtures were estimated as their median
values + 10. Average amounts of PGE stored in Cr-spinel as PGM inclusions were estimated using surface area
data and compositions obtained by SEM (Tables S4, S5), processed through Monte Carlo modelling, and LA
ICP-MS data (Table S6). The Monte Carlo modelling was used primarily to estimate the volume (and weight)
proportion of the Pt-Fe inclusions in Cr-spinel based on 19 random flat sections across ~ 10° Cr-spinel grains
and showed that this proportion can be calculated using the Delesse principle, which postulates that the areal
density of randomly distributed phases in a section tends to their volume density*>3*. The modeling accounted
for the limited number and actual size distribution of inclusions and demonstrated an accuracy of ~25% (at
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Fig. 7. Time-resolved LA ICP-MS spectra revealing PGE admixture in Cr-spinel and PGM inclusions. (A) two
Pt-Os-Ir-Rh inclusions of different size; (B) an Ir-Os inclusion with minor Pt and a Pt inclusion with possible
Ir admixture.
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Fig. 8. Binary variation plots characterizing PGM-bearing Cr-spinel compositions compared to all Cr-spinel
analyzed from 21AK9c picrite. (A) presence and number of inclusions in Cr-spinel; (B) particular type of
inclusions (Pt-Fe or Os-Ir) in Cr-spinel; (C) variations of Os and Ir in Cr-spinel grains with Os-Ir inclusions.
Equilibrium forsterite contents in olivine corresponding to the particular Cr-spinel Mg#-s (marked at the
upper axes at panels A, B) after Kamenetsky et al. (1995)3°.

75% confidence interval) (Fig. 10A). The estimation based on LA ICP-MS data was made by interpreting spike
signals to estimate the size of PGM inclusions and summing them across the entire ablated volume of Cr-spinel.
More details on SEM- and LA ICP MS-based calculations are discussed in the Methods chapter and presented
in Tables S4, S6 and S8.
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Fig. 9. Chemical variation plots for Pt-Fe alloy inclusions in Cr-spinel. PGE and Cu contents in alloys - EDS
data recalculated on Cr-spinel-free basis.

According to these estimations, PGM inclusions account for 100% of Pt, 25-55% (mean 38%) of Os, 12-62%
(mean 25%) of Ir and 4-11% (mean 6%) of Rh stored in Cr-spinel (Table S8). Proportion of Ru in the inclusions
is negligible as only few nano-sized PGM with Ru have been found; Pd was excluded from consideration due to
poor statistics on its content in Pt-Fe alloys. Based on 0.52 wt% Cr-spinel in the 21 AK9c picrite, it was calculated
(see Methods and Table S8 for the details) that that the total amount of PGE accommodated by Cr-spinel - as
both chemical admixtures and PGM inclusions - accounts, on average, for 92% of Os, 30% of Ir, 100% of Ru, 56%
of Rh and 23% of Pt in the bulk rock (Figs. 3 and 10B; Table S8). Although the uncertainty of this estimation,
stemming from variations in PGE admixtures and size distribution of the PGM inclusions is considerable, there
is robust evidence that Tumrok Cr-spinel was indeed a principal collector of PGE both as chemical admixtures
and PGM (Fig. 3). The contribution of Cr-spinel-hosted admixtures exceeds those estimated for Cr-spinel from
some arc, within-plate, and MORB suites?® and the proportion of the bulk rock PGE stored as PGM in Cr-spinel
may reach several tens of percent (Fig. 10B).

PGM outside of Cr-spinel

To test whether Cr-spinel (hosting both chemical admixtures of PGE and concentrating PGM nuggets) is the
principal control on the PGE behavior, theoretical PGE-Cr trends for Ir, Pt and Rh along the olivine-Cr-spinel
cotectic were computed (Fig. 2B, C, D; Table S8). These trends illustrate how PGE should accumulate during
crystallization and accumulation of cotectic proportions of olivine and Cr-spinel (98.7 : 1.3) (Fig. 2A) and were
calculated based on the calculated bulk contents of PGE in Cr-spinel and LA ICP-MS data for PGE in olivine.
The trends were calculated for the two scenarios. In the first scenario (red dashed lines and pink fields in Fig. 2B-
D), we assumed that PGE are concentrated exclusively in Cr-spinel (as admixture and PGM inclusions), while
olivine contains no PGE. Red dashed lines represent trends calculated for average total contents of PGE in Cr-
spinel; pink fields cover ranges between calculations based on lower and upper limits of the estimation of these
contents (Table S8). The second scenario represents the maximum possible accumulation of PGE (grey dashed
lines at Fig. 2C, D), we suggest that Cr-spinel contains the highest possible PGE amounts (upper limits of the
estimations) and the PGE contents in olivine are as high as the detection limits of LA ICP-MS since the measured
PGE concentrations in olivine were below these detection limits (Table S8).

