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Abstract: Dykes composed of basic rocks and granite are formed due to interactions between melts in a wide range of
conditions, from contrasting compositions and fluid saturation rates to various tectonic settings and processes at dif-
ferent depths. Textures and petrochemical characteristics of the dykes are thus widely variable. This paper is focused
on composite dykes observed in the West Sangilen region in South-East Tuva, Russia.

The Sangilen wedge is a fragment of the Early Caledonian orogenic structure of the Tuva-Mongolia Massif which
evolved in a succession of geodynamic settings, from collision (transpression, 570-480 Ma) to transform faulting
(transtension, 480-430 Ma). Intensive tectonic deformation facilitated massive basic-rock and granite magmatism at
various layers of the crust and associated heating and metamorphism of the rocks (510-460 Ma). Basic-rock-granite
composite dykes were formed in the above-mentioned period in various tectonic settings that controlled conditions of
dyke intrusions and their compositions.

We distinguish two groups of composite dykes observed on two sites, in the area between the Erzin and Naryn
rivers and on the right bank of the Erzin river (Strelka and Erzin Sites, respectively) (Fig. 1). The dykes in both groups
originated from one and the same basic-rock melt source. However, mingling of the contrasting melts was carried out
by different mechanisms as suggested by the proposed intrusion models.

In the area between the Erzin and Naryn rivers (Strelka Site), the host rock of the composite dykes is granite of the
Nizhneerzin massif. The mingling dykes are composed of amphibole gabbro and monzogabbro, granosyenite and two-
feldspar granite. Contacts between basic and felsic rocks vary from smooth contrasting to complex ‘lacerated’ flame-
shaped, and gradual transition zones are present (Fig. 6).

The dykes were formed at mesoabyssal or abyssal depths, and the subliquidus heat regime was thus maintained
for a long time, and even the smallest portions of the basic-rock melt were consolidated through quite a long period of
time. As a consequence, indicators of deformation are lacking in the composite dykes, while transition zones and hy-
bridization are present.

On the right bank of the Erzin river (Ersin Site), the dykes cut through migmatite-granite of the Erzin formation in
the same-name tectonic zone. Contacts with host rocks are transverse. Melanocratic rocks are represented by small-
grained diorite and quartz diorite, and the felsic composite dykes are composed of medium- and small-grained two-
feldspar granite and leukogranite. Transition zones, hornfelsing and contact alterations are absent at contacts of all
the types (Fig. 8).

The composite dykes of this type intruded and emplaced when the shear zone was subject to extension and frag-
mentation, which predetermined active intrusion of basic and, possibly, felsic melts through conjugated faults. Crys-
tallization of the melts was rapid, and their potential heat impact on the adjoining rocks was thus excluded, as evi-
denced by the presence of oxygonal chips of igneous and host metamorphic rocks, vein pegmatoid intrusions, and
composite dykes of the reticulate-cuspate texture with the dominant basic-rock component.

The mingling dykes classified in the first group intruded when the Erzin and Kokmolgarga shear zones were
formed at the early stage of the tectonic-magmatic evolution of the Sangilen orogen (510-490 Ma). Intrusions of the
basic-rock melts were accompanied by the formation of relatively large massifs of the basic composition, i.e. the Erzin
and Bayankol gabbro-monzodiorite massifs, as well as by the occurrence of composite dykes that are abundant in the
area between the Erzin and Naryn rivers. In the second stage (460-430 Ma), the composite dykes occurred when the
orogen was subject to extension along the system of tectonic zones, the Bashkymugur gabbro-monzodiorite massif
was emplaced, and fracture-vein structures, including the dykes, were formed.

Key words: mingling, composite dykes, net-veined complexes, shear zone, tectonic and magmatic evolution, Sangilen,
South-East Tuva.
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TEKTOHWYECKASA NMO3UIUA MUHTJIMHT-JAEK B AKKPEIJUOHHO-
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AnHoTtanus: PopMupoBaHue 6a3UT-TPAHUTHBIX KOMOMHHUPOBAHHBIX JjJaeK MPOUCXOAUT B IIHPOKOM CIIEKTpe yCJIOo-
BUI U 06CTAaHOBOK B3aUMO/IeCTBUS KOHTPACTHBIX [10 COCTaBY PaclJaBOB, HAUMHas OT ceyuUKHU cocTaBa U GJItou-
JIOHACBILIEHHOCTH PaclaBOB U 3aKaHYMBasi TEKTOHUYECKUMHU 06CTaHOBKAMU U TJIyOUHHOCTBIO IpoleccoB. Bce aTu
bakTophl OTpaKalOTCA Ha CTPYKTYPHO-TEKCTYPHBIX U eTPOreOXMMHUYECKUX XapaKTepUCTHKax Jaek. B HacTosme
paboTe AaHHBbIEe BONPOChl pacCCMOTPeHbI Ha NpHMepe KOMOGMHHUPOBAHHBIX (MUHIJIMHT) Aaek 3anagHoro CaHruieHa
(FOro-BocrouHas Tyga).

