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ABSTRACT. Linear or lens-like carbonate (marble) and carbonate-silicate bodies among gabbro and amphibolites
within the Krestovsky subterrane of the Olkhon composite terrane (West Baikal Area) are identified as dikes. The dikes
commonly dip almost vertically, range in thickness from 20 cm to a few meters, and are up to 100 m long. The Olkhon marble
dikes quite often coexist with dolerite dikes and/or granite veins and show signatures of emplacement synchronously
with the igneous bodies. The marble dikes differ from mantle carbonatites in mineralogy and chemistry and thus may be
derived from sedimentary carbonate rocks molten during collisional events.

The origin of the Olkhon carbonate and carbonate-silicate dikes may be explained with two possible geodynamic
scenarios. They may be derived either from Neoproterozoic carbonate sediments upon the Early Precambrian basement
of a cratonic block which was involved in collisional events, or from abundant carbonate sedimentary material in an is-
land-arc terrane. Large-scale melting of silicate and carbonate rocks was maintained by heat released from mantle mafic
magma intruding into the lower crust. The batches of both crustal (carbonate and granitic) and mantle (mafic) melts
intruded late during the collision in a strike-slip tectonic setting.
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1. INTRODUCTION

Most of carbonate rocks in the crust are of sedimentary
origin, while igneous carbonatites and metasomatic car-
bonate rocks of various compositions constitute less than
1 vol. % of the total carbonate budget. Carbonates differ
markedly from coexisting silicate rocks in appearance and
chemistry and thus make marker beds providing reliable
reference in geological, tectonic, and paleogeodynamic re-
constructions for complexly structured orogenic areas. The
role of carbonate rocks in the understanding of local ge-
ology is especially important in areas of high-grade meta-
morphism where silicate rocks have lost their original tex-
ture and structure signatures and can only be interpreted
proceeding from geochemistry. Carbonate bodies of dif-
ferent sizes within Precambrian cratons and metamorphic
terranes commonly preserve their original stratigraphic
position, but sometimes carbonates, which are more ductile
than silicates, become extruded during rapid high-tempera-
ture synmetamorphic deformation and thus detach from
their deposition place. Such displaced carbonate bodies
are especially prominent in the Olkhon composite terrane
in the western Baikal area where they occur as marble
mélange [Fedorovsky et al., 1993; Sklyarov et al., 2021]
or marble "layers" [Sklyarov et al.,, 2013, 2021]. However,
the allochthonous origin has been commonly doubted for

the Olkhon marble mélange interpreted rather in terms
of boudinage and local disintegration of abundant silicate
rocks, and still more for the elongate marble bodies free
from silicate fragments. This study continues our previous
work on carbonate and carbonate-silicate rocks [Sklyarov
et al., 2013] and marble mélange [Sklyarov et al., 2021] in
the Olkhon terrane. Here we focus on new details concern-
ing carbonate and carbonate-silicate dikes, with implica-
tions for their origin.

2. OLKHON TERRANE: GEOLOGICAL BACKGROUND

Geology and tectonics of the Olkhon terrane have been
largely studied, mainly by V.S. Fedorvsky and his colleagues
from Moscow, St. Petersburg, Novosibirsk, and Irkutsk
[Fedorovsky et al., 1995, 2017, 2020; Fedorovsky, Sklyarov,
2010; Sklyarov, 2005; Donskaya et al., 2017; etc.]. There-
fore, we confine ourselves to a brief synopsis and issues
relevant for the present study.

The Olkhon terrane is a part of the Early Paleozoic Baikal
collisional belt [Donskaya et al.,, 2000] that delineates the
Siberian craton in the south (Fig. 1). In the first approxi-
mation, it comprises two major units characterized pre-
viously as metamorphic volcanosedimentary complexes
[Pavlovsky, Eskin, 1964; Eskin et al., 1979]: (i) Krestovsky
subterrane composed mainly of marble, amphibolite, and
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Fig. 1. Simplified tectonics of Central Asia (a) and metamorphic terranes in the Early Palaeozoic Baikal collisional belt of northern

CAOB (b) modified after [Donskaya et al., 2017].
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gabbro of the Birkhin volcanoplutonic complex making up
>50 % [Gladkochub et al., 2014; Lavrenchuk et al., 2019];
(ii) a collage of several large blocks derived from protoliths
of different ages and settings in the remaining part of the
Olkhon terrane [Donskaya et al.,, 2017].

The well documented rocks of the terrane formed in
the Early Paleozoic during several tectonic events: early
thrusting, two later orogenic phases, and final strike-slip
faulting associated with microcontinent-island arc and mi-
crocontinent-continent collisions [Sklyarov, 2005]. The
large-scale strike-slip faulting produced lithologically, mor-
phologically, and structurally different shear zones and
shaped up the tectonic framework of the Olkhon area.

Carbonate (calcitic, dolomite-calcitic, and dolomitic mar-
bles) and carbonate-silicate rocks occupy about 20 vol. %
of the total Olkhon collisional zone (Fig. 2). Marbles often
occur as relatively thin (10-100 m) kilometers long sheets,
which were thought to be a slightly deformed succession
of metamorphosed volcanosedimentary rocks. However,
the apparent simplicity of the succession obviously con-
tradicts the structural data and the presence of numer-
ous shear zones mapped in the area to a high resolution
[Fedorovsky, Sklyarov, 2010]. Carbonates often form "mix-
tures" with amphibolites or granulites in irregularly shaped
zones and thus may be of exotic origin [Sklyarov et al., 2009,
2013,2021].