The Rh-Cr trend range overlaps with that formed by picrite compositions (Fig. 2B) thus indicating that
crystallization of Cr-spinel containing PGE admixtures and PGM inclusions explains the accumulation of Rh
in a putative olivine — Cr-spinel cumulate. By contrast, the Cr-Ir and Cr-Pt calculated trends do not overlap
with the real trends formed by picrite compositions, even when the highest possible PGE content is assigned to
olivine (Fig. 2C, D). A steeper increase in these elements with accumulation of Cr-spinel and olivine suggests
that there should be additional and significant factor enriching and fractionating Cr-spinel + olivine assemblage
in these PGE. Since concentration of both these elements in olivine and clinopyroxene is low (Table S3) and
clinopyroxene does not accumulate along with olivine, it is implied that PGM are not exclusively hosted by Cr-
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Fig. 10. Results of calculation of contribution of PGM hosted by Cr-spinel in the whole rock budget. (A)
distribution of relative errors (uncertainty) for the estimation of integral Pt-Fe alloy/Cr-spinel volume ratio
based on Delesse principle applied to the flat section of Cr-spinel-hosted Pt-Fe inclusions: results of the Monte
Carlo modelling (see Methods for details). The X axis refers to the number of the inclusions used for the
calculation. The Y axis refers to a relative error of such a calculation. The error is the ratio of the Delesse-based
estimation of the alloy/Cr-spinel value to the “real” alloy/Cr-spinel value, pre-defined in a statistical computer
experiment. The grey fields show probability density of the error with the percentiles given in the legend.

The uncertainty range of +23 and —29% at 75% percentile is highlighted for 19 individual Pt-Fe inclusions
measured in this study. (B) Results of mass balance calculations showing the proportion of the PGE in the
whole-rock that comes from the contribution of (1) PGE admixture in Cr-spinel only (black points) and (2)
total contribution of PGE admixture + PGM inclusions in Cr-spinel (red points). Grey points corresponding to
contributions of PGE admixture in Cr-spinel in the whole-rock from various volcanic occurrences worldwide
are from Pagé and Barnes?. Error bars for the points corresponding to PGE admixture in Cr-spinel are given
as 1 SD. Error bars for the points corresponding to PGE admixture + PGM inclusions are given as 1 SD of PGE
admixture plus errors of the PGM area calculation normalized to the mean content of a particular PGE in Pt-
Fe alloys (see “Methods” for the details).

spinel. A significant portion of the PGM may be included in olivine or attached to crystal surfaces, as shown
experimentally by Ballhaus et al.”’ who reported that submicron PGM particles settle on crystal surfaces,
particularly on Cr-spinel grains, and geochemical data on picrites and komatiites'”?’. In addition, our estimate
may underestimate the true quantity of PGM hosted by Cr-spinel due to the “nugget effect” (see below in
‘Methodological advances”).

That Cr-spinel is not the major host of Ir during early-magmatic crystallization of primitive magmas is also
inferred from comparison between Cr-Ir trends formed by Tumrok picrites and low-Ti picrites of Emeishan.
The correlations observed in those series are almost the same (Fig. 2C), while empirical K dCh'/ melt (Tr) calculated
for them are contrasting: 328 (Table S8) for Tumrok and 27 for Emeishan'®. Such a discrepancy provides an
additional (and independent of our model calculations) support to the suggestion that although Cr-spinel
control on Ir - and possibly other IPGE - is important, there should be some other phase, probably PGM,
determining Ir behavior along olivine — Cr-spinel cotectic.
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Origins of PGE scattering: nuggets and local effects

Our data support earlier contention that liquidus Cr-spinel is a significant reservoir of PGE both as chemical
admixtures'’~?* and PGM inclusions>?224-28, In addition, they demonstrate irregular relationships between PGE
abundances, ratios, and PGM occurrence and composition, with respect to crystallization degree, host Cr-spinel
major element composition, and a redox record by Cr-spinel (Fe3*/Fe?* ratio). There are a multitude of factors
controlling PGE partitioning and solubility in sulfide-undersaturated melts and below we consider in detail
some of them.

The PGE content of Cr-spinel is mainly controlled by its concentration at the Cr-spinel-melt boundary layer,
redox conditions and Fe** proportion in Cr-spinel'®?. These factors may vary locally and rapidly around a
growing Cr-spinel crystal. Redox is controlled by Fe?*/Fe** gradient at the boundary layer, which depends on
the rate of a crystal growth. Furthermore, Brenan et al. (2012)!® calculated that an increase of Fe3*/(Fe** + Cr)
in Cr-spinel from 0.1 to 0.3 increases the partitioning coefficients for Ir and Rh between Cr-spinel and melt up
to 1.5 orders of magnitude. This is assumed to result from the inversion of the spinel structure and creating VI-
fold vacancies, enhancing entrance of Ru?* and Ir?* 8. In our case, Fe**/(Fe** + Cr)¢r_pinal Values vary mainly
between 0.12 and 0.3 and, hence, these variations may account for the observed scattering in Ir and Rh contents
in Tumrok Cr-spinel, yet it is unclear why Rh correlates with Fe** while Ir does not (Fig. 4A, B). The erratic
behavior of Os may be partially attributed to its sensitivity to degassing which is implied by its elevated contents
in volcanic emanations®’. Thus, if a Cr-spinel crystal were attached to a fluid bubble*®® or a degassing took place
in a restricted batch of magma, then the Os concentration could be affected by partitioning of PGE into the fluid.

The fact that early-magmatic PGM are important PGE reservoirs and are not restricted to Cr-spinel, implies
that so-called “nugget effect” may significantly disturb bulk rock PGE systematics. Size (and, hence, mass)
distribution of Cr-spinel-hosted PGM shows that although 30 to 300 nm Pt-Fe inclusions are common, they are
insignificant repositories of Pt (<5%) compared to rarer but larger nuggets (> 500 nm) (Table S8). Specifically,
among ~ 60 studied inclusions, the largest found Pt-Fe alloy inclusion (~3 um across) (Fig. S6L; Table S4)
accounts for 1/3 of total Pt in Cr-spinel, according to our calculation. This further highlights that ‘size matters’
and that a single large PGM may strongly affect PGE content in single rock sample. It is possible that the nugget
effect is responsible for elevated Os, Ir and Pt in some basalts from the studied suite (Fig. 2C, D; Fig. S3D).