CaHTrUJIEHCKUHM BBICTYIl NpejcTaBjsieT co60i ¢parMeHT paHHeKasleJOHCKONH OporeHHoOM cTpyKTypel TyBHHO-
MOHI0/IbCKOTO MacCHBa, TEKTOHUYECKAasi 3BOJIIOI[MsI KOTOPOH OTpaXkaeT CMeHy reoJMHaMH4YeCKUX 06CTaHOBOK — OT
KOJIJIN3MOHHOM (pexxuM oxatus, 570-480 muH sieT) fo caBurosoi (pexum pactsikeHust, 480-430 muH Jiet). UHTEH-
CUBHBIe TEKTOHHYECKHe JepopMaluy Croco6CTBOBAIH MTPOSIBJIEHUI0O MAcIITaGHOTO 6a3UTOBOr0 U IPAaHUTOULHOTO
MarMaTH3Ma Ha pa3/IMYHbIX YPOBHAX 3€MHOH KOPBI M CBSI3aHHOTO C HUM TEIJIOBOTO Iporpesa U MeTaMmopdusma rno-
pox B nepuoy 510-460 muH seT. C 3TUM Ke IePUOJOM CBSI3aHO MPOsIBJIeHNEe 6a3UT-IPAaHUTHBIX KOMGHHUPOBAHHBIX
JlaeK, popMHUpOBaHHE KOTOPBIX IPOUCXOAUIIO B PA3IMUHBIX TEKTOHUYECKHUX 0OCTAaHOBKAX, KOHTPOJIMPYIOLINX YCJI0-
BUsI UX BHEZPEHUS U CTAaHOBJIEHUS.

B craTbe paccMaTpuBaeTcs JiBe I'DYNIbl MHUHIJIMHT-JJaeK, U3yYeHHBIX B MeX/Jypeuybe Jp3vHa U HapeiHa ¥ Ha
npaBobepexbe p. Ip3uH (puc. 1). B o6oux ciydasx UX NPOUCXOXK/JEHNE CBS3aHO C OJHUM UCTOYHHKOM 6a3UTOBOTO
pacmiiaBa. OHaKO, MeXaHHU3MbI CMellleHHUs] KOHTPACTHBIX PaclJIaBOB OTBEYAIOT PAa3/INYHbIM MO/Ie/IsIM BHEIpEHUS.

B Mexaypeube Jp3uHa M HapbiHa BMelaloUMMU NOpOJaMy KOMOGHHUPOBAHHBIX JaeK SBJSIOTCSA IPAaHUTOU/IbI
HumxHesp3uHCKOro MaccuBa. MUHTJIMHT-AAWKHU CI10>KeHbI aMPUGOJIOBBIMU rab6opo U MOHI[OTAab6pOo, TPAaHOCHEHUTAMH
Y ZIBYTIOJIEBOIUNATOBBIMU IpaHUTaMU. KOHTAKThI MeX/y OCHOBHBIMU U KHCJIBIMU NOPOJAMHU PA3JUYHBI U U3MEHS-
I0TCA OT POBHBIX U KOHTPACTHBIX /0 MJAMEHEeBU/JHBIX U MUKpPOQPECTOHYATBIX C 06pa30BaHUEM 30H NOCTENEHHbIX
nepexozioB (puc. 6).

dopmMupoBaHHe AaeK 3TOTrO THUIIA TPOUCXOUJI0 HA Me30abHCCaIbHbIX JIM60 abUCCalbHBIX YPOBHSAX IJIyOUHHOCTH,
YTO 06€Cneyn/Io NPU UX CTAHOBJIEHUH COXPAHHOCTD JIJIMTEJBHOr0 CYGIMKBU/YCHOIO TEIJIOBOIO PeKMMa U OTHOCH-
TeJIbHO NPOJ0JDKUTENbHBIA EPUOJ, KOHCONMJALMH Jake MeJIKUX TOpLUK 6a3uToBOro pacisiasa. Kak ciescTsue, B
KOMOMHHMPOBAHHBIX JJalKaX OTCYTCTBYIOT NIPU3HAKU JlebopMalui, HO HAaGJII0JAI0TCS epexo/iHble 30Hbl U THOPUAHU-
3aLus.

