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Abstract—The paper presents newly obtained geochemical data on outer-contact rocks and carbonate-
replacement skarns of the Yoko-Dovyren layered ultramafic–mafic intrusion in the northern Baikal area.
The rocks initially contained CO2-rich f luid with a high oxygen fugacity (up to NNO + 3–4), which was gen-
erated by the partial decomposition of dolomite and by reactions between SiO2 and carbonates. The skarn
blue diopside is enriched in Pt (up to 0.2 ppm) and V (300 ppm), and the wollastonite zone of the skarns con-
tains elevated Re concentrations (up to 0.4 ppm). The REE pattern of the contact-zone quartzite is identical
to the REE patterns of phlogopite-bearing lherzolites from the lower contact part of the Yoko-Dovyren mas-
sif. These geochemical features of the rocks of the intrusion may be explained by the transfer and redeposition
of material by reduced H2O–CO2 f luid. According to thermodynamic calculations, a reaction between H2O–
CO2 f luid and high-Mg olivine at a subsolidus temperature of T = 950ºC and pressure P = 2 kbar should result
in a decrease in the oxygen fugacity to QFM – 2 and, hence, generate much CO. According to the calcula-
tions, a low oxygen fugacity (close to QFM + 0.7) can also be maintained by pyrrhotite oxidation with H2O
and CO2 fluid components under cumulus P–T parameters. As a result of these reactions, the f luid should
enrich in Pt extracted from magmatic sulfides, and this Pt can be redeposited in rocks, including those com-
posing the skarn zones.

Keywords: Yoko-Dovyren intrusion, platinum, blue diopside, carbon monoxide, skarn, thermodynamic sim-
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INTRODUCTION
The Yoko-Dovyren layered mafic–ultramafic

intrusion is spatially constrained to the southern mar-
gin of the Siberian craton and is an element of the Syn-
nyr volcano-plutonic structure dated at 700–760 Ma
(Konnikov et al., 1999). The U–Pb zircon age of the
intrusion is 728 ± 3 Ma (Ariskin et al., 2013). PGE
mineralization was discovered in the near-bottom
Cu–Ni orebodies of the Yoko-Dovyren intrusion in
the 1950s. The whole cross-section through the
monoclinally tilted intrusion approximately 3.5 km
thick, from the bottom ultramafic rocks to near-top
granophyres, crops out at the modern erosion surface
(Fig. 1). A number of other reefs of low-sulfide miner-
alization were lately discovered near the boundary
between the ultramafic rocks and troctolites.
Although the proved ore resources of the Yoko-
Dovyren intrusion are relatively small, this intrusion is

studied much more comprehensively than many other
ultramafic–mafic intrusions in Russia.

The intrusion was thought to be emplaced (before
its tilting to a monoclinal setting late during the tec-
tonic deformations) at a depth of 1.7 km, based on the
data on the skarn-forming processes and geological
reconstructions (P = 500 bar) (Pertsev and Shabynin,
1978). Because the cross section of the Yoko-Dovyren
intrusion is large (thickness × major axis = 3.5 × 26 km)
(Fig. 1) and judging from the mechanical stability, the
intrusion should have been emplaced at a depth
greater than 1.7 km. Based on gravimetric data, Altuk-
hov et al. (1990) concluded that rocks of elevated den-
sity should occur at depths of 25, 18, 11, and 5 km
beneath this intrusion. These inferences are consistent
with the origin of a number of intermediate magmatic
chambers, among which the Yoko-Dovyren occurred
at the shallowest depth. Below we present a revised
1
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Fig. 1. Schematic geological map of the Yoko-Dovyren layered intrusion and its platiniferous reef (Reef I). (1) Plagioclase peri-
dotites; (2) plagioclase dunites and wehrlites; (3) rhythmically alternating plagioclase dunites, troctolites, and olivine gabbro;
(4) olivine gabbro and gabbronorites; (5) granophyre gabbronorite sills; (6) platiniferous horizons (Reef I); (7) volcanic rocks
(trachyliparites, trachydacites, and andesites); (8) quartzites, shales, and sandstones; (9) carbonate rocks; (10) carbonate-
replacement skarns; (11) faults. Numerals label sampling sites: (1) of host dolomite and quartzite, (2) of diopside–calcite–wol-
lastonite skarn.
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and refined estimate of the crystallization depth of the
intrusion derived from the composition of its mag-
matic amphibole.

During the crystallization of the Yoko-Dovyren
magma, PGE were concentrated in sulfides (Ariskin et
al., 2016). Some researchers (Mathez, 1995; Ballhaus
and Stumpfl, 1986; Boudreau and Meurer, 1999; Aird
and Boudreau, 2013) believe that a significant role in
the origin of the platinum-bearing reefs of the Bush-
veld and Stillwater massifs, which are genetically sim-
ilar to the platinum-bearing reef of the Yoko-Dovyren
intrusion, was played by subsolidus reactions between
the cumulus and fluid. It is hypothesized that PGE
can be released from sulfide during the early postmag-
matic stage as a result of reactions between aqueous
fluid and the sulfide-bearing cumulus (Boudreau and
Meurer, 1999) and then be redeposited in reefs. A pure
H2O composition of the f luid is in conflict with high
PETROLOGY  Vol. 27  No. 1  2019



REDUCED CO2 FLUID AS AN AGENT 3
concentrations of hydrocarbons in the platiniferous
reef of the Yoko-Dovyren intrusion (Konnikov et al.,
2000). A horizon with carbonate-replacement skarns
is traced across the whole intrusion (Fig. 1). The com-
position of the f luid was modified by CO2 released as
a consequence of skarn-forming reactions at mag-
matic contact with dolomite (Wenzel et al., 2002) and
by decarbonation reactions in the thermal aureole of
the intrusion. To understand the mechanisms of
metasomatic PGE transfer, it is important to estimate
the bulk composition of the f luid, oxygen fugacity fO2
in the f luid, and the proportions of components in this
f luid.

We have acquired new data on the composition of
minerals and rocks of the diopside skarns and the pro-
tolithic dolomite and quartzite in the outer contact
zones of the intrusion. These data and results of our
thermodynamic simulations allowed us to follow the
variations in the P–T parameters and composition of
the f luid when the skarns were produced. We have
demonstrated that after their reduction, the carbon-
bearing f luids actively transported Pt, Ag, V, and Cr
and thus produced elevated Pt concentration in the
blue diopside. The mechanism suggested below for Pt
mobilization from magmatic sulfides is confirmed by
thermodynamic calculations of reactions between
H2O–CO2 fluid and olivine from the magmatic
cumulus at a pressure of 2 kbar and a temperature near
the solidus (950°C).