On alocal scale, formation of PGM at the Cr-spinel — melt boundary layer is strongly controlled by the redox
shift’: fast Cr-spinel growth producing a sharp Fe**/Fe?* gradient at the boundary layer is favorable for the PGM
formation as it locally reduces f(O,) and decreases solubility of PGE alloys™*’. Furthermore, local fluctuations
of Fe concentrations, which occur around growing Cr-spinel should also increase or decrease solubility of the
Pt-Fe alloys*'. These kinetic factors, in turn, control rates of nucleation and crystallization of PGM and their
variations in disequilibrium conditions may account for a broad dispersion of the PGM sizes. Sulfur fugacity
is known to control crystallization of PGM sulfides, primarily laurite (RuS,)-erlichmanite (OsS,) series*>* but
given the absence of these minerals in the studied case, we here do not discuss this factor further. Finally, nano-
to-microscale particles of metal alloys in silicate melt readily attach to fluid bubbles (Fig. 5 in®®). Thus, local
degassing events may be important in remobilizating and collecting of PGM.

The discussed factors controlling PGE partitioning into Cr-spinel and PGM crystallization appear to be
competitive and exhibit opposing dependence on redox and, to some extent, degassing. Melt oxidation increases
solubility of the PGE alloys>®*! and, hence, may inhibit nucleation and crystallization of PGM. Conversely,
it increases chemical K, of PGE between Cr-spinel and melt. Reduction of the melt has the opposite effect
on both alloy solubility and PGE partitioning. Degassing may scavenge Os from the melt, thereby decreasing
its concentration in crystallizing Cr-spinel, while fluid bubbles may collect PGM that crystallized prior to the
degassing®®. Therefore, the interplay between PGE incorporation into Cr-spinel and PGM formation introduces
further complexity into their behavior in primitive magmas.

A key remaining question is: if PGE behavior depends on redox conditions during Cr-spinel crystallization,
why are PGE contents and PGM occurrence poorly correlated with Fe®* content in Cr-spinel? Although this
contradiction remains unresolved, we tentatively suggest that being highly sensitive to a redox fluctuations,
IPGE and Rh may form local enrichments (e.g. thin zones) in a growing Cr-spinel due to redox fluctuations in a
boundary layer produced by kinetic effects. In this case, Fe’* measured even near the laser ablation pit by EPMA
may not reflect this particular zone or, possibly, diffusion rate of Fe** in Cr-spinel was high enough to erase fine
zoning of this ion. Similarly, a PGM crystallized at a given moment of a Cr-spinel growth may reflect a very
local and relatively rapid change of the conditions at the boundary layer, while major component composition of
Cr-spinel is representative more of the average conditions over the crystal’s growth period. Overall, local kinetic
effects during Cr-spinel growth appear to be the among the key reasons for the erratic behavior of PGE revealed
in this study, opening further perspectives for studying of PGE and PGM in Cr-spinel using local approaches

such as TEM and atom probe microscopy*-¢.

Methodological advances

To quantify PGE behavior in sulfide-undersaturated magmas, we used a combined approach to study PGE
systematics in volcanic rocks. The details, ncluding computational algorithms and formulae, are provided in
the Methods; here we briefly discuss the approach’s principal advantages and limitations compared to existing
methods. Existing approaches, briefly summarized by Mina and Anenburg® and applied mostly to plutonic rocks
utilize: (1) bulk geochemical methods for detecting PGE and Au at sub-ppb levels?’; (2) optical and electron
microscopy*®#; (3) LA ICP MS, that allows for analyzing noble metal admixtures in sulfides®®!, Cr-spinel® as
well as to find micro- and nanoinclusions of PGM in these minerals?*"?2°%52, (4) X-ray tomography>* and atom
probe tomography*> showing spatial distribution and prevalence of the PGM species in a particular volume of
a sample; (5) automatized 2D mineralogical analysis allowing for a precise and time-saving estimation of the
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PGM prevalence and in a particular rock®. Combining these methods has been shown to increase effectiveness
of studying PGE geochemistry and ore-forming processes™™.

When applied to volcanic rocks, combining bulk rock chemistry with spot LA-ICP-MS has proven effective
for quantitative assessment of role of Cr-spinel in PGE geochemistry in picritic, komatiitic and basaltic
suites?-23. Here, we further develop by incorporating statistical data on Cr-spinel-hosted PGM acquired by a
search of PGM and estimation of their size by both LA ICP MS and automatized SEM techniques. Laser ablation
ICP MS reveals PGM inclusions larger than ~ 30 nm as spikes on the time-resolved ICP MS spectra and allows
estimation of their element composition and roughly quantify their size if the PGE content in a host mineral and
laser beam diameter are known (see Methods for the calculation details). Automatized SEM EDS analysis of the
mineral concentrates containing thousands of grains allows for finding tens of larger (>200 nm) but rarer PGM
inclusions with their subsequent spot chemical analysis and area measurements. From these area measurements,
the volume and mass proportions of the inclusions relative to the host minerals are derived. Monte Carlo
simulations show that for isoferroplatinum inclusions in volcanic Cr-spinel, more than 15 individual inclusions
are sufficient to estimate their mass proportion to the host mineral with a precision of +50% (see Methods for
the calculation details).