3. MATERIALS AND METHODS

The dikes were examined, photographed, and sampled
in coastal outcrops during winter campaigns, from frozen
Lake Baikal; some sites were mapped at a scale of 1:5000,
on the basis of satellite images.

Major elements were determined by the XRF analysis
at the Center for Geodynamics and Geochronology of the
Institute of the Earth’s Crust (Irkutsk, Russia).

More than 300 grains of clinopyroxene, garnet, titanite,
calcite, dolomite, epidote, and other coexisting minerals were
analyzed in polished thin sections, at the Centre "Geospectr”
of the Geological Institute SB RAS (Ulan-Ude, Russia). The
analyses were performed by scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDS) on a
LEO 1430VP scanning electron microscope equipped with
an Oxford INCAEnergy 350 spectrometer, at the Geological
Institute SB RAS. The operation conditions were 20 keV ac-
celerating voltage, 0.3-0.4 nA beam current, <0.1 pum beam
diameter, and 50 s counting time.

The results were checked against synthetic compounds
and natural minerals: SiO (O, Si), BaF, (F, Ba), NaAlSi3O8
(Na), MgCasSi,0, (Mg, Ca), AlLO, (Al), Ca,P,0, (P), KAISi,O,
(K), Cr-met. (Cr), Mn met. (Mn) and Fe met. (Fe). Matrix
correction was performed with the XPP algorithm as part
of the built-in Inca Energy software.

The analytical results are summarized in App. 1, Tables 1.1,
1.2,1.3,1.4.

4. CARBONATE AND CARBONATE-SILICATE DIKES

Carbonate dikes were found mainly within the Krestovsky
subterrane (Fig. 2) among gabbro and amphibolites, mostly
in eroded coastal cliffs. The perfect exposure in the coastal
cliffs allowed detecting and identifying the gabbro-hosted
dikes as intruted bodies, unlike the partly buried dikes in
gabbro where sporadic outcrops of carbonates can be mis-
interpreted as xenoliths, and especially unlike the dikes in
amphibolites aligned with the host gneissic texture and
looking like sedimentary beds.

There are four sites restricted to the Krestovsky subter-
rane where dikes and dike swarms are located in different
hosts (Fig. 2): amphibolites derived from the Ulan-Nur
gabbro of the Birkhin complex (Ulan-Nur site, 1 in Fig. 2);
amphibolites on the northeastern periphery of the Birkhin
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Fig. 2. Carbonate rocks in the central Olkhon terrane, modified after [Sklyarov et al., 2021].

1 - gabbro of the Birkhin (Krestovsky, Birkhin, Ulan-Nur massifs) and Ust-Krestovsky (Ust-Krestovsky massif) complexes; 2 - calcite
marble; 3 - dolomitic and calcite-dolomitic marbles; 4 - injection mélange; 5 - metamorphic lens-type mélange; 6 - Quaternary alluvi-
um. Red circles are Ulan-Nur (1), Begul (2), Ust-Krestovsky (3), Buguldeyka (4), and Tomota (5) sites.
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gabbro complex, in the Anga - Begul interfluve (Begul site,
2in Fig. 2); Ust’-Krestovsky gabbro (Ust’-Krestovsky site, 3
in Fig. 2); Buguldeika gabbro, Birkhin complex (Buguldeika
site, southeast of the map in Fig. 2). In the remaining part
of the Olkhon terrane, no evident marble or calc-silicate
dikes have been observed, though some carbonates may
be heavily deformed dikes, such as those from the Tomota
site (5 in Fig. 2) mapped using GPS survey.

4.1. Ulan-Nur site

Several carbonate-silicate linear bodies in the Ulan-Nur
site occur among amphibolites derived from the Birkhin
gabbro. Two bodies obviously look like dikes, while the
others bear signatures of ductile deformation and can be
either dikes or xenoliths in gabbro. One nearly vertical car-
bonate-silicate dike, 20 cm to 1.5 m thick (Fig. 3, a), has
its central thickest part composed of banded fine material,

Fig. 3. Carbonate-silicate dike in amphibolite derived from the Ulan-Nur gabbro. (a) - general view; (b, ¢) - enlarged fragments (sample

09A160).
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Fig. 4. Photomicrograph of thin sections from carbonate-silicate dike (sample 09A160).

(a, b) - carbonate-silicate rock from dike center; (¢, d) - skarn-like fragment from dike center; (e, f) - carbonate-silicate rock from dike
margin. Samples 09A160A (a-d) and 09A160B (e, f). Reddish staining of calcite in the thin sections is due to alizarin paint. The images
are in plane-polarized (g, ¢, e) and cross-polarized (b, d, f) light. See text for other explanations.
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Fig. 5. Carbonate-silicate dike with large skarn fragments, mainly composed of garnet and pyroxene (sample SE542E). (a) - general
view of outcrop; (b) - enlarged fragment with numerous skarn patches. See text for explanation.

yellowish on the surface, with alternated carbonate and
silicate bands containing 10-20 vol. % of silicate minerals
(Fig. 3, b, ). The dike has white massive margins (up to
30 cm) where calcite and iron-free silicate minerals are
hard to discriminate. The dike generally strikes along the
gneissic texture (foliation) of amphibolites but locally trun-
cates it at a high angle. The outcrop also exposes aplite
veins sub-parallel to the carbonate-silicate dike. The min-
eralogy of the dike consists of calcite, fine diopside, and
scapolite (Fig. 4, a, b), as well as rare large skarn-like frag-
ments composed of coarse K-feldspar crystals, fine scapo-
lite grains (often round), fine diopside, sporadic grains of
phlogopite and quartz, minor amounts of calcite (Fig. 4, c,
g), and graphite occupying the interstitial space or rarely
coating calcite grains.

