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Abstract—The paper describes a methodology of applying X-ray computed tomography (CT) in studying tex-
tural—morphological characteristics of sulfide-bearing ultramafic rocks from the Yoko-Dovyren layered
massif in the northern Baikal area, Buryatia, Russia. The dunites are used to illustrate the applicability of a
reliable technique for distinguishing between grains of sulfides and spinel. The technique enables obtaining
statistical characteristics of the 3D distribution and size of the mineral phases. The method of 3D reconstruc-
tions is demonstrated to be applicable at very low concentrations of sulfides: no less than 0.1—0.2 vol %. Dif-
ferences between 3D models are determined for sulfide segregations of different size, in some instances with
features of their orientation suggesting the direction of percolation and accumulation of the sulfide liquids.
These data are consistent with the morphology of the largest sulfide segregations, whose concave parts adjoin
the surface of the cumulus olivine and simultaneously grow into grains of the poikilitic plagioclase. Detailed
information of these features is useful to identify fingerprints of infiltration and concentration of protosulfide
liquids in highly crystallized cumulate systems.
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INTRODUCTION

Complexes of mafic and ultramafic rocks are
important sources of Ni, Cu, Pt, Pd, and some other
transition and precious metals. The behavior of these
elements in the course of the differentiation of mafic—
ultramafic magmas is usually controlled by a sulfide
phase, which is their dominant concentrator. Because
of this, conditions at which sulfides are formed, dis-
tributed, and accumulated in lava flows and intrusive
bodies are believed to be of a key importance for
understanding the origin of magmatic Cu—Ni—PGE
deposits and for developing exploration guides
(Naldrett, 2004; Maier, 2005; Likhachev, 2006; Hol-
well and McDonald, 2010; McCuaig et al., 2010; Rip-
ley and Li, 2013). Currently known examples include
large layered plutons (such as Bushveld, Stillwater, or
Monchapluton) and thinner bodies, which often
occur as parts of volcano-plutonic complexes, such as
intrusions in the Norilsk area in northern Siberia, the
Duluth Complex in the United States, and Pechenga
in the Murmansk Region in the Kola Peninsula, Rus-
sia (Cawthorn, 2005; Barnes and Lightfoot, 2005;
Smolkin et al., 2004; Krivolutskaya, 2016). The geo-

logical—tectonic settings of the bodies, the structures
and textures of rocks in the mineralized units, and the
inner structures of the orebodies are different. The
orebodies are conventionally classified into four major
groups (Barnes et al., 2017): (1) stratiform units with
sulfides, which are disseminated in the various cumu-
lates of the layered inclusions, including PGE reefs;
(2) globular and net-textured ores in relatively thin
bodies, which are crystallized relics of the magma
conduits; (3) sulfide accumulations in komatiite
flows, which are also related to ultramafic magma
feeders; and (4) mineralized zones in the peripheries
of intrusive bodies, which are transitional from dis-
seminated to globular ores (see, for example, Ariskin
et al., 2018b; Karykowski et al., 2018). A separate type
is the Sudbury deposit in Ontario, Canada, which was
produced in a large impact structure (Naldrett, 2004).

Regardless of the fabrics of the mineralized rocks
and the reserves of the sulfides, all of these types are
genetically related to the phenomenon of silicate—sul-
fide liquid immiscibility, which emerges during vari-
ous evolutionary episodes of the intrusive magmas and
cumulates as their heterogeneous derivatives. The
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onset of silicate—sulfide liquid immiscibility predeter-
mines the sequence of the ore-forming processes,
including the effective extraction, transfer, and accu-
mulation of Cu, Ni, PGE, and other chalcophile ele-
ments in differentiation products of the magmas
(Naldrett, 2004). The magmatic nature and composi-
tion of these initial sulfide liquids predestinate the
later history of crystallization and subsolidus transfor-
mations of the protosulfide material, whose final min-
eralogical composition is dominated by pyrrho-
tite/troilite, pentlandite, and chalcopyrite *+ cubanite
of different generations (Spiridonov, 2010). Informa-
tion on the sulfide-liquid prehistory of the ore-bearing
systems can thus be understood by studying the com-
plicated sulfide aggregates (including droplets, pri-
mary veinlets, network texture, and other shapes) and
their bulk composition. The morphologies of the sul-
fide segregations reflect physical processes that were
responsible for the transport and accumulation of the
protosulfide liquids in the intergranular space of the
partly crystallized cumulates (Ariskin et al., 2016;
Barnes et al., 2017). The weighted mean chemical
composition of the sulfides thereby reflects the evolu-
tion of the multicomponent Cu—Ni—Fe—PGE pre-
cursor in the course of the progressively developing
liquid immiscibility (Campbell and Naldrett, 1979;
Ariskin et al., 2018c) or during postcumulus crystalli-
zation and the subsequent separation of later Cu-rich
Cu—Ni—Fe sulfide fractions (Mungall, 2002; Sinya-
kova and Kosyakov, 2012; Sinyakova et al., 2017).