The proposed combined approach has important limitations, the most significant being the notorious “nugget
effect”. Even though searching of PGM inclusions over thousands of Cr-spinel grains provides a statistical dataset,
the size distribution of the PGM is heterogeneous with the largest and rarest inclusions accounting for most of
PGE in a rock (see above). Hence, although in this study we deduce that only 25% of Pt in the rock is stored
as Cr-spinel-hosted Pt-Fe inclusions, we cannot rule out that a single large nugget which did not occur within
the selection holds the remaining 75%. To overcome this limitation, a complete 3D scanning of a hand sample
(or at least Cr-spinel concentrate) with ~ 100 nm resolution would be needed, which remains technologically
challenging. Thus, our step towards quantifying behavior of PGE in sulfide-unsaturated volcanics shows that
PGE remain elusive and only semi-quantitative estimations are currently possible. Other issues include an
uncertainty in the LA-ICP-MS based volume estimations and time-consuming search of the PGM by SEM EDS
(which still gains low statistics with only 19 PGM identified per section so far). Nevertheless, the case study of the
oxidized arc picritic-basaltic suite of the Tumrok range (Eastern Kamchatka) shows that such semi-quantitative
exercises, if applied carefully, enable valuable new insights into geochemistry of PGE and, potentially, other rare
elements in volcanic rocks.

Concluding remarks

Platinum-group element systematics in volcanic rocks of the Tumrok range indicate that Cr-spinel concentrates
all PGE except Pd. Statistical analysis of the PGM inclusions in Cr-spinel enabled the first numerical evaluation
of the proportion of PGE stored as PGM in volcanic rocks and highlighted the importance of the “nugget
fractionation”? of PGE in sulfide-unsaturated primitive magmas. It showed that the behavior of PGE in sulfide-
unsaturated systems is complex and, in some sense, stochastic. First, partitioning of PGE into Cr-spinel varies
extremely (~2 orders of magnitude) even within a single sample, despite being reported to correlate with Fe**
proportion!'®2223, PGE contents in Cr-spinel may be actually poorly dependent on Cr-spinel composition and
uncorrelated with one another. Second, the importance of PGM in PGE systematics, along with >2 orders of
magnitude size variation, underscores the significance of the nugget effect in bulk rock PGE compositions. Both
partitioning of the PGE and PGM crystallization depend on a number of conditions (including but not restricted
to PGE content in melt, redox conditions, Fe content and presence of fluid), which are readily susceptible to
local variations, particularly - around crystallizing Cr-spinel. Furthermore, PGM crystallization and chemical
partitioning of PGE in Cr-spinel are competitive and contrariwise depend on f{O,). The interplay of these local
factors and the nugget effect may result in a broad variation of PGE partitioning even within the same magma
batch making their behavior in a bulk system complex and erratic.

Methods

In this chapter, instrumental analytical techniques are described in brief (see Supplementary Information and
Tables S9-S11 for details of the analytical protocols), whereas approaches for the estimation of the role of PGM
in PGE partitioning are disclosed in detail.

Analytical techniques

For the bulk rock PGE analysis, the samples were crushed in an Al-ceramic mill to 200 mesh. Platinum-group
elements and Au concentrations were determined on 15 g of the powder by Ni-fire assay Te-co-precipitation
and inductively coupled plasma mass spectrometry analysis following the method of*” in LabMaTer Universite
du Quebec Chicoutimi. Results for the reference materials OKUM/GeoPt 20 (a komatiite), LK NIP1 (a diabase)
WGBI (a gabbro) and TDBI (a diabase) agree with certificate values (Table S9).

Scanning electron microscope images (except high-magnification photos of PGM inclusions) were obtained
by Tescan Vega 2 microscope at Korzhinskii Institute of Experimental mineralogy RAS (Chernogolovka,
Russia). Quantitative major and trace-element (except PGE) analyses of Cr-spinel were carried out using JEOL
JXA-8530 F Plus field emission electron probe microanalyser in University of Tasmania (UTAS) (Australia)
(accelerating voltage 15 kV, beam current 40 nA) and JEOL JXA-8230 electron probe microanalyser in
Laboratory of Local Methods of Matter Study, Department of Geology, Moscow State University (MSU) (Russia)
(accelerating voltage 20 kV, beam current 70 nA). Natural and synthetic minerals and oxides were used as
primary and secondary reference materials during EPMA analysis (Supplementary Information).

Laser ablation ICP-MS analyses of major, trace and platinum group elements (PGE) were carried out on Cr-
spinel at the LA-ICP-MS laboratory of the Collaborative Innovation Center for Exploration of Strategic Mineral
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Resources, China University of Geosciences (CUG), Wuhan, China; on olivine, clinopyroxene and serpentine in
CODES Analytical Laboratories, University of Tasmania. Laser ablation ICP MS without quantification of the
raw data, to gain statistics on the PGM inclusions in Cr-spinel, was carried out in Institute of the Earth’s Crust of
the Russian Academy of Sciences (Irkutsk, Russia).