The carbonate-silicate rocks of the margin have inequi-
granular textures, with patches of coarse calcite and small
percentages of other minerals. The mineral assemblage in-
cludes ubiquitous fine anhedral scapolite and diopside, as
well as fine graphite that locally fills cracks in calcite and
scapolite (Fig. 4, d, e), or fills irregular cracks and coats
grains of other minerals in phlogopite-rich linear zones.
Rare phases are quartz, possibly forsterite, as well as zir-
con or titanite with high birefringence.

The other dike, varying in thickness from 0.5 m to 1 m,
is partly buried and lies among banded carbonate-silicate

rocks (Fig. 5, a). It differs from the first dike in the pres-
ence of numerous skarn-like fragments, up to 10 cm, with
diverse mineralogy: diopside and garnet of variable rela-
tive percentages (Fig. 5, b), ubiquitous K-feldspar, epidote,
and titanite, locally occurring in clusters (Fig. 6, e, f), less
frequent plagioclase and allanite, as well as fine (<20 um)
zircon. The calcite matrix encloses quite numerous euhe-
dral garnet, pyroxene, and titanite (Fig. 6, a, b, c, d).

Silicate minerals, both within the skarn fragments and
individual crystals, show highly variable compositions. All
garnets belong to the grossular-andradite series, with mi-
nor to absent spessartite, almandine, and pyrope compo-
nents (App. 1, Table 1.1). The grossular component pre-
dominates and even locally approaches 100 %, while an-
dradite reaches 39 % with as low as 2 wt. % TiO,. Pyroxenes
are of diopside type containing <10 wt. % FeO (App. 1,
Table 1.2), while more ferrous varieties (up to 21 wt. %
FeO) are very rare. Allanite is zoned, with higher REE con-
tents in the rim. Total REEs (limited to LREE La, Ce, Pr, and
Nd) range from 7 to 20 wt. % (App. 1, Table 1.3). K-feldspar
contains up to 4.3 wt. % BaO (App. 1, Table 1.4).

4.2. Begul site
Several nearly vertical marble dikes of various shapes
and structure patterns, from 0.3 m to 1.5 m thick, occur in
coastal cliffs near the Anga River mouth in amphibolites

https://www.gt-crust.ru
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Fig. 6. Photomicrograph of thin sections of carbonate-silicate rock (a-d) and skarn fragment (e, f) from dike (sample SE542E).
(a, b) - crystals of garnet and pyroxene in a calcite matrix; (¢, d) - crystals of garnet and pyroxene, as well as fine spindle-shaped titanite
in a calcite matrix; (e, f) - skarn fragment composed of pyroxene, garnet, and K-feldspar with fine titanite.
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Fig. 7. Dike of calcite marbles in amphibolites derived from the Begul gabbro (a) and its enlarged fragment showing white "chilled
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Fig. 8. Mottled (a) and irregularly shaped (b) dikes of calcite marble in amphibolites derived from the Begul gabbro.
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Fig. 9. Photomicrograph of polished thin sections of a zoned calcitic marble dike (sample SE1152).

(a, b) - calcitic marble with quartz lenses in the dike center; (¢, d) - linear zones impregnated with graphite in the dike center; (e, f) -
calcitic marble enclosing quartz grains in the dike margin. Reddish staining of calcite in the thin sections is due to alizarin paint. The
images are in plane-polarized (g, c, ) and cross-polarized (b, d, f) light.
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derived from the Begul gabbro. The simplest dike (Fig. 7)
is composed of dark gray fine calcite marble and has 3 to
10 cm thick white margins ("quench zones").

Some dikes, also with white margins, are of more in-
tricate shapes (Fig. 8), possibly because of syndeforma-
tion emplacement. One such dike looks mottled due to al-
ternating dark gray and white marble varieties (Fig. 8, a)
and another one coexists with a thin dike of metadolerite
(Fig. 8, b).

The mineralogy of the dikes is quite simple: fine cal-
cite with unevenly distributed bands or elongate lenses of
quartz, or rarely plagioclase, with few phlogopite flakes
(Fig. 9, a, b). The dark gray color of the marble is due to
the presence of disseminated graphite along or sometimes
across grain boundaries of calcite (Fig. 9, b, d). Marble in
the white margins contains slightly greater percentages
of quartz and encloses larger and more sporadic graphite
grains, often of a hexagonal habit. Quite many quartz grains
look euhedral (Fig. 9, e, f).

4.3. Ust’-KrestovsKy site
A swarm of numerous marble dikes, up to 500 m long
and 0.5 to 10 m thick (Fig. 10), oriented roughly parallel to

the gabbro-granite contact, was mapped on the periphery
of the 460-470 Ma Ust’-Krestovsky subalkaline gabbro
[Lavrenchuk etal., 2017]. The carbonate dikes coexist with
calc-silicate and rarer granite veins, as well as with few
dolerite dikes; the carbonate and igneous dikes strike in
the same direction. One relatively thick and long dike en-
closes banded or mottled skarn fragments, from few tens
of cm to 1.5 m in size, with garnet-pyroxene-wollastonite-
zoisite (Fig. 11, a, b) or wollastonite-zoisite-plagioclase-
pyroxene (Fig. 11, ¢) mineralogy. Judging by their contact
with the host gabbro (either direct or via an intermediate
marble layer), the skarn blocks originated in a deep level
and were then exhumed together with extruding marble
and carbonate-silicate material. This hypothesis is con-
sistent with different orientations of skarn structures pro-
duced by alternating mostly pyroxene and wollastonite-
zoisite bands (Fig. 11, b).

