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ABSTRACT. The Olkhon terrane in the Western Baikal area accommodates four types of carbonate-silicate
mixtures: injection (protrusion), metamorphic-boudinated, mingling, and tectonite marble mélange. The out-
crops of injection mélange consist of a carbonate matrix with inclusions of native silicic rocks found in the
immediate vicinities, commonly cover large areas and lack any distinct linearity in the map view. Mélange of
the metamorphic boudinage type comprises diopsidite and tremilote-diopsidite fragments in a dolomitic or
calcite-dolomitic matrix. Its origin is apparently due to tectonism and related metamorphism of quartz sand-
stones in Neoproterozoic strata on the passive margin of the Siberian craton. Mingling mélange appears as
calcite marble or carbonate-silicate (calciphyre) veins with metadolerite and granite inclusions of different
sizes. The veins formed by intrusion of carbonate and silicate melt batches and subsequent fragmentation
of silicate rocks that crystallized earlier. Marble tectonites localized in narrow zones record the late phase of
ductile marble injection.

KEYWORDS: mélange; marble; strike-slip tectonics; metamorphism; deformation; Olkhon terrane
FUNDING: Financial support for the research: grant 20-05-00005 from the Russian Federation of Basic Re-

search; grant 075-15-2019-1883 from the Government of the Russian Federation. The research activities in-
volved work equipment of CCU "Geodynamics and Geochronology" at the Institute of the Earth’s Crust SB RAS.

RESEARCH ARTICLE Received: September 13,2021
Revised: October 8, 2021
Correspondence: Eugene V. Sklyarov, skl@crust.irk.ru Accepted: October 11, 2021

FOR CITATION: Sklyarov E.V,, Lavrenchuk A.V,, Mazukabzov A.M., 2021. Marble mélange: variations of composition and
modes of formation. Geodynamics & Tectonophysics 12 (4), 805-825. d0i:10.5800/GT-2021-12-4-0556

https://www.gt-crust.ru 805


https://www.gt-crust.ru
https://doi.org/10.5800/GT-2021-12-4-0556
mailto:skl%40crust.irk.ru?subject=
mailto:skl%40crust.irk.ru?subject=
https://orcid.org/0000-0002-9194-5506

Sklyarov E.V. et al.: Marble mélange: variations of composition... Geodynamics & Tectonophysics 2021 Volume 12 Issue 4

MPAMOPHBIN MEJIAHK: BAPUAIIUU COCTABA U MEXAHU3MbI OBPA30BAHUS
E.B. CkisipoB’, A.B. /lappeHuyk?}, A.M. Ma3yka630B!

'UuctutyT 3eMHoU kopbl CO PAH, 664033, UpkyTck, yi1. JlepMmoHTOBa, 128, Poccus

2WHCcTUTYT reosioruu U MuHepasioruu uM. B.C. Co6osiera CO PAH, 630090, HoBocu6upck, np-T AKkaieMUKa
KonTrora, 3, Poccua

3HoBocubupckuii rocyiapctBeHHbld yHUBepcuTeT, 630090, HoBocu6upck, yJi. [Tuporoga, 1, Poccus

AHHOTALMA. B npegenax OnbxoHckoro Teppeiina (3anazHoe [Ipubalikaibe) BblieJIEeHbl U OXapaKTe-
PH30BaHbI YEThIPE TUIIA KMPAMOPHO-CUJIMKATHBIX CMeCcel», JIJisi KOTOPbIX MbI UCII0JIb3YeM TEPMHUH «MeJTaHX»:
VHBbEKIIMOHHBIN (MIPOTPYy3UBHBIN ), MeTaMOPOreHHO-PAa3IMH30BAHHBIN, UHbEKI[MOHHO-MUHTJIMHTOBBIN U
MpaMOpHble TEKTOHUTBI. 1151 UHbEKLMOHHOTO (IPOTPY3UBHOI'0) THIIA MeJlaH»a XapaKTepHbI IPOsIBJIeHHUS,
3aHUMaMoIIMe 3HaYUTe/bHbIE [JIOIAJU U He UMEIOII[Ue B MJIaHe OTYETIMBON JIMHEWHOM (IJIaCTOBOM) KOH-
durypanuy, B KauecTBe BKJIIOUYEHUH B KaApOOHATHOM MaTpUKCe BCerJa HaxoAATcsl GparMeHThbl CUIMKATHBIX
0POJ, NIPUCYTCTBYIOLIMX B GMKal1lleM OKpYy>KeHUHU. MeTaMopdOoreHHO-pa3/IMH30BaHHbIN THUII MeJlaHXa
XapaKTepusyeTcs NpUCYyTCTBUEM GpparMeHTOB AUONCHUAUTOB U TPEMOJIUT-LUONCUL0BBIX IOPOJ, B L0JIOMHU-
TOBOM WJIM KaJIbLIUT-J,0J0MUTOBOM MaTpUKce. Ero o6pazoBaHre 06bsACHSETCS TEKTOHOMeTaMOppUYECKUM
npeo6pa3oBaHMeM KBapleBbIX IeCYHAHUKOB HEOIPOTEPO30MCKUX 0CAZKOB MAaCCUBHOM OKpauHbl CUGHUPCKOTO
KpaToHa. UHbeKIMOHHO-MUHIJIMHIOBBIM THUI MeJIaHKa MpeJCcTaBJleH KUJIbHbIMHU TeJlaMU KaJbLLUTOBBIX
MPaMOPOB UJIU KapOOHATHO-CUJIUKATHBIX MOPO/ (KaJblUPUPOB) C pa3HOpPa3MePHbIMU PpparMeHTaMu Me-
TaMOpP($U30BaAHHBIX [J0JIeEpUTOB U I'paHUTOB. OHU 06pa3oBaMCh B pe3ybTaTe BHeAPEHUs NOPLUHN Kap-
6OHATHOTO U CUJIMKATHOrO PaCIJaBOB C NOCAeAYIOIUM pparMeHTUPOBAaHUEM 3aKPUCTANIJIU30BaBIINXCS
paHblile CUJIMKATHBIX NOpoA. MpaMopHble TEKTOHUThI QUKCUPYIOT MO3HIOK CTaJUI0 UHBEKLMOHHOTO BHe-
JlpeHNs1 MpaMOpPOB B BA3KOIJIAaCTUYECKOM COCTOSIHUY, JIOKA/JIU3YsCh B y3KUX 30HaX B lipeJiesiax MpaMOpHO-
ro MeJlaHxa.

KJ/IIOYEBBIE CJIOBA: Menanx; MpaMmop; OJIbXOHCKUH TeppeiH; CABUTOBbIN TEKTOreHe3; MeTaMopPdU3M;
nebopmanuu

OUHAHCHUPOBAHME: VccienoBaHus BbINOJIHEHBI B paMKax rocyfapcrBeHHbIX 3aganui U3K CO PAH u
UI'M CO PAH npu ¢uHaHcoBoi nogsepxkke POOU (rpanTt 20-05-00005) u [IpaBuTenbcTBa Poccuiickoi @e-
Jepauu (rpaHt Ne 075-15-2019-1883). B pabore 3ageiicTBoBanock o6opyroBanue LKII «'eoguHamMuka u

reoxpoHoJsiorusi» 3K CO PAH.