LA-ICP-MS analysis at CUG has used a quadrupole Agilent 7900 ICP-MS coupled to TwoVol3 ablation cell
and 193 nm wavelength laser (NWR 193 HE, New Wave Research). The ablation was conducted in He flowing
at 0.55 1/min, which was mixed with Ar flowing at 0.38-0.5 I/min. The oxide production rate was <0.5% and
doubly charged ions <0.3%. The analyses were performed by a laser beam spot 50-100 um with a repetition
rate 5-10 Hz. The laser fluence, determined by an external energy meter, was ~3 J/cm?. The list of measured
isotopes included?*Mg, 2’ Al, 2Si, *Ti, >*Cr, >Fe, *Co, °*Ni, ®*Cu with dwell time 0.006 s and *Ru, °'Ru, 1**Rh,
185Re, 1890s, 1°Ir, 1°Pt with dwell time 0.06 s. This allowed to increase fraction time dedicated to measurement
of PGE to about 84% of the sweep time. The gas background was recorded for 30 s before each measurement
and signal was accumulated for 40 s. Synthetic and natural glasses, sulfides and oxides were used as primary and
secondary reference materials (Supplementary Information and Table S10). Pure Ni, Co and Cu metals were
measured during the session for estimation of the production of argide interferences:*'Ni*’Ar to 1*'Ru®, Cu**Ar
to 193Rh%, Cu'Ar to 19°Pd. The data reduction was conducted using LADR software version 1.1.7.0 and the
composition of Cr-spinel was calculated by normalization to total sum of oxides assuming all iron as Fe?*. The
estimated detection limits were ~ 3 ppb for Pt and Re, 4-6 ppb for Pd, 2-10 ppb for Os, 1-4 ppb for Ir, 1-6 ppb
for Rh, 15-30 ppb for Ru and 1-3 ppb for Au.

Spot LA-ICP-MS analyses at CODES Analytical Laboratories, University of Tasmania were performed on ASI
RESOLution-SE-S155 laser microprobe equipped with an ATL ATLEX 193 nm Ar-F excimer laser, coupled to
an Agilent 7900 quadrupole ICP-MS. A laser beam size of 40 pm was used with a pulse rate of 5 Hz and a laser
fluence of 3.5 J/cm2. Ablation was performed in a He atmosphere flowing at 0.35 1/min. The ablated aerosol
was mixed with Ar (1.05 I/min) as a transport gas, before exiting the cell. The isotopes measured in minerals
and the primary and secondary standards were:**Mg, 2’Al, 2°Si, 31S, 43Ca, 97Ti, >V, 33Cr, >*Mn, *"Fe, >*Co, ®Ni,
63Cu, %Zn, 7As, 7’Se, %Sr, 0Zr, %Co, *Ru, 1'Ru, 1°Rh, 105pd, 196pd, 17Ag, 111Cd, 125Te, 157Gd, '%Re, 1#0s,
1931, 195pt, 197 Au, 2%8Pb and 2%Bi. Dwell times were 0.002 s for Mg, Al, Si, Ti, V, Mn, Sr, Zr and Gd; 0.005 s for
S, Ca, As, Se, Cd, Te, Pb and Bi; 0.01 s for Fe, Co, Ni, Cu, Zn and Ag and 0.03 s for all other elements, resulting
in a total sweep time of 0.487 s. Total acquisition time for each analysis was 90 second, consisting of a 30 s gas
background and 60 s ablated signal. Synthetic and natural glasses, sulfides and oxides were used as primary and
secondary reference materials (Supplementary Information and Table S11). Data reduction was done according
to the methods established by Longerich et al.>” using LADR software®®. Quantification was performed using® Fe
as the internal standard element, normalizing all measured cations to the oxide total of 100%. Correction factors
for base metal-argide interferences on Ru, Rh and Pd were obtained by ablating pure Ni, Cu, Zn and Co metals.

Additional search for the PGM inclusions as spikes in the time-resolved laser ablation spectra (without
recalculation of the raw signal to the concentrations) has been performed by the LA ICP-MS facility of the
Institute of the Earth’s Crust of the Russian Academy of Sciences (Irkutsk, Russia): quadrupole mass-spectrometer
Agilent 7900 coupled to Analyte Excite (Teledyne Photon Machines) laser ablation system with the HelEx II
ablation cell and excimer laser ArF 193 nm. The ablation was conducted in He flowing at 1.0 I/min, which was
mixed with Ar flowing at 1 I/min. Argon was used as cooling and plasma gas at the flow rates of 16.0 and 1.0 1/
min correspondingly. Spot analyses have been performed at beam diameter 110 pm, frequency 10 Hz, and power
3.5 J/cm 2. The signal was measured for 60 s, the background - for 30 s. Dwell time for noble metals (1R,
103Rh, 105pd, 192Qs, 1931, 19°Pt and 1%7Au), 31S, 7As, 12°Te was 0.05 s, for major components?*Mg, 2Si, *’Fe) -
0.01 s, for transitional metals - 0.02 s*"Ti, ®*Zn) and 0.05 s>*Co, N, *Cu). Total sweep time was 0.750 s.

Automated search and analysis of PGM inclusions in Cr-spinel

For the search and analysis of the Cr-spinel-hosted microinclusions of PGM, Cr-spinel concentrates were
produced from 21AK9c¢ and 21AK17 samples by crushing them to the fraction<0.2 mm with subsequent
gravitational and magnetic separation. Because of high Fe content, >90% of Cr-spinel grains turned to be in the
weakly-magnetic fraction, separated by a neodymium magnet. The concentrates produced contained ~60% of
Cr-spinel, ~30% of magnetite and ~ 10% of olivine. The concentrates were mounted into epoxy mounts, grinded
and polished using water-free lubricant and diamond abrasives. Two mounts were made for the 21AK17 sample
and three - for the 21AK9c sample. An order of 10* of individual Cr-spinel grains were exposed in each mount
(Fig. $9).