Some carbonate-silicate dikes enclose irregularly shaped
dikes of pyroxene porphyrite (Fig. 12, a) or more rarely
granite. The porphyrite dikes are in some cases split into
blocks (Fig. 12, b). The contacts of dikes with the host gab-
bro are free from signatures of metasomatism. Most of the
dikes are composed of calcitic marble with minor amounts

Fig. 10. Marble and calc-silicate dikes in the Ust-Krestovsky gabbro (sample SE1507), after [Sklyarov et al., 2021]. 1 - marble and
calc-silicate dikes; 2 - granite veins; 3 - dolerite dikes; 4 - gabbro; 5 - granite; 6 - diorite; 7 - geological boundaries.
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Diabase dyke

Fig. 11. Dike of calcitic marble with skarn fragments in the Ust’-Krestovsky gabbro.

(a) - general view of calcitic marble dike and dolerite dike on the left; (b) - fragment of banded skarn composed of mainly of garnet
(brown), pyroxene (greenish-grayish), and calcite (white); (¢) - fragment of mottled skarn blocks of wollastonite-zoisite-plagioclase
composition.
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Fig. 12. Marble dikes coexisting with dolerite in the Ust-Krestovsky gabbro.
(a) - photograph-based sketch, (b) - photograph, , after [Sklyarov et al., 2021]. 1 - dolerite; 2 - gabbro with magmatic layering; 3 - fine-
grained marble. (a) - two blind dolerite dikes in marble (left) and dolerite fragments in marble (right); (b) - reddish-brown dolerite

fragments in marble (right part of sketch).

of silicate minerals. The minerals of carbonate-silicate rock
and skarn show variable chemical compositions (App. 1,
Tables 1.1, 1.2, 1.3, 1.4).

4.4. Buguldeika site

Carbonate dikes in the Buguldeika gabbro were studied
at two sites of white massive calcitic marble and dolomitic
marble, respectively. The calcitic marble dikes are steep
branching bodies, 30-70 cm thick, locally with angular xe-
noliths of the host gabbro (Fig. 13, a). The dike of white
to pinkish fine dense dolomitic marble is traceable quasi-
horizontally over a distance of 150 m and reaches a thick-
ness of 2 m (Fig. 13, b). Its contacts with gabbro are often
marked by <10 cm thick lenses of pyroxene-zoisite-pla-
gioclase skarn (Fig. 13, c), while the marble is free from
silicate minerals.

4.5. Tomota site

The Tomota site is located within a large shear zone com-
posed of migmatized gneiss and granite-gneiss with abun-
dant concordant pegmatite-aplite veins occupying more
than 50 vol. % of all rocks [Fedorovsky et al., 2012]. The
good exposure of the site allowed us to map calcitic marble
and amphibolite bodies traceable as parallel chains of small
lenses (Fig. 14) varying in size from ten to hundred meters
long and 3 to 15 m thick. The host biotite and garnet-bio-
tite gneisses are cut by numerous pegmatite-aplite veins
from 30 cm to 7 m in thickness. Amphibolites, including
garnet-bearing ones, have typical gneissic or locally mas-
sive textures and can be interpreted as meta-gabbro. Note

that neither carbonate nor igneous mafic bodies occur
north and south of the site and farther along the gneissic
sequence.

Carbonate bodies are almost pure fine to medium calcitic
marbles, free from skarn at the contact with gneiss. Linear
carbonate bodies, possibly, dikes, are known from other
parts of the Olkhon terrane as well, e.g., in the Tazheran
complex located near the Ulan-Nur site [Sklyarov et al.,
2009, 2013], or in cliff exposures on the north-eastern tip
of Olkhon Island. However, they may be interpreted in dif-
ferent ways according to structure and geometry.

5. DISCUSSION

The sampled marble and carbonate-silicate dikes have
some key features. Their occurrence in the Olkhon terrane
is not limited to the sampled sites. The abundant linear
bodies in the area are sometimes hard to identify as dikes
because they are commonly aligned with the gneissic tex-
ture of the silicate hosts and are often poorly exposed. There-
fore, they have been rather misinterpreted as layers in a
metamorphosed carbonate-silicate sequence. The sampled
carbonate and carbonate-silicate dikes were detected due
to perfect exposure in coastal cliffs (except for those from
the Tomota site). The bodies from the Ust-Krestovsky and
Buguldeika gabbro are obviously of dike origin, though it is
tempting to attribute them to xenoliths despite the length-
to-thickness ratios exceeding 100:1. The dikes in amphi-
bolites can be reliably classified as such if they truncate
the gneissic texture, as in the Ulan-Nur and Begul sites
(see Figs. 7, 8). Another piece of evidence against the sedi-
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Fig. 13. Marble dikes in the Birkhin gabbro, Buguldeika site.
(a) - steep branching dikes of calcitic marble; (b) - nearly horizontal dike of dolomitic marble; (c) - fragment of dolomitic marble dike
with pyroxene-zoisite-plagioclase skarn.
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Fig. 14. Deformed dikes of calcitic marble and metagabbro among gneisses, Tomota site.
1 - biotite or less often garnet-biotite gneisses; 2 - metagabbro and amphibolite derived from gabbro; 3 - calcitic marble; 4 - granitic

and pegmatite-aplitic veins; 5 - vegetated surface.