ANALYTICAL
AND CALCULATION TECHNIQUES

The compositions of rocks and minerals were ana-
lyzed by V.K. Karandashev at the Analytical Certifica-
tion–Test Center of the Institute of Problems of the
Technology of Microelectronics and Ultrapure Mate-
rials, Russian Academy of Sciences, in Cher-
nogolovka, Moscow oblast. The accuracy of the anal-
yses was checked against a standard reference sample
of essexite gabbro SGD-2A (GSO-8670-2005). Min-
erals were analyzed at the Institute of Experimental
Mineralogy, Russian Academy of Sciences, by a TES-
CAN Vega TS5130MM electron microscope equipped
with an INCA Energy 450 analytical EDS system at
20 kV accelerating voltage, 180 pA electron absorption
current at a Co standard, and a beam ~0.150 μm in
diameter.

Thermodynamic calculations in this paper are of
illustrative character, demonstrate the possible evolu-
tion of the natural processes, and are not claimed to be
highly precise. These calculations were carried out
using the thermodynamic database (Holland and
Powell, 1998) and, where specified, the database
(Robie et al., 1978) with the Maple 9.5 software.
Equations of the law of mass action were resolved ana-
lytically in simple instances and numerically for mul-
ticomponent f luids. The thermodynamic calculations
PETROLOGY  Vol. 27  No. 1  2019
of equilibria in f luids were carried in approximations
of ideally mixing nonideal components, with fugacity
coefficients for CO, H2, CH4, COS, and H2S were
assumed according to (Shi and Saxena, 1992). The
fugacity coefficients of H2O and CO2 were calculated
with regard for the nonideality of mixing according to
(Duan and Zhang, 2006; on-line calculations
http://models.kl-edi.ac.cn/models/h2o_co2/index.
htm), and the low concentrations of other compo-
nents were neglected.

DATA ON ROCKS AND MINERALS
We have studied diopside skarn samples from

E.G. Konnikov’s collection, which were taken in car-
bonate-replacement skarn in the troctolite–pla-
giodunite zone (Belyi Creek). For comparison, we
have also studied the carbonate protoliths sampled by
E.V. Kislov in the bottom contact zone of the Yoko-
Dovyren intrusion during the 2015–2016 fieldwork
(see Fig. 1 for sampling sites).

Host rocks. XRD analysis of samples collected
along a traverse near the lower contact of the Yoko-
Dovyren intrusion has shown that the dolomite is
partly decomposed into periclase (which was later
hydrated into secondary platy brucite) and calcite,
analogously to what is described in (Wenzel et al.,
2002)

(1)

At a pressure of 2 kbar and  = 1, decomposition
takes place at 850°C. Primary brucite is formed at a
low carbon dioxide mole fraction (for example, at
1 kbar and  < 0.1; Ganino et al., 2013). The
degree of decomposition decreases at the terminal
sampling site at a distance of 10 m away from the con-
tact. Microprobe analyses of the carbonates allowed us
to find rare inclusions of lizardite Mg3Si2O9(OH)2,
ilmenite, magnetite, and pyrrhotite. The calcite con-
tains 2–3 mol % MgCO3, which corresponds to equi-
librium of these minerals at low temperatures. We have
also examined a quartzite bed in the carbonate unit.
The quartzite was sampled at a distance of 100 m away
from the contact. The silica concentration in the
quartzite is close to 92%. The rocks also contain sili-
cate minerals, which were identified using a micro-
probe: chlorite, prehnite, muscovite, as well as acces-
sory zircon, rutile, and pyrrhotite (Fig. 1). Of great
interest are finds of zinc phases: zinc ilmenite and zinc
silicate. The presence of prehnite in the mineral
assemblage corresponds to the low-temperature (ret-
rograde) greenschist facies: T = 200–300°C, P = 2–3
kbar (Frey and Robinson, 1999). The occurrence of
the Zn phases indicates that the concentration of this
element in the circulating f luid was fairly high.

Blue diopside. The carbonate-replacement skarns
occur within the intrusion, and their maximum crys-
tallization temperatures were close to the magmatic

( )3 3 22CaMg CO MgO CaCO CO .= + +
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ones. The skarns have been studied since the 1960s
(Kislov et al., 1998), and the process that produced the
magnesian skarns was studied most thoroughly. These
skarns consist of brucite (pseudomorphs after peri-
clase), olivine, and spinel (Wenzel et al., 2002) and
were produced at maximal heating to 1100°C, which
triggered calcite melting. We have studied samples of
the diopside–calcite–wollastonite skarn from blocks of
brucite skarn in the troctolite. According to ICP-MS
analyses (Table 2), the blue diopside zone has the
maximum Mg/Ca = 0.81, and a cutting bleached zone
rich in calcic silicates has Mg/Ca = 0.72. Both zones
are enriched in Ca relative to the protolithic dolomite,
whose Mg/Ca = 1.02 ± 0.02. The bleached zone
shows evidence of silica removing, as follows from the
assemblage of monticellite Mg0.94Ca1.06SiO4 and rede-
posited diopside. The blue diopside crystals are equant
and as large as 1 mm (Fig. 2a). The diopside some-
times hosts inclusions of anhydrous Ca silicate of the
composition Ca5Si4O13 and wollastonite crystals. The
crystals of the redeposited diopside are elongate, 2–
5 μm in cross section, and up to 150 μm long (Fig. 2b).
High fluorine and low water activities in the f luid
involved in the origin of the bleached zone follow from
the presence of water free cuspidine Ca4(Si2O7)F2.
According to microprobe analyses, the monticellite
contains f luorine (likely in the form of microfluid
inclusions): up to 0.2–0.6 wt %. Later Ca introduction
is reflected in the overprinted crystallization of rankinite
Ca3Si2O7, which is found as large crystals in the bleached
zone and fine-grained masses filling fractures between
blue diopside crystals. A likely reason for the low analyti-
cal totals of microprobe analyses of the rankinite is its
partial secondary hydration with the origin of afwillite
Ca3(SiO3OH)2 · 2H2O. Apatite crystals in the rankinite
have elevated fluorine and relatively low hydroxyl con-
centrations: Ca5(PO4)3(OH0.05-0.11,F0.87-0.93,Cl0.02). Apa-
tite from the monticellite–diopside zone contains the
carbonate ion and more hydroxyl, chlorine, and sulfur:
Ca5(PO4)2.69(CO3)0.29(SO4)0.02(OH1.15,F0.12,Cl0.04). The
composition of the apatite reflects an increase in the
fluorine concentration in the late f luid, as was previ-
ously mentioned in (Kislov, 1998).