1. INTRODUCTION

In 1993 Valentin S. Fedorovsky and his co-authors
[Fedorovsky et al., 1993] described a previously un-
known type of geological mélange occurring as mar-
ble bodies with mm to n-10 m inclusions of silicate
rocks in the Olkhon terrane, Western Baikal area.
Surprisingly, the Western Baikal area remains the
only known location where marble mélange is quite
abundant: such mélange has never been reported
from elsewhere since that publication. The Olkhon
terrane may be exceptional in this respect, though the
lack of reports may have other causes. First, the term
marble mélange may be met with criticism because
silicate inclusions in marbles have been traditional-
ly attributed to boudinage of originally sedimenta-
ry or volcanosedimentary silicate layers amidst less
competent carbonates. This formation mechanism
of carbonate-silicate mixtures in metamorphic com-
plexes appears quite realistic, which would give no
motives for search of other explanations. Another rea-
son may be that [Fedorovsky et al., 1993] published
in a Russian journal "Geotectonics" poorly known in

the international community. Finally, and most im-
portantly, the description of the Olkhon silicate-car-
bonate mixtures and the explanation of their origin
by [Fedorovsky et al., 1993] possibly mismatched
the idea of mélange other people would have, as the
term itself still has ambiguous definitions. The ques-
tion whether mélange is the right term for the car-
bonate-silicate mixtures from Olkhon terrane, which
have been studied for decades, requires separate dis-
cussion. It is reasonable, however, to start with their
characteristics. Following [Fedorovsky et al., 1993],
we apply the terms marble mélange and carbonate-
silicate mixture to carbonate rocks with silicate inclu-
sions of different sizes.

Comprehensive studies for almost thirty years
since the first report [Fedorovsky et al.,, 1993] have re-
vealed several types of marble mélange occurrences
in the Olkhon terrane. They apparently originated by
different mechanisms, but none would correspond to
the classical boudinage. More precisely, boudinage did
work in this case, but not as metamorphism or defor-
mation of the primary volcanosedimentary material
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which would cause syntectonic fragmentation of sili-
cate layers. In this paper, we describe four types of
marble mélange in the Olkhon terrane and try to re-
veal their formation mechanisms.

2. OLKHON TERRANE:
GEOLOGICAL BACKGROUND

The Olkhon block has been termed in different
ways: terrane, composite terrane, superterrane, colli-
sional system, or accretionary-collisional system [Fe-
dorovsky et al., 1995, 2017, 2020; Sklyarov, 2005;
Dobretsov, Buslov, 2007; Fedorovsky, Sklyarov, 2010;
Buslov, 2011, 2014; Donskaya et al., 2017; Sklyarov
et al.,, 2020; etc.]. We here choose the term terrane,
which is short and broadly used, more so that neither
its tectonic setting nor its evolution are in focus.

For the decades of studies, the interpretation of
metamorphic complexes in Olkhon Island and its sur-
roundings in the western Baikal coast (Olkhon area)
changed from high-grade Early Precambrian volcano-
sedimentary rocks that retained their primary stra-
tification [Pavlovsky, Eskin, 1964; Eskin et al., 1979;

etc.] to an ensemble of tectonic elongate fault block
differing in origin and age, which underwent magma-
tism and metamorphism between 500 and 460 Ma
[Fedorovsky, Sklyarov, 2010; Donskaya et al., 2017;
and references therein]. The Olkhon terrane is a part
of the Early Paleozoic Baikal collisional belt [Donskaya
etal,, 2000] that delineates the Siberian craton in the
south (Fig. 1).

In the first approximation, it comprises two ma-
jor lithological units interpreted previously as meta-
morphic volcanosedimentary sequences [Pavlovsky,
Eskin, 1964]: (i) Olkhon Group of gneisses, with less
abundant marbles, amphobolites, and quartzites cut
by gabbro and granite intrusions and numerous peg-
matitic-aplitic veins; and (ii) Anga Group of carbon-
ates, amphibolites, and gabbro (the latter occupying
more than 50 % of the total volume). This division
actually holds at present, but the interpretation of
the two units has changed notably (Fig. 2). The Anga
Group (marbles and amphibolites in Fig. 2) corre-
sponds to the Krestovsky subterrane, whereas the re-
maining part of the Olkhon terrane is rather a collage
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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 from [Donskaya et al.,, 2017].
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kpartoHa (b) (mo [Donskaya et al., 2017], c ©U3BMeHeHUSIMHU ).
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of several large blocks derived from protoliths of dif-
ferent ages and settings [Donskaya et al., 2017]. Ac-
cording to the ideas of [Fedorovsky et al., 1995], the
terrane formed in several events of thrusting, dom-
ing, and strike-slip faulting, with syntectonic high-
temperature metamorphism and intrusions of mafic
and granitic magmas. The largely described rocks that
represent the three tectonic events formed in the Early
Paleozoic as a result of microcontinent-island arc and
microcontinent-continent collisions [Sklyarov, 2005;
Fedorovsky, Sklyarov, 2010]. The tectonic framework
of the Olkhon area shaped up during large-scale strike-
slip faulting that produced shear zones differing in
composition, morphology, and structure.

The terrane rocks underwent at least two meta-
morphic events under different P-T conditions [Sklya-
rov etal, 2020]. Granulite-facies metamorphism, about
500 Ma [Gladkochub et al., 2008], was restricted to
a narrow zone along the collisional suture between
the Olkhon terrane and the Siberian craton. Metamor-
phic facies over the greatest part of terrane vary from
granulite to low-amphibolite and correlate with 460-
470 Ma collisional events [Volkova et al., 2010; Sklya-
rov et al., 2020].

Carbonate (calcitic, dolomite-calcitic, and dolomitic
marbles) and carbonate-silicate (calciphyre) rocks
occupy about 20 vol. % of the total Olkhon collisional
zone (Fig. 3). Marbles often occur as relatively thin
(10-100 m) kilometers long sheets, which were often
interpreted as a simple slightly deformed sequence of
metamorphic volcanicsedimentary rocks. However,
the apparent simplicity of the sequence obviously
contradicts the structural data and the presence of
numerous shear zones mapped in the area to a high
resolution [Fedorovsky, Sklyarov, 2010]. Carbonate
rocks are often mixed with quartzite and mafic rocks

(amphibolite or granulite) in complex irregularly
shaped bodies, which made us [Sklyarov et al., 2013a]
hypothesize previously an exotic origin for most of
carbonate lithologies in the area. On the other hand,
it is fair to note that, according to [Fedorovsky et al.,
1993], no more than a half of all marble bodies have
preserved their original stratigraphic position, while
the others became involved in tectonic protrusion
and thrusting.

3. COMPOSITION, STRUCTURE,
AND OCCURRENCE OF MARBLE MELANGE

Before characterizing the carbonate-silicate com-
plexes of the Olkhon terrane, it is pertinent to sum-
marize main postulates of [Fedorovsky et al., 1993]
as a basis for further consideration.

- Marble mélange is composed of white or grey
fine- to coarse-grained marble matrix that encloses
small to large fragments (mm to n-10 m) of silicate
rocks or less often other marbles that differ from the
matrix in color and structure.

- The silicate inclusions are compositionally di-
verse: mafic granulite, gneisses, amphibolite, meta-
morposed gabbro and dolerite, granite, calciphyre,
quartzite, and various metasomatic rocks produced
by carbonate-silicate interactions. Importantly, the in-
clusions are of native origin and are never exotic rocks
absent from the terrane: e.g., granulite occurrences
are within zones of granulite metamorphism.

- The mélange matrix mainly consists of calcitic
marble, with less abundant calciphyre, and contains
up to 30 % of silicate material; dolomites and dolo-
mitic-calcitic marbles are much rarer.