mentary origin of carbonates comes from the dike margins
with greater percentages of quartz and lesser amounts of
disseminated graphite (see Fig. 7). The formation mech-
anism of these zones remains unclear but it hardly can
be sediment deposition anyway. It is very problematic to
prove that the linear carbonate bodies among gneisses
are dikes because the rocks of the terrane were heavily
deformed by strike-slip shear, especially the least compe-
tent silicate igneous and sedimentary rocks. As a result of
tectonic activity, the rocks became disintegrated and made
chains of fragments, as in the Tomota site (Fig. 14), or were
extruded ductily into larger bodies. The dike origin of such
bodies is further supported by their co-occurrence with
chains of metamorphosed mafic rocks, including metagab-
bro. Note in this respect that carbonate dikes from al-
most all sampled sites coexist either with metadolerites,
as in the Begul site (see Fig. 7), or with granites, as in the
case of Ulan-Nur (see Fig. 3), or with both, as in the Ust’-
Krestovsky site (see Fig. 12). Therefore, silicate and car-
bonate melts apparently intruded almost synchronously.
However, it remains to clear up whether it was carbonate
melt or viscoplastic flow.

Note that the sampled dikes hardly can be carbonatite
intrusions because their compositions (App. 1, Table 1.5)
mismatch the mineralogical and chemical features of man-
tle carbonatite [Bell, Tilton, 2002]. On the other hand, the

Olkhon carbonate-silicate rocks have typical skarn miner-
alogy (App. 1, Tables 1.1, 1.2, 1.3, 1.4), with the presence
of zircon, allanite, and some other minerals easily explica-
ble by interaction with granite or syenite melts. Melting in
the carbonate-gneissic substrate of lower crust appears to
be the only possible origin for the carbonate and carbon-
ate-silicate melts of the Olkhon terrane. Melting of mantle
carbonates requires temperatures above 1200 °C [Wyllie,
Tuttle, 1960], which are not expected to exist in the crust
according to the available evidence, though these tem-
peratures may be workable for crust melting as well. Mean-
while, the dry and wet melting of silicates may begin at
200 to 300 °C different temperatures, in the same way as
for carbonates, for which it was proven experimentally al-
ready long ago. Namely, melting of calcite at 1 kbar begins
at 740 °Cin the presence of an aqueous fluid [Wyllie, Tuttle,
1960] and at progressively lower temperatures to 600 °C
if the pressures increase or if MgO is added to the system
[Fanelli et al., 1986]. At a fixed composition of the fluid (XCO2=
=0.05), the wet granite solidus roughly coincides with the
calcite melting line and is 100 °C above that of dolomite one
[Lentz, 1999]. The melting of the crust is only limited by
water contents in the melting region. In the case of the car-
bonate-gneiss substrate of the Olkhon terrane, the presence
of pegmatite-aplite veins locally occupying more than 20-
30 vol. % [Fedorovsky, Sklyarov, 2010], provides evidence
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of wet melting, as their formation requires additional H,0
in the substrate [Patino Douce, Harris, 1998]. Direct crys-
tallization of dikes from melt can be inferred from their
massive structure free from traces of flow or brittle frac-
ture, as well as from zoning with texture and composition
difference between the central and margin zones (Ulan-
Nur and Begul sites).

On the other hand, many carbonate-silicate dike rocks
are composed of alternating bands with different rela-
tive percentages of silicate minerals and calcite, possibly,
as a result of viscoplastic flow. Furthermore, their typi-
cally skarn mineralogy would cast doubt on the dike ori-
gin if the skarn mineral assemblages were considered to
be solid proof for interaction of silicate melts with solid
carbonate material. However, this evidence against the in-
trusion of a carbonate melt into a silicate matrix may be
ambiguous: interaction of a hydrous carbonate melt with
amphibolites or gabbro can lead to the same metasomatic
reactions, while skarn does not follow the carbonate-sil-
icate contacts but commonly occurs as quite large frag-
ments (Ust’-Krestovsky site, see Fig. 11) or as clusters of
euhedral garnet, pyroxene, and other skarn minerals in a
silicate-carbonate matrix (Ulan-Nur site, see Fig. 5). The
silicate-carbonate dikes may have shaped up during the
crystallization with subsequent ductile flow of material in
an active tectonic setting.

It still remains unclear whether the carbonate and car-
bonate-silicate material was molten or viscoplastic when
emplacing in the silicate rocks of the Olkhon terrane. Melt
inclusions would provide explicit evidence for direct crys-
tallization, but no such inclusions have been detected and
hardly can have survived after re-crystallization during
later cooling. Silicates in the Olkhon dikes are apparently
of metasomatic origin, which however does not contra-
dict crystallization from a melt with subsequent metaso-
matism upon interaction with the carbonate and silicate
components during cooling. For instance, silicate minerals
in mantle-derived carbonatite from a calcite dike in Alnd
Island were inferred [Vuorinen, Skelton, 2004] to originate
by interaction of calcite melt with the wall rock.

Judging by coexistence of the Olkhon marble dikes with
metadolerite dikes and granite veins, as well as by simi-
lar 460-470 Ma ages of the igneous rocks [Sklyarov, 2005;
Fedorovsky et al., 2010], the origin of the carbonate and
carbonate-silicate dikes (this study) and marble mélange
among silicate complexes [Sklyarov et al., 2013, 2021] may
be explained in terms of two possible geodynamic sce-
narios. One scenario implies carbonate deposition within
an island arc terrane affected by a hot field [Yarmolyuk et
al., 2013; Lavrenchuk et al., 2017]. According to this sce-
nario, the hot field maintained heating of the whole system
and induced melting of mafic magmas that left record as vo-
luminous igneous rocks of the Birkhin and Ust’-Krestvsky

complexes. Heat transfer by mafic magma moving to the
lower crust heated the crustal material thus increasing
its plasticity and induced melting of granite and, possibly,
carbonate, which rose together with the mafic magma.
Such nearly synchronous intrusion likely produced granite,
dolerite, carbonate, and mingling dikes.