The reason for the blue color of the diopside is its
high concentration of (VO2+), which substitutes Ca.
Vanadium occurs in nature mostly in valence forms of
V3+, VО2+, which have characteristic color both in
aqueous solutions and in minerals: green for V3+ and
blue for VО2+ (see for example, Satake and Mido,
2010). Cavansite and pentagonite Ca(VO)Si4O10 ·
4(H2O), vanadium minerals found in nature, have a
color close to that of the blue diopside. The V3+/V4+

ratio depends on the oxygen fugacity, and this makes it
possible to use the V distribution coefficient between
crystalline phases (for example, olivine and spinel)
and melt as a tool for measuring oxygen fugacity. The
distribution coefficient between the olivine and melt
KD,V is close to 0.25 (depending on the oxygen fugac-
ity), which corresponds to the stoichiometry of the
reaction V3+ + 1/4О2 = V4+ + 1/2O2– (Canil and
Fedortchouk, 2001). To change the V3+/V4+ ratio by
one order of magnitude, the oxygen fugacity has to be
changed by four orders of magnitude (for example,
from NNO + 3 to QFM).

The average vanadium concentration in the diopside
crystals (16 spot spectrometric analyses) is 345 ppm.
Microprobe profile across the crystals reveal a zonal
vanadium distribution in the diopside with a decrease
in the vanadium concentration to value below the
detection limit in the grain margins with the paler
zones and intergranular boundaries. Some of the
zones visible in BSE images are correlated with the V
concentrations, while others do not (Fig. 2a). It
should be mentioned that some spot analyses of the
diopside show comparably high Ti concentrations.
The Fe, Cr, and Mn concentrations are much lower.
Both ICP-MS analyses of the diopside bed yielded
similar vanadium concentrations of 300–350 ppm.
Vanadium concentrations in the recrystallized diop-
side and its aggregates with monticellite are at the
detection limit of the microprobe.

Trace-element composition of the skarns and contact
zones. ICP-MS analytical techniques widens the circle
of analyzable elements (Table 2). In addition to the
aforementioned enrichment of the diopside skarns in
vanadium, it should be mentioned (Table 1) that the
rocks are enriched in platinum (0.18 and 0.034 ppm)
and silver (0.28 and 0.057 ppm). It is interesting to
note that the vanadium concentrations are close to an
average level of 300 ppm, whereas the platinum and
silver concentrations show significant coupled varia-
tions. Arsenic behaves in a similar manner (2.1 and
0.93 ppm). The cadmium concentrations are at a max-
imum in the diopside zone but do not correlate with
the platinum concentration (0.19 and 0.26 ppm). The
bleached zone is typically poor in vanadium (7–6 ppm)
and relatively rich in chromium (98–88 ppm). It is
enriched in rhenium (0.38, 0.40 ppm), whose concen-
trations in the rest of the analyzed rocks are below the
detection limits, but the zone is depleted in silver
(<0.02 ppm) and platinum (<0.006 ppm). It should
also be mentioned that this zone is relatively enriched
in molybdenum (1 as compared to 0.6 ppm in the blue
diopside) and tungsten (11.5 against 0.7–0.8 ppm).
Another trait of the bleached zone is the low Nb con-
centration and Nb/Ta = 3, as compared to “normal”
Nb/Ta = 13–15 of all other rocks and minerals (carbon-
ates, quartzite, and blue diopside). This feature may be
explained by the effect of fluorine, which forms more
stable compounds with Nb and facilitates its removal.
The quartzite and the carbonate samples collected at
the greatest distances from the contact bear relatively
low concentrations of zinc (26.7, 34.2 ppm) and silver
but higher concentrations of lead (7.7, 15.8 ppm), and
PETROLOGY  Vol. 27  No. 1  2019
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Fig. 2. BSE images of diopside from the skarn. (a) Zoned crystals of blue diopside, the arrow points to the profile along which V
concentration was analyzed. Secondary rankinite fills cracks between diopside crystals and replaces the fine-grained zone with
monticellite. (b) Profile showing the variations in V concentration across a crystal of the blue diopside (see the arrow in Fig. 2a).
Vanadium concentrations decrease toward the margins. (c) Diopside–monticellite recrystallization zone with retrograde ranki-
nite. Minerals: Mtc—monticellite, Rnk—rankinite, Di—diopside, Csp—cuspidine Ca4(Si2O7)(ОН,F)2.
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the quartzite is maximally enriched in lithium
(19.8 ppm) and chromium (261 ppm).

The compositions of the skarns and host rocks are
shown in a general form in Fig. 3. Note that the REE
PETROLOGY  Vol. 27  No. 1  2019
patterns of all of the rocks are similar: they are f lat at
HREE, with a mild increase in the normalized Er con-
centration in the carbonates, and with a linear increase
at LREE (Fig. 3a). The total REE concentrations are
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Table 1. Composition of minerals from the Yoko-Dovyren massif

* Numerals in parentheses specify the number of the averaged analyses.

Carbonates in the outer-contact zone

Compo-
nent

Brucite (5) Dolomite (8) Calcite(5) Serpentine (7) Ilmenite (3) Magnetite (5)

C, wt % 1σ C, wt % 1σ C, wt % 1σ C, wt % 1σ C, wt % 1σ C, wt % 1σ

SiO2 – – – – 0.08 0.06 41.31 1.43 – – – –
TiO2 – – – – – – 0.20 0.16 63.33 0.78 0.11 0.11
Al2O3 0.13 0.11 – – – – 2.84 1.09 0.10 0.09 0.08 0.05
Cr2O3 – – – – – – 0.12 0.14 0.15 0.15 0.09 0.08
FeO 0.45 0.06 0.03 0.06 0.27 0.13 0.67 0.12 16.14 0.53 86.06 3.41
MnO – – 0.06 0.09 – – – – 3.72 0.21 – –
MgO 59.78 0.62 19.57 1.51 1.02 0.68 40.88 1.01 20.35 0.69 1.78 0.23
CaO 0.09 0.06 32.13 1.05 54.49 0.70 0.19 0.14 0.39 0.05 – –
Na2O – – – – – – – – – – – –
K2O – – – – – – – – – – – –