- Marble mélange can occur either as long layers
and lenses or as irregularly shaped bodies from tens
of meters to a few kilometers in size.
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Fig. 3. Main shear zones (a) and carbonate rocks (b) of the central Olkhon terrane.

(a): 1 - Early Precambrian complexes of the Siberian craton; 2 - large gabbro intrusions; 3 - metamorphic complexes of
the Olkhon terrane; 4 - Early Paleozoic collisional suture zone; 5 - shear zones; 6 - Cenozoic suture. (b): 1 - calcite marble;
2 - dolomite and calcite-dolomite marbles; 3 - injection mélange; 4 - metamorphic-boudinated mélange; 5 - mingling

mélange; 6 - recent alluvium.

Puc. 3. CxeMa OCHOBHBIX C/IBUTOB (@) U pacnpocTpaHeHUsI KapOOHATHBIX opoz, (b) ueHTpasbHON YacTu OJIbXOHCKOTO

TeppeiiHa.

(a): 1 - panHenoKeMOpuiickue o6pa3oBaHus CHOUPCKOr0 KpPaTOHA; 2 — KPyIHble MacCUBBI Tab6po; 3 — MeTamMmopduye-
cKHe KoMIsIeKchbl OJIBXOHCKOT0 TeppeiiHa; 4 - paHHeNnaJle030MCKUH KOJIIN3UOHHBIH II0B; 5 - BA3KOMJIACTUYECKHE CABU-
r'd; 6 — KaltHO30MCcKU# OB. (b): 1 - KaJIbLIUTOBblE MPaMOPbI; Z — JOJOMUTOBbIE U KaJbLUT-/[0JIOMUTOBbIE MPAMOPbI;
3 - MH'BEKLMOHHBIN TUII MeJIaHXKa; 4 — MeTaMOoP(OreHHO-Pa3IMH30BaHHbIN TUI MeJIaHXa; 5 - UH'beKIJMOHHO-MUHIJIMH-
TOBBIHM THUI MeJIaH»Ka; 6 — COBPEMEHHbIE aI0BUAJIbHbIE OTI0XKEHHS.

- Marble mélange can be interpreted as a sort of
protrusion rooted deep in the crust. Their origin is
due to local pressure increase, possibly, as a result of
strike-slip faulting at high strain rates.

- The Olkhon carbonate-silicate mixtures general-
ly fit the definition of mélange (see below).

The structure and composition of marble mélange
were studied in detail for the case of the Tonta zone
of granulite metamorphism and two zones of low-
amphibolite metamorphism within the Krestovsky
subterrane: Anga - Begul interfleuve and Shirokaya
Pad’ valley. Indeed, marble mélange is especially wide-
spread in the Tonta zone and in the Krestovsky sub-
terrane, though being present elsewhere as well. Re-
cent studies have extended the inventory of marble
mélange occurrences and allowed distinguishing four
types, which can be conventionally called injection

(protrusion), metamorphic-boudinated, mingling mé-
langes and marble tectonite. Below the four types are
described separately and their designations are con-
sidered further in Discussion.

3.1. Injection (protrusion) mélange

Marble mélange of this type typically occurs in a
perfectly exposed plateau between the Tonta and Ulan-
Khargana localities (Fig. 4), within a belt of composi-
tionally diverse granulite-facies metamorphic rocks.
About a half of all carbonate bodies are linear and
are located among pyroxene and two-pyroxene mafic
granulites, gneisses, and quartzites. Linear carbonate
bodies often enclose small to large fragments of various
silicate rocks and crosscut the gneiss and quartzite
structures. Inclusions in marble mélange composi-
tionally correspond to native rocks from the immediate
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vicinities. The other half of mélange bodies appear
as large nonlinear features with tortuous contours in
the plan view.

The silicate inclusions in the carbonate matrix
are from a few centimeters to a few meters in size
(Fig. 5, a, b), though thin mélange bodies quite often
coat rather big silicate blocks up to hundreds of me-
ters long. Locally, marbles appear as tongues in sili-
cate rocks, with cm thick reaction rims at the contact
(Fig. 5, c). At most of the documented mélange sites,
the carbonate matrix is structurally homogeneous.
The grain sizes vary from fine to coarse, both within
a single mélange body or between different bodies.
The carbonate rocks often lack signatures of plane
or linear elements; less frequently they enclose frag-
ments of different sizes with typical tectonite struc-
tures (see below). The amounts of silicate inclusions
in marbles vary from 70 vol. % to almost zero.

The Anga - Begul interfleuve, another site of this
mélange type (Fig. 6), is composed mainly of the Begul

metagabbro compositionally different from all other
gabbro in the area. Calcitic marble, commonly fine-
grained, is the second most widespread lithology in
the Begul area. Quite many marble bodies have lin-
ear shapes delineated by thin veins or quartz lenses.
The marbles lack silicate inclusions in the western
part of the area but often enclose 2-3 m to 40-50 m
metagabbro fragments (Fig. 7, a) in the central and
southeastern parts. Gabbro inclusions become more
abundant toward the marble-gabbro contacts, but
are generally within 5 vol. % relative to all carbonate
bodies. The gabbro fields include tens of meters long
marble fragments, which look elongate in outcrops
but are of unknown actual geometry because of poor
exposure.

Injection marble mélange (Fig. 7, b, c) is also wide-
spread in northern Olkhon Island, as linear bodies
from a few meters to tens of meters long. In most cases,
they have foliated structure, with bands of marbles
containing greater or smaller amounts of fine silicate

2 e o [« I s Il s [[1111)7 (=] e o k==

Fig. 4. Aerospace geological map of the southwestern Chernorud and Tonta zones. A fragment [Fedorovsky et al.,, 2012].

1 - hyperthene and two-pyroxene gneiss and mafic granulite; 2 - quartzite; 3 - marble mélange; 4 - biotite and garnet-biotite
gneisses; 5 - fassaite pyroxenite and gabbro; 6 - synmetamorphic granite; 7 - skarn and skarnoids; 8 - Quaternary glacial
boulders and gravity sliding features; 9 - geologic boundaries; 10 - sutures.

©® e

Puc. 4. ®parMeHT a3pOKOCMUUECKON re0JIOrNYeCKOM KapThl 0ro-3anaZHoi 4acTy 30H YepHopyz v TomoTa OJ1bXOHCKOTO
peruoHna (o [Fedorovsky et al., 2012]).

1 - runepcTeHOBbIE, IBYIUPOKCEHOBbIE THEHChI U 6a3UTOBbIe IPAHYJIUThI; 2 — KBAPLUTHI; 3 - MPaMOPHBIN MeJlaHX; 4 -
OGUOTUTOBBIE, TPAHAT-OMOTUTOBbIE THEHNCH]; 5 — paccauTOBble METAIUPOKCEHUTHI U MeTarabopo; 6 - cMuHMeTaMopouye-
CKHe T'PaHUTBHI; 7 — CKapHbI ¥ CKAPHOU/IbI; 8 — YeTBEPTUUHbIEe [JISJMOTPaBUTALMOHHbIE BaJIYHHUKY; 9 - reosloruyecKkue
rpaHuypbl; 10 - CyTyphbl.
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Fig. 5. Marble mélange in the Tonta zone.

(a) - large fragment of mafic granulite in massive coarse-grained calcite marble; (b) - mafic granulite, pyroxene gneiss,
metagabbro, and granite inclusions in medium-grained calcite marble; (¢) - injections of medium-grained calcite marble
in pyroxene gneiss, with a marble-gneiss pyroxene reaction zone.

Puc. 5. [leTanu MpaMopHOro MejlaH»a yyacTka ToHTa.

(a) - xpynHbIi dparMeHT MaPUTOBBIX I'PAHYJIUTOB B KPYITHO3EepPHUCTBIX MpaMopax; (b) — Mesikue pparmeHThI (OT nep-
BbIX CAHTUMETPOB 10 [IeCITKOB CAHTUMETPOB) MaUTOBbIX 'PAHYJIUTOB, IMPOKCEHOBBIX THENCOB, MeTarab6po u rpa-
HUTOB B Cpe/IHE3EPHUCTBIX MPaMopax; () - UH'bEKIIUY CpeJJHe3ePHUCTBIX MPAaMOPOB B MTMPOKCEHOBBIX THelcaX, Ha KOH-
TaKTe MpaMopa U IHelica peaKIlMOHHas KallMa CyleCTBEHHO IMPOKCEHOBOI'O COCTAaBa.

https://www.gt-crust.ru 811
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Fig. 6. Aerospace geological map of the Anga - Begul interfluve (Baikal). Right Anga zone. A fragment [Sklyarov et al.,
2013b].

1 - fine-grained Bt-Ms and Grt-Bt-Ms gneisses; 2 - foliated amphibolite; 3 - dolomitic and calcite-dolomitic marbles;
4 - calcite marble; 5 - injected calcitic rocks; 6 - microgabbro and amphibolite after them; 7 - Birkhin complex of monzo-
gabbro, monzogabbronorite, and monzodiorite; 8 - amphibolite and mafic blastomylonite after Birkhin gabbro; 9 - Maly
Krestovsky complex of Bt-diorite and granodiorite; 10 - Aya complex of Bt, Grt-Bt, Grt-Bt-Ms aplite, granite, and less abun-
dant pegmatite; 11 - Upper Birkhin complex of Bt, Grt-Bt aplite, granite, and pegmatite; 12 - zones of synmetamorphic
metasomatism; 13 - recent alluvium; 14 - Cenozoic geyserite; 15 - large strike-slip faults; 16 - Cenozoic faults.

Puc. 6. DparMeHT a3pOKOCMUYECKOM Ie0JIOrHYecKor KapThl MexAypeubsi AHra - berys (Baiikan). 3ona [IpaBas AHra
(o [Sklyarov et al., 2013b]).

1 - GUOTUT-MYCKOBUTOBbIE, TPaHAT-GUOTHUT-MyCKOBUTOBbIE MUKPOTHEHNCHI; 2 — TOHKOIJIUTYaTble aMOUGOIUTHL; 3 -
JIOJIOMUTOBbIE U KaJbLUT-A0JOMUTOBbIE MPAaMOPbI; 4 — KaJIbLIUTOBbIE MPAaMOpPBbl; 5 - UH'bEKLUOHHbIE KAp6GOHATHBIE
(ka/NBLUTOBBIE) TOPOABI; 6 — MUKPOrab6po v aMPpuBOJUTHI 10 HUM; 7 — BUPpXUHCKUI KOMILJIEKC: MOHIOrab6po, MOH-
10rab6po-HOPUTHI, MOHLOAUOPUTDL; 8 — aMPUOOJUTHI U 6A3UTOBbIE 6JIACTOMUJIOHUTHI 10 rabbpounsiamMm BupxuHcKoro
KOMILJIEKCA; 9 — MaJIOKPECTOBCKUN KOMILIEKC: GUOTHUTOBBIE JUOPUTHI U IPAHOAUOPUTEL; 10 - AMHCKUN KOMILJIEKC: OHO-
TUTOBBIE, FPAHAT-OMOTUTOBBIE, FPAHAT-OMOTUT-MYCKOBUTOBBIE AIlJIMThI, TPAHUTHI, pexxe nerMaTuThl; 11 - BepxHebup-
XUHCKUH XKUIbHBIHA KOMILJIEKC: GUOTUTOBBIE, FPAHAT-OHOTHUTOBbIE AIlJINTHL, TPAHUTHI, PEXKe NerMaTUThI; 12 — 30HbI CUH-
MeTaMOpPUIECKON MeTacoMaTH4eCKOU PopaboTKy; 13 - coBpeMeHHbIe aJJII0BUA/IbHbIE OTI0XKeHUsT; 14 — red3epuThl;
15 - ocHOBHBIE CIBUTH; 16 — KAHHO30MCKUE Pa3IOMBI.
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Fig. 7. Marble mélange in the Begul zone and in northern Olkhon Island.
(a) - metagabbro block (20x5 m) in calcite marble, Begul zone; (b, c) - lenses of amphibolite and amphibole gneiss in
calcite marble (b) and fragments of amphibolite in calc-silicate rocks (c), Olkhon Island.

Puc. 7. letasu MpaMopHOro MeJaH»a Ha yyacTke Berys (a) u Ha ceBepe 0. OsibxoH (b, ¢).

(a) - kpynHbI# dpparMeHT MeTara66po (20x5 M) B KasbLIUTOBOM MpaMope; (b) - IMH30BUAHbIe dparMeHThl aMbub0-
JIUTOB U aMPH60JIOBBIX THENCOB B KaJbIIUTOBOM MpaMope; (¢) - dparmeHThl aMPHUOOJIUTOB B MOJI0CYATHIX CUJIUKATHO-
KapOOHATHbIX Mopojax (Kaabuudupax).
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Fig. 8. Marble tectonites (Shirokaya Valley).

.1

2

(a) - flow fold in marble tectonite, with mainly amphibolitic inclusions; (b) - foliated marble tectonite, with intercalated
graphite-rich and graphite-poor bands, with mainly granitic large inclusions; (c) - complex ductile structures in graphite-
rich marble tectonite, with mainly quartz and granitic inclusions; (d) - foliated marble tectonite, with metadolerite, granite,
quartz, and skarned mafic inclusions.

Puc. 8. leTanu CTpyKTypbl MPaMOPHbBIX TeKTOHUTOB (najb Llupokas).

(a) - ckJ1aZiKa TeyeHUsl B M10J10CYAThIX MPAMOPHBIX TEKTOHUTAX; BO $parMeHTax CUJIMKaTHbIX I0PO/] pe3Ko Npeob.1aJjaloT
aMu60aUThI; (b) - 10J0CUATOCTb B MPAMOPHBIX TEKTOHHUTAX, 00yCJI0BIEHHAs YepeJ0BaHUEM G0TaThIX U 6eTHbIX MEJIKOU
ChINbIO rpadyTa MPaMOpPOB; B 60Jiee KPYIHbIX GparMeHTax Npeob6aafatoT IPaHUThI; (€) — C10XKHbIe BA3KOIJIACTUYHbIEe
CTPYKTYpPHBI B 60raThix rpadUTOM MPaMOPHBIX TEKTOHUTAX; BO pparMeHTax npeob/aZaloT KBapl, U rpaHuThl; (d) - no-

JioCHaTble MPpaMOpHbI€ TEKTOHUTLI, B 06JI0MKax MeTaAo0JIEPUTDBI, TPAHUTLI, KBapl], CKApHUPOBAHHbLIE MeTaba3UTHL.

clasts or boudin-like amphibolite and calciphyre in-
clusions.

3.2. Marble tectonites

Carbonate-silicate rocks we call marble tectonites
occur at all sampled marble sites and look like mylo-
nites or blastomylonites, with abundant small inclu-
sions of various silicate rocks (metadolerite, granite,
and quartz aggregates) in foliated marble (Fig. 8). Un-
like the injection mélange, tectonites appear as linear
bodies, 220 cm thick or, rarely reaching a few meters.
In few cases, they fill zones between silicate blocks but
quite often occur among the injection marble mélange
as 20-40 cm thick zones, occasionally as thick as 1-
2 m. The silicate inclusions in the marble matrix co-
exist with newly formed silicate minerals: forsterite,
diopside, amphibole or phlogopite, and rarely plagio-
clase or feldspar.

3.3. Metamorphic-boudinated mélange

Carbonates of this mélange type are diverse dolo-
mitic and calcite-dolomitic marbles, diopsidite, quartz-
diopside, or diopseide-calcite-dolomite rocks in a tec-
tonic slice within the Krestovsky island arc subterrane,
whereas those in the remainder part of the subterrane
are limited to calcitic marble and calciphyre. The tec-
tonic slice has an S-shaped geometry and is heteroge-
neous in structure and composition changing in the
E-W direction (Fig. 9).

In its easternmost part, the tectonic slice is com-
posed of dolomitic and calcite-dolomitic marbles with
sporadic patches containing fine prismatic tremolite.
In the central part of the tectonic slice, almost mono-
mineralic coarse diopsidite, with numerous quartz
veins and veinlets that often produce reticulate-banded
patterns, crop out locally among dolomitic marble.
The reticulate-banded structure is easily spotted on
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Fig. 9. Aerospace geological map of the southwestern Olkhon terrane. A fragment [Sklyarov et al., 2012].

1-2 - Birkhin complex of phase (1) pyroxenite, olivine gabbro, gabbronorite, and anorthosite, and phase (2) monzogabbro
and monzogabbronorite; 3 - metaporphyrite; 4 - sheared and metasomatized metaporphyrite; 5 - amphibolitized meta-
porphyrite in different tectonic zones; 6-7 - Ust’-Krestovsky complex of phase 1 phlogopite-bearing monzogabbro (6),
phase 2 Ti-fassaite monzogabbro (7); 8 - biotite granodiorite and granite of the Maly Krestovsky complex; 9 - mingling
dikes and intrusions; 10 - granite of the Upper Birkhinsky complex; 11 - biotite and garnet-biotite gneisses; 12 - quartzite;
13 - dolomite and calcite-dolomite marbles; 14 - calcite marble; 15 - diopside-calcite-dolomite (a) and quartz-diopside
(b) rocks; 16 - injected calciphyre; 17 - Quaternary sediments; 18 - Cenozoic geyserite.

Puc. 9. ®parMeHT a3pOKOCMUYECKON Ie0JIOTHYECKON KapThI I0T0-3anaaHoi yactu OibxoHCcKoro pervona (batikan) (o
[Sklyarov et al., 2012]).

1-2 BUPXUHCKHUM KOMIIJIEKC: MUPOKCEHUTHI, OJIMBUHOBbIE rab6po, rab6po-HOPUTHI, AHOPTO3UTHI U UX aMbUBOIU3U-
poBaHHbIe aHaJIOTH NepBoi ¢a3el (1) 1 MOHILOra66po, MOHIOTa66pPO-HOPUTH], MOHIIOJUOPUTHI U UX aMPHUBOIM3UPO-
BaHHbIe Pa3HOCTU BTOpoH ¢aswl (2); 3 - MeTanopdUpUThI; 4 - MeTanopPUPUThEl UHTEHCUBHO TEKTOHU3UPOBAHHbIE U
MeTacoMaTHU3UPOBaHHbIE; 5 — aMPUOOJIUTEI 10 TOPPUPHUTAM U3 PAa3HBIX TEKTOHUYECKUX 30H; 6—7 — YCTbKPECTOBCKUU
KOMILJIEKC: $GJIOTONTUTOBbIE MOHI[OTA66p0 nepBoil ¢paswl (6) U TUTAaHPACCAUTOBBIE MOHIIOTAa66po BTOpoH dassl (7); 8 -
OGUOTHUTOBBIE IPAHOAMOPHUTHI U TPAaHUThI MaJIOKPECTOBCKOTO KOMIJIEKCa; 9 - KOMOMHUPOBAHHbIE Tab6pO-TPaHUTHBIE
WHTPY3UHU U Jalky; 10 - rpaHUThl BepxHe6GUPXUHCKOro KoMiyiekca; 11 - GUOTUTOBbIE U IPAaHAT-OHOTUTOBbIE HENCHI;
12 - kBapuuThl; 13 - 0JIOMUTOBBIE U KAJIBLUT-A0JOMUTOBbIE MPAMOpPbI; 14 — KaJbI[UTOBbIE MPAMOpPhI; 15 — TUONCUJ-
KaJIbI[UT-A0JIOMUTOBBIE (2) U MOHOMUHEPAIbHBIE IUOTICUOBBIE U KBapI[-AUOICHI0BbIE (b) mopoasl; 16 - UHBEKIIMOH-
Hble KaJIbLIUTOBbIE U CUJIMKAaTHO-KapOOHATHBIE TOPO/ibl; 17 — YeTBEPTUYHBIE OT/IOXKEHUS; 18 — refi3epuThl.

https://www.gt-crust.ru 815


https://www.gt-crust.ru

Sklyarov E.V. et al.: Marble mélange: variations of composition...

Geodynamics & Tectonophysics 2021 Volume 12 Issue 4

Fig. 10. Exposed quartz-diopside-calcite-dolomite rocks of the Olkhon terrane (g, b, c) and Neoproterozoic quartz-dolomite
rocks of the Goloustnaya Fm. adjacent to the Olkhon terrane in the southwest (d).

(a) - quartz-diopside rock, reticulate-banded quartz framework and weathered surfaces of diopsides; (b, c) - diopsidite
fragments in calcite-dolomitic matrix; (d) - dolomite with quartz layers.

Puc. 10. [leTanu cTpyKTypbl KBapll-AUOICH/(-KaJIbLUT-{0JI0MATOBOH Tou OJIBXOHCKOTO TeppelHa (a, b, ¢) ¥ KBapL-
JIOJIOMUTOBOM TOJIIIU F'OJIOYCTEHCKOW CBUTHI, IPUMbIKaOIlel Ha 1oro-3anaje Kk OJIbXOHCKOMY Teppelny (d).

(a) - kBapu-gUOICH0Bas IOPOJA: CETYATO-I10JI0CYAThIN KapKac KBapLia U BbIBETpeEJIble Ha IOBEPXHOCTH $pparMeHThI
auoncuautos; (b, ¢) — dparMeHTh! AUONCUAUTOB B KaJbLUT-A0JI0MUTOBOM MAaTpHUKCe; (d) — JOJIOMUTHI C «IIPOCJI0SI-

MUW» KBapna.

the weathered surfaces (Fig. 10, a) as pits in the quartz
framework in the place of diopside, which is more
vulnerable to erosion. Diopside occurs as white (in
the absence of iron) prismatic crystals from a few mm
to 5 cm long; the percentage of quartz varies from 0 to
90 vol. %, and some quartz veins are up to 1 m thick.
The quartz-diopside rocks have sharp contacts with
dolomitic marble.

Dolomitic marble grades westward to quartz-di-
opside-calcite-dolomite and diopside-dolomite-cal-
cite rocks with well-pronounced lineation, often as-
sociated with dolomitic marble, in the N-S segment of
the S-shaped tectonic slice (see Fig. 9). Diopside and
quartz-diopside inclusions form a sort of layers in the
carbonate matrix but more often appear as boundin-
like lenses, 1 to 20 cm wide and up to 1-2 mlong (Fig. 10,
b, ). In addition to diopside inclusions, some marble
bodies enclose thin elongate quartz lenses. The rocks
in the bend of the tectonic slice can be identified as a
particular mélange type.

Carbonates in the NE-striking western part of the
tectonic slice enclose coarse amphibolite, metado-
lerite, and quartzite fragments, from a few meters
to tens of meters in size. Furthermore, marble tec-
tonites crop out in coastal cliffs in the westernmost
end of the tectonic slice, along the fault contact with
the Krestovsky gabbro intrusion.

3.4. Mingling mélange

Mingling mélange occurs within the Krestovsky
subterrane (see Fig. 9) and mainly consists of carbo-
nate and calciphyre veins with metadolerite or less
often granite inclusions. The structure of these rocks
is especially prominent in cliff outcrops between the
Krestovskaya and Shirokaya valleys, where several
calcite marble and calciphyre veins (Fig. 11) were
mapped along the margin of the Ust’-Krestovsky sub-
alkaline gabbro intrusion [Lavrenchuk et al., 2017].
Some veins are associated with irregularly shaped py-
roxene-bearing porphyritic dikes (Fig. 12, a), which

https://www.gt-crust.ru

816


https://www.gt-crust.ru

Sklyarov E.V. et al.: Marble mélange: variations of composition... Geodynamics & Tectonophysics 2021 Volume 12 Issue 4

Fig. 11. Marble and calc-silicate dikes in gabbro of the Ust-Krestovsky Intrusion.

1 - marble and calc-silicate dikes; 2 - granite veins; 3 - dolerite dikes; 4 - gabbro; 5 - granite; 6 - diorite; 7 - geological
boundaries.

Puc. 11. /latiku Kap60HATHBIX U KAPOOHATHO-CUJIMKATHBIX TOPOJ B rab6po YcTb-KpecToBCcKOro MaccuBa.

1 - naviku KapOOHATHBIX U KAP6OHATHO-CUJIMKATHBIX MOPO/|; 2 — TPAHUTHBIE XUJIbl; 3 — IalKHU U TeJia I0JIEpUTOB; 4 -
rab6po; 5 - rpaHUTbI; 6 — UOPHUTHI; 7 — Te0JIOTUYECKHe IPaHUIbI.

Baikal Lake

2m

—_—

L7 ANz [ ]

Fig. 12. Marble dikes associated with dolerite in gabbro of the Ust-Krestovsky Intrusion. Sketch from photograph (a) and
photograph (b).

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 the sketch).

Puc. 12. Jlaiiku acCOLMUPYIOUIUX C A0JepUTAaMU MPaMOpPOB B rab6pouiax YcTb-KpecToBckoro MaccuBa. 3apucoBKa ¢
doTtorpaduu (a) u dororpadus (b).

1 - fosiepuThl; 2 — rab6po C 3leMeHTaMy MarMaTH4eckol pacci0eHHOCTH; 3 — MeJIKO3epHUCTble MpaMophl. (a) — B Mpa-
MOpPHOM faliKe clipaBa /iBe cjenble JalKuy 10/1epuToB; (b) — Ha doTorpaduu - GparMeHThI [[0JIEPUTOB KPACHO-KOPUUYHE-
BOI'0 I|BeTA B lalike MpaMOpOB.
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are occasionally fragmented (Fig. 12, b) and look like
marble mélange.

Another variety of this mélange (Fig. 13) appears in
the Tazheran complex [Konev, Samoilov, 1974; Sklya-
rov et al, 2009, 20133, 2021; Fedorovsky et al., 2009,
2010; Starikova et al.,, 2014; Doroshkevich et al., 2016].

The complex is an intricate mixture of syenite, nephe-
line syenite, alkaline and subalkaline gabbro meta-
morphosed to different grades, brucite marble, and
diverse metasomatic rocks, with a strip of dolomite-
bearing calcite marble (Fig. 14) coexisting with fas-
saitic pyroxenite and nepheline-pyroxene rocks in

Fig. 13. Geology of the Tazheran gabbro-syenite complex, after [Fedorovsky et al., 2009; Sklyarov et al., 2021].

1-3 - country rocks, 500 Ma: amphibolite, silicate-carbonate gneiss (1), calcite marble (2), metamorphosed gabbro,
monzogabbro, monzonite, and syenite, Birkhin complex (3); 4-8 - Tazheran complex, 460-470 Ma: beerbachite after
tholeiitic dolerite and gabbro (4), subalkaline gabbro and microgabbro (5), nepheline syenite (6), foliated (7) and mas-
sive (8) syenites; 9 - dolomite-bearing calcite marble in association with pyroxenite; 10 - area of wide distribution of
brucite marble and Mg-metasomatic rocks; 11 - synmetamorphic shear zones.

Puc. 13. l'eostoruyeckas kapta TaxkepaHckoro rab6po-cueHuTOBOr0 MaccuBa (after [Fedorovsky et al., 2009; Sklyarov et
al., 2021]).

1-3 - BMewawiue noposl (500 MuiH JieT): aMPpub0IUTHI, THENCHI (1), KaJIbLIUTOBBIE MpaMophl (2), MeTaMopdU30BaH-
Hble rab6po, MOHIL0Tab6p0, MOHIOHUTHI, CUeHUTHI (3); 4-8 — TaxkepaHckuii MaccuB (460-470 MJIH s1eT): 6eepOaxUThI IO
TOJIEUTOBBIM rab6po u fosieputam (4), cyblieouHble rab6po U MUKpOra6b6po (5), HedesnHOBBIE CUEHUTHI (6), CHeHU-
Thl OrHelcoBaHHbIe (7) U MaccuBHbIe (8); 9 - HoJIOMUTCOJepKallMe KaJbLIUTOBbIE MPAaMOPbI B aCCOLMALIMH C TUPO-
KceHUTaMy; 10 - 06J1aCTh pacnpocTpaHeHHUs1 OPYCUTOBLIX MPaMOPOB C MarHe3Wa/JbHbIMU MeTacoMaTUTaMy; 11 - cuH-
MeTaMopdHUYeCcKHe eap-30Hbl.
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Fig. 14. Enlarged simplified local geology of pyroxenite
and nepheline-fassaite rocks and their surroundings, after
[Sklyarov et al., 2021].

1 - beerbachite after tholeiitic dolerite and gabbro; 2 -
syenite; 3 - subalkaline gabbro and microgabbro; 4, 5 -
dolomite-bearing calcite marble (4) with abundant pyro-
xenite fragments (5); 6 - pyroxenite and nepheline-fassaite
rocks; 7 - garnet-melilite-pyroxene and melilite-wolla-
stonite metasomatic rocks; 8 - boundary between marbles
with and without pyroxenite.

Puc. 14. 'eostoruyeckas kKapTa palloHa pacipocTpaHeHUs
MHUPOKCEHUTOB U HedesnH-paccauToBbIX mopoz, (1o [Sklya-
rov et al,, 2021]).

1 - 6eepb6axuThl; 2 — CHEHUTHI; 3 — CyblIie/I04Hble rabopo U
MUKPOTrab6po; 4-5 - [o/10MUTCOIepKale KaTbI[UTOBbIE
MpaMopsl (4), HacklLeHHbIe pparMeHTaMu NUPOKCEHUTOB
(5); 6 - nupoKceHUTHI U HedeH-PaccauToOBbIE TOPO/IbI;
7 - 30Ha pacpoCTPaHeHHs IPaHaT-MeJTHUIUT-ITUPOKCEHO-
BbIX U MEJIMJIUT-BOJIJIACTOHUTOBBIX METACOMAaTHYECKUX
HOpoJ; 8 - rpaHUIla MEXAY MpaMOpaMH «4YUCTbIMU» U C
dparMeHTaMU MUPOKCEHUTOB.

Fig. 15. Pyroxenite inclusions in marbles, after [Sklyarov et al., 2021].
(a) - large pyroxenite inclusion (up to 15 m in diameter); (b) - lens of skarned pyroxenite; (c) - pyroxenite inclusion
(decimeter sizes); (d) - small inclusion of skarned pyroxenite.

Puc. 15. ®otorpaduu nupokceHUTOB B Mpamopax (1o [Sklyarov et al., 2021]).

(a) - xpynHbI# (Ko 15 M B fuameTpe) dparMeHT MUPOKCEHUTOB; (b) — IMH3a CKAPHUPOBAHHBIX TUPOKCEHUTOB; (C) - He-
CKOJIbKO pparMeHTOB MHPOKCEHUTOB Pa3MepoM B JeCITKU CAHTUMETPOB; (d) — MesiKue pparMeHThbl CKAPHUPOBAHHBIX
NHUPOKCEHUTOB.
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Fig. 16. Metagabbro (a) and granite (b) inclusions in calcite marble. Cliffs in northeastern coast of Olkhon Island.
Puc. 16. ®parmeHTh! MeTarab6po (a) u rpaHuToB (b) B KaIbIIUTOBBIX MpaMopax. CeBepo-BOCTOYHOE nobepexbe 0. OJIbXOH.

the central part of the complex [Sklyarov etal., 2021].
The strip borders syenite outcrops in the south and
hornfelsed tholeiitic dolerite or beerbachite [Sklyarov
et al., 2020], with abundant foliated syenite, in the
north. Marbles along the contact with pyroxenite in
the complex center (Fig. 15) contain abundant more
or less skarned pyroxenite fragments, from few cen-
timeters to few tens of meters, which can be inter-
preted as marble mélange according to morphology
and structure. Mélange of this type occurs elsewhere
in the Olkhon terrane as well, e.g., in the northern part
of Olkhon Island, where some linear marble bodies

enclose metagabbro (Fig. 16, a) or granite (Fig. 16, b)
fragments.

4. DISCUSSION

The four types of marble mélange differ in struc-
ture and composition and must have formed by dif-
ferent mechanisms. Injection mélange most often oc-
cupies large areas and lacks distinct linear contours
in the plan view, though some bodies may have linear
shapes and align with steeply dipping host silicate
rocks, as in the case of the Tonta zone. Silicate inclu-
sions in marbles are from a few centimeters to tens
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of meters in size and are compositionally similar to
the silicate hosts in different domains of the Olkhon
terrane. The silicate rocks can be either mafic and in-
termediate granulites, metagabbro, quartzite, and gran-
ite as in the Tonta area, or only metagabbro compo-
sitionally different from the gabbro elsewhere in the
terrane, as at Begul, or amphibolite and calc-silicate
rocks as in Olkhon Island. Metamorphic foliation in
mafic and intermediate granulite inclusions (Tonta) is
randomly oriented, which is evidence of earlier peak
metamorphism and means that the classical boudi-
nage of more competent silicate rocks hardly could
work in that case. More so, diverse granulites, rather
than only those associated with marble, may occur
within small sites of the mélange. These features indi-
cate injection of more ductile marble into upper level,
where fragments of silicate host rocks could accumu-
late during active strike-slip faulting under high pres-
sures and temperatures. Given that the zone under-
went two events of high-temperature granulite-facies
metamorphism, at 500 and 470 Ma [Sklyarov et al,,
2020], it is reasonable to infer that granulite struc-
ture formed during the older event whereas marbles
emplaced during the later event synchronous with
large-scale tectonic activity (strike-slip faulting).

Marble tectonites, with abundant small (no larger
than few cm) inclusions of silicate rocks and secondary
metamorphic minerals, represent the final phase of
tectonic activity, with ductile and brittle deformation
localized in narrow zones. The deformation led to fur-
ther breakdown of silicate fragments in the mélange
and produced a distinct foliated structure in the mar-
bles. Actually, the two types of marble mélange may re-
present different phases of the same strike-slip fault-
ing activity.

Metamorphic-boudinated mélange differs marked-
ly from the injection type in its location within a tec-
tonic slice composed of dolomitic and calcite-dolomitic
marbles, as well as in the homogeneous composition
of silicates: diopsidite or tremolite-diopside (+quartz)
rocks. The formation mechanism of this mélange long
remained unclear, especially in the presence of a di-
opsidite and quartz-diopside block in the zone (see
Fig. 9). An explanation came from data on the Neopro-
terozoic Baikal Group southwest of the Olkhon terrane
in the Siberian craton [Khomentovsky et al., 1972].
The Baikal Gr. rocks are thick dolomites and quartz
sandstones with dolomitic cement (Goloustnaya Fm.),
with strongly variable percentages of quartz and car-
bonate cement in massive sandstones in the lower
Kachergat River, a right tributary of the Buguldeika
River. The massive sandstones underwent only late
diagenetic alteration, while the Baikal Gr. rocks along
the collisional suture between the Olkhon terrane
and the Siberian craton were altered more strongly, up
to low-temperature greenschist metamorphism. The
rocks contain minor amounts of talc and quartz segre-
gated in thin parallel or sometimes reticular-banded

veins (see Fig. 10, d). Syntectonic low-amphibolite
metamorphism in the Krestovsky subterrane [Sklya-
rov et al., 2020] led to the formation of diopside by
the reaction of quartz and dolomite:

CaMg(CO0,),+25i0,=CaMg8i,0,+2C0,. (1)

Metamorphic reactions in the presence of aqueous
fluids could also produce tremolite (Ca,Mg (Si,0,,)
(OH),), free from Fe, Al, and alkalis, like diopside. All
dolomite (cement) became consumed by the reaction
if its percentage was much less than that of quartz
(clasts), while the residual excess SiO, in newly formed
diopsidite segregated into veinlets (see Fig. 10, a).
Otherwise, all Si0, was consumed if dolomitic matrix
in sandstone predominated over detrital quartz, and
the rocks acquired diopside-(+tremolite+calcite)-do-
lomite compositions. Thus, the proportion of carbo-
nate and silicate components in metamorphic rocks
depends on relative percentages of clasts and cement
in the protolith quartz sandstone. Since metamor-
phism in the Olkhon terrane was syntectonic and was
related with strike-slip faulting, the diopsidite layers
and lenses broke down late during the process and
thus imparted the mélange look to the middle part of
the dolomite zone.

If this idea is correct, the formation of the metamor-
phic-boudinated mélange in the tectonic slice from
the Neoproterozoic Baikal Gr. protolith would under-
mine the model predicting that the Olkhon terrane
originated far from the craton and accreted to the lat-
ter in the Early Paleozoic [Gladkochub et al., 2008;
Donskaya et al., 2017, and references therein], while
the Baikal Gr. belonged to the craton passive margin.
On the other hand, the presence of cratonic complexes
in the terrane means that its history was more com-
plicated than it has been thought so far.

The features of mingling mélange likewise imply
its particular formation mechanism. Mélange of this
type occurs mainly as quite thin veins while the sili-
cate inclusions are of igneous origin, often with well
preserved magmatic structure and texture despite the
metamorphism. The mélange veins and the relations
of silicate and carbonate rocks suggest that carbonate
and silicate melts intruded quasi synchronously (see
Figs. 10, 11), and the earlier crystallized batches of
silicate melt (more often mafic) split into fragments
while the carbonate material was still flowing.

It is not quite clear whether the carbonate material
injected as melt or ductile flow. Previously we [Sklya-
rov et al,, 2013a] hypothesized cautiously that mar-
ble veins might result from intrusion of carbonate
melt. Crystallization from melt is indicated explicitly
by the presence of melt inclusions in newly formed
silicate minerals, which hardly can be found in car-
bonates in our case, given that the system was recrys-
tallized late during its cooling. Recrystallization can
be inferred from large-scale polysynthetic twinning
of calcite or dolomite corresponding to relatively low
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temperatures of the system under stress [Burkhard,
1993]. However, silicate minerals in marble dikes from
the Olkhon terrane are of metamorphic or metaso-
matic origin. They were altered upon the interaction
between the carbonate and silicate components during
cooling, even if the crystallization was from the melt.
In this case, the origin of carbonate and carbonate-sili-
cate injections can be revealed implicitly. Namely, in-
jection of carbonate melts is indicated by the vein-like
shapes of carbonate bodies and isotropic distribu-
tion of new silicate minerals, in the absence of ductile
flow signatures.

The injection of molten marble is further sup-
ported by evidence of interaction between carbon-
ate and mafic melts in the Tazheran complex, which
led to crystallization of particular pyroxenite and ne-
pheline-pyroxene rocks [Sklyarov et al., 2021]. Since
pyroxenite crystallizes at higher temperatures be-
fore carbonate melts, it could become fragmented,
captured by the carbonate melt, and metasomatized
while the system was cooling, which made it looking
like marble mélange. Thus, we suggest that the car-
bonate and carbonate-silicate veins are intrusive, like
the Tazheran marbles with pyroxenite inclusions.

The Tazheran veins and mélange marbles differ
markedly from mantle carbonatite in mineralogy and
isotope geochemistry [Doroshkevich et al., 2016] but
correspond rather to primary sedimentary carbonate.
They most likely originated by melting of carbonate
sediments under the crustal conditions, which many
petrologists would find unfeasible because the high
temperatures (>1200 °C) for melting of carbonates in
the mantle [Wyllie, Tuttle, 1960] but hardly can exist
in the crust. Meanwhile, already early melting experi-
ments with carbonates showed that their dry and wet
liquidus differ markedly, as in the case of silicate sys-
tems: in the presence of an aqueous fluid, calcite can
melt at 740 °C at 1 kbar [Wyllie, Tuttle, 1960], and
even at progressively lower temperature as the pres-
sure increases. Moreover, the melting point decreases
further to 600 °C when MgO is added to the system
[Fanelli etal.,, 1986]. At an invariable fluid composition
(X0,=0.05), the wet granite solidus approximately co-
incides with the calcite liquidus, while the dolomite
melting curve is 100 °C lower [Lentz, 1999]. It means
that dolomite in fluid-saturated crust can melt before
the appearance of granite melts which should be syn-
chronous with the melting of calcitic marble. Thus, the
existence of carbonate melts in the lower crust is quite
realistic in the presence of aqueous fluids, while injec-
tion of mantle mafic magmas could maintain the tem-
perature required for nearly synchronous intrusion of
mafic and carbonate melt batches at shallow depths.

Turning back to the question whether mélange is
the appropriate term to describe the carbonate-sili-
cate mixtures from the Olkhon terrane, we note the fol-
lowing. Mélange of Franciscan and Ankara types has
been defined and characterized in many publications

since the earliest evidence [Greenly, 1919; Belostotsky,
1967; Hsu, 1968; Knipper, 1971; etc.]. The most com-
plete definition belongs to [Great Russian Encyclo-
pedia, 2012], in the respective article of the Great
Russian Encyclopedia: "MELANGE (from French mé-
lange - mix, mixture) in geology means a chaotic tec-
tonic mixture of rocks, with inclusions of native or ex-
otic rocks in a pervasively sheared pelitic (<0.1 mm)
matrix. The inclusions can vary in size from a few cm
(clasts), to a few meters (boulders), tens of meters
(blocks), or hundreds of meters (slabs). The matrix
can be clastic, serpentinite, etc. according to composi-
tion and monomictic or polymictic depending on the
diversity of inclusions. Mélange can be related to tec-
tonic accretion or to subduction, or can originate dur-
ing cold intrusion (protrusion) into the overlying rocks,
etc. Many mélange bodies reach lengths of several
kilometers and appear in geological maps. Mélange
is a typical element in orogens of different ages. Ser-
pentinite mélange is often associated with ophiolites
and that of clastic composition is commonly found in
accretionary prisms". Strictly speaking, none of the
four Olkhon mélange types fits the definition of [Great
Russian Encyclopedia, 2012]. The metamorphic-bou-
dinated mélange formed by syntectonic metamor-
phism and lacks exotic inclusions; the mingling mé-
lange neither can be interpreted as classical mélange
as itis due to interactions between carbonate and sili-
cate magmas; injection mélange and marble tectonites
would be classified as such but they lack "sheared pe-
litic rock mass" and originate at high temperatures
and pressures rather than "during cold intrusion into
the overlying rocks". There are two basic possibilities
to overcome these contradictions: either not to apply
the term mélange to the Olkhon marble-silicate mix-
tures and coin multiple other terms or, more reason-
ably, to extend the definition with the concept of mar-
ble mélange following [Fedorovsky et al., 1993].

5. CONCLUSIONS

We have applied the term mélange to the marble-
silicate mixture from the Olkhon terrane, in the title
and in the main text, though being aware that it does
not fit perfectly the existing definitions. The Olkhon
mélange is of four main types which apparently formed
by different mechanisms.

Injection (protrusion) mélange and marble tecton-
ites, with mm to n-10 m native silicate inclusions in a
marble matrix, fit the best the definition of mélange.
The main difference between the two types is that tec-
tonites are commonly localized in narrow zones (few
centimeters to few meters) and enclose numerous small
fragments of silicate rocks. Both bear signatures of duc-
tile flow corresponding to protrusion of marble dur-
ing synmetamorphic strike-slip faulting activity. Mar-
ble tectonites record the late phase of the activity.

Metamorphic-boudinated mélange is composed of
dolomitic or calcite-dolomitic matrix with lens-shaped
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inclusions of diopsidite and tremolite-diopside rocks.
[t may result from tectonic-metamorphic alteration
of quartz sandstones that presumably belong to the
Goloustnaya Fm. deposited on the passive margin of
the Siberian craton.

Mingling mélange occurs as calcite marble or cal-
ciphyre veins that enclose metadolerite or less often
granite fragments of different sizes. The massive struc-
ture and vein-like shapes of the marble bodies imply
quasi-synchronous injection of carbonate and silicate
melt batches followed by fragmentation of the earlier
crystallized silicate material.

The four types of the Olkhon carbonate-silicate mix-
tures (mélange) are very rare if not unique features
of metamorphic complexes, be they termed mélange
or otherwise. The singularity of the Olkhon terrane
in this respect may be due to high rates of synmeta-
morphic strike-slip faulting activity.
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