In another scenario, amalgamation of the Olkhon col-
lisional terrane and its accretion to the Siberian craton in-
volved oceanic crust of a back-arc basin composed of ophio-
lites, sediments [Donskaya et al., 2017; Sklyarov et al., 2020],
island arc complexes, and a cratonic block with an Early
Precambrian basement and Neoproterozoic passive mar-
gin sediments, mostly of carbonate lithologies. The Pre-
cambrian cratonic block may be a fragment detached from
Siberia (judging by the presence of Neoproterozoic car-
bonates in its neighbor parts) or from some other craton.
It may have moved to the lower crust where it underwent
heating and partial melting in the thickened crust during
a collision event, with an additional effect of mantle mafic
melts in the presence of an aqueous fluid and the ensuing
formation of granite and carbonate melts. Then batches
of granitic and carbonate crustal and mafic mantle melts
were intruded pulse-like into the upper crust to produce
the mosaic observed on the surface. Yet, at the time being,
the authors have different opinions about the preferable
scenario.

Carbonate dikes are not specific to the Olkhon terrane.
Thin dikes of calcite marble among amphibolites were re-
ported [Roberts, Zwaan, 2007] from one of higher nappes
in the Caledonides of Troms, northern Norway. The dikes
were inferred [Roberts, Zwaan, 2007] to have intruded at
the final deformation stage of the Scandian orogeny (strike-
slip motions during orogen collapse). Furthermore, swarms
of carbonatite-like dikes, with typical metamorphic min-
eralogy (forsterite, spinel, pargasite, scapolite, etc.), oc-
cur in granulite facies gneisses of the Greater Himalayan
Crystalline sequence in the collisional system of the Eastern
Himalayan syntaxis [Liu et al.,, 2006]. More evidence of crustal
carbonate melts comes from Paleoproterozoic crustally de-
rived carbonate-rich magmatic rocks from the Daginshan
area, North China Craton, where numerous carbonate-sili-
cate bodies, termed "crustal carbonatite", are nearly coeval
to granulite metamorphism of the host gneisses [Wan et al.,
2008]. There are other known examples of marble dikes,
and their geography may extend in the nearest future.

6. CONCLUSION
Dikes of calcitic and dolomitic marbles and carbonate-
silicate rocks within the Olkhon terrane are reliably iden-
tifiable only in gabbro and amphibolites of the Krestovsky
subterrane. However, the linear or lens-shaped carbon-
ate bodies among gneisses elsewhere in the terrane may
be problematic to identify as dikes because the protolith
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sedimentary or felsic to intermediate igneous rocks were
involved in large-scale strike-slip related shearing. Most of
the dikes dip nearly vertically but some have shallow dips.
They vary in thickness from 20 cm to a few meters and
are traceable to distances over 100 m. The carbonate dikes
often coexist with roughly coeval dolerite dikes and/or
granite veins. The dikes differ markedly from mantle-de-
rived carbonatite in mineralogy and chemistry and may
have formed by melting of sedimentary rocks during colli-
sional events. The silicate-carbonate dikes have typical skarn
mineralogy (grossular-andradite garnet, diopside-heden-
bergite clinopyroxene, wollastonite, titanite, zoisite-clino-
zoieite, K-feldspar, etc.) resulting from interaction of car-
bonate and silicate material during the system cooling.

The suggested model implies heating associated with
upward motion of mafic mantle magmas and the ensuing
large-scale melting of silicate granitic rocks and carbonates
in the thickened lower crust. Batches of granitic and car-
bonate melts, as well as mantle mafic magmas, emplaced
in a setting of active strike-slip tectonism. The protolith of
sedimentary carbonates that intruded into the silicate ma-
trix as dikes or marble mélange can be explained in two
ways: (i) volcanic-sedimentary deposits in a Early Paleozoic
island arc; (ii) part of a cratonic block, with an Early Pre-
cambrian basement and Neoproterozoic carbonate sedi-
ments, which was involved into collision.

The carbonate and silicate-carbonate dikes of the Olkhon
composite terrane are of rare but not unique occurrence.
Such dikes were reported from a nappe of Caledonides in
Norway [Roberts, Zwaan, 2007], a Crystalline sequence
in the eastern Himalayan syntaxis [Liu et al., 2006], Pa-
leoproterozoic metamorphics in the North China craton
[Wan et al., 2008], and some other metamorphic complexes
worldwide.
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APPENDIX 1

Table 1.1. Mineral chemistry of garnets from calc-silicate rocks

Component Site 1 Site 3

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Sio, 39.32 39.54 39.21 38.93 38.32 37.61 37.64 36.71 39.60 39.17 39.62 39.30 39.04 39.15 38.09 38.79
Tio, bdl bdl bdl bdl 0.32 1.48 0.33 2.14 bdl bdl bdl bdl bdl bdl 0.95 0.33
ALO, 22.09 21.62 19.72 19.42 17.10 15.89 15.21 12.51 21.41 20.97 19.88 19.16 18.37 18.04 16.51 15.02
FeO, 0.11 1.27 3.09 4.49 6.46 7.78 9.31 11.63 1.67 2.15 3.94 4.86 5.61 6.34 7.90 9.53
MnO bdl bdl bdl 0.39 0.44 0.41 0.37 0.36 bdl bdl bdl bdl bdl bdl bdl bdl
MgO bdl bdl bdl bdl bdl 0.38 bdl 0.50 bdl bdl bdl bdl bdl bdl bdl bdl
Ca0 36.67 36.84 36.45 35.95 35.58 35.20 34.90 34.61 36.82 36.26 36.81 36.51 36.30 36.25 36.04 36.03
Total 98.19 99.46 98.47 98.78 98.22 98.17 97.76 98.46 99.50 98.55 100.25 99.83 99.32 99.78 99.49 99.70