Current models of sulfide—silicate liquid immisci-
bility are able to reasonably predict the ranges of ther-
modynamic parameters (7—fO,—volatiles) responsi-
ble for the origin of sulfides in mafic—ultramafic sys-
tems (Li and Ripley, 2009; Fortin et al., 2015),
including the composition of the starting Ni- and Fe-
rich sulfide liquids (Ariskin et al., 2013). This fact has
initiated the development of efficient algorithms for
modeling conditions of melt saturation with sulfides
and the evolution in the concentrations of PGE and
chalcophile elements in magmatic melts and sulfide
phases (Kiseeva and Wood, 2013, 2015; Ariskin et al.,
2016, 2017, 2018a, 2018b). However, principally
important aspects of ore-forming processes concern
mechanisms responsible for the segregation, transfer,
and accumulation of sulfide material in magmatic
rocks. Impressive progress was achieved lately in
understanding the nature of these transport phenom-
ena, with regard for the interrelations between the
physical parameters of the sulfide liquids and the rhe-
ological characteristics of the melt—crystal mixtures in
which the very first sulfide globules and segregations
are formed (Robertson et al., 2016; Barnes et al.,
2017). An important role in pursuing this avenue of
knowledge was played by experiments on the pore
migration of sulfide melts in olivine cumulates, in
combination with analysis of mechanisms of the
microglobular and microsegregational deposition of
condensed sulfides in a heterogeneous matrix (Mun-
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gall and Su, 2005; Chang and Mungall, 2009). The
results of these experiments have shown that the effi-
ciency of material transfer and the initial accumula-
tion of sulfides in magmatic rocks depends not only on
the composition of the systems but also on the perme-
ability of the cumulates when they are formed and
during postcumulus processes, likely until the com-
plete solidification of the rocks (Mungall, 2002).
A fundamentally important conclusion is that, in spite
of the fact that the wetting of silicate phases with sul-
fide liquid is low (which seems to preclude the down-
ward migration of the globules larger than the intercu-
mulus pores), the high density of sulfides as compared
to that of the rock-forming minerals results in local
hydrodynamic instability of the sulfide segregations
(Robertson et al., 2016) and leads to their downward
3D transport through the pore space filled with inter-
cumulus melt (Chang and Mungall, 2009).

Evidence for these processes is found not only in
morphological features of the sulfide segregations but
also in the structures of the cumulates and in the dis-
tribution of sulfide phases in the vertical sections of
differentiated lava flows, layered intrusions, and
related hypabyssal bodies (Keays et al., 2011; Holwell
and Keays, 2014; Ariskin et al., 2016, 2018b). Tech-
niques of modern X-ray computed tomography
(referred to as CT below) make it possible to identify
and quantitatively document these textural—structural
characteristics (Baker et al., 2012; Pearce et al., 2017).
The potentialities of such approaches have been
demonstrated by studies of mineralized rocks from
units with Pt mineralization in Bushveld and Stillwater
(Godel et al., 2006), komatiites in western Australia
(Barnes et al., 2008), and sulfide-enriched ultramafic
rocks in the Mirabela Massif in eastern Brazil (Barnes
et al., 2011).

Systematic progress in CT studies and their appli-
cation to a broad spectrum of ore-bearing objects
resulted in the development of a certain methodology
for studies of mineralized rocks, with this methodol-
ogy combining various X-ray techniques for the visu-
alization of 3D structures and the capabilities of the
2D mapping of element concentrations in rock frag-
ments with disseminated sulfides (Barnes et al., 2016,
2017). This publication presents our first results
acquired by means of CT studies of sulfide-bearing
ultramafic rocks from the bottom portion of the Yoko-
Dovyren Massif in the northern Baikal area. The
information was obtained by instrumental systems
yielding data of different resolution and significance.
Considering that systematic X-ray computed tomog-
raphy studies of rocks were launched in Russia just
lately, below we explain the fundamentals of this tech-
nique, with much attention paid to methodological
issues related to difficulties in distinguishing between
spinel and sulfides and interpretations of the 3D distri-
bution of the sulfide phases.
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Fig. 1. Process flow diagram for X-ray scanning and reconstruction of data of the CT studies. (a) Principles used to reconstruct
the positioning of the sample; (b) example illustrating the use of the convolution procedure; (c) influence of the number of the

scan points on the reconstruction data.

METHODOLOGY AND EQUIPMENT
FOR CT STUDIES

A principal task of computed tomography of rocks
is noninvasive studying objects to acquire 3D models
of their structure, determining textural relationships,
and the morphology and distribution characteristics of
the X-ray contrast phases. The advantages and limita-
tions of these methods compared to the use of 2D rep-
resentations of magmatic rocks in the form of thin sec-
tions and polished sections are discussed in (Baker
et al., 2012), in which attention is attracted to the fact
that the extrapolations of 2D information to a 3D
“image” of the rock may lead to significant distortions
relative to the real 3D textures and distribution
because of the variations in the shape and size of the
mineral grains and their aggregates. CT studies make it
possible to minimize these uncertainties by using sam-
ples of different size (commonly, their size ranges from
that comparable to conventionally used borehole core
samples to small fragments and minicore ranging from
50 to 100 mm?) and variations in the resolution from a
few hundred to a few micrometers. These differences
predetermine the specifics of X-ray macro- and
microtomorgaphy, which are discussed below.

Fundamentals of the application of CT methods. The
principal units of a computer tomography is a source
of the X-ray radiation, an object to be studied, through
which the emanated rays pass, and a detector, which
records the level of radiation not absorbed by the
object (Fig. 1). An individual 2D image, which corre-
sponds to the intensity of X-ray radiation that passed

through the studied sample, is referred to as a shadow
projection. The fundamental principle is that numer-
ous projections of the type are acquired from different
angles, and hence, unlike classic X-ray radiography,
this method makes it possible to record information
not only on the projection of the sample but also on
the 3D position of the object to be studied, the source,
and the detector. Most state-of-the-art tomographs
are third-generation equipment, in which the sample
is positioned within the field of view of the detector
(which is usually an X-ray camera), and the shadow
projections are accumulated as a result of the stepwise
axial rotation of the sample (Feldkamp, 1986), with an
individual projection recorded at each rotation.