Mounts with concentrate from 21AK17 were manually “scanned” on Tescan Mira 3 LMU microscope
(Analytical Center for multi-elemental and isotope research, Siberian Branch of Russian Academy of Sciences,
Novosibirsk, Russia — ACMEIR SB RAS) with a field of view ~ 500 pm, which allowed for identification of bright
PGM phases down to 0.25 um in size because excitation area of these phases was broader than the apparent size
and they were visible at this magnification.

Mounts with concentrate from 21AK9c were scanned using Tescan Mira with TESCAN Integrated Mineral
Analyzer (TIMA)®® scanning electron microscope in Central Research Institute of Geological Prospecting for
Base and Precious Metals (TSNIGRI), Moscow, Russia. The approach is based on scanning of the sample by a
0.1 pum beam with a 0.5 um step, which (1) finds phases with BSE-brightness exceeding that of magnetite and (2)
acquires EDS spectra from those phases to test whether they contain Pt. Beam voltage was 25 kV, beam current
—0.1 nA, detector model - PulseTor 30 (EDAX Element 30 in compatibility mode), average excitation area
—0.1 um depending on a mean atomic weight of the analyte. This approach guaranteed identifying Pt-Fe alloys
with size of at least 0.5 um (real limit was 0.25-0.3 um according to our data).

High-resolution imaging and semi-quantitative spot analyses of PGM inclusions in Cr-spinel were carried out
by Tescan Mira 3 LMU scanning electron microscope equipped with INCA Energy 450 XMax 80 microanalysis
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energy-dispersive system at the ACMEIR SB RAS, Novosibirsk, Russia. Accelerating voltage was 20 kV, a beam
current — 1.6 nA, a detector energy resolution of 126-127 eV at the Mn Ka line. Excitation area was ~3 um
depending on the average atomic weight of the analyte. The live time of spectrum acquisition was 60 s. As the
main X-ray lines of Rh and Ru are overlapping, we attributed the signal to Rh in all cases, because Ru was not
present in the inclusions according to LA ICP-MS data. All analyses obtained from the PGM inclusions in
Cr-spinel represented a mixture between the PGM and the host Cr-spinel, thus the raw data was recalculated
subtracting “Cr-spinel input” estimated from Cr content in the analysis and composition of the host Cr-spinel.
Detection limits, estimated as 30 of the signal/noise ratio varied from analysis to analysis and were, on average,
0.1-0.2 wt%; errors (20) were lower than 0.2-0.3 wt% for the major elements and 0.1 wt% for the minor elements.

Estimation of the PGE stored as PGM in Cr-spinel: based on surface area of the exposed
inclusions
This estimation is based on the Delesse principle*>~° postulating that volume proportion of two phases equals
their area proportion among all possible sections of the volume, provided that their relative distribution is
random and homogeneous. In the case studied, nearly-octahedral Cr-spinel and nearly-cubic Pt-Fe alloys can
be considered equidimensional, thus no correction on their different shape should be applied. Surface area of Pt-
Fe alloys in three mounts from 21AK9c (19 inclusions) (Fig. 5A, Fig. S6A-S) has been measured in Image] and
INCA Atlas software (Fig. S6A, Table S4). Total surface area of Cr-spinel in an epoxy mount was estimated in two
steps. First, the high-resolution panoramic back-scattered electron image of a mount (Fig. SOA) was processed
in Adobe Photoshop to recolor Cr-spinel grains using brightness levels adjustment and the “Gradient Map” tool
(Fig. S9B). Second, the image with Cr-spinel grains recolored was processed in INCA Atlas software to extract
area proportion of the color assigned to Cr-spinel at the raster. Given the mount radius known, surface area of
the Cr- spinel in a mount has been quantified (Table S4). A ratio between the total surface of Pt-Fe alloys and
the total surface of Cr-spinel, multiplied by a coefficient accounting for the stoichiometry and densities of Pt-Fe
alloys and Cr-spinel, was taken as the estimation of content of Pt stored as inclusions in Cr-spinel (Table S4).
However, we deal with a strongly restricted set of Pt-Fe alloy sections dispersed within an overwhelming
volume of Cr-spinel. Therefore, it must be tested whether the Delesse principle is applicable in the particular
case or the errors arising from the area differences and lack of the statistics make this estimation senseless. This
test has been performed by statistical modelling based on distribution of inclusions over their random plane
section. The script was designed in Python 3.8 Spyder IDE programming medium and is available via https://gith
ub.com/SergeyEKonstantinov/RelArea_estimator.git. First, we introduced the solid three dimensional medium
(corresponding to a Cr-spinel matrix) as its flat unfolding that we rearranged to a square with integer side M.
Each of M? positions of this medium can be occupied by an inclusion randomly picked from the distribution with
probability p. From the real ratio of Pt-Fe to Cr-spinel areas in our sections - p=1.7 - 10~7. Then we introduced
the “pre-known” value of relative area of inclusions in each unfolding A, - and settled the “inclusions” randomly
with parameters p and A, , within the medium. After this, a random slice of medium, which is a square region
with such side length [ that occupies exactly N inclusions, was picked. After the pick, we calculated the relative
area of the inclusions over /2. This random slice picking was repeated for 10° times per N, so a distribution of
relative areas for each N has been obtained. This whole process was repeated and averaged over 10 randomly
generated unfoldings and normalized to A, , to represent the relative error. We first constructed the relative
areas error plot for a distribution of random unit cube sections (Fig. SI0A) obtained in Hull and Houk™. The
plot shows that this distribution is nearly-symmetric and for N=19 75% of numerical occurrences lie within
10% interval (Fig. S10A). Then a new distributed factor based on the observed size distribution (Fig. 6A; Table
S4) was introduced using Gaussian kernel density estimator. The uncertainty increased significantly due to
variation of the inclusions’ sizes and is (+ 23 -29%) for the 75% percentile (Fig. 10A; Fig. S10B). Notably, the error
distribution based on the real size distribution is asymmetric towards a negative error due to the cases of high
sectional area (almost 10 times the mean) resulting in a possible overestimation of the model and reiterating the
importance of the “nugget effect”.