Quartzites in the outer-contact zone

Compo-
nent Muscovite (3)* Prehnite (5) Chlorite (5) Zircon (4) Zn–Ilmenite 

(3) Zn–silicate (1)

SiO2 44.91 0.34 38.16 2.95 27.57 1.39 30.93 0.62 0.47 0.12 28.23 –
TiO2 0.10 0.09 – – 0.11 0.09 – – 51.76 54.21 – –
Al2O3 30.89 0.12 27.31 1.15 20.91 1.09 0.04 0.04 0.33 0.24 5.68 –
Cr2O3 – – 0.04 0.06 0.27 0.31 0.05 0.08 0.49 0.00 0.84 –
FeO 1.05 0.17 – – 20.96 1.22 0.21 0.11 24.82 16.52 0.8 –
MnO – – 0.15 0.10 0.30 0.19 0.17 0.06 8.65 6.44 0.05 –
NiO – – – – – – 0.12 0.10 – – – –
ZnO – – – – – – – – 10.84 20.81 49.3 –
MgO 1.29 0.07 0.06 0.06 10.66 0.64 – – 0.00 0.23 2.31 –
CaO 0.06 0.04 23.83 0.95 0.13 0.11 – – 0.00 0.00 – –
Na2O 0.22 0.15 – – – – – – 1.66 2.93 6.15 –
K2O 11.25 0.05 – – – – – – – – – –
ZrO2 – – – – – – 64.12 0.99 – – – –
HfO2 – – – – – – 1.59 0.26 0.75 0.74 – –

Composition of skarn minerals
Compo-

nent Diopside (10) Monticellite (9) Rankinite (5) Wollastonite (1) Ca5Si4O13 (1) Apatite (1) Cuspidine 
(1)

SiO2 53.04 0.85 36.76 0.53 40.28 0.60 49.55 – 46.08 – 1.75 – 31.95 –
TiO2 0.06 0.05 0.03 0.05 – – – – – – 0.23 – – –
Al2O3 0.15 0.09 0.14 0.06 0.07 0.07 – – 0.14 – – – 0.14 –
Cr2O3 – – – – 0.17 0.23 – – – – – – –
FeO 0.05 0.08 0.10 0.07 – – – – – – 0.14 – – –
MnO 0.06 0.07 – – – – – – – – – –
MgO 17.38 0.45 23.91 0.39 0.25 0.39 0.21 – 0.09 – 0.2 0.18
CaO 27.08 0.18 37.86 0.39 53.95 0.85 50.60 – 53.19 – 56.39 – 63.7 –
Na2O 0.10 0.06 0.09 0.07 – – – – 0.16 – 0.02 – – –
K2O 0 – – – – – – – – – 0.06 – – –
F 0 – 0.27 0.19 0.38 0.32 – – 0 – 0.45 – 10.0 –
Cl 0 – – – – – – – – – 0.26 – – –
P2O5 0 – – – – – – – – – 38.65 – – –
S 0 – – – – – – – – – 0.32 – – –
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Table 2. Composition of the skarns and contact rocks

Component Carbonate 1 Carbonate 2 Quartzite Blue
diopside

Blue
diopside

Bleached zone 
in blue 

diopside

Bleached zone 
in blue 

diopside

SiO2 – – 91.5 55.20 54.84 – –

TiO2 0.039 0.026 0.35 0.1 0.027 0.0075 0.0072

Al2O3 0.48 0.36 3.6 0.050 0.079 0.11 0.059

Fe2O3 0.26 0.11 1.7 0.075 0.11 0.13 0.12

MnO 0.026 0.014 0.042 0.0039 0.0051 0.011 0.011

MgO 26.6 25.2 0.71 16.3 16.4 18.1 17.9

CaO 35.6 35.3 1.6 28.1 28.4 34.7 34.1

Na2O 0.014 0.016 0.039 0.053 0.039 0.014 0.012

K2O 0.0080 0.0059 0.12 0.014 0.015 0.011 0.0067

P2O5* 0.15 0.27 0.015 0.041 0.018 0.051 0.047

Stot 0.004 b.d.l. 0.0034 0.021 0.0064 b.d.l. b.d.l.

Н2О** 7.57 6.27 – –

Li 1.6 1.0 19.8 0.33 0.39 3.7 3.0

Be 1.0 0.25 0.71 0.13 0.19 2.0 1.6

Sc 0.65 0.44 3.2 0.27 0.32 0.15 0.14

V 5.3 9.2 19.4 300 345 7.3 6.1

Cr 13.8 32.8 261 3.8 80.2 98.6 88.7

Co 1.0 0.92 2.9 0.79 1.0 1.2 1.2

Ni 9.1 23.4 107 6.3 55.4 68.8 59.9

Cu 8.6 1.3 11.7 3.9 5.9 7.6 7.2

Zn 26.7 7.2 34.2 11.0 6.6 5.8 4.7

Ga 0.43 0.38 5.6 0.15 0.10 0.22 0.21

As b.d.l. b.d.l. 0.29 2.1 0.93 4.2 2.1

Rb 0.17 0.15 6.9 0.18 0.38 0.57 0.20

Sr 139 114 41.4 108 118 64.2 65.5

Y 2.8 4.2 10.8 0.25 0.44 0.89 0.43

Zr 27.3 12.6 129 4.0 20.9 2.6 2.3

Nb 1.2 0.75 6 0.12 0.40 0.36 0.32

Mo 0.13 0.32 1.6 0.19 0.68 1.0 1.0

Ag 0.065 b.d.l. 0.052 0.28 0.057 b.d.l. b.d.l.