Brightness, which is conventionally visualized as
gray gradations, reflects in the shadow projection the
weakening of the X-ray radiation due to the scattering
and absorption of the signal (X-ray absorption) that
has passed through the sample. The attenuation of the
signal depends on the density and composition of the
material' of the studied object. This effect is described
by the Beer—Lambert law, which specifies how a
monochromatic beam attenuates when passing
through an absorbing material (Rontgen, 1989)

I(x)=1,e™,

I The composition is conventionally characterized by parameter
Z, which is the “weighted mean” atomic number of a given
material.
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where [ is the initial intensity of the X-ray radiation, x
is the thickness of the layer of the material through
which the radiation passes, and u is the absorption
coefficient of the material. It should thereby be borne
in mind that absorption of X-ray radiation passing
through a sample can be associated with the following
four types of interaction: photoelectric absorption,
Compton scattering, origin of electron—positron, and
coherent Rayleigh scattering (Halmshaw, 1991). In the
instance of geological materials, which are studied
using 100- to 200-keV sources, the main process
responsible for the attenuation of the radiation is pho-
toelectric absorption. In practice, information on pro-
cesses associated with the attenuation of the radiation
is required to reasonably accurately process the data.
Photoelectric absorption is known to be proportional
to Z*°, whereas absorption at Compton scattering
(which occurs when the radiation energy is 5—10 MeV)
is proportional to Z. As a consequence of this differ-
ence, rays of lower energy are more sensitive to differ-
ences in the sample composition compared to radiation
of higher energy. For example, quartz and potassic
feldspar have similar densities (2.65 and 2.59 g/cm?,
respectively), but the absorption | of the two minerals
is remarkably different at low radiation energies
because potassic feldspar contains heavier potassium
atoms. Scanning modes at different radiation energies
are useful for enhancing the X-ray contrast of certain
mineral phases in the shadow projections.

Principles of CT data reconstructions. Each shadow
projection obtained by scanning the sample is exactly
positioned, and this makes it possible to conduct data
“reconstruction” by means of recalculating a series of
the acquired X-ray patterns into a set of density X-ray
sections that portray the inner structure of the object.
In fact, this is a mathematical procedure for trans-
forming the X-ray patterns into 2D density X-ray sec-
tions. The most commonly applied reconstruction
algorithm is filtered back projection, when the original
data massif is subjected to convolution. Thereby the
radiation intensity on the original X-ray patterns is
transferred onto a CT plane (in the form of the distribu-
tion of gray gradations in sections), whose resolution
depends on the computer system, and each shadow pro-
jection is successively laid on the coordinate grid accord-
ing to its position during scanning (Fig. 1).

Equipment. In the course of this research, we uti-
lized CT systems selected with regard for the formu-
lated petrological problems. Thereby we took into
account that an unbiased evaluation of the quality and
need to use a certain X-ray tomography should rely not
so much on the technical characteristics of the instru-
ment as, primarily, on the specifics of the sample to be
studied under the parameters of a given experiment.
Empirical experience suggests that principally import-
ant parameters of the scans usually cannot be reached
simultaneously at their extrema. On the one hand, the
highest resolution (a few micrometers) required long-
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lasting (up to 10—20 h) scans even for small rock frag-
ments, and hence, this high resolution practically can-
not be reached for large samples. On the other hand, it
is better to study structural features of large samples
using “faster” systems of relatively low resolution
(hundreds of micrometers). Thereby highly contrast-
ing X-ray absorption in mineral phases cannot be
obtained at high radiation energies.

Sequence of data acquisition. During the first step,
the largest (up to 7 X 7 X 20 cm) and potentially most
important samples of sulfide-bearing rocks were
scanned on an RKT-180 (manufactured at
GEOLOGIKA, Novosibirsk, Russia) tomograph,
which was designed to study full-sized borehole core
material and makes possible fast enough scanning of
cylindrical samples (up to four to six per day). The res-
olution of the data (depending on the chosen opera-
tion modes of the detector camera) is 100—200 um.
Visual analysis of the shadow projections reveals the
general features of the inner structure of the samples
and enables the researcher to select the most promis-
ing samples and/or their parts with different degrees of
accumulation and spatial separation of sulfide phases.
This allowed us to select the most informative samples
for their further studies. At the second step, these sam-
ples were examined on a Phoenix vjtome[x m300 (GE,
United States) scanner. The increase in the scanning
time and successive reconstructions and the construc-
tion of 3D models allowed us to significantly improve
the quality of the acquired information: the resolution
for samples of different size was 40 to 70 um, and the
contrast of the data made it possible to reliably distin-
guish between most of the X-ray contrast components
of the rocks. During the third step, some samples of
this selection were used to cut off cylinders 10 mm in
diameter, which were then scanned on a SkyScan-1172
(Bruker, Germany) scanner. This allowed us to
acquire data stacks at a resolution of about 3 um.