0=12

Si 3.003 2.996 3.013 2.982 2.987 2.933 2972 2.910 2.997 2.997 2.996 2.992 2.995 2.995 2.944 3.003
Ti 0.000 0.000 0.000 0.000 0.019 0.087 0.020 0.128 0.000 0.000 0.000 0.000 0.000 0.000 0.055 0.019
Al 1.989 1.932 1.787 1.754 1.572 1.461 1.416 1.169 1.911 1.892 1.772 1.720 1.661 1.627 1.505 1.371
Fe?* 0.005 0.075 0.187 0.282 0.416 0.500 0.601 0.756 0.095 0.113 0.236 0.296 0.349 0.382 0.496 0.584
Fe?* 0.002 0.005 0.012 0.006 0.005 0.007 0.014 0.015 0.011 0.024 0.013 0.014 0.011 0.024 0.014 0.033
Mn 0.000 0.000 0.000 0.025 0.029 0.027 0.025 0.024 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.000 0.000 0.000 0.000 0.000 0.044 0.000 0.059 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 3.001 2.991 3.001 2.951 2.972 2.941 2.953 2.940 2.986 2.973 2.983 2.979 2.984 2.972 2.985 2.989
Total 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000
Xy 0.00 0.04 0.09 0.14 0.21 0.26 0.30 0.39 0.05 0.06 0.12 0.15 0.17 0.19 0.25 0.30
X 1.00 0.96 091 0.86 0.79 0.74 0.70 0.61 0.95 0.94 0.88 0.85 0.83 0.81 0.75 0.70

Grs

Note. bdl - below detection limit; content of Cr,0,, Na,0, K,0 below detection limit.



Table 1.2. Mineral chemistry of pyroxenes from calc-silicate rocks

Component Site 1 Site 3
2 3 4 5 6 7 8 9 1 2 3 4 5 6 7
Sio, 5291 53.77 53.51 52.88 52.76 52.73 51.28 52.37 50.83 53.19 52.02 52.01 51.46 50.89 50.27 49.61
Tio, bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
ALO, 0.32 0.00 0.38 0.96 0.30 0.38 0.53 1.19 1.23 0.55 0.57 0.66 0.00 0.00 0.00 0.40
Cr,0, bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
FeO, 4.67 5.63 6.23 7.55 9.24 10.01 11.49 13.80 21.60 8.88 10.55 13.68 15.49 17.41 20.79 23.44
MnO 0.31 0.40 0.39 bdl 0.41 0.46 0.61 bdl bdl bdl bdl bdl bdl bdl bdl bdl
MgO 14.85 14.00 14.23 12.77 12.31 11.44 10.75 9.35 4.74 12.80 11.60 9.67 8.51 7.13 5.14 3.65
Ca0 25.03 25.44 24.99 24.53 24.60 25.23 23.81 22.64 21.72 25.03 24.18 24.52 24.11 24.03 23.70 23.02
Na,0 bdl 0.25 bdl 0.39 bdl bdl bdl 0.89 0.66 bdl bdl bdl bdl bdl bdl bdl
K,0 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Total 98.09 99.49 99.73 99.08 99.62 100.25 98.47 100.24 100.78 100.45 98.92 100.54 99.57 99.46 99.90 100.12
0=6

Si 1.989 2.002 1.991 1.988 1.993 1.989 1.981 1.991 1.994 1.985 1.987 1.983 2.000 1.999 1.997 1.989
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Al 0.014 0.000 0.017 0.043 0.013 0.017 0.024 0.053 0.057 0.024 0.026 0.030 0.000 0.000 0.000 0.019
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe3* 0.008 0.014 0.001 0.010 0.001 0.004 0.015 0.031 0.005 0.005 0.000 0.004 0.000 0.002 0.007 0.004
Fe?* 0.139 0.162 0.193 0.228 0.291 0.312 0.356 0.408 0.704 0.272 0.337 0.432 0.503 0.570 0.684 0.782
Mn 0.010 0.013 0.012 0.000 0.013 0.015 0.020 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0.832 0.777 0.789 0.715 0.693 0.643 0.619 0.530 0.277 0.712 0.660 0.549 0.493 0.417 0.304 0.218
Ca 1.008 1.015 0.997 0.988 0.996 1.020 0.985 0.922 0.913 1.001 0.990 1.002 1.004 1.011 1.009 0.989
Na 0.000 0.018 0.000 0.028 0.000 0.000 0.000 0.066 0.050 0.000 0.000 0.000 0.000 0.000 0.000 0.000
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000
X 0.85 0.82 0.79 0.76 0.69 0.66 0.62 0.57 0.28 0.72 0.66 0.56 0.49 0.42 0.31 0.22

Mg

Note. bdl - below detection limit; XMg=Mg/[Mg+Mn+Fe2*).
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Table 1.3. Mineral chemistry of allanite and zoizite from calc-silicate rocks

Component Site 1 Site 3

1 2 3 4 5 1 2 3 4
Sio, 34.17 33.82 33.74 33.78 32.07 39.24 38.47 38.88 38.70
ALO, 21.52 21.26 21.80 20.48 18.27 3191 30.55 29.88 27.57
FeO 10.99 9.20 8.17 9.49 9.12 1.04 3.54 4.73 6.32
MgO bdl bdl bdl 0.53 bdl bdl bdl bdl bdl
Ca0 17.25 16.38 15.49 14.45 19.52 24.42 24.05 24.12 24.01
Ce,0, 7.20 10.88 9.50 10.08 11.24 bdl bdl bdl bdl
La,0, 5.31 6.53 5.02 8.12 5.42 bdl bdl bdl bdl
Pr,0, 0.00 0.00 1.59 0.00 1.47 bdl bdl bdl bdl
Nd,0, 1.17 1.53 3.37 1.89 3.70 bdl bdl bdl bdl
Total 97.61 99.60 98.68 98.83 100.82 96.61 96.61 97.61 96.60
REE 13.68 18.94 19.48 20.09 21.83 0.00 0.00 0.00 0.00

0=25

Si 6.033 6.002 6.019 6.074 5.855 6.043 5.974 5.995 6.066
Al 4.479 4.446 4.585 4.341 3.931 5.794 5.593 5.431 5.095
Fed* 1.623 1.365 1.219 1.428 1.393 0.129 0.441 0.585 0.795
Mg 0.000 0.000 0.000 0.142 0.000 0.000 0.000 0.000 0.000
Ca 3.264 3.115 2.961 2.785 3.818 4.030 4.002 3.985 4.033
Ce 0.466 0.707 0.620 0.664 0.752 0.000 0.000 0.000 0.000
La 0.346 0.428 0.330 0.538 0.365 0.000 0.000 0.000 0.000
Pr 0.000 0.000 0.103 0.000 0.098 0.000 0.000 0.000 0.000
Nd 0.074 0.097 0.215 0.121 0.241 0.000 0.000 0.000 0.000
Total 16.284 16.159 16.053 16.093 16.452 15.996 16.009 15.997 15.989

Note. bdl - below detection limit; content of TiO,, Cr,0,, FeO, MnO, Na,0, K,0 below detection limit.

Table 1.4. Mineral chemistry of K-feldpar from calc-silicate rocks

Component Site 1 Site 3

1 2 3 4 5 1 2
Sio, 64.24 64.36 64.46 64.06 64.28 64.52 64.11
ALO, 18.69 18.78 17.44 18.28 18.21 18.21 18.82
Na,0 0.33 bdl bdl 0.37 0.34 0.55 bdl
K,0 15.80 16.48 16.97 16.59 15.32 16.13 16.97
BaO 3.27 1.80 0.00 0.76 4.30 bdl bdl
Total 99.06 99.62 98.87 99.30 98.15 99.41 99.90

0=8

Si 2.964 2.972 3.023 2.984 2.977 3.000 2.976
Al 1.017 1.022 0.964 1.004 0.994 0.998 1.030
Na 0.030 0.000 0.000 0.033 0.031 0.050 0.000
K 0.930 0.971 1.015 0.986 0.905 0.957 1.005
Ba 0.066 0.036 0.000 0.015 0.087 0.000 0.000
Total 5.007 5.002 5.003 5.023 4.994 5.004 5.011

Note. bdl - below detection limit; content ofTiOZ, Cr,0,, FeO, MnO, MgO below detection limit.
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Table 1.5. Chemistry of marble and carbonate-silicate dikes

Site 1 Site 2 Site 3 Site 4
Sample 09A160A  09A160B SE1152A SE1152B SE742A SE1504C SE1507A SE724A SE725A SE725B
centre rim centre rim

Sio, 8.83 20.17 4.83 6.75 2.26 1.09 4.45 4.60 0.00 1.10
TiO, 0.12 0.26 0.00 0.49 0.03 0.00 0.05 0.03 0.03 0.03
ALO, 1.82 4.16 0.22 1.71 0.25 0.00 0.70 0.30 0.15 0.00
Fe,0, 0.27 0.72 0.14 0.51 0.18 0.00 0.66 0.20 0.20 0.20
FeO 0.81 1.23 0.62 1.73 0.00 0.00 0.00 0.00 0.00 0.00
MnO 0.12 0.13 0.04 0.06 0.00 0.01 0.00 0.07 0.00 0.00
MgO 2.78 5.01 0.26 1.04 0.00 0.55 0.64 2.20 20.39 22.58
Ca0 48.26 40.72 52.49 49.25 54.55 54.78 52.84 52.12 33.45 31.99
Na,0 0.23 0.53 0.05 0.46 0.03 0.00 0.08 0.00 0.00 0.00
K,0 0.33 0.32 0.04 0.01 0.02 0.00 0.11 0.02 0.01 0.00
PO 0.04 0.09 0.10 0.08 0.03 0.03 0.05 0.04 0.00 0.00
H,0 0.10 0.13 0.06 0.06 0.06 0.03 0.00 0.00 0.00 0.00
co, 35.80 25.78 41.18 36.85 42.37 42.82 39.79 40.34 45.49 40.70
LOI 0.40 0.69 0.00 1.17 0.00 0.57 0.52 0.00 0.00 3.32
Total 100.01 100.04 100.19 100.28 99.78 100.34 100.13 99.92 99.72 100.00
Sr 510 400 1400 930 2900 1500 2300 540 37 58
Ba 310 380 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Note. n.d. - not determined.
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