Cd b.d.l. b.d.l. b.d.l. 0.19 0.26 0.063 0.062

Sn 0.15 0.082 0.57 0.75 0.51 0.72 0.72

Sb 0.17 b.d.l. 0.15 0.26 0.27 0.89 0.22

Cs 0.23 0.077 0.36 0.040 0.042 0.017 0.014

Ba 7.9 8.5 24.9 3.0 5.8 5.5 2.3

La 1.9 1.5 12.2 0.16 0.13 0.72 0.38

Ce 4.0 4.0 29.7 0.31 0.32 1.5 0.64
PETROLOGY  Vol. 27  No. 1  2019
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the lowest in the diopside and the highest in the
quartzite. For comparison, Fig. 3a shows the REE
patterns of magmatic rocks of the Yoko-Dovyren mas-
sif (Ariskin et al., 2015). The REE patterns of the
quartzite and ultramafic rocks of the Yoko-Dovyren
massif are practically identical. The figure also displays
data on the composition of experimental melts gener-
ated in the presence of reduced carbon dioxide fluid at
P = 2 kbar and T = 1000°C (Simakin et al., 2018). Their
REE patterns are also practically exactly identical to
those of gabbro from the Yoko-Dovyren intrusion. For
a broader review, the compositions are normalized to
the average crust composition (according to
https://earthref.org/GERM), but not to the primitive
mantle or chondrite (Fig. 3b). This normalization
made the HFSE and REE patterns almost linear for
magmatic rocks of the Yoko-Dovyren pluton (with the
quartzite practically exactly identical to ultramafic
rocks of the Yoko-Dovyren massif) and other studied
rocks. At the same time, the variations of the concen-
trations of LILE, Pb, Th, and U are high. It has been
demonstrated that magmatic rocks of the Yoko-
Dovyren intrusion are enriched in isotopes from the
Archean crust (Ariskin et al., 2015). The data pre-
sented above can be interpreted as evidence that the
trace-element compositions of the sedimentary and
magmatic rocks equalized under the effect of mantle
fluid, which was rich in “cratonic components”
because of the breakup of the slab at collision. An
important role of deep f luid in the territory in question
also follows from the isotopic composition of skarns in
the outer-contact zone of syenite in the Tazheran mas-
sif near Ol’khon Island in the Baikal area. It was deter-
mined that the thermal decomposition of the carbon-
ate proceeded with the involvement of a external (not
related to carbonate decomposition but from external
crustal or mantle sources) reduced carbon (Dorosh-
kevich et al., 2017).

Emplacement depth of the Yoko-Dovyren pluton
according to mineralogical barometry. To analyze the
Cells with pale shading correspond to elevated concentrations, and dark gray ones correspond to concentrations below the detection
limits (b.d.l.). Concentration of oxides are in wt %, elements are in ppm. * Water concentrations were determined by KFT method.

Pr 0.46 0.41 3.0 0.042 0.035 0.15 0.060

Nd 1.9 1.8 11.4 b.d.l. 0.088 0.77 0.32

Sm 0.42 0.45 2.1 0.035 0.025 0.14 0.050

Eu 0.076 0.083 0.54 0.018 0.010 0.045 0.026

Gd 0.36 0.44 2.0 0.011 0.038 0.17 0.059

Tb 0.059 0.075 0.32 b.d.l. b.d.l. 0.022 0.0080

Dy 0.41 0.53 2.2 0.025 0.023 0.14 0.051

Ho 0.085 0.12 0.41 0.0068 0.0076 0.025 0.010

Er 0.34 0.43 1.3 0.022 0.028 0.080 0.033

Tm 0.040 0.050 0.21 0.02 0.0038 0.0093 b.d.l.

Yb 0.28 0.33 1.5 0.021 0.029 0.067 0.030

Lu 0.039 0.042 0.23 b.d.l. 0.075 0.041 0.043

Hf 0.61 0.27 3.6 0.08 0.24 0.050 0.034

Ta 0.075 0.060 0.39 b.d.l. 0.13 0.077 0.15

W 0.18 0.34 1.9 0.84 0.69 1.5 1.6

Re b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.38 0.40

Pt b.d.l. b.d.l. b.d.l. 0.18 0.034 b.d.l. b.d.l.

Pb 7.7 3.0 15.8 1.1 1.4 1.9 1.9

Bi b.d.l. b.d.l. 0.032 b.d.l. 0.0085 b.d.l. b.d.l.

Th 0.29 0.61 4.9 0.024 b.d.l. 0.11 0.030

U 0.68 1.7 1.5 0.16 2.36 1.2 1.2

Component Carbonate 1 Carbonate 2 Quartzite Blue
diopside

Blue
diopside

Bleached zone 
in blue 

diopside

Bleached zone 
in blue 

diopside

Table 2. (Contd.)
PETROLOGY  Vol. 27  No. 1  2019
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Fig. 3. Geochemical characteristics of the samples and magmatic rocks of the Yoko-Dovyren massif. (a) Chondrite-normalized
(Sun and McDonough, 1989) REE patterns of magmatic rocks of the Yoko-Dovyren massif (Ariskin et al., 2015), experimental
glasses (Simakin et al., 2018), and samples described in this publication. (b) Continental crust-normalized
(https://earthref.org/GERM/) trace-element patterns of the rocks.
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Fig. 4. AlVI vs. Fe3+ + Ti + Cr + V diagram (Simakin and
Shaposhnikova, 2018) for the composition of amphibole
from the Yoko-Dovyren massif: stars are amphibole from
the dunites and plagioperidotites (Kislov et al., 1995), dia-
monds are the mineral from the plagiolherzolites. The cir-
cled star corresponds to the composition of the amphibole
(autometasomatic or metamorphic) that crystallized from
solution.
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parameters under which the skarns were produced, the
pressure under which the intrusion was emplaced
should be evaluated independently of the estimated
parameters under which the skarns were formed. Lit-
erature data on the compositions of equilibrium clino-
pyroxene and orthopyroxene in the plagioperidotite
zone of the intrusion (Kislov, 1998) make it possible to
evaluate the pressure by the two-pyroxene barometer
(Putirka, 2005). Only one pair of the compositions in
Table 25 in (Kislov, 1998) meets the requirements of
equilibrium and yields a pressure of 2.8 kbar. We have
analyzed amphibole from the plagioclase lherzolites of
the peridotite zone in the bottom part of the Yoko-
Dovyren massif. This amphibole is partly replaced by
secondary chlorite. The selected amphibole analyses
(Table 2) correspond to calcic amphibole, sometimes
with elevated concentrations of alkalis (Na2O + K2O
up to 3.65 wt %). The amphibole is distinguished for
unusually high concentration concentrations of V (up
to 0.25 wt % V2O5) and Cr (up to 2 wt % Cr2O3). The
pressure was evaluated by the empirical barometer
(Simakin and Shaposhnikova, 2017), which was cali-
brated for high-Mg andesite and mafic melts. A set of
eight analyses in a AlVI vs. Ti + Fe3+ + V + Cr diagram
is constrained by a straight line from above (Fig. 4)
that passes exactly through the check point (AlVI = 0,
Ti + Fe3+ + V + Cr = 1.8) and intercepts the ordinate
at  = 0.6, which corresponds to a pressure ofVI

maxAl
approximately 2 kbar. The average concentration of
polyvalent cations is 0.4, which reflects the relatively
low oxygen fugacity during the crystallization of the
amphibole (likely close to QFM). The emplacement
depth of the intrusion was thus at least 7 km, but not
1.5 km, as was estimated earlier (Pertsev and Shabynin,
1978). This should be taken into account in thermody-
namic estimates of the crystallization parameters of
rocks of the Yoko-Dovyren intrusion.