Scans for each samples involved 1000 (at step 1) to
4000 (step 3) plane sections, whose X-ray diffraction
patterns were then recalculated into density sections
using software of SkyScan (DataViewer, CTAn,
CTVol, and CTVox). The density sections portrayed
the inner structure of the sample. The significant differ-
ences of the densities of aluminochromite (4.5—4.8 g/cm?)
and sulfides (~4.2 for chalcopyrite, 4.6—4.7 for pyr-
rhotite/troilite, and 4.6—5.0 g/cm? for pentlandite)
and those of rock-forming silicates (2.6—3.4 g/cm?)
ensured realism of the acquired distributions of the
densest phases ranging from a few dozen to a few cen-
timeters and to a few micrometers (see below).

SAMPLES FOR THE CT STUDIES

This publication presents results obtained for a few
samples of ultramafic rocks from the Yoko-Dovyren
(referred to as Dovyren below) layered massif in the
northern Baikal area. In spite of their lean sulfide min-
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Fig. 2. Generalized vertical section of the central part of the Yoko-Dovyren Massif (Ariskin et al., 2016, 2018b), Cu, Ni, S, Cr,053,
and PGE distribution in the transition zone from plagiodunites to plagioclase-bearing dunites, and reflected-light micrographs
of representative plagiodunite samples 07DV547-60 and -61. Pale blue crosses are type-1 plagioperidotites or “plagiolherzolites”,
others symbols are as follows: the blue rectangle and red circles are type-11 plagioperidotites or “plagiodunites” (Ariskin et al.,

2018), in compliance with the locally conventionally assumed terminology for these rocks (Kislov, 1998).

eralization, these rocks are interesting as markers of
early stages of silicate—sulfide liquid immiscibility
during the crystallization of primitive Dovyren cumu-
lates (Ariskin et al., 2018). Evidence of the process is
provided by the Cu—Ni and PGE geochemistry of the
rocks, indications that the cumulates are oversaturated
with sulfur dissolved in the intercumulus melt relative
to sulfides, and the character of the spatial distribution
of chalcophile elements relative to other units in the
bottom part of the layered series of the massif (Ariskin
et al., 2018b, 2018c¢). The stratigraphic sequence of the
Dovyren rocks is characterized below.

Inner structure and mineralization of the Dovyren
Massif. The intrusion is located about 60 km north of
the northeastern tip of Lake Baikal and is a roughly
tabular body that extends from southwest to northeast
for approximately 26 km (Konnikov, 1986; Kislov,
1998). The thickness of the massif varies from 1.3—2.2 km
in its margins to 3.4 in the central portion, and its dip
is nearly vertical. This is the largest body of the
Dovyren intrusive complex, which was dated at 728 Ma
and is a volcano-plutonic association referred to as the
Synnyr—Dovyren Complex (Ariskin et al., 2009). This
association comprises (along with the pluton itself)
comagmatic sills and volcanics (Ariskin et al., 2013,
2015; Orsoev et al., 2018). The inner structure of
Dovyren was best studied in its thickest central part,
where more than 90% of the vertical section is made

up of a contrasting rock sequence, which can be cor-
related with a layered series (Fig. 2). It consists of units
of plagioclase-bearing and adcumulus dunites in the
bottom part (~970 m), troctolite of variable maficity in
the middle part (=950 m), and overlying gabbroids,
which vary from olivine gabbro to olivine and olivine-
bearing gabbronorites (~1050 m). The lower part of
the Layered Series grades into a plagioclase peridotite
unit (in fact, olivine-rich gabbronorite, 150—200 m),
which gives way to picritoid rocks (so-called picrodol-
erites) and chill gabbronorites near the lower contact.
The top of the Layered Series is crowned by mostly
olivine-free pigeonite-bearing gabbro and leucogab-
bronorites (~200 m), including fine-grained inner-
contact facies of the rocks composing the roof of the
body.

The Cu—Ni sulfide mineralization of Dovyren
occurs as units with domains containing disseminated
sulfides, which are unevenly distributed in the vertical
section from the bottom to roof units (Kislov, 1998;
Tolstykh et al., 2008; Ariskin et al., 2016, 2018b). Sul-
fide concentrations in some rocks reach 7—10 wt %.
Ultramafic sills and gabbronorite dikes below the bot-
tom of the intrusion and apophyses from the main
body locally host rich disseminated and net-textured
ores with up to 30% sulfides (Kislov, 1998).

Selection of representative samples. Our CT studies
were carried out with the weakly and insignificantly
PETROLOGY  Vol. 27
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Table 1. Petrochemical characteristics of and concentrations of chalcophile elements in picrodolerite from the chill zone

and in representative plagiodunite samples

No. Sample h,m |S,wt%|Cr,05,wt% | Cu Ni Ir Ru Rh Pd Pt Au
Picrodolerite from the chill zone at the lower contact of the intrusion
1 |DV30-1 \ 0.4 | 0.05 \ 0.17 \ 70 \ 555 | 1.07\ 3.13 \ o.75| 8.44‘ 7.12\ 1.52
Plagiodunites
2 [ 13DV547-59 186
3 | 13DV547-60 187 0.06 2.78 180 | 1868 12.8 49.9 19.0 39.0 59.5 1.70
4 | 13DV547-61 188
5 | 13DV547-62 189 0.03 1.31 25 | 2140 5.46 | 22.3 8.12 14.9 23.6 0.75
6 [07DVI24AB 190 0.05 0.47 48 | 1353 1.36 6.96 3.50 | 52.4 8.8 0.69