35,36

Estimation of the PGE stored as PGM in Cr-spinel: based on PGE spikes in LA ICP-MS spectra
From the PGE spikes on the laser ablation spectra, relative mass (and, hence, volume) proportions of the inclusion
and the ablated host can be roughly estimated®®®!. Using these parameters (Fig. S11), an average content of a
PGE stored as inclusions is found in three steps: (1) obtain the total volume of the inclusions, (2) divide it by the
total volume ablated and (3) multiply by the coefficient, characterizing the density difference between inclusion
and the host.

For the case of Pt-Fe inclusions, Pt content in the host Cr-spinel can be taken as zero, so the calculation will
be as below:

(a) set volume ratio of Pt-Fe alloy and host chromite in the ablated volume as

Vpire _ _ mpe / mcr
VChT ng PtFe 034p Chr

(1)

where m,, and m, are masses of platinum and chromium in the ablated volume, 0.9 and 0.34 are average mass
proportions of Pt and Cr in isoferroplatinum and Cr-spinel, respectively. For a given ablated volume, ratio of
masses equals ratio of concentrations, thus
Vpire  Cpt / Cer
Venr 0.9p ppe’ 0.34p oy’

)
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where C,, and C_, are concentrations, rendered for a given LA ICP MS spike (Table $6).
(b) Ablated volume, signal from which contains the PGE spike, is calculated as:

T; D\?2
Vs - T 3
drilled TO h ( 2 ) ( )

where T; and T, are durations of the PGE spike and total time of the spot ablation (60 s), respectively, A is the

depth of a pit (~ 15 um as measured by focusing of an optical microscope), D is the diameter of a pit.
(c) Assuming that the inclusion size is negligible compared to the volume ablated,

(4)

] 2
Virpe — T; b (D) Cps Cor

To 2 0.90 pire /0~34P Chr

(d) Summing the volumes of all found Pt-Fe inclusions and taking all constants (densities and stoichiometric
coeflicients, ablation depth and total time ablated) from the summation sign:

0.34p ¢, X b Ci 2
Vtotal — O Chr TR 77; }.Dt T’LD >
P 0.9p pype x 4T0 2 ce, ;

where i is number of inclusions.
(e) Similarly, total volume ablated is

ota h m
Vztl:%zkleZ (6)

where m is the number of spots ablated.
(f) From the Egs. (5) and (6), mass ratio of all Pt-Fe inclusions to all ablated Cr-spinel is

0.34p cppX 7 h n (C},,, 7 DZ) 0.34 n (C’},t T Dg)
o, s ) i | P D; i1 | 5T D;
MPitFe _ P PtFe « 0.90 ptpe X 4To Z i CL,. i) 09xTo Z i oL i @)

7w h m 2 - m 2
Mtotal P chr D} ke Dy

from which concentration of Pt stored as Pt-Fe inclusions in Cr-spinel can be found given that an average Pt
content in a Pt-Fe alloy in our case is ~90%.

0.34 n C;’t T'D‘Q)
C(pry = D 2’1(% - ®)
Mtotal >oom D?

Notably, concentration of a PGE in the inclusion is reduced in this equation, thus the final value does not depend
on the exact content of a PGE in the inclusions.

Equation estimating Os, Ir and Rh contents stored as PGMs (native metals) is similar to the above one, but
takes into account the crystallochemical content of these metals in Cr-spinel. The latter was calculated by an
integration of the time-resolved LA spectra excluding the spike corresponding to a PGM inclusion.

0.34 n Chantin— Cé 2
0.34 o n (( OsMix— OsHost) T-Di)
C(0s)= 1o = T S or : ©)

Miotal Zn: 1 DZ

where C, . is measured concentration of Os in the spike, C,;; . is concentration of Os in the host Cr-spinel
(rendered from the LA ICP MS signal excluding the spike). Calculations for Ir and Rh were carried out in the
same way, while Ru was not estimated due to scarcity of Ru-bearing inclusions. The calculation procedure is
written as the MSExcel formulae in Table S6.