THERMODYNAMIC MODEL

Data presented above can be readily interpreted
based on results of thermodynamic simulation of the
fluid composition during the crystallization of the
blue diopside. We have calculated the thermodynam-
ics of the skarn-forming processes to the calcite melt-
ing temperature in the approximation of inert CaO
and MgO. At a significant silica transfer, as in our sit-
uation, this approach is more adequate to describe
equilibrium at perfectly mobile silica and carbon diox-
ide behavior (Ferry et al., 2011). Dolomite can be
immediately transformed into diopside, without
forming the forsterite–calcite assemblage, at a rela-
tively low temperature, a relatively high CO2 mole
fraction in the f luid, and a high SiO2 activity (Fig. 5a).
The diagram in Fig. 5a is similar to Fig. 8a in (Ferry
et al., 2011). At a high temperature (900°C), monticel-
lite can be formed from diopside at silica removal due
to a decrease in its activity in the f luid at a relatively
high CO2 activity (0.5–0.3) (Fig. 5b). At a relatively
low temperature, the Di–Mtc equilibrium is possible
only at a very low CO2 activity (<0.01). Observations
indicate that the temperature was no higher than
1000–1100ºC, because otherwise purely magnesian
skarns would had been formed because of calcite melt-
ing. CO2, which was generated by the reaction of cal-
cite decomposition, is a strong oxidizer, and hence, V
formed the VO2+ ion. The latter substituted Ca in the
diopside and imparted a blue color to this mineral.
The H2O–CO2 fluid was reduced with time and with
an increase in its temperature because of its interaction
with the cumulates and ultramafic magma. The out-
crop of carbonate-replacement rocks with blue diop-
side is a few meters across, and hence, the heating of
these rocks during the first (and, perhaps, also later)
magmatic emplacements was gradual. We do not pos-
sess data to reproduce a detailed thermal history and to
chart the f low of the f luid. The originally high silica
activity was caused by the dissolution of dolomite-
hosted chert segregations (Kislov, 1998). When the
temperature was high, the silica activity was buffered
by the solubility of mafic minerals (first and foremost,
olivine) in the cumulus of the ultramafic magma, the
dominant intergranular melt. In skarns developing at
contacts with silicic magmas (adamellites), silica
activity in the f luid is higher, and no assemblages with
monticellite are formed (Ferry et al., 2011).
PETROLOGY  Vol. 27  No. 1  2019
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Fig. 5. Phase diagrams for the diopside–monticellite
skarns at perfectly mobile silica, P = 2 kbar and (a) 600°С,
and (b) Т = 950°С. Minerals: Mtc—monticellite, Per—
periclase, Cal—calcite, Dol—dolomite, Fo—forsterite, and
Di—diopside.
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Reduction mechanism of the H2O–CO2 fluid. It is
widely known that serpentinization of ultramafic
rocks is associated with the reduction of the f luids and
a significant increase in the hydrocarbon and hydro-
gen concentrations (Jones et al., 2010). Below we pres-
ent results of our thermodynamic analysis that indi-
cate that a high-temperature subsolidus reaction of
olivine cumulate with H2O–CO2 fluid also maintains
a low oxygen fugacity. An important crystalline phase
involved in subsolidus redox equilibria is spinel con-
taining the magnetite end member.

The reaction of olivine oxidation in the presence of
H2O–CO2 fluid is written in the general form as

(2)

where the fayalite end member occurs as solid solution
with forsterite, and silica is dissolved in the f luid. The
silica solubility depends on the f luid composition and
P–T parameters and, taken together with the fayalite
activity in the olivine, unequivocally defines (buffers)
the equilibrium oxygen fugacity. The bulk composi-
tion of the f luid (for example, in the C–S–H–O sys-
tem) and oxygen fugacity define the relations between
fluid species.

The concentration of ferric iron (according to Kis-
lov, 1998) in some spinels from the ultramafic part of
the Yoko-Dovyren massif is very low, and the corre-
sponding mole fraction of the magnetite end member
(XMag) is 0.02 ± 0.008. The rest of the spinels are more
oxidized, and their XMag = 0.15 ±  0.06. The most
strongly oxidized spinel posseses XMag = 0.32 ± 0.06.
The iron mole fraction of olivine in the lower ultra-
mafic plagioperidotite and plagiodunite parts of the
intrusion is (according to Kislov, 1998) f = 13.89 ±
1.66 and f = 12.57 ± 1.80 in the lower part of the dunite
unit. These data on the compositions of the phases can
be used to evaluate the oxygen fugacity in equilibrium
(2) at Т = 950°C and P = 2000 bar.

To calculate the activity of the magnetite end member,
we used the thermodynamic model of the spinel solid
solution (Sack and Ghiorso, 1991). The activities were
calculated for average spinel compositions in its compo-
sitional groups, using the on-line calculator involving
the latest version of the model (http://melts.ofm-
research.org/CalcForms/index.html). The activity coef-
ficient at high magnetite concentrations is 0.5–0.6 and
decreases to 0.08 for the most reduced spinels. The calcu-
lations were thus carried out with three magnetite activity
values (аMag): 0.002, 0.07, and 0.19. The activity of the
fayalite end member in magnesian olivine was calculated
with the solid-solution model in (Berman and
Aranovich, 1996). The activities of olivine corresponding
to the foregoing average compositions are aFa = 0.038 and
0.044. According to these estimates, the oxygen fugacity
at log(aQz) = –1.3 in equilibrium spinel of the most
widely spread composition (XMag=0.15) was QFM – 2.2
[QFM: fO2 = (–25096.3/T) + 8.735 + 0.11(P – 1)/T],

2 4ss 2 3 4ss 2flFe SiO 1 3O 2 3Fe O SiO ,+ = +
PETROLOGY  Vol. 27  No. 1  2019
where T is the temperature in K and P is the pressure
in bar (Frost, 1991). This estimate is somewhat lower
than the oxygen fugacity corresponding to the CCO
buffer [QFM – 2.0 at Р = 200 MPa and Т = 950°С
(French and Eugster, 1965)]. If the f luid contains
CO2, this value sets the lower limit for the oxygen
fugacity. The most oxidized spinel corresponds to fO2

close to QFM – 1.3. The most reduced spinel was
likely primary magmatic and did not react with the
fluid; the equilibrium fO2 formally calculated from
reaction (2) is unbelievably low: QFM – 5.3, i.e.,
lower than the IW buffer.
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Fig. 6. Calculated CH4 and CO mole fractions in CO2–H2O at the starting fluid composition  =  = 0.5, P = 200 MPa; oxy-
gen fugacity is specified in the diagram. For comparison, the diagram shows concentrations of reduced carbon species in H2O–
CO2 fluid in equilibrium with graphite at a pressure of 1 bar. Spots in the diagram mark equal CO and CH4 concentrations.
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The predicted oxygen fugacity is qualitatively con-
sistent with the composition of the amphibole (see
above). A low oxygen fugacity in the vicinity of the
outer contact of the intrusion was evaluated using the
ilmenite–magnetite pair from the carbonates (see
Table 1 for the compositions). According to calcula-
tions with the ILMAT software (Lepage, 2003), the
minerals were in equilibrium with each another at T =
398°C and fO2 close to QFM – 1.9.