Sample numbers printed in semibold type are studied by CT methods, # is the distance from the lower contact of the massif (in m).
PGE and Au concentrations are in ppb (analyses at the GEOLABS Laboratory, Ontario, Canada). Complete analyses of samples
DV30-1, 13DV547-60, and -62, including the detection limits of elements are presented in (Ariskin et al., 2018). No data on the compo-
sition of samples 13DV547-59 and -61 are available, the composition of sample 07DV124AB is shown as a representative one for sam-
pling the interval. The composition of sample DV30-1 can be viewed as an approximation of the composition of the initial Dovyren

magma (Ariskin et al., 2018).

mineralized plagiodunite samples from a ~150-m unit
in the bottom part of Dovyren (Ariskin et al., 2016).
This unit was distinguished using elevated concentra-
tions of Cu, Ni, Pd, Pt, Au, and other chalcophile ele-
ments in the rocks (Fig. 2). We ascribe these rocks to
type 2 of relatively primitive plagioperidotites in the
bottom part of the massif. They are transitional variet-
ies between plagioclase lherzolites and plagioclase-
bearing dunites with elevated contents of alumino-
chromite (Ariskin et al., 2018). The low-sulfide miner-
alization of the plagiodunites is rare disseminated sul-
fides between grains of the cumulus olivine, as part of
the intercumulus association, which is strongly domi-
nated by poikilitic plagioclase grains (Fig. 2). The sul-
fide phases are small (0.1—-0.3 mm) polymineralic
aggregates or larger (up to 1 mm) grains of pentlandite
(up to 80—955) and pyrrhotite (which is a crystalliza-
tion product of Mss with a broadly varying Fe/Ni
ratio), with rare chalcopyrite. The rocks sometimes
host larger aggregates of sulfides with phlogopite.

The sulfur concentration of the plagiodunites is
comparable with those in rocks in the chill zone,
although the latter contain much more intercumulus
phases (Table 1). In other words, the plagiodunites are
much richer in sulfur (normalized to the intercumulus
mass). Moreover, comparison with SCSS (Sulfur Con-
tent at Sulfide Saturation;, Campbell and Naldrett,
1979) predictive evaluations shows that these normal-
ized concentrations in the Dovyren magma were nota-
bly higher than the possible limits of sulfide sulfur sol-
ubility in magmatic melt (Ariskin et al., 2018b). This
means that the lean mineralization of the plagiodun-
ites could not be formed in situ due to the local crys-
tallization of sulfide phases from the intercumulus
melt. We suggest that the sulfides were locally accu-
mulated (in relatively small mass) in this unit as a con-
sequence of the migration of immiscible sulfide liquid
from higher levels through the pore space of the lower
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solidifying cumulates. This is consistent with positive
correlations between the concentrations of PPGE, S,
and Te in rocks in the bottom part of Dovyren, includ-
ing picrodolerites from the contact and other weakly
mineralized rocks in the bottom of the massif (Ariskin
etal., 2018c). The plagiodunites with disseminated
sulfide mineralization are thus a suitable subject for
tomography studies aimed at searches for evidence of
the percolation and accumulation of small portions of
primitive sulfide melts.

Another important feature of these rocks is their
elevated (as compared to other sulfide-bearing ultra-
mafic rocks) Ir, Ru, and Rh concentrations, which are
correlated with the highest (again, as compared to
other sulfide-bearing rocks) concentrations of Cr (see
Fig. 2 for the Ir and Cr,0; distributions). Such cor-
relations are related to the enrichment of the rocks in
spinel, which is a phase concentrating IPGE and thus
controlling the behavior of these elements before the
onset and during silicate—sulfide liquid immiscibility
(Ariskin et al., 2018). This feature calls for using the
same samples to solve the problem of the 3D distribu-
tion of the spinel and strongly subordinate amounts of
sulfides, which is a challenging task for CT studies.

The selection of samples for the solution of the for-
mulated problems involved two steps. First, at a prepa-
ratory step, Dovyren ultramafic rocks were scanned
on a RKT-180 low-resolution tomograph. These
results were analyzed in search for microfracturing and
the presence (or absence) of sulfide phases. The data
thus acquired provided a basis for the final selection of
four rocks from a 3-m interval in the bottom part of the
plagiodunite unit (Table 1). For the microtomo-
graphic studies at a resolution of 40—70 um, we have
prepared five cube-shaped (~2 cm in edge) samples
(Fig. 3), including samples 13DV547-59, -60, -61a, -61b,
and -62 (Fig. 3). The further more detailed study at a
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resolution of ~3 um was carried out with cylinders
10 mm in diameter cut off these samples.

RESULTS

For each of the five selected samples, primary
stacks were acquired, which consisted of two to three
thousand X-ray density sections and were used to dis-
tinguish X-ray contrast components. These data were
then utilized in stereological reconstructions of 3D
models. Simultaneously we have statistically pro-
cessed the distribution patterns of these components,
including estimations of the volume contents, size dis-
tributions, connectivity, and morphological charac-
teristics.

