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Abstract Stable isotope compositions are examined for bru-
cite marble andMg-skarn that occur in the southern part of the
Tazheran massif, Olkhon region, Russia. Brucite marble ex-
hibits a narrow range in δ18O of +23.3 to +26.2‰ and shows
carbon isotope depletion of −1.9 to −4.4‰) as compared with
the country dolomite isotope compositions (+2.0 to +2.4 ‰)
which is explained by both decarbonation processes and par-
ticipation of fluids depleted in 13C. The emplacement of bru-
cite marble was accompanied by the formation of endo- and
exoskarn at the contact between syenite and brucite marble.
δ
18O profiles across the contact show a typical decrease to-
wards the syenite side interpreted as the result of fluid/rock
interaction and influx of magmatic fluids. Finally, we discuss
the mechanisms of brucite marble emplacement and consider
three possible ways of producing these rocks: (1) injection of
dolomite with subsequent transformation to periclase marble
and then to brucite marble; (2) injection of periclase marble
with a following replacement of periclase by brucite or

injection of brucite marble; (3) crustal water-rich carbonate
melt. We favor models 2 and 3 and discuss their strengths
and weaknesses.

Keywords Brucite marble . Skarn . Tazheran gabbro-syenite
massif . Olkhon collision system . Stable isotopes . Fluid-rock
interaction . Decarbonation . Fluid depleted in C13

Introduction

The Tazheran massif and/or Tazheran skarn has been well
known to mineralogists from the beginning of the latter half
of the 20th century. New minerals were discovered here, such
as tazheranite ((Zr,Ti,Ca)O2; Konev et al. 1969) and azoproite
((Mg,Fe2+)2(Fe

3+,Ti,Mg)(BO3)O2; Konev et al. 1970). Rare
minerals and unusual compositions of known mineral groups,
such as melilite, magnesian kirschteinite were also found and
the occurrences were cited in leading mineralogical hand-
books (e.g., Deer et al. 1997). Perovskite from the Tazheran
massif is especially important because it is used as a standard
for dating by secondary ion mass spectrometric (SHRIMP)
method in several laboratories worldwide (Ireland et al.
1990; Kinni et al. 1997; Yang et al. 2009; Li et al. 2010). At
the same time, there is practically no geological and
mineralogical information in recent papers about the
Tazheran massif. Konev and Samoylov (1974) described in
detail the Tazheran massif, but this book is not translated into
English and therefore is poorly known to the international
geological community outside Russia. From the above men-
tioned references one may get an impression that the Tazheran
was formed by classical skarn processes at the contact of a
syenite intrusion with carbonate rocks (e.g., Povoden et al.
2002; Gallien et al. 2007): zonation of skarn reflects the ge-
ometry of the pluton contact and fluid flow; skarn is zoned
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from endoskarn throughout exoskarn to pyroxene-rich zone
and the skarn front. The authors of the first description of the
massif (Konev and Samoylov 1974) attempted to fit available
facts into the classical model of skarn formation despite some
inconsistencies with the model. First of all, any signs of inter-
action between syenite and country calcite marble are absent
at the contacts of the massif and observed only at the contact
of brucite marble bodies within the massif. Konev and
Samoylov (1974) interpreted the latter as xenoliths in syenites.
Secondly, brucite marbles which is usually described as hy-
dration product of periclase marble formed during contact
metamorphism of dolomite, is represented by bodies of com-
plex shape and various sizes in syenites as well as veins cross-
cutting gabbro and syenites (Sklyarov et al. 2009, 2013). In
addition, dolomite is absent in the frame of the Tazheran mas-
sif although the rock is common in other areas of the Olkhon
collision system. It is very important that in contrast to the
classical model of skarn formation at static (stable) conditions,
syenite and other magmatic rocks were emplaced during ac-
tive strike-slip tectonics during the formation of the Early
Paleozoic collision belt (Fedorovsky et al. 2010). It caused a
syn-deformational intrusion of multiple pulses of syenite and
mafic magmas. The list of inconsistencies with the classical
model of skarn formation will be continued below, but the
above-mentioned facts are already enough to seriously chal-
lenge the validity of the model proposed by Konev and
Samoylov (1974). Searching for alternatives, Sklyarov et al.
(2013) proposed crustal carbonate melting as a model for the
formation of calc-silicate and brucite marble of the massif that
intruded simultaneously with nepheline syenite and
subalkaline gabbro. In this study, we present the first stable
isotope (C, O, H) data on brucite marble and rocks from the
skarn zone of the massif to test the Bclassic^ skarn and crustal
carbonate melting models. On the basis of these new data, we
show that brucite marble cannot be a product of fluid-rock

interaction in the course of contact metamorphism during em-
placement of the Tazheran magmatic rocks and suggest the
most appropriate scenario of C and O isotope depletion of
brucite marble. Finally, we discuss the presumable mecha-
nisms of brucite marble emplacement.

Geological background

The massif with an area of 6 km2 is situated on the shore of
Lake Baikal (Figs. 1 and 2), and is exposed pretty well. The
massif is positioned at the center of a large shear loop that is
part of a complex structure of metamorphic rocks of the
Olkhon collision system in the Western Baikal region
(Figs. 1 and 2). The system is situated on the eastern flank
of the Early Paleozoic accretion-collision belt along the south-
ern border of the Siberian craton (Dobretsov and Buslov
2007) and is comprised of various magmatic andmetamorphic
rocks. Two main zones (terranes) of the system have been
distinguished (Fedorovsky et al. 1995; Fedorovsky 2004):
The Anga zone, regarded as a fragment of a Cambrian island
arc (Gladkochub et al. 2014; Donskaya et al. in press), is
composed mostly of amphibolite, marble and gabbro massifs,
and minor granite and gneiss (Fig. 1). The Olkhon zone, being
a complex collage of cratonic, back arc basin and ophiolite
fragments, comprising gneiss, marble, amphibolite, quartzite,
granite, minor mafic and ultramafic massifs. Themetamorphic
grade corresponds to amphibolite facies (550–650 °C) for a
large part of the Olkhon collision system and it reaches gran-
ulite facies in a zone adjacent to the collision suture, separat-
ing it from the Siberian craton. The system has been formed in
a time span between 500 to 460 Ma by several stages of
tectonic events which were accompanied by metamorphic
and magmatic processes, as a result of oblique collision of
terranes of the Paleoasian ocean to the Siberian craton
(Donskaya et al. in press). Age and nature of protholiths of

Fig. 1 Scheme of the Olkhon collision system in the Western Baikal region (after Donskaya et al. in press)
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the metamorphic rocks are quite debatable; available isotopic
data (Donskaya et al. in press) show a wide range from 2000
to 460 Ma. High abundance of graphite (up to 20 %) in var-
ious kinds of rocks (marble, gneiss, pegmatite, quartzite and
amphibolite) is noteworthy.