The low oxygen fugacity in the olivine cumulus
generated reduced gases in the f luid. Neglecting
hydrocarbons of high molecular weight in the C–O–
H system, we limited our evaluations to H2O, CO2,
H2, CH4, and CO. The oxygen fugacity was assumed
to be controlled by buffer reaction (2). Carbon mon-
oxide was an active f luid component, which formed
stable π-complexes with transition metals, including
PGE. In this sense, methane was a passive compo-
nent. A temperature increase was associated with the
thermal decomposition of CH4, whereas the CO con-
centration increased. Figure 6 shows results of the
thermodynamic calculations of the dependences of
the CO and CH4 concentrations (mole fractions) on
temperature at P = 2 kbar and oxygen fugacity fO2 =
QFM and QFM – 1. Also for comparison, this figure
displays data on f luid at a pressure of 1 atm in equilib-
rium with graphite (CCO buffer), with CO concentra-
tion of the fluid reaching a maximum and that of CH4 at
a minimum. The ratio CO/CH4 = 1 is reached at a higher
temperature and under more reducing conditions (Т ≈
750°С at fO2 = QFM – 1). Thus, at P = 2 kbar (as in the
magmatic chamber of the Yoko-Dovyren intrusion),
high CO concentrations can be anticipated to occur at
high temperatures, close to the solidus ones.

Sulfide equilibrium. It is interesting to analyze how
H2O–CO2 fluid should have reacted with pyrrhotite,
the dominant sulfide mineral, which practically com-
pletely controls the PGE mineralization after the sul-
fide melt segregated from the silicate one. Both H2O
and CO2 are strong oxidizers, which are able to oxidize
sulfides. When sulfides react with f luid, PGE are
extracted into the solution and can migrate into the
cumulus and be accumulated in it. The reaction of
pyrrhotite with H2O–CO2 f luid was thermodynami-
cally simulated at Р = 2000 bar and Т = 950°С. We
assumed that the f luid contained the following com-
ponents of the С–О–S–Н system in equilibrium with
FeS: (1) H2O, (2) H2, (3) CO2, (4) CO, (5) H2S, (6)
SO2, (7) COS, (8) O2, and (9) S2. For simplicity, we
neglected the possible synthesis of CH4 and thiols. To
find the concentrations of the nine components, we
used mass-action equations for the following six reac-
tions:
PETROLOGY  Vol. 27  No. 1  2019
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The other additional equations taken into account were
the material-balance equations for carbon [Eq. (7)] and
hydrogen [Eq. (8)]. The f luid contains variable oxygen
and sulfur concentrations because of pyrrhotite oxida-
tion. In a closed system, the amount of oxygen incor-
porated in magnetite corresponds to the amount of
sulfur transferred into the f luid, which enabled us to
write the third equation [Eq. (9)].

where Xi is the mole fraction of component i, and nO,i
and nS,i are the numbers of oxygen and sulfur atoms in
component i. The six equations of the mass-action law
for reactions (1)–(6) and three material-balance
equations are sufficient to calculate the concentrations
of the f luid components. In these calculations, oxygen
was taken into consideration in equilibrium equations
for variable oxygen fugacity (fO2). The amount of oxy-
gen in the material-balance equations was neglected
because the molar concentration of this component
was vanishingly low. The constants of Eqs. (1)–(6)
were calculated with regard for the fugacity coeffi-
cients of the gas components of the f luid. The system
of equations was numerically resolved with the
MAPLE software. We have determined that equilib-
rium is reached at oxygen fugacity fO2 = QFM + 0.72.
In reactions with excess pyrrhotite, 4% H2O and 1.8%
CO2 are consumed. The f luid generated thereby con-
tains approximately 2 mol % sulfur-bearing compo-
nents (1.7 mol % H2S, 0.3 mol % COS, 0.1 mol % SO2,
and 0.03 mol % S2). The CO and H2 concentrations
reach 0.6 and 0.24 mol %, respectively.

If, instead of using Eq. (9), it is assumed that the
oxygen fugacity is constant, the f luid composition can
be calculated for a system opened with respect to oxy-
gen. Let fO2 = QFM – 2, i.e., the oxygen fugacity is
buffered by the reaction between the f luid and olivine
cumulus. As was mentioned above, this oxygen fugac-
ity is close to that at the CCO buffer at the P–T param-
eters of the cumulus process in the Yoko-Dovyren
intrusion. In this situation, methane cannot be
neglected, and it was thus included in the set of the com-
ponents. The total concentration of the sulfur-bearing
gases in the reduced fluid in contact with pyrrhotite
decreases to 0.56 mol % (0.48 mol % H2S, 0.08 mol %

2 3 4 21 3FeS 2O Fe O 3 S ,) 2+ = +

2 2 22 H 1 2O H O,) + =

2 23 CO 1 2O) CO ,+ =

2 2 24 H S 1 2S) H ,= +

25 CO 1 2S S) CO ,+ =

2 2 26 1 2S O) SO .+ =

2COS CO CO7 0) .5,X X X+ + =

2 2 2H O H S H8) 0.5,X X X+ + =

O, S,9 3) ( )4 0.5 – ,i i i iX n X nΣ = Σ
PETROLOGY  Vol. 27  No. 1  2019
COS, 0.67 × 10–7 mol % S2, and 0.3 × 10–7 mol %
SO2). The concentration of CO in the f luid reaches
10.4 mol %, and this f luid contains 3.1 mol % CH4 and
4.4 mol % H2. According to our experimental data,
fluid with such a high CO concentration should be
able to dissolve much Pt (Simakin et al., 2016).

At oxygen fugacity slightly above the QFM buffer,
sulfur concentration in the f luid is relatively high, and
the f luid may contain, in addition to hydrogen sulfide,
also organo-sulfuric compounds thiols, which are
alcohols whose oxygen is substituted for sulfur (such as
CH3SH). The stability of precious-metal compounds
with thiols at high P–T parameters is so far known
inadequately poorly. At low P–T parameters, thiols
form stable complexes with Cd, Ag, and Zn
(https://en.wikipedia.org/wiki/Thiol), i.e., with met-
als typical of the Kholodninskoe deposit, which is sit-
uated near the northeastern boundary of the Yoko-
Dovyren intrusion (Distanov et al., 1995).

MECHANISMS OF FLUID REDUCTION
IN THE CUMULUS

OF ULTRAMAFIC INTRUSIONS
Data and considerations presented above can be

interpreted as follows. The early skarn-forming pro-
cesses were associated with silica transfer with the
fluid from chert segregations in the dolomite and the
crystallization of diopside. Later the f luid removed sil-
ica to form the diopside–monticellite zone. During
retrogression, the f luid, which was enriched in f luo-
rine and calcium, induced rankinite crystallization.
The oxidized V species, the VO2+ ion, was formed at
the originally high oxygen fugacity in CO2, which was
released at decarbonation reactions (see, for example,
Simakin et al., 2012). It can be suggested that the
released CO2 fluid was reduced when reacting with the
cumulus olivine and sulfides and enriched in Pt, Ag,
and chalcophile elements (As, Cd, and Se). When the
reduced CO2 f luid filtered through the diopside skarn
at 700 < Т < 950°C, the bleached zone was produced.
The boundary between the zones is sharp. The f luid
penetrating into the blue diopside zone deposited Pt
and Ag in the rocks. Our blue diopside samples show
correlations between the Pt and Ag (as well as As) con-
centrations at a constant V content. Vanadium con-
centration in the bleached zone decreases to 7–6 ppm.
The low Pt, Ag, and V concentrations in this zone
likely indicate that the solubility of these elements in the
fluid was high. The unusual composition of amphibole in
the plagiolherzolite (see above) confirms that the f luid
was rich in vanadium and chromium at a temperature
close to 1000°C (the crystallization temperature of the
amphibole). The crystallization of the amphibole also
suggests that the water mole fraction in the reduced
fluid was also high. Characteristics of f luid–magmatic
and fluid early postmagmatic interaction are import-
ant for understanding the mechanism that produced
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Fig. 7. Composition of spinels from the basal plagioperidotite series of the Yoko-Dovyren massif (Kislov et al., 1995). Subsolidus
reaction between the olivine and H2O–CO2 fluid is associated with (a) enrichment of the spinel in the magnetite end member
(with Cr) (dashed line), the variations along the Cr–Al join correspond to the trend of magmatic fractional crystallization accord-
ing to (Nikolaev et al., 2017); (b) interaction with f luid sometimes results in spinel enrichment in V and Zn, with the Ni concen-
tration also changing.
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ore mineralization of the low-sulfide platiniferous
reefs in the Yoko-Dovyren massif (Kislov, 1998). The
oxygen fugacity, which was estimated using olivine
from the ultramafic part of the massif by high-tem-
perature electrochemistry techniques, was much lower
than the QFM buffer (up to QFM – 4) at a subsolidus
temperature of 1000°C (Ariskin et al., 2017). This is
consistent with the thermodynamic evaluations pre-
PETROLOGY  Vol. 27  No. 1  2019
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sented above. It can be hypothesized that the state of
the minerals reflects subsolidus reequilibration under
reduced conditions.

The mechanism suggested for f luid reduction is
also confirmed by data on the composition of spinel
from plagioperidotites and plagiodunites of the Yoko-
Dovyren intrusion (Kislov, 1998). As was mentioned
in (Nikolaev et al., 2017), spinel is oxidized under sub-
solidus parameters and is enriched in the magnetite
end member (Fig. 7a). The recrystallization of the spi-
nel was associated with its enrichment in Zn, V, and
sometimes also Ni, as seen in Fig. 7b.

The list of elements whose concentrations signifi-
cantly vary in the skarns and their sedimentary proto-
liths, and which are thus characterized by good solu-
bility in reduced CO2-bearing f luid, is remarkable in
that these elements can form stable carbonyl com-
plexes at low P–T parameters. These elements are Ni,
V, Mo, Cr, and Re. The stability of the complexes at
high P–T parameters awaits its studying. The Pt solu-
bility in aqueous f luid in the form of chloride com-
plexes is high at high oxygen fugacity (Mungal and
Naldrett, 2008), as it also is at low oxygen fugacity in
carbon dioxide-bearing f luid (carbonyls, perhaps,
with chlorine and sulfur). When the Merensky Reef
and the platiniferous reef in the Yoko-Dovyren massif
were formed, the oxygen fugacity was reportedly QFM –
2 (Ballhaus and Sylvester, 2000), which suggests the
origin of carbonyls. The mechanism suggested above
for the reduction of CO2 f luid when it interacts with
olivine in cumulates at a high temperature may be also
applicable to layered intrusions (such as Bushveld and
Yoko-Dovyren) and the mantle.

CONCLUSIONS

Oxygen fugacity in f luids generated when dolomite
interacted with the ultramafic magma of the Yoko-
Dovyren massif broadly varied. (1) The blue diopside
was formed by early skarn-forming processes at a high
oxygen fugacity in the released carbon dioxide, which
ensured the origin of the VO2+ ion. (2) According to
our thermodynamic calculations, the H2O–CO2 fluid
was reduced to approximately QFM – 2 due to a reac-
tion with the olivine cumulate. The diopside was
formed from dolomite at a high silica activity in the
fluid, which was caused by dolomite-hosted chert seg-
regations. The low SiO2 activity in the H2O–CO2
fluid, which was buffered by reactions with the ultra-
mafic rocks, caused the transformation of the diopside
into monticellite. When reacting with the olivine sul-
fide-bearing cumulus, the f luid was reduced, and this
was accompanied by the synthesis of CO and H2S and,
perhaps, also organo-sulfuric compounds. The blue
diopside may have been enriched in Pt (up to 0.2 ppm)
when the rocks were reworked by H2O–CO2 fluid,
which was released at decarbonation reactions and
PETROLOGY  Vol. 27  No. 1  2019
which extracted the metal when interacting with the
magma and magmatic cumulus.
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