Studies at a resolution of 40—70 um. Based on the

CT data, three X-ray contrast phase associations? were
distinguished: olivine (close to 80 vol %, likely with an
admixture of pyroxene rims), dominantly plagioclase
(occasionally with phlogopite), and Cr-spinel with
vanishingly low amounts of sulfide, see Fig. 4 for an
demonstrational different-density section of sample
13DV547-59. In spite of the relatively low contrast,
successive processing of such stacks with the CTAn
program code of the SkyScan software enables the
researcher to acquire stereological models of samples
that demonstrate the 3D distribution of the distin-
guished X-ray contrast phases, provisionally referred
to as phase 1 (olivine), phase 2 (plagioclase), and
phase 3 (spinel). Figures 5a—5c display the 3D distri-
bution of plagioclase and spinel and the result of their
combination in a single projection for sample
13DV547-59. In analyzing such stereograms, one shall
be aware that, when 3D models are projected on a
plane, a seemingly almost complete filling of the vol-
ume is reached at concentrations of the phase higher
than 5—10%. This is illustrated by the plagioclase dis-
tribution in Fig. 5a, because the content of this min-
eral in the plagiodunites varies (according to CIPW
calculations) from 13 to 15 vol % (Ariskin et al., 2018).
This explains the absence of an analogous projection
for olivine, which would have look as a cubic object of
a single background color. Also, at a given resolution,
phase 3 includes intercumulus spinel alone and no
minor inclusions of this mineral in olivine, which are
mostly smaller than 20—30 um. For the same reason,
groups of relatively small spinel inclusions in the poi-
kilitic plagioclase (see photos of thin sections in Fig. 2)
are usually merged in the X-ray images.

The CTAn program code in the SkyScan software
makes it possible to calculate the mean volumetric
contents of X-ray contrast phases and parameters of

2 At the initial stage of these studies, the term phase was used to
denote mixture of components (which sometimes consisted of
different mineral species) that have similar X-ray absorption
characteristics at these scanning parameters, for example, the
associations olivine * pyroxene or spinel % sulfide. The possibil-
ity of distinguishing between spinel and sulfide as individual
mineral phases was provided by scans at higher resolution.
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Fig. 3. Photos of the cube-shaped plagiodunite samples
(13DV547-59, -60, -61a, -61b, and -62) manufactured for
our detailed CT studies (Table 1).

their connectivity in the samples (Table 2)3. An import-
ant outcome of this numerical analysis is the conclu-
sion that almost all of the poikilitic (in 2D sections)
plagioclase is seen to form a continuous (in 3D repre-
sentation) network that fills the space between the
olivine grains. This follows from the high values of pla-
gioclase connectivity: 90—95% (Table 2). Hence, all of
the plagioclase can be viewed as an in-situ crystalliza-
tion product in the intercumulus, and the volume
filled with this mineral can be regarded as a sort of cast
of the pore space of the olivine cumulates, which was
filled with magmatic melt. At the same time, phase 3
(spinel + rare sulfides) occurs as numerous (on aver-
age, a few thousand) separate objects (Fig. 5b).

We have also statistically analyzed the shapes and
sizes of the elements of the spinel. The shapes of the
individual objects were estimated based on their rela-
tive sphericity (which is the 5,/.5, ratio, where .5, is the
surface area of a given particle, and .S, is the surface
area of a sphere of the same volume). As it turned out,
most of these objects are characterized by sphericity
from 0.85 to 0.95 (Fig. 6). These estimates reflect the
nearly spherical shapes of the 3D accumulations (clus-
ters) of spinel grains in the intercumulus (left-hand
photo of a thin section in Fig. 2).

To statistically compare the sizes of individual spi-
nel elements of somewhat different shape, we applied
another parameter acquired in CT studies: the so-
called effective diameter. This parameter is interpreted
as the diameter of a sphere whose volume is equal to
that of a given object (Fig. 6a). It turned out that most
objects interpreted as spinel have linear sizes of 100—
400 um (Fig. 7). This large average size of the distin-
guished elements of the mineral pertains not to indi-
vidual grains but to their compact aggregates discern-
ible at the resolution of the scans (see above).

Studies at a resolution of approximately 3 pm. To
conduct more detailed scans, small cores, 10 mm in
diameter, were sawn off the cubic samples and were
then studied at the maximum resolution and lower
central energy of the source. The CT data on these
scans allowed us to reliably distinguish as many as four
(but not only three) X-ray contrast phases, which

3 Connectivity is understood herein as a fraction of the largest
coherent object in the overall volume of a given phase.

PETROLOGY Vol.27 No.4 2019
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Fig. 4. Example of an individual X-ray density section of cubic sample 13DV547-59, resolution 40—70 um. In the enlarged frag-
ment: pale gray phase 1 (olivine), dark gray phase 2 (plagioclase), and white phase 3 (spinel).

Fig. 5. Examples of 3D models for X-ray contrast rock-forming components of plagiodunite, sample 13DV547-59, resolution 40—
70 um. (a) Green phase 2 (plagioclase); (b) phase 3 (spinel); (¢) combination of the plagioclase and spinel 3D distributions.