Jaliku Ha npaBoGepexxbe p. JP3UH NPOPBIBAIT MUTMATUT-TPAHUTBI 3P3UMHCKOr0 KOMILJIEKCa B OLHOMMEHHOU
TeKTOHUYeCKOW 30He. KOHTaKThI ¢ BMelaIMMH NMOPOJAMH ceKyliue. MeslaHOKpaTOBble MOPOJbI MPeACTaBJIeHbI
MEJIKO3ePHUCTBIMUA JUOPUTAMU W KBapLEBbIMH AHOPUTAMH, KHCJAA 4YacTb KOMOGHMHHUPOBAHHBIX JaeK CJI0XKeHa
cpe/iHe-, MeJIKO3epPHUCTBIMU [BYTNOJIEBOMINATOBBIMU IPAaHUTAMU U JIeWKOTpaHUTaMHU. [l BceX TUNOB KOHTaKTOB
XapaKTepHO OTCYTCTBHE 30H I1epexo/ja, OPOrOBUKOBAHUSA U KOHTAKTOBBLIX U3MeHeHHH (puc. 8).

BHespeHue U cTaHOBJIeHHe KOMOMHUPOBAHHBIX JlaeK JaHHOI0 THUIA IPOUCXOJHUJIO B YCJIOBUAX 06CTaHOBOK pac-
TSXKeHUs W GparMeHTalH CBUTOBOM 30HBI, YTO 06YCJI0BUJIO KaK aKTHBHOE BHeJipeHHe 6a3UTOBBIX U, BO3MOXHO,
KHCJIBIX PACIlJIaBOB IO CONPSKEHHBIM TPeLIMHAM, TaK M UX GbICTPYI0 KpUCTa/uIM3anuio. Haiuyme ocTpoyrosbHbIX
06JIOMKOB MarMaTH4eCcKHMX M BMelAIoLIMX MeTaMOpOUUYECKHUX NMOpPOJ, CyLleCTBOBAHME >KUJbHBIX NerMaTOUAHbIX
06pa3oBaHUH, ceT4aTO-PECTOHYATHIN XapaKTep MUHIJIMHT-Ja€eK C npeobJalaHieM 6Ga3UTOBOU COCTaBJSIOLIEN NPs-
MO YKa3blBalOT Ha GbICTPYIO KPUCTA/IM3allMi0 6a3UTOBBLIX pacilJlaBOB 6e3 BO3MOXKHOCTH UX MOCJIeJYOLero TemJo-
BOI'0 BO3/leMICTBUS HA OKpYy»KaloLijye Mopo/bl.

BHespeHue nepBo# rpynnbl MUHIJIMHT-[aeK CBA3bIBAETCS C 3aj10XKeHHeM Jp3UHCKON U KokMoJIrapruHckoi Tek-
TOHUYECKUX 30H U OTBeYaeT paHHeMy 3Tally TeKTOHOMarMaTHieckoi sBosronuu CaHIUJIEHCKOrO oporeHa Ha pyoe-
ke 510-490 MuH JieT. /laHHBIM 3Tan CONMPOBOXK/AAJCS KaK BHeJpeHUEeM 6GasUTOBbIX paclaBoOB ¢ GopMUPOBAHUEM
OTHOCHUTEJIbHO KPYNHBIX MacCUBOB OCHOBHOTO cOCTaBa (JDP3MHCKUN U BasHKOJbCKUN rab6po-MOHLOAMOPUTOBBIE
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MAacCHUBBI), TaK U N0sIBJIEHMEM KOMOWHUPOBAHHBIX JJaeK, pacipoCTPaHEHHBIX B MexAypeube Jp3uHa U HapreiHa. Bro-
po¥i atan GOpMHUPOBAHUSI MUHIJIMHT-AAEK CBSA3bIBAETCSl C TEKTOHOMArMaTUYeCKOM aKTUBHOCTBIO B PETHOHE Ha py-
6exe 460-430 MJIH JIeT, KOr/la IPOUCXOAUI0 aKTUBHOE PACTSHKEHHE OPOTEHHOH CTPYKTYPbI 110 CUCTEME TEKTOHHUYE-
CKHX 30H, BHEJ[pEHHE U CTAaHOBJIEHHE BalIKbIMyrypcKoro MaccuBa rab6po-MOHIL0JMOPHUTOB M Pa3BUTHE TPELIMHHO-

KUJIbHBIX 06pa3OBaHHﬁ, B TOM 4HCJie KOM6I/IHI/Ip0BaHHbIX JAaeK.