Comparison between the approaches based on surface area and LA ICP-MS

Characteristic dimensions of the PGM inclusions estimated from LA ICP-MS data vary between 20 and 300 nm,
while dimensions of those found by SEM are 0.2-3.3 um (Fig. 6; Tables S4, S6). As an explanation for such an
apparent discrepancy, it is suggested that these methods cover different fractions of sizes of the inclusions. Laser
ablation ICP MS, performed on ~ 160 Cr-spinel grains, allowed to detect smaller, but more abundant inclusions,
while SEM examination, covering 10%-10° grains found larger, but rare inclusions. According to a simple
geometrical consideration, if laser ablation depth is 15 pum, then a 0.5 um isometrical nugget, which occurs in 1
of 5000 flat sections of Cr-spinel with average grain size of 0.1 mm will be found in ~ 1 of 170 LA spots ablated
by 100 pm beam and in ~ 1 of 680 spots ablated by a 50 um beam. This estimation is roughly coincident with the
obtained data showing that the largest PGM found by LA ICP-MS over ~ 160 Cr-spinel grains has a characteristic
dimension of 280 nm (Table S6).

Another complication with the LA ICP MS based approach is that it does not allow for a precise size
estimation of inclusions, particularly of those which spikes occupy few sweeps and, thus, have low statistics
on a signal intensity. Furthermore, a precise estimation of the particle size by LA ICP-MS needs calibration
coefficients determined on specific “particle standards!. Nevertheless, by now, this is the only approach to
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find <0.25 um inclusions and estimate their size and proportion in a PGE budget of Cr-spinel. Furthermore, the
calculation of this budget (see below) shows that the contribution of the inclusions detected by LA ICP-MS is
small (~ 5% for Pt) compared to that of PGM found by SEM. Thus, although the LA ICP-MS - based estimations
should be treated as semiquantitative, they are useful for the purpose of this study.

Calculation of PGE budget in Cr-spinel

Total content of PGE in “bulk Cr-spinel” was calculated as a sum of average PGE admixture and content of PGE
stored as PGM inclusions. Average PGE admixtures are their median with an uncertainty taken as 1 standard
deviation values (Table S8). Content of Pt stored as Pt-Fe alloy inclusions was calculated as a sum of those
estimated from SEM data (487 ppb) and estimated from LA ICP-MS analyses (23 ppb) (Eq. 7) (Tables $4, S6).
Because of a multitude of factors in a calculation and unparametrized errors of many of them, it was impossible
to calculate an error of the LA ICP-MS estimation and, in addition, it would not affect the result too much due
to the low (5%) proportion of the LA ICP-MS data contribution. Thus, the error for the resulting Pt-in-Cr-spinel
value has been taken as that calculated for the SEM-based estimation: +23% and —29% (Fig. 10A). Contents of
Os, Ir and Rh, stored as PGM inclusions in Cr-spinel, have been calculated as a sum of those estimated from
LA ICP-MS analyses and those which are present in Pt-Fe alloys found by SEM (taken as an average admixture
in Pt-Fe alloys according to EDS data) (Tables S5, S6, S8). Similarly, the relative errors for Os, Ir and Rh values
accommodated as in Cr-spinel hosted inclusions have been taken as +23% and —29% of their average contents
in Pt-Fe alloys. The results of these calculations can be found in Table S8.

Calculation of olivine + Cr-spinel accumulation trends
Model trends envisaging behavior of Rh, Ir and Pt along the Ol - Cr-spinel cotectic have been calculated based
on the following assumptions.

1. Picrites are mixtures of a primitive melt (carrying melt) and accumulated olivine and Cr-spinel crystals (cu-
mulate). Contents of PGE in the carrying melt are equal to their estimated contents in the primitive melt.

2. Gross PGE content in Cr-spinel corresponds to the sum of PGE stored as admixture and PGM inclusions.

3. Since PGM concentrations in olivine turn out to be below detection limits of LA ICP MS, values correspond-
ing to these detection limits can be taken as maximal PGE contents in olivine.

Note that under this assumption the modelled mixture (melt+ crystals) contains the highest possible amount
of PGE because the primitive melt is richer in Rh, Ir and Pt than the fractionated melt (Fig.2B-D). Cr-spinel to
olivine cotectic proportion has been set 1.3 : 98.7 as follows from the MgO-Cr regression (Fig. 2A). The average
trends (dashed red lines on Fig. 2B-D) denote model Cr and PGE contents in mixtures of Cr-spinel, olivine and
primitive melt if (1) PGE contents accommodated by Cr-spinel are equal to their average (admixture + PGM
inclusions) calculated values, (2) PGE contents in olivine are negligible (Table S8). The pink fields around these
lines cover the uncertainty ranges laying between minimal and maximal estimations of total PGE contents
in Cr-spinel (according to the errors calculated for those contents — see previous paragraph) (Table S8). The
grey dashed lines (Fig. 1C, D) denote “extreme” cases of the highest possible Ir and Pt accumulation if (1)
PGE contents in Cr-spinel are equal to their highest (admixture + PGM inclusions) calculated values, (2) PGE
contents in olivine are equal to the LA ICP MS detection limits (1 ppb for Ir and 3 ppb for Pt) (Table S8).

Data availability

The geochemical data underlying this manuscript is stored in the EarchChem Library (ECL) and are available
at https://doi.org/10.60520/IEDA/113578%2 Other data, including supplementary datasets and supplementary
figures, have been deposited in Zenodo and are available at https://doi.org/10.5281/zenodo.14196687. The script
used for the statistical modelling of inclusions size distribution is available on https://github.com/SergeyEKons
tantinov/RelArea_estimator.git.
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