manifest themselves in the plane sections of sample
13DV547-62 and correspond to olivine (phase 1), pla-
gioclase (phase 2), real spinel (phase 3), and sulfide
(phase 4) (Fig. 8). This example shows that this set of
experiments is characterized by a slightly lesser X-ray
contrast between the olivine and plagioclase and by
the possibility of reliable identification of two high-
density phases: Al—Cr spinel (Ariskin et al., 2018) and
sulfide. Thus, the improvement of the result on X-ray
absorption is explained by the following two interre-
lated phenomena: the improvement of the spatial res-
olution and a decrease in the source energy, which
leads to the dominance of photoelectric scattering.
PETROLOGY Vol. 27
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Figures 9a—9d show the distributions of pla-
gioclase, spinel, and sulfide and their combination in
a single projection in a cube with a 2-mm edge, which
was “numerically cut off” the cylinder. Note the band-
shaped character of the sulfide segregations (Fig. 9¢),
which can be interpreted as a trace of the local filtra-
tion of sulfide liquid through the pore space of the
cumulates (Ariskin et al., 2016). It is interesting that
the termination of this continuous cluster is marked by
the largest sulfide segregation. The absence of data on
the spatial orientation of the sample does not allow us
to determine whether these textural relationships
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Table 2. Concentrations of X-ray contrast components in the cubic plagiodunite samples at CT scans at a resolution of 40—70 um

Olivine * rare pyroxene| Plagioclase + subordinate phlogopite amounts | Spinel + rare sulfides
Sample
vol % vol % connectivity, % vol %
13DV547-59 79.0 13.8 90 7.2
13DV547-60 81.8 15.5 92 2.7
13DV547-61a 83.2 13.3 91 3.5
13DV547-61b 81.8 15.8 95 2.4
13DV547-62 81.7 15.6 95 2.7

reflect the origin of this segregation or its break-up in
the gravity field (Robertson et al., 2016).

Table 3 reports the volumetric contents of the four
dominant mineral phases and the connectivity of the
plagioclase in the 10-mm cylindrical samples. Similar
to what was determined for the cubic samples, a high
connectivity (94—97%) of plagioclase was determined
for these samples too, but the estimated contents of
the phases in the samples are somewhat different:

within 1.5—5 vol % for olivine, 1.5—3% for plagioclase,
and 0.1-2.6% for spinel. These variations may be
explained by the heterogeneity of the original cubic
samples and by differences due to the different resolu-
tion of the scans and the sizes of the objects. The esti-
mated volumetric contents of sulfides in the pla-
giodunites with lean sulfide mineralization are in rea-
sonably good agreement with data on the sulfur
concentrations in the rocks: for example, the rock of
sample 13DV547-60 contains 0.06 wt % sulfur (Table 1),

(@)

L . |ﬂ§>.

Object Sphere of same volume Section through
the sphere of same
volume (13 cm)
(b)
70 W 13DV547-59 13DV547-60 13DV547-61a 13DV547-61b M 13DV547-62
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Fig. 6. (a) Graphical example of calculating the equivalent diameter of an object of geometrically irregular shape and (b) histo-
grams showing the distribution of clusters and crystals of phase 3 (spinel) according to their sphericity in the cubic samples.
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Fig. 7. Size distribution of individual “spinel” particles (crystals + grain clusters) in the cubic samples.

Fig. 8. Example of an X-ray density section for plagiodunite cylindrical sample 13DV547-62 (diameter 10 mm), resolution about
3 um. In the enlarged fragment: phase 1 (olivine), phase 2 (plagioclase), phase 3 (spinel), and phase 4 (sulfide).

the average sulfur concentration in sulfide is 35 wt %,
i.e., the rock contains at least 0.06/0.35 = 0.17 wt %
sulfide. By recalculating wt % in vol % (with regard for
the high density of sulfide), we arrived at a value
slightly higher than 0.1 vol %, which is consistent with
the estimate of 0.07 vol % based on CT data (Table 3).

In analyzing the sphericity and size distribution of
spinel grains and clusters, elements making up this
phase were combined with those of the sulfide phase,
considering its negligibly low content. This allowed us

PETROLOGY Vol. 27
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to directly compare data on the cylindrical and cubic
samples in which we failed to distinguish between sul-
fides and spinel. Estimates of the sphericity of these
elements acquired by scanning different samples at
different resolution are generally close but not exactly
identical (compare the histograms in Figs. 6 and 10).
The numbers of clusters with high sphericity coeffi-
cients of 0.8—1 for cubic samples scanned at a rela-
tively low resolution are greater than 90% on average
(Fig. 6), whereas high-resolution scans of the cylindri-
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Fig. 9. Examples of 3D models for X-ray contrast rock-forming components of plagiodunite, sample 13DV547-62, resolution
about 3 um. (a) Phase 2 (plagioclase); (b) phase 3 (spinel); (c) phase 4 (sulfide); (d) combined distributions of plagioclase, spinel,
and sulfide.
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Fig. 10. Histograms of the distribution of individual elements of a composite phase (spinel + sulfide) according to its sphericity
in the cylindrical samples.

cal samples yielded estimates close to 80% (Fig. 10). The distribution of the estimated “average” (equiv-
This suggests that high-resolution CT data make it alent) size of spinel elements are distinguished much
possible to subdivide some of the clusterized elements more contrastingly, particularly within the range of
but do not yield as much details as optical microscopy  100—400 um and for maximum sizes larger than 700 um
can provide (Fig. 2). (compare Figs. 7 and 11). For the cubic samples, the

Table 3. Concentrations of X-ray contrast components in the cylindrical plagiodunite samples at CT scans at a resolution
of about 3 um

Olivine Plagioclase Spinel Sulfide
Sample

vol % vol % connectivity, % vol % vol %
13DV547-59 84.48 10.80 94 4.60 0.12
13DV547-60 80.73 14.10 97 5.10 0.07
13DV547-61a 86.15 10.00 95 3.80 0.05
13DV547-61b 84.95 11.90 96 3.10 0.05
13DV547-62 80.35 17.00 97 2.60 0.05