KiroueBble c/10Ba: MUHIJIMHT, KOMOUHUPOBAaHHbIE JAHKH, CeTYaThble MHTPY3UH, TEKTOHUYECKas 30Ha, TEKTOHO-
MarmaTtudeckad 3Bostonud, Canruien, l0ro-Bocroynasa Tysa.

1. INTRODUCTION

In case of interaction between basic-rock magma
and granitoid magma, chemical and mechanical pro-
cesses, i.e. mixing and mingling, take place simulta-
neously. Resultant structures are called composite /
mingling dykes and net-veined complexes.

The problem of mingling has been discussed in
many publications, including [Wiebe, 1973; Gambler,
1979; Marshall, Sparks, 1984; Furman, Spera, 1985;
Frost, Mahood, 1987; Cook, 1988; Huppert, Sparks, 1988;
Didier, Barbarin, 1991; Litvinovsky et al,, 1995; Nardi, de
Lima, 2000; Fedorovsky et al., 2003; Perugini, Poli, 2005;
Dokukina, Vladimirov, 2005; Sklyarov, Fedorovskii,
2006], and numerous models have been proposed to
describe and clarify the textures and structures of
composite dykes.

Dykes can occur in a wide range of conditions pre-
determining interactions between melts of contrasting
compositions. Such conditions include - but not limited
to — tectonic processes, crustal depths and structures,
duration of melt consolidation, composition and fluid
saturation of interacting melts. Mingling dykes of vari-
ous patterns and textures may be observed in one and
the same region due to the presence of shear faults that
differ in age and origin and control movements of
basic-rock and granitoid melts. In our study, we review
composite dykes located in West Sangilen, analyse
petrogeochemical compositions at micro- and macro-
scopic levels and attempt at establishing relationships
between the compositions and regional tectonic and
magmatic events.

2. GEOLOGICAL SETTING

West Sangilen, a part of the Sangilen upland, is lo-
cated at the border of Tuva, Mongolia and Buryatia in
the Tuva-Mongolia Massif (hereafter TMM) in the Cen-
tral Asian folded belt that is traditionally viewed as a
collage of island arcs, continental blocks and oceanic
crust fragments attached to the Siberian craton during
the Neoproterozoic and Paleozoic [Kovalenko et al,

2004, Kuzmichev et al, 2001]. TMM is bordered by deep
faults, and its structure differs from that of the neigh-
bouring blocks. In its current coordinates, the Sangilen
wedge is located in the north-western TMM (Fig. 1). It
is bordered from the north-west by the Agardag ofiolite
zone that is also viewed as the TMM boundary
[Kuzmichev, 2004].

The Sangilen wedge is a fragment of the Early Cale-
donian orogenic structure of TMM which evolved in a
succession of geodynamic settings, from collision
(transpression, 570-480 Ma) to transform faulting
(transtension, 480-430 Ma) [Vladimirov et al, 2005].
Intensive shearing facilitated massive basic-rock and
granitoid magmatism at various layers of the crust
and associated heating and metamorphism of the
rocks (510-460 Ma) [Vladimirov et al,, 2005; Egorova et
al, 2006; Karmysheva, 2012].

The current West Sangilen structure includes
the Muguro-Chinchilig and Erzin-Naryn metamorphic
blocks separated by the Erzin shear zone (Fig. 1). The
Muguro-Chinchilig block is mainly composed of a
Moren metamorphic complex (medium temperature
and high pressure). The Erzin-Naryn block's texture is
inhomogeneous as it is composed of a variety of rocks
from epidote-amphibolite to granulite facies of meta-
morphism, such as garnet-biotite, cordierite and spinel-
cordierite schists and gneisses. Amphibolite and granu-
lite are related to the Erzin metamorphic complex at
the boundaries of the blocks which follow the tectonic
boundaries, i.e. the Erzin and Kokmolgarga shear zones
(Fig. 1).

The time periods when magmatism occurred in the
Muguro-Chinchilig and Erzin-Naryn blocks are dif-
ferent. The Erzin-Naryn block includes the Bayankol
gabbro-monzodiorite-granodiorite-granite, Nizhneer-
zin gabbro-monzodiorite-granosyenite-granite, Tesk-
hem granosyenite-granite, and Ukhadag granosyenite-
granite massifs (490+10 Ma). The Erzin shear zone in-
cludes the Nizhneulor granite massif (475+5 Ma) and
the Matut gneiss-granite massif (510-490 Ma, accor-
ding to the geological data). Mingling dykes composed
of basic rocks and granite (i.e. the subject of our study)
are observed in migmatite-granite of the Erzin complex
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Fig. 1. The structural-tectonic scheme of West Sangilen (South-East Tuva, Russia). The inset shows the West Sangilen posi-
tion at the southern margin of the Siberian craton (according to [Kuzmichev, 2004]).

1 - Erzin and Kokmolgarga shear zones (€1-2); 2 - Agardag ophiolitic belt (V-€1); 3 - Moren metamorphic complex (Rs); 4 - Nizhneerzin
metamorphic complex (R3); 5 - Tannuola island arc (V-€1); 6 - carbonate-terrigenous cover of the Tuva-Mongolia microcontinent (V1); 7 -
Erzin granulitic migmatite-granite complex (€3-01); 8 - Aktovrak dunite-harzburgite complex (V); 9 - Pravotarlashkin anortosite-gabbro-
norite complex (€1); 10 - Matut gneiss-granite massif (O1); 11 - Bayankol gabbro-monzodiorite-granosyenite (granodiorite)-granite-leu-
kogranite series (01); 12 - Nizhneulor granite massif (01); 13 - Bashkymugur gabbro-monzodiorite-granite-leukogranite series (01-2); 14
- gabbroids of the Kokmolgarga massif; 15 - nappe boundaries; 16 - faults; 17 - intrusive massifs: 1 - Bayankol gabbro-monzodiorite-
granodiorite-granite, 2 - Nizhneerzin gabbro-monzodiorite-granosyenite-granite, 3 - Teskhem granosyenite-granite, 4 - Ukhadag grano-
syenite-granite, 5 - Nizhneulor granite, 6 - Matut gneiss-granite, 7 - Bashkymugur gabbro-monzodiorite, 8 - Baidag granite-leukogranite;
18 (1 and II) - Strelka and Erzin Sites, respectively, where mingling dykes were studied in detail.

Puc. 1. CTpyKkTypHO-BelllecTBeHHas1 cxeMa 3anajgHoro Cadruiena (lOro-Bocrounas Tysa). Ha Bpeske — moJiockeHue 3amnaj-
Horo CaHTHJIeHa B CTPYKTYpaX K0KHOT0 o6pamieHust CHOUpCcKoi miaTdopmbl o [Kuzmichev, 2004].

1 - dp3uHckasa U KokMosirapruHckasl TeKTOHUYecKre 30HbI (€1-2); 2 — Arapgarckuit opuosantoBelit nosic (V-€1); 3 - MopeHckUil MeTa-
Mopdudeckud komiiekc (R3); 4 - HIKHe3p3UHCKUM MeTamMopurdeckuit kommekc (Rs); 5 - TanHyosbckas ocrpoBHas gyra (V-€1); 6 -
KapOOHaTHO-TeppUTreHHbIH 4exos TyBHHO-MOHI0/IbCKOTO MUKPOKOHTHHeHTa (V1); 7 — 3p3MHCKUM rPaHy/JIUTOBbIA MHUTMaTHUT-IPaHUT-
HbIHA KoMIIeKc (€3-01); 8 - aKTOBpaKCKUH JYHUT-rapLO0ypruToBbii koMiiekc (V); 9 - mpaBoTap/aliKUHCKUH aHOPTO3UT-rab6poHOpHU-
TOBBIM KoMILIekc (€1); 10 - MaryTckuil rHeficorpaHuTHBIN MaccuB (01); 11 - 6agHKOJIbCKAst rab6p0-MOHI[OAUOPUT-TPAHOCHEHHUT (Tpa-
HOJMOPUT)-rpaHuT-JedKorpaHuTHas cepus (01); 12 - HuwxHeyiopckuit rpaHuTHBIN MaccuB (01); 13 - 6alIKbIMyTypcKasi rab6po-MOHI[0-
JUOPUT-TPaHUT-IelikorpaHuTHas cepus (01-2); 14 - ra66pouasl KokMoIrapruHCKoro MaccuBa; 15 —-rpaHUIbl TOKPOBOB; 16 — pa3ioMbl;
17 - uHTpPY3UBHbIEe MaccUBBL: 1 - BasiHKOIbCKMH rab6po-MOHLOAUOPUT-TPAHOAUOPUT-IPAaHUTHBIN, 2 — HIDKHeap3WHCKUH rab6po-MoH-
LIO/IUOPUT-TPAHOCHEHUT-TPAaHUTHBIH, 3 - TecxeMCKUH IPaHOCUEHUT-TPAHUTHBIN, 4 — YXafarcKuil rpaHOCUEHUT-TPAaHUTHBIH, 5 - Huxk-
HeyJIOPCKUH IpaHUTHBIH, 6 - MaTyTCKUH rHeHCOTpaHUTHBIH, 7 — BalIKbIMyTypcKuil rab6po-MOHIIOANOPUTOBBIH, 8 — Balizarckuil - rpa-
HUT-JIEUKOTPAaHUTHBIN; 18 — yYaCTKH [IeTaJIbHOTO UCC/IeJ0BaHUS MUHIVIMHT-AaekK: | - yyacTok «Ctpesikay; Il - yyacTok «Dp3nHCKHI».



and granosyenite-granite of the Nizhneerzin massif.
Results of the isotope geochoronology suggest that the
dykes are not younger than 462.5 Ma as shown by the
following data: 471.2+1.9 Ma - Ar/Ar, amphibole from
basic rocks; 462.5+1.0 Ma - Ar/Ar, biotite from basic
rocks [Vladimirov et al,, 2005], and 467+21 Ma - Rb/Sr,
rocks in gross [Petrova, 2001].

The Muguro-Chingilig metamorphic block contains
younger igneous rocks (460+£10 Ma). The Bashkymugur
gabbro-monzodiorite and Baidag granite-leukogranite
(alaskaite) massifs are of the same age.

In our study, we focus on mingling dykes composed
of basic rocks and granite which are observed on Strel-
ka and Erzin Sites, i.e. in the area between the Erzin
and Naryn rivers and on the right bank of the Erzin ri-
ver, respectively (Fig. 1).

3. COMPOSITE DYKE STRUCTURE AND TEXTURE

In the area between the Erzin and Naryn rivers, the
host rock of the composite dykes is granite of the Nizh-
neerzin massif. Visible segments of the dykes are trace-
able for several tens to hundreds meters, and their
depth varies from 0.15 to 3.5 m (Fig. 2 and 3). It is not
always possible to clearly define the positions of the
endo- and exocontact zones, and the contacts with the
host rocks are not clarified. Separate nodules of basic
rocks penetrating into the host matrix can be observed
in the marginal exocontact zones of the composite
dykes (Fig 2, II). Typically, a large basic-rock body is
either surrounded by a leucocratic rim or cut by a sys-
tem of granite veins (Fig. 2, IIl and 3, IV). It is note-
worthy that contacts of the granite veins are almost
always flame-shaped and never linear (Fig. 2, III and
3,1V).

Basic-rock bodies of patchy shapes with flame-
shaped contacts are cut by veins of large-grained gra-
nites (Fig. 3, II). In some cases, basic rocks in the gra-
nitoid matrix compose tree-shaped elongated bodies
with elements of viscous boudinage and separate nod-
ules (Fig. 3, I). However, such cases are not numerous,
and composite dykes containing irregularly distributed
fragments of basic rocks are dominating (Fig. 3, Il and
3, 110).

On Strelka Site, two generations of composite dykes
are distinguished: (1) early sub-horizontal dykes com-
posed by basic rocks, strongly boudinaged and cut by
granite, and (2) later subvertical dykes composed by
basic rocks, which cut the dykes of the first generation,
have chill zones and are cut by aplite that cuts both the
dykes and the host granite [Izokh et al, 2004; Vasyu-
kova et al, 2008].

On Erzin Site, the dykes cut through migmatite-
granite of the Erzin formation in the same-name shear
zone. Clusters of composite dykes form linear zones
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which strike is similar to that of the Erzin shear zone.
Depth of some dykes vary from 0.5 to 2.5 m. Contacts
with