The geology of the Tazheran massif and detailed petro-
graphic descriptions of the major rock types have been pre-
sented in a number of publications (e.g., Konev et al. 1967;
Konev and Samoylov 1974; Fedorovsky et al. 2009, 2010;
Sklyarov et al. 2009, 2013; Starikova et al. 2014). We use
the traditional term BTazheran massif^ but actually it is a com-
plex structure composed of a large variety of rocks (Fig. 2).
Alkaline syenite is the most widespread rock type (Fig. 2)
which appears as massive, medium- to coarse-grained rock
in the central part of the massif, and as foliated type at the
marginal parts. The main rock-forming minerals in the rock
are alkali-feldspar and clinopyroxene. Minor and accessory
minerals are amphibole, biotite, magnetite, titanite, apatite,
calcite and zircon. The feldspar is microcline with Or57-
60Ab40-62An0-3composition. Clinopyroxene is augite and
aegirine-augite. It is usually replaced by hastingsite and/or
biotite. Nepheline syenite is exposed in the southern and east-
ern parts of the massif. They typically form vein-like and
irregular bodies from one meter up to 100–150 m thickness.
Petrographic description and mineral chemistry of the rocks
are given in BConclusions^ section. Subalkaline gabbro forms

dykes of up to 3–7 m thickness in the center of the massif and
bodies of elongated bizarre shape within brucite marble. Most
commonly gabbro is strongly altered and composed of horn-
blende, biotite and plagioclase, sometimes with relics of au-
gite. Minor minerals are magnetite, apatite and titanite.
Plagioclase is anorthite-rich (An57–68), mol % orthoclase con-
tent is generally low. Veins of pegmatite, aplite and granite are
the latest magmatic rocks in the massif.

Beerbachite (epidiorite) occurs mainly in the northern
part of the massif. The rock is fine-grained with a massive
texture and granular structure. It is composed of
orthopyroxene, clinopyroxene, pargasite and plagioclase
sometimes with minor olivine, spinel and biotite. In areas
of the most intense late metamorphic overprint the rocks
show metamorphic banding and have a significantly higher
amphibole mode. Sometimes the beerbachite contains
relics of dolerite.

Country dolomite marble occurs at a significant distance
from the massif (about 12 km) while calcite marble has tec-
tonic contacts with the rocks of the massif (Fig. 2). Brucite
marble occurs in the southern part of the massif (Fig. 2). There
are some important features of the rock distribution:

1) brucite marble occurs only within the massif being absent
at the frame of the massif (Fig. 2). There are also no
dolomite marble around the massif;
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Fig. 2 Simplified geological map of the Tazheran complex (modified after Fedorovsky et al. 2010) with location of samples

Stable isotope characteristics of the Tazheran brucite marbles 401



2) along with relatively large blocks (up to300x100 m size)
the brucite marble forms bodies of various shape in a
complex Bmixture^ of syenite, gabbro and marble
(Fig. 2) including veins (up to 3 m thick) crosscutting
syenite and gabbro (Fig. 3). Moreover, apophyses of bru-
cite marble within syenite have also been documented;

3) syenite is often foliated as a result of post-crystallization
ductile deformations, and in several places, where the
contact between syenite and brucite marble is well ex-
posed, foliation is almost perpendicular to the contact;

4) series of thin parallel veins of forsterite calc-silicate rocks
(0.5-3 cm thick) usually occur at the brucite marble orient-
ed parallel to the contacts to nepheline syenite (see Fig. 3c);

5) brucite marble sometimes contains rounded globules of
nepheline syenite ranging in size from 0.5x1 to 100x100
m (Fig. 3c). The syenite has a magmatic texture and does
not display any sign of shear in marginal parts of the
globules. Instead, envelopes of zebra rocks (5–30 cm in
thickness) are usual (see below).

Dolomite-bearing calcite marble is located in the center of
the massif (Fig. 2) between alkaline syenite and hornfels.

An important feature of the massif is the presence of a wide
range of metasomatic rocks (Konev and Samoylov 1974;
Starikova et al. 2014) formed at the contact between brucite
marble and nepheline syenite, as well as separate individual
bodies. Most of the metasomatic occurrences are too small
and cannot be displayed on a geological map except
nepheline-pyroxene rocks associated with dolomite-bearing
calcite marble in the central part of the massif (Fig. 2). There
are three types of metasomatic rocks spatially separated in the
area of the massif (Starikova et al. 2014): alkaline metasomat-
ic rocks, Mg-skarns and Ca-skarns.

Ca-skarns occur within calcite marble and consists of gar-
net, pyroxene, amphibole and zoisite. Nepheline-pyroxene al-
kaline metasomatic rocks are mapped in the central part of the
massif at contacts between dolomite-bearing calcite marble
and beerbachite. The rocks also form angular fragments of
various sizes (from several centimeters to tens of meters) in

Fig. 3 Schematic maps of the
selected brucite marble bodies
(after Sklyarov et al. 2013): a, b –

Photograph and sketch after a
photograph of a vein-like body of
brucite marble cross-cutting
syenite and gabbro. c – detail of
the skarn rocks and brucite marble
distribution and their relationship
to magmatic rocks. The position
of profiles with samples collected
as part of this study are shown
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marbles. The origin of Ca-skarns and alkaline metasomatic
rocks is a special problem outside the scope of this study.

Magnesian metasomatic rocks occur in the southern part of
the massif as a reaction zone (usually centimeters to decime-
ters, rarely meters thick) between nepheline syenite and bru-
cite marble and as veins of calc-silicate rocks in marbles,
syenites and gabbro. A generalized geological profile across
the skarn zone comprises nepheline syenite→ endoskarn (cal-
cite-bearing nepheline-clinopyroxene zone or rarely calcite-
bearing spinel-clinopyroxene zone) → exoskarn (zebra rocks
consisting of millimeter- to centimeter-scale interleaved bands
of mafic minerals and bands of calcite (reaching 1 m width))
→ brucite marble with forsterite-calcite veinlets oriented par-
allel to contacts (<1–2 cm thick). Clinohumite, brucite and
apatite are rare minerals in the forsterite-calcite veins.
Another type of calc-silicate rocks forms veins that occur
within brucite marble but also in other types of rocks within
the massif (alkaline syenite and gabbro). They show varying
thickness from 5 cm to 2 m and have a complex shape. The
rocks are composed of calcite, forsterite, spinel, with accesso-
ry calzirtite, tazheranite, perovskite and others.

Magmatic and metasomatic rocks of the massif are well
dated by the U–Pb method on zircon, tazheranite and
baddeleyite (Sklyarov et al. 2009; Starikova et al. 2014) and
the age falls in the interval of 460–470 Ma. The alkaline sye-
nite and beerbachite are the oldest (470 Ma), while nepheline
syenite, subalkaline gabbro and calc-silicate veins intruded at
a time interval between 465 to 455 Ma.

Two important points should be emphasized: (1) Contacts
of the composite massif are tectonic; there are no traces of
interaction between magmatic rocks of the massif and embed-
ding calcite marble and metagabbro. The massif’s emplace-
ment was syn-tectonic (syn-metamorphic). (2) The metaso-
matic rocks occur inside of the massif as narrow zones be-
tween brucite marble and nepheline syenite or as veins cross-
cutting brucite marble, alkaline syenite and gabbro.

Analytical methods

The sampling locations are shown in Fig. 2. Four profiles
approximately perpendicular to the contact between brucite
marble, syenite and gabbro were sampled (Fig. 3). The ap-
proximate distances of the samples from the contact with mag-
matic rocks are listed in Table 1.

Energy-dispersive X-ray spectrometry in combination with
backscattered electrons (BSE) imaging was used for textural
studies and selection of areas for quantitativemicroprobe anal-
ysis. Mineral compositions were determined using a JEOL
JXA-8100 electron probe micro-analyser (EPMA) operated
in wave length-dispersion mode at the. For silicate minerals,
a beam current of 30 nA and an acceleration voltage of 15 kV
were used; for Fe-Ti oxides current and voltage were set to
20 nA and 20 kV, respectively. Peak counting times were 16 s

for major elements and 30–60 s for minor elements. For cal-
ibration, both natural minerals and synthetic phases were used.
Brucite samples have been studied by means of a JobinYvon
LabRAM HR800 Raman spectrometer.

Carbonates were analyzed for oxygen and carbon isotopes,
and δ13C, δ18O and δD values were acquired using a Finnigan
MAT 252 and 253 sensitive mass spectrometers. CO2 was
extracted from calcite at 60 °C during 2–4 h with phosphoric
acid. Aliquots of CO2 were sampled automatically and intro-
duced to the mass spectrometer in a continuousHe flow. NBS-
18 and NBS-19 international reference materials were used to
assess the accuracy of the mass spectrometer. The analytical
errors for the δ18O and δ

13C determination were ±0.05 ‰ or
less and ± 0.1 ‰, accordingly.

Analyses of graphite were carried out using an elemental
analyzer (Thermo Flash EA 1112) combined with stable iso-
tope ratio mass spectrometer. The system was calibrated using
NBS-18 and NBS-19 as a reference material. The precision of
the analysis is close to 0.3 ‰.

Oxygen-isotope analyses for silicates and oxides were
made using the laser fluorination method of Sharp (1990).
Samples were heated with a 100 W CO2 laser in a BrF5 atm.
NBS-28 (quartz) and NBS-30 (biotite) were used as reference
materials for δ18O analysis. Garnet UWG-2 was used as sec-
ondary reference; this material was analyzed during each run
to ensure accuracy. Based on these data and the reproducibility
of duplicate measurements, the δ18O values of unknowns are
accurate to within 0.2 ‰.

Hydrogen isotope compositions were determined with
a high temperature conversion elemental analyzer (TC/
EA) using a method adapted after that by Sharp et al.
(2001). The raw data for δD values were normalized
using NBS-30 biotite. The δD isotope compositions of
the laboratory standards measured in this study are re-
producible to within ±2 ‰.

The process of Rayleigh volatilization for open system was
calculated using Eq. (1) (Valley 1986) and the values of iso-
tope fractionation according to Chacko et al. (1991).

δ f−δi ¼ 1000 F α−1ð Þ
−1

� �

ð1Þ

where δi and δf are the initial and final isotope values of the
rock, α is the fractionation factor and F is the mole fraction of
relevant element (C or O) in the residual rock.

Effect of fluid-rock interaction in closed system (multipass
model) was evaluated by the Eqs. (2) and (3) (Taylor 1977)
and the values of isotope fractionation according to Zheng
(1999) (αCal-H2O) and Chacko et al. (1991) (αCal-CO2).

F
.

R ¼ δ
18O f

r−δ
18Oi

r

� �

.

δ
18Oi

fl−δ
18O f

r þΔ
� �

ð2Þ

XCO2F
.

R ¼ δ
13C f

r−δ
13Ci

r

� �

.

δ
13Ci

fl−δ
13C f

r þΔ
� �

ð3Þ
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where δfr and δ
i
r–final and initial isotope values of the

rocks, δ
f
fl and δ

i
fl–final and initial isotope values of

the fluid, F and R – atomic ratios of elements (C or
O) for fluid and rock, ∆ - difference in δ values be-
tween rock and fluid, XCO2 – the mole fraction of
carbon in the fluid.

The δ13C-δ18O trends in an open system (one pass model)
were calculated using the Eq. (4) (Taylor 1977).

F
.

R ¼ ln F
.

Rc þ 1
� �

ð4Þ

where F/Rc is the value obtained from the close system.

Table 1 Values δ18O and δ
13C for carbonates from rocks of skarn zone and country rocks, Tazheran massif

Sample Rock types Distance from igneous contact (cm) δ
13C (VPDB) δ

18O (VSMOW)

Profile 1 AB 1-1 Endoskarn 5 −3.1 16.2

1-2 Exoskarn (Bzebra^ rocks) 11 −2.9 21.2

1-3 Exoskarn. contact with brucite marble 21 −3.00 23.9

1-4 Brucite marble 31 −3.4 23.00

1-5 69 −3.40 23.90

1-6 Calc-silicate rock 83 −3.7 24.5

1-7 Brucite marble 87 −3.5 23.5

1-9 90 −3.3 23.3

1-10 Calc-silicate rock 100 −2.9 23.9

1-11 Brucite marble 215 −3.4 25.2

Profile 2 CD 2-1 Endoskarn 3 −3.1 17.1

2-2 Exoskarn (Bzebra^ rocks) 5 −2.6 17.8

2-3 Exoskarn. contact with brucite marble 10 −2.8 22.1

2-4 Brucite marble 38 −3.3 23.3

2-5 85 −1.9 26.2

Profile 3 AB 3-1 Vein-like body of brucite marble, contact with gabbro 6 −3.5 20

3-2 Vein-like body of brucite marble, proximal zone 21 −2.4 25.8

3-3 Vein-like body of brucite marble, contact with gabbro 2 −3.3 16.5

Profile 3 CD 3-1a Vein-like body of brucite marble, contact with gabbro 1 −4.4 14.3

3-1б Vein-like body of brucite marble, proximal zone 10 −4.2 17

T12 Endoskarn 4 −3.61 13.63

T12a 3 −3.80 12.80

T2 Exoskarn 9 −2.20 21.76

T11a 7 −3.09 20.19

T11a1 6 −3.10 20.20

Per4 Calc-silicate rock −3.68 21.74

T4 −3.33 22.97

T-24 −2.50 22.40

Se700prv −2.30 19.30

T1 Brucite marble 60 −3.48 23.82

T11b 125 −3.35 25.35

T11c1 127 −3.40 25.30

T-25 70 −3.70 24.10

T-23 105 −2.90 26.00

T13 Country calcite marble 7650 (m) −0.25 24.22

T13a 7600 (m) −0.60 23.70

5 1000 (m) 0.00 21.10

6 2250 (m) −2.30 23.10

7 3750 (m) −2.70 17.80

T14 Dolomite marble 11,700 (m) 2.27 27.48

T14a 12,000 (m) 2.40 27.50
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The process of Rayleigh isotope fractionation during for-
mation of graphite was calculated using Eq. (5) (Ray 2009)
and αg-CO2 and αCH4-CO2 values are from Scheele and Hoefs
(1992) and Horita (2001), respectively.

δ
13Cg ¼ 103 αg−1

.

a−b
.

f
� �

−1
� �

þ αg−1

.

a−b
.

f
� �� �

δ
13Cs ð5Þ

whereαg-1 is the fractionation factor of carbon between graph-
ite and the largest source component (CO2 or CH4),f is the
fraction of remaining carbon in the source (the Eq. 6), a and
b parameters are from Eqs. (7) and (8), rCH4-CO2 is the initial
molar ratio of CH4 and CO2 in the fluid.

f ¼ 1−rCH4−CO2ð Þ
.

1þ rCH4−CO2ð Þ ð6Þ

a ¼ 1þ αCH4−CO2ð Þ
.

2 ð7Þ

b ¼ 1−rCH4−CO2ð Þ αCH4−CO2−1ð Þð Þ
.

2 1þ rCH4−CO2ð Þ ð8Þ

The method of the thermodynamic modelling of phase
equilibria (Vasiliev et al. 2009), which has been well tested

(Vasiliev et al. 2009; Vasiliev and Damdinov 2013), was ap-
pl ied using the Gibbs free energy minimizat ion
BSELEKTOR^ code (Karpov et al. 1997). The minimization
algorithm implements the modified interior point technique
(the IPM-2 algorithm, Chudnenko 2010). A set of potentially
possible dependent components have been formed from the
databases of thermodynamic properties of gas, solid, and
aqueous species (Johnson et al. 1992; SLOP98).

Results

Petrography and mineral chemistry

Below we describe the rocks from contact zones that
include nepheline syenite, endo- and exoskarn, calc-
silicate rocks and brucite marble as well as country
dolomite marble (located at significant distance from
the massif) that we use in our constructions. The repre-
sentative compositions of the main minerals (nepheline,
clinopyroxene, spinel, olivine, calcite) are shown in
Tables 2, 3, and 4.

Table 2 EPMAof clinopyroxene and nepheline from rocks of skarn zone, Tazheran massif

Mineral Nepheline Clinopyroxene

Rock type Nepheline syenite Transition zone Endoskarn Nepheline syenite Transition zone Endoskarn

Oxide(wt. %)

SiO2 45.51 45.87 43.54 44.07 44.19 42.47 51.29 49.00 55.39 55.36 53.39 54.66

TiO2 – – – – – – 0.61 1.23 0.17 0.37 0.05 0.06

Al2O3 32.64 32.80 33.31 33.13 32.96 34.50 2.05 2.14 1.51 1.87 1.94 1.63

FeOtot 0.10 0.11 0.23 0.21 0.30 0.18 15.48 19.68 4.96 5.21 7.00 1.81

MgO – – – – – – 8.00 4.96 14.42 14.12 13.65 17.06

MnO – – – – – – 0.53 0.91 – – – –

CaO 0.75 0.57 0.07 0.07 0.30 0.15 18.12 20.37 22.00 21.31 23.59 24.67

Na2O 15.72 15.82 16.22 15.90 16.30 17.18 3.56 1.75 1.81 2.31 0.64 0.34

K2O 4.54 4.71 6.07 5.76 4.93 5.77 – – – – – –

Total 99.26 99.88 99.44 99.13 99.01 100.29 99.64 100.04 100.27 100.56 100.27 100.25

Formulae based on 8 (6) oxygens for nepheline (clinopyroxene)

Si 1.085 1.087 1.050 1.061 1.063 1.019 1.939 1.916 2.013 2.003 1.969 1.975

Ti – – – – – – 0.017 0.036 −5 0.010 −1 −2

Al 0.917 0.916 0.947 0.940 0.934 0.976 0.091 0.098 0.064 0.080 0.094 0.069

Fe+3 −2 −2 −4 −4 −5 0.003 0.257 0.130 0.029 0.056 0.021 0.001

Fe+2 – – – – – – 0.232 0.513 0.122 0.101 0.194 0.053

Mg – – – – – – 0.451 0.289 0.781 0.761 0.750 0.919

Mn – – – – – – 0.017 0.030 – – – –

Ca 0.019 0.015 0.002 0.002 0.008 0.004 0.735 0.854 0.858 0.827 0.933 0.956

Na 0.727 0.727 0.758 0.742 0.760 0.799 0.262 0.133 0.127 0.162 0.046 0.024

K 0.138 0.142 0.187 0.177 0.151 0.177 – – – – – –

Here and below: FeOtot = total iron; − = below detection limit estimated as 0.01 wt.%
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Nepheline syenite

The rock is medium-grained with trachytoid textures.
Nepheline syenite is composed of euhedral nepheline, alkali
feldspar crystals, anhedral clinopyroxene grains. Albite and
biotite are minor minerals. Apatite, titanite, zircon and mag-
netite are accessories. Nepheline usually contains solid inclu-
sions of clinopyroxene, rarely biotite and alkali feldspar.
Mineral composition is Ne74-77Ks14-15Qtz8–9. The CaO con-
tent is low (0.4 – 0.8 wt.%). Alkali feldspar shows variations
in orthoclase component (74–94 %), with FeOtot and Na2O
concentrations ranging up to 1.0 and 4.5 wt.%, respectively.
Clinopyroxene compositions show varying amounts of diop-
side (Di, 29–46 mol%), hedenbergite (Hed, 23–51 mol%) and
aegirine (Aeg, 13–27 mol%) components. A transition zone
between endoskarn and nepheline syenite is characterized by
increased alkali feldspar and decreased clinopyroxene con-
tents. Titanite, calcite and baddeleyite are accessory minerals

here. Clinopyroxene is more Di-rich (73–76 mol%), Hed- and
Aeg-poor (9–11 and 3–10 mol%, accordingly) compared with
the compositions in nepheline syenite. Nepheline contains less
Qtz- (up to 6 %) and more Ks- (up to 19 %) components and
has lower concentration of CaO (<0.06wt.%) than the mineral
from nepheline syenite. Calcite forms anhedral grains and has
low FeO andMgO contents of up to 0.2 and 0.1 wt.%, accord-
ingly. In some cases, this type of mineralogy is common for
late stage alteration of nepheline syenite (Chakrabarty et al.
2016).

Endoskarn forms a narrow zone up to several cm in width.
It is massive and is composed of alkali feldspar, clinopyroxene
and calcite. Thin (up to 1–2 mm) coronas of clinopyroxene-
nepheline symplectitic intergrowths are developed between
endoskarn and nepheline syenite (Fig. 4a). Clinopyroxene
composition is dominated by diopside (Di, 76–93 mol%),
with varying amount of hedenbergite (Hed, 2–19 mol %)
and low amount of aegirine (Aeg, up to 3 mol%) components.

Table 3 EMPA of olivine and
spinel from rocks of skarn zone,
Tazheran massif

Mineral Spinel Forsterite

Rock
type

Exoskarn Calc-silicate rock Exoskarn Calc-silicate
rock

Forsterite-
calcite veinlet

Oxide(wt. %)

SiO2 – – – – 41.16 41.19 41.91 41.84 42.49 42.64

TiO2 – – 0.72 0.37 – – – – – –

Al2O3 66.67 66.16 68.40 69.64 – – – – – –

FeOtot 11.01 11.28 3.47 3.24 8.06 8.88 1.02 0.99 – –

MgO 21.90 22.26 27.40 26.86 50.84 50.35 56.82 57.22 57.24 57.22

MnO 0.28 – 0.04 0.03 0.30 0.40 0.06 0.05 – –

CaO – – – – – – 0.06 0.10 – –

Total 100.11 100.02 100.03 100.15 100.36 100.82 99.90 100.22 99.73 99.86

Formulae based on 4 oxygens

Si – – – – 0.997 0.997 0.989 0.985 0.998 1.000

Ti – – 0.012 0.007 – – – – – –

Al 1.954 1.940 1.936 1.965 – – – – – –

Fe+3 0.046 0.060 0.037 0.021 – – – – – –

Fe+2* 0.183 0.175 0.032 0.043 0.163 0.180 0.020 0.019 – –

Mg 0.811 0.825 0.980 0.958 1.836 1.817 1.998 2.007 2.004 2.000

Mn 0.006 – 0.001 0.001 0.006 0.008 0.001 0.001 – –

Ca – – – – – – 0.001 0.003 – –

Fetot for forsterite

Table 4 EMPA (wt. %) of calcite from rocks of skarn zone, Tazheran massif

Rock type Transition zone Endoskarn Exoskarn Calc-silicate rock Brucite marble Forsterite-calcite veinlet

FeO 0.23 0.20 0.11 0.06 – – 0.04 0.03 – – – –

MgO 0.07 0.07 0.24 0.10 1.24 1.48 1.21 0.87 3.72 1.88 1.90 1.74

CaO 56.78 58.60 57.29 56.76 50.78 52.71 53.63 53.92 49.24 51.68 51.70 51.09

Total 57.18 58.88 57.70 56.94 52.02 54.19 54.90 54.83 52.96 53.56 53.60 52.83
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Nepheline is Ne78-80Ks15-19Qtz1–6 with low concentrations of
CaO (0.08–0.3 wt.%). Calcite composition is similar to the
mineral found in nepheline syenites (up to 0.1 wt.% FeO
and 0.3 wt.% MgO).

Exoskarn (Zebra rock)

The rock displays a series of dark-colored bands containing up
to 90 % fine-grained assemblages of olivine and spinel that
alternate with bands composed essentially of relatively coarse-
grained calcite (Fig. 4b). These bands range from a few mm to
a few cm in width. Fe-Ti oxides, perovskite, baddeleyite,
tazheranite, zirconolite, calcirtite are accessory minerals.
Calcite contains measurable amounts of MgO (up to

1.5 wt.%). Spinel forms dull green, euhedral to sub-rounded
crystals. The mineral contains traces of MnO (up to 0.5 wt.%)
and high FeO content (10.5–13 wt.%). TiO2 is below the
detection limit. Olivine is more anhedral as compared to spi-
nel, but it also forms crystals in the calcite groundmass.
Sometimes minerals of the serpentine group replace olivine
along microcracks and rims. Olivine composition is Fo91–92.
The mineral has MnO contents of up to 0.65 wt.%.

Calc-silicate rock

The main rock-forming minerals in calc-silicate rocks are spi-
nel, olivine and calcite (Fig. 4c). Clinohumite, brucite, mag-
netite and apatite are minor; perovskite, baddeleyite,

Fig. 4 Photographs and BSE images of: a – clinopyroxene-nepheline
symplectic intergrowth in transition zone between nepheline syenite and
endoskarn; b – Bzebra^ rocks; c – distribution of minerals in calc-silicate
rocks, d – dolomite inclusions in calcite from brucite marbles; e – onion-
skin oval-shaped grains of brucite in marble; f – forsterite, g - calcite and
clinohumite inclusions in brucite; h – forsterite-calcite veinlet in brucite

marble; i - forsterite surrounded by a corona of brucite-calcite and
partially replaced by minerals of serpentine group; j – distribution of
calcite in country dolomite marbles. Calcite is dyed by alizarine on the
d, f, g and j photographs. Cpx – clinopyroxene, Nph – nepheline, Ab-
albite, Afs – potash feldspar, Cal – calcite, Fo – forsterite, Spl – spinel,
Dol – dolomite, Brc – brucite, Srp - minerals of serpentine group
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tazheranite, calcirtite, zirconolite, zirkelite, geikielite and
others are accessory. Calcite is medium- to coarse-grained.
The mineral shows elevated MgO content (up to 2 wt.%).
Olivine forms crystals of variable size (mm to 2 cm) and
contains inclusions of calcite, spinel, and accessory minerals.
Along the rims, olivine is sometimes altered to calcite serpen-
tine. Olivine is Fo98–100. Spinel occurs as octahedral crystals
and displays fine-grained intergrowths with olivine. It con-
tains higher TiO2 (up to 0.7 wt.%) and lower FeO contents
(up to 3.7 wt.%) compared to spinel from exoskarns.

Brucite marble

The rock shows a massive texture of uniformly distributed id-
iomorphic grains of brucite without any signs of ductile defor-
mation and variations of mineral composition. Calcite is the
most abundant mineral, forming up to 50–70 % by volume.
Sometimes the mineral contains rare dolomite inclusions
(Fig. 4d). Calcite has a high MgO content of up to 3.7 wt.%,
this is significantly higher than in the calc-silicate rock and
endo- and exoskarns; FeO is below the detection limit.
Brucite is also a major mineral in the marble, its content ranges
between 30 and 50 vol.%. Its composition is Mg(OH)2, some-
times withminor amounts of FeO (up to 0.2 wt.%). Themineral
forms onion-skin oval-shaped grains up to 3 mm across
(Fig. 4e, f, g). Brucite contains numerous rounded inclusions
of calcite, clinohumite, forsterite and apatite (Fig. 4f, g). Rarely,
forsterite inclusions are partially replaced by serpentine along
microcracks. No relics of periclase have been found in brucite
grains. Usually, brucite with onion-skin structure is pseudo-
morph after hydration of periclase (e.g., Kuleci et al. 2015),
although there are some cases without relics of periclase in
brucite (e.g., Wenzel et al. 2002; Ganino et al. 2008).
Forsterite, clinohumite, magnetite and serpentine are accessory
minerals in the rocks. Chemical composition of the brucite
marble (Sklyarov et al. 2009) is consistent with the composition
of a dolomite marble (Makrygina et al. 1994).

Veinlets parallel-oriented to contacts of brucite marble are
composed of calcite and forsterite (Fig. 4h). Clinohumite, bru-
cite and apatite are accessory minerals here. Calcite is
medium- to coarse-grained. MgO contents (up to 4 wt.%)
are similar to those in calcite from brucite marble. Forsterite
is uniformly distributed within veinlets and forms idiomorphic
rounded or prismatic grains (Fig. 4h). Along the rims, the
mineral is sometimes surrounded by a corona of brucite-
calcite and partially replaced by serpentine group minerals
(Fig. 4i). The composition of forsterite is close to being ideal
(Fo100).

Country dolomite marbles

The dolomite marble is a massive rock, which is composed of
medium- to coarse-grained dolomite grains. Tremolite and

calcite forms single rare grains (Fig. 4j). Dolomite and calcite
contain no measurable impurities.

Stable isotope studies

Carbon and oxygen isotope compositions of carbonate

minerals

Oxygen and carbon isotope compositions of calcite frommar-
bles and skarn zones are shown in Table 1, and Figs. 5 and 6.
The δ13C and δ18O values of country dolomite is 2.4 and 27.5
‰, accordingly. In contrast, carbon and oxygen isotope com-
positions of country calcite marble is highly variable. The
δ
13C values of calcite from brucite marble and the skarn zone
are lower than those of country marble and do not show any
significant linear decrease towards the contact with nepheline
syenite (Fig. 6). The δ

18O is essentially unchanged within
brucite marble, but the δ

18O values are lower within about
50 m of the contact of the marbles as well as the exo-and
endoskans (Fig. 6). Notably, the δ

18O values of calcite in-
crease from the proximal to distal zone in vein-like bodies of
brucite marbles at contacts with gabbro (Table 1, profile 3).
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Oxygen and hydrogen isotope compositions of silicates

and oxides

Oxygen and hydrogen isotope compositions of minerals from
various skarn and magmatic rocks are given in Table 5. The
δ
18O values of the minerals from alkaline syenite and nephe-
line syenite are higher than the average mantle values (about
5.5‰), but consistent with the oxygen isotope composition of
typical granitic rocks (6–10‰, Hoefs 2009). The temperature
of nepheline syenite formation was estimated by Konev and
Samoylov (1974) at above 770 °C using the feldspar-
nepheline geothermometer calibrated by Perchyuk (1965).
That temperature was used in calculation of oxygen and hy-
drogen isotope values of coexisting fluids. The exact temper-
atures for alkaline syenite formation are unknown. However,
magmatic phlogopite would typically be in equilibrium with
magmatic waters at temperatures above 800–850 °C. The
δ
18O and δD values for estimated fluids in syenite and neph-
eline syenite are presented in Table 5, Figs. 7 and 8. Their
oxygen isotope compositions are slightly enriched compared
to the range of magmatic waters (Sheppard 1986).
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the Tazheran magmatic rocks. Symbols are in Fig. 4

Table 5 Values of δ18O and δD for minerals from rocks of skarn zone and country rocks, Tazheran massif

Rock type Syenite Nepheline
syenite

Endoskarn Exoskarn Calc-silicate rocks Brucite marble

Sample T-7 T-3 T-11 g T-12 T-2 T-11a Per-4 T-4 T-24 Se700prv T-1 T-11b T-25 T-23
δ
18O
(VSMOW)

Rock 9.3 – – – – – – – – – – – – –

Bt 8.0 8.88 8.7 8.3 17.6 – – – – – – – – –

Px – – 10.6 10.5 – – – 15.9 10.6 – – – –

Nph – – 12.7 – – – – – – – – – – –

Kfs – 11 – – – – – – – – – – – –

Ttn – 7.7 – – – – – – – – – – – –

Zrn – 8.8 – – – – – – – – – – – –

Ap – – – 7.1 – 15.6 – – – – – – – –

Fo – – – – 16.3 14.2 16.8 18.1 17.7 16.6 – – – –

Spl – – – – 14.7 – 14.9 15.7 17 15.1 – – – –

Prv – – – – – – 13.2 – – – – – – –

Brc – – – – – – – – – – −1.7 1 −1.2 1.4
δD

(VSMOW)
Bt −94.4 −81.6 −108.4 −112.9 – – – – – – – – – –

Brc – – – – – – – – – – −157.7 −160.9 −159.4 −146.4
Calc. T°C 850–

900
770 740* 596* 476** 431** 526 ** 534** 552 ** 612 ** 600 600 600 600

δ
18O fluid Rock 9.5 – – – – – – – – – – – – –

Cal – – 11.8 11.9 19.2 17 19.5 20.8 20.4 17.7 22.22 23.75 22.5 24.4
Px – – 12.6 12.6 – – – – – – – – – –

Nph – – 13.9 – – – – – – – – – – –

Fo – – – – 20.3 18.2 20.8 22.1 21.6 20.4 – – – –

Bt 10.3 11.28 11.1 10.8 20 – – – – – – – – –

Kfs – 11 – – – – – – – – – – – –

Ttn – 10.2 – – – – – – – – – – – –

Zrn – 11.5 – – – – – – – – – – – –

Brc – – – – – – – – – – 3.4 6.1 3.9 6.5
δD fluid Bt −73.1 −58.1 −83.7 −80.3 – – – – – – – – – –

Brc – – – – – – – – – – −140.7 −143.9 −142.4 −129.4

Temperature was calculated by calcite-diopside* and calcite-forsterite** pairs (Zheng 1993a). Calculated δ18O and δD composition of fluid is according
to mineral-water fractionations of Suzuoki and Epstein 1976; Zheng 1993a, b; 1998; 1999; Zhao and Zheng 2003; Méheut et al. 2010. Bt-biotite, Px –
pyroxene, Nph – nepheline, Kfs – potash feldspar, Ttn – titanite, Zrn – zircon, Ap – apatite, Fo –forsterite, Spl – spinel, Prv – perovskite, Brc – brucite,
Cal – calcite
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The δ18O values of endoskarn minerals range from 7.1 to
12.7 ‰. The δD values in the hydrous minerals from
endoskarn are depleted in comparison with minerals from sy-
enite and nepheline syenite implying an influence of skarn-
forming fluids. The calcite–diopside isotope fractionation ap-
plied in endoskarn samples gave a range of temperatures from
596 to 740 °C. At those temperatures, oxygen isotope compo-
sition of coexisting fluids estimated assuming an equilibrium
with endoskarn minerals is similar to those of syenites
(Table 5, Fig. 7).

Minerals of exoskarn and calc-silicate rocks are character-
ized by high δ

18O relative to the minerals from magmatic
rocks and endoskarn. The apparent temperature of exoskarn
equilibration calculated for calcite-forsterite pairs is in the
range of 430–476 °C. Calcite-forsterite pairs from the calc-

silicate rocks yield slightly higher temperatures (up to 612 °C)
compared to exoskarn. Oxygen isotope composition of a
coexisting fluid is 17–20 ‰ for the exoskarn and 17.7–22
‰ for the calc-silicate rocks. Thus, the calculated δ18O values
of the coexisting fluids clearly increase from syenite and neph-
eline syenite throughout endoskarn to exoskarn and calc-
silicate rocks (Fig. 7).

Brucite has low δ
18O (Table 5, Fig. 6). Accepting the tem-

perature of brucite marble formation at around 550 °C
(according to the limits of brucite stability, Lentz 1999 and
our thermodynamic calculation, see below), the calculated
δ
18O for a fluid equilibrated with calcite is 22–24‰, and with
brucite is 3.5–6.5 ‰. The δD values in brucite are depleted
compared to the hydrous minerals from syenite and endoskarn
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Table 6 δ
13C and δ

18O depletion of marbles during the volatilization
process in open system

Mole fraction of remaining carbon in system δ
13C δ

18O

δ
13Ci = 2.4 ‰. δ18Oi = 27.5‰

1 2.40 27.50

0.9 2.17 27.30

0.8 1.91 27.08

0.7 1.62 26.86

0.6 1.28 26.63

0.5 0.88 26.38

0.4 0.39 26.13

0.3 −0.25 25.86

0.2 −1.13 25.57

0.1 −2.65 25.27

0.05 −4.17 25.11

0.01 −7.68 24.95
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Fig. 8 δD versus δ18O plot for calculated waters in equilibrium with
minerals from Tazheran rocks. Symbols are in Fig. 4. Also shown for
reference are: the Global Meteoric Water Line (GMWL) (Craig 1961);
magmatic and metamorphic waters (Sheppard 1986)
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(Table 5, Fig. 8). Moreover, calculated δD for a fluid equili-
brated with brucite is −129 to −144 ‰. Such δ

18O and δD
depletion is common in contact aureoles and related to influx
of meteoric waters (e.g., Criss and Taylor 1986; Jamtveit and
Anderson 1993; Bowman 1998).

Discussion

Isotope depletion in brucite marble

We consider it noteworthy that the brucite marble has lower
δ
13C values than country dolomite marble (Fig. 5). The pos-
sible explanations for this depletion are: (1) effect of carbon
and oxygen removal by decarbonation, and (2) fluid-rock in-
teraction (e.g., Bowman 1998; Baumgartner and Valley 2001).

For calculation of the open system decarbonation we chose
the highest δ18O and δ13C values for country dolomite marble
(27.5‰ and 2.4‰, accordingly) and a temperature of 550 °C
(Lentz 1999 as well as results of our thermodynamic calcula-
tions (see section 6.2, average values)). The results are pre-
sented in Table 6 and Fig. 5 (the D-R curve). In case all
dolomite was consumed during decarbonation with formation
of calcite and brucite, the remaining carbon fraction is estimat-
ed at ~40-50 %. This agrees well with our petrographic obser-
vations and thermodymanic calculations showing that brucite
marble contains around 60% calcite and around 40% brucite.
Thus, in case of complete dolomite consumption, the calcu-
lated δ

13C of the residual calcite should be 0.87 ‰, whereas
the value for the mineral in brucite marble is lower (−1.9‰).
It follows that decarbonation is important but insufficient for
producing the observed depletion in 13C in brucite marble.

The carbon isotope depletion also can be explained in two
ways: (1) by interaction with Tazheran magmatic waters or (2)
the involvement of aqueous fluids depleted in C13.

According to the isotope data, brucite marble cannot be a
product of fluid-rock interaction during emplacement of
Tazheran magmatic rocks. Figure 5a shows the D-M trend
of fluid-rock interaction between country dolomite marble
(D) and Tazheran magmatic waters (M), evaluated carbon
and oxygen isotope compositions for the latter are −5 ‰ (av-
erage mantle value) and 10.8 ‰ (the average δ18O value for
the calculated Tazheran coexisting fluids), accordingly. The
δ
13C - δ18O variation curves of D-M trend in the open and
closed systems were calculated at 550 °C and at different
XCO2 conditions and fluid-rock ratios. One can see that carbon
and oxygen isotope values for brucite marble (except two
values for vein-like brucite marble) do not lie on the D-M
trend of fluid-rock interaction (Fig. 5a).

The mechanism of involvement of water fluids depleted in
C13 seems more acceptable for the negative δ

13C values for
carbonates from brucite marble. Such fluids have been usually
interpreted as resulting from participation of organic matter

carbon that formed either by oxidation of organic matter or
participation of methane. Methane may be produced by ther-
mal decomposition of organic-rich shale and coal or, in lesser
degree, carbonate (siderite-bearing) rocks during igneous and
metamorphic processes (e.g.,McCollom 2003; Fiebig et al.
2004; Svensen et al. 2004, 2007; Aarnes et al. 2011). This is
supported by the fact that the processes of regional metamor-
phism at amphibolite facies conditions, folding and mantle
magmatism were widely developed within the Olkhon colli-
sion system at ~500 Ma (Fedorovsky et al. 2010).
Unfortunately, no fluid inclusions have been found inminerals
from brucite marble which could indicate direct involvement
of aqueous CH4 (and heavier hydrocarbons) bearing fluids. It
is important to note that graphite-bearing zones are wide-
spread within the Olkhon collision zone (e.g., Martikhaeva
et al. 2009; our observations).

The presence of graphite indicates a possibility of contri-
butions of 13C-depleted carbon to the fluid phase. The δ

13C
values for graphite from quarzite (−16.9 ‰), gneiss (−17.6
‰), gneissic granite (−10.3; −17.6 ‰) and calc-silicate rock
(−12.4‰) of the Olkhon collision zone are low. These values
are slightly higher than the average value of −25‰ for organ-
ic matter, but significantly lighter than for mantle carbon (−6
‰) and sedimentary carbonates (0 ‰) (e.g., Hoefs 2009).
Probably the fluids from different sources were mixed and
led to a new δ

13C for the mixture. We used a multicomponent
Rayleigh isotope fractionation (Ray 2009) for the explanation
of the observed δ

13C values in graphite.
Figure 9 shows the Rayleigh model evolution curves for

graphite precipitating from a CH4 + CO2 fluid. Calculations
were performed at the average temperature of 600 °C for the
Olkhon collision zone metamorphism (Sklyarov et al. 2009;
Fedorovsky et al. 2010) and a rCH4-CO2 value of 0.85. Model
calculation reveals that the initial carbon isotope composition
of the fluid (−15 ‰). This δ13C value indicates both organic
matter and carbonates as the main sources for carbon.
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Thus, we conclude that the stable isotope depletion ob-
served in brucite marble was not due to interaction with fluids
realized from Tazheran magmatic rocks (Fig. 5a) and resulted
from both decarbonation and direct addition of aqueous fluids
depleted in C13 . It should be noted that a similar slope of O-C
isotope trend and very low values of δ13C in calcite from the
Mottled Zone, Israel, is explained by both volatilization and
high temperature exchange of carbonates with bituminous
matter (Kolodny and Gross 1974; Baumgartner and Valley
2001).

The numerical thermodynamic modeling of brucite

marble genesis

The numerical thermodynamic modeling was carried out in
order to determine: (1) the PT-conditions for a formation of the
Tazheran brucite marble, (2) the mineral proportion of a pos-
sible initial rock (dolomite with admixture of tremolite,
clinochlore and quartz), initial rock decarbonation and inter-
action with CH4-bearing water (depleted in C13). The simu-
lated system represents a rectangular area in PT-space restrict-
ed by 500–800 °C and 500–5000 bars with increments of
25 °C and 500 bars, respectively. Independent components
of the system include Mg, Ca, C, H, O. The initial mineral
composition of the system includes stoichiometrically pure
dolomite Ca0.5Mg0.5CO3, tremolite Ca2Mg5Si8O22(OH)2,
clinochlore Mg5Al(AlSi3O10)(OH)8 and quartz SiO2. Fluid
is represented by an aqueous solution with CH4. The maximal
initial concentration of methane for the lower model condi-
tions (T = 500 °C, P = 500 bars) has been estimated at
0.01428 g/kg H2O (Ilchenko et al. 1982).

Examination of the model shows that the most appropriate
initial composition is dolomite (89 wt.%), tremolite (8 wt.%),
and clinochlore (3 wt.%), with excess of water and the com-
plete absence of quartz. The complete flushing of initial rock
by CH4-bearing water under different model conditions led to
the equilibrium mineral assemblages that are shown on

Fig. 10. Calcite is stable throughout the whole model PT
range, with the maximum (~63.34 wt.%) in the range of
600–675 °C and 500–2500 bars, and with the minimum
(~46.63 wt.%) in the range of 700–725 °C and 4000–5000
bars (Fig. 10). Calcite and brucite are stable in the range of
500–580 °C and 1000–5000 bars with calcite content of about
50–54 wt.%, whereas the forsterite-brucite-calcite assemblage
is stable at slightly higher temperature with the same calcite
content (Fig. 10).

The disappearance of dolomite may be explained by sev-
eral mineral reactions. Dolomite can break down to calcite and
periclase followed by hydration of periclase to form brucite:

dolomite ¼ calcite þ periclaseþ CO2;

periclase þ H2O ¼ brucite

However, periclase was not observed in the Tazheran bru-
cite marble. This is probably due to the high reactivity of
periclase, which tends to form brucite or it was the result of
direct decarbonation and hydration via the reaction:

dolomite þ H2O ¼ calciteþ bruciteþ CO2

In addition, forsterite –calcite veinlets occur in brucite mar-
ble. Forsterite grains are sometimes surrounded by a calcite-
brucite corona. It can indicate growth in the course of a calcite-
brucite forming reaction such as:

tremoliteþ 12dolomite ¼ 14calcite þ 8forsterite

þ brucite þ 10CO2

Isotope depletion in rocks of the skarn zone

The emplacement of brucite marble, syenite and gabbro was
synchronous according to field observations (see discussion
below) and the process was accompanied by the formation of
endo- and exoskarns at the contact between syenite and
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brucite marble. Our isotope data show that the rocks of the
skarn zone tend to show systematically lower δ18O values
(Fig. 6). Such linear isotope depletion could be attributed to
fluid-rock interaction. The initial δ18O and δ

13C values in
calcite and magmatic fluid are 25.6‰ and −3‰ (the average
δ
18O and δ

13C values for mineral from brucite marbles, far
from contact), as 10.3 ‰ and −5 ‰, accordingly for the cal-
culation of final compositions of respective isotopes. The B-M
mixing trend was drawn at a temperature of 560 °C according
to the calculated temperature for skarn rocks with varying
XCO2 and fluid-rock ratios in open and closed systems
(Fig. 5b). The δ18O and δ13C values measured in calcite from
skarns, including calc-silicate rocks overlap on the depletion
curves of the B-M trend with XCO2 up to 0,2.

Thus, brucite marble interacted during the emplacement
with magmatic rocks and the process was accompanied by
the formation of skarns. The oxygen isotope composition of
minerals in the skarn zone is affected by this interaction.

The emplacement of brucite marble: ductile flow

or product of melting?

Konev and Samoylov (1974) interpreted the brucite marble as
metamorphosed xenoliths of dolomite in syenite. Under influ-
ence of the syenite the dolomite marble was transformed to
periclase-calcite marbles, later periclase was replaced by bru-
cite as a result of hydration. Such simple explanation strikes
with geological and structural controversies discussed in the
geological background section. Sklyarov et al. (2009, 2013)
discussed possible scenarios of the brucite marble emplace-
ment: (1) injection (protrusion) of dolomite with subsequent
transformation of periclase marble to brucite marble; (2) in-
jection (protrusion) of periclase marble with a following re-
placement of periclase by brucite or injection of brucite mar-
ble; (3) intrusion of crustal water-saturated carbonate melt.
The first scenario seems unrealistic because it is not supported
by our isotope data. In addition, the peak of temperature
passed at the time of syenite emplacement and when dolo-
mites were metamorphosed. Ductile flow of periclase marbles
(the second scenario) may be possible. Formation of endo-
and exoskarns as well as isotope data of skarns confirm this
scenario. However, ductile flow of periclase marbles would
result in segregation and structuring of Bhard^ periclase in a
Bsoft^ calcite matrix (like in a blastomylonite). For example,
banded and lenticular segregations of silicate minerals are
widespread in the melange marble zones within the Olkhon
collision system (Sklyarov et al. 2013). The ductile flow sig-
natures are absent from the vein-like bodies of brucite marble.
They have a massive isotropic texture as well as display bod-
ies of complex shape. Finally, complete preservation of onion-
skin oval-shaped brucite grains contradicts the scenario of
ductile flow of brucite marbles.

The emplacement of brucite marble in a molten state can
also be possible (Sklyarov et al. 2009, 2013), although zebra
rocks formed in contact of brucite marble with syenite seems
to contradict this scenario. It is suggested that the zebra rocks
are the result of post-nucleation geochemical self-organization
(e.g., Holness 1997, 2000; Ganino et al. 2008). Nevertheless,
these rocks were established in heterogeneous melt-inducing
aureole of the Panzhihua intrusion, China (Ganino et al.
2013). Moreover, intrusion of carbonatites is usually accom-
panied by formation of fenites (rocks enriched in phlogopite,
aegirine, amphiboles, alkali feldspar, apatite) at the contacts
(e.g., Le Bas 2008; Pirajno et al. 2014). It can be assumed that
the emplacement of brucite marble was in partially crystal-
lized (mushy) state. Although the question of zebra rocks for-
mation still remains open.

The cases of natural occurrences of crustal carbonate melt
are rare (Lentz 1999; Abart et al. 2001; Wenzel et al. 2002;
Morteani et al. 2013; Ganino et al. 2013). This scenario is
consistent with geological and structural data for Tazheran,
however there are no direct evidences (melt inclusions in min-
erals) in the rock. In addition, all silicate minerals in brucite
marbles and calc-silicate rocks are products of metasomatic
and/or metamorphic processes. The latter, however, does not
refute the probability of crystallization of brucite marble and
calc-silicate rocks form a melt and it is not ruled out that
silicate minerals were crystallized from a melt and later were
metasomatically transformed during cooling and interaction
of carbonate and silicate components. For example,
Vuorinen and Skelton (2004) showed that most silicate min-
erals in a calcite carbonatite dyke from Alnö Island are the
product of country silicate rocks assimilation or interaction
with pure calcite melt.

Numerous experiments (e.g., Wyllie and Tuttle 1960;
Byrnes and Wyllie 1981; Fanelli et al. 1986; Persikov and
Bukhtiyarov 2004) show that melting in the MgO-CaO-
H2O-CO2 system produces periclase-calcite melt rather than
pure calcite melt. At fixed fluid composition (XCO2 = 0.05),
the solidus curve for granite is congruent with the melting
curve for calcite at water-saturated conditions, and the melting
curve for dolomite is positioned 100 °C below (Lentz 1999). It
means that dolomite can start melting earlier than in granites.
Moreover, Persikov and Bukhtiyarov (2004) showed that
heating of dolomite under water fluid pressure of 100 MPa
and T ≤ 530 °C resulted in its decomposition into periclase
and calcite, and release of CO2 followed by calcite melting.
The proposed isotope model of dolomite transformation in
brucite marble as a result of decarbonation with participation
of fluids depleted in C13 does not contravene the experiments.

Another important question is whether brucite crystallized
directly from a water-rich magnesium carbonate melt or the
magnesium phase (periclase or dolomite) converted into bru-
cite during cooling at the presence of a late low δD water
(meteoric water). It is difficult to give a definite answer at
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the moment. On the one hand, no periclase relicts in brucite
were found and brucite contains unaltered inclusions of
clinohumite and forsterite. On the other hand, isotope compo-
sition of brucite argues for its formation in equilibrium with a
low δD fluid, which is significantly different from that in
equilibrium with the hydrous minerals of calc-silicate rock
and skarns. In addition, the onion shaped brucite nodules typ-
ically form at hydration of periclase (e.g., Kuleci et al. 2015).

Conclusions

(1) The Tazheran brucite marble is not the product of inter-
action with fluids derived from Tazheran magmatic
rocks. The brucite marble was formed both by decarbon-
ation and interaction with fluids depleted in C13.
Injection of brucite marble or crustal carbonate melt is
a possible explanation for formation of Tazheran brucite
marble.

(2) Sub-synchronous emplacement of brucite marble, sye-
nite and gabbro was accompanied by fluid-rock interac-
tion between brucite marble and fluids from the Tazheran
magmatic rocks resulting in the formation of skarn rocks.
Oxygen isotope compositions of minerals in the skarn
zone are depleted as the result of this interaction.

(3) According to numerical thermodynamic modeling,
calcite-brucite pair is stable in the range of 500–580 °C
and 1000–5000 bars with calcite content of the about
50–54 wt.%.
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