PETROLOGY Vol. 27 No.4 2019
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Fig. 11. Distribution of composite phase (spinel + sulfide) according to its size in the cylindrical samples.

size distribution curves for the former range look
monotonous and display a tendency toward a system-
atic decrease from approximately 12% for elements
150—200 um in size to 8% for the size range of 350—
400 um (Fig. 7). For the cylindrical samples and scans
at higher resolution, the curves show clearly seen
extrema corresponding to 16—18% elements 150—300 um
in size and a drastic decrease for clusters larger than
700 um (Fig. 11). This obviously reflects the fact that
a higher resolution makes it possible to differentiate
artificially combined clusters into fragments of smaller
size, including those corresponding to real larger spi-
nel grains (see photos of thin sections in Fig. 2).

Distribution and morphology of sulfide grains in the
plagiodunites. The fact that our samples contain very
low concentrations of sulfide phases (a few hun-
dredths of a percent) (Table 3) makes it possible to
visualize the morphological diversity of the sulfide
elements, the largest of which (up to 1 mm across)
were detected in the cylindrical samples 13DV547-59
and -61a (Fig. 12). The 3D reconstructions presented
herein demonstrate differences in the 3D distribution
of sulfides: samples 13DV547-60, -61b, and -62 are
characterized by a more even size distribution of the
grains and volume filling, whereas samples 13DV547-59
and -6la not only demonstrate the presence of the
largest segregations but also indications of their prefer-
able orientation, similar to that in Fig. 9c. Thereby the
largest sulfide segregations were found at the lowermost
stratigraphic level, in sample 13DV547-59 (Table 1). The
morphology of these large grains is diverse: they
always occur as irregularly shaped branching aggre-
gates, whose concave fragments suggest that the grains
of the rock-forming olivine and plagioclase were
“encapsulated” (Fig. 13).

This shape leaves little doubt that these segrega-
tions were produced by the crystallization of the orig-
PETROLOGY Vol. 27

No.4 2019

inal sulfide liquids, which were locally concentrated in
the intergranular space of the cumulus olivine and pla-
gioclase and crystallized in situ, likely simultaneously
with the progressively developing sulfide—silicate lig-
uid immiscibility. This is also consistent with the spa-
tial association of the sulfides with other intercumulus
phases, first of all, plagioclase. For example, Fig. 14
displays stereological relationships between large sul-
fide particles and plagioclase in a number of cubic vol-
umes “cut off” programmatically from cylindrical
sample 13DV547-59 (Fig. 12). These results demon-
strate that sulfide segregations in the rock form,
together with plagioclase, a continuous branching net-
work in the intergranular space between the cumulus
olivine (Fig. 14). This is consistent with the hypothesis
that such relationships between intercumulus phases
provide a record of the origin, infiltration, and migra-
tion of sulfide melts through the pore space of crystal-
lizing cumulates (Barnes et al., 2017).

CONCLUSIONS

(1) Practical aspects of the application of X-ray
computed macro- and microtomography are dis-
cussed in the context of studying the textural features
and morphology of sulfide and spinel grains in weakly
mineralized ultramafic rocks, as exemplified by pla-
giodunites of the Yoko-Dovyren layered massif. It is
demonstrated that these phases in the rocks can be
reliably distinguished by varying the resolution and
energy of the source, and statistically justified tex-
tural—petrographic characteristics of these phases can
thus be presented. This approach is determined to be
able to yield realistic estimates of the contents of sul-
fide phases, up to their very low concentrations of
about 0.1—-0.2 wt %.
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Fig. 12. 3D distribution models of sulfide particles in the cylindrical samples. The cylinders were 10 mm in diameter. Sample
numbers correspond to series 13DV547-nn (Table 1). Animations of the 3D distribution of sulfides in samples 13DV547-59 and

13DV547-62 are presented as ESM-1.pdf and ESM-2.pdf at http://link.springer.com.
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Fig. 13. 3D models of the largest particles of the sulfide phase in the plagiodunite samples.

_—
3 ®

Fig. 14. 3D models of relationships between the intercumulus plagioclase (green) and large sulfide segregations (red) in sample

13DV547-59.

(2) Visual analysis of stereological models of the
distribution of the sulfide phases indicates that the sul-
fide segregations of different size show a certain pref-
erable orientation (Fig. 9¢), and the largest of these
segregations are spatially constrained to contacts with
the surface of cumulus olivine crystals (Fig. 13) and
ingrow into grains of the poikilitic (intercumulus) pla-
gioclase (Fig. 14).

(3) The shape and distribution of the largest sulfide
segregations provides a record of the prehistory of the
sulfide liquids, which were concentrated in the resid-
ual pore space of the crystallizing cumulates and
sometimes formed chains, interpreted as trails of path-
ways of higher permeability.

(4) More detailed information on the morphology
of, and understanding physical reasons for the origin
of these textures are useful for searching for finger-
prints of infiltration and concentration of primary
magmatic sulfide liquids in highly crystallized cumu-
late systems.

(5) A promising avenue of modern petrology is cor-
relation between the results of CT studies of this type
with information on the geochemical specifics of the

PETROLOGY Vol. 27

No.4 2019

behavior of chalcophile elements (PGE among oth-
ers) during differentiation of mafic—ultramafic mag-
mas in large magma chambers (Ariskin et al., 2017,
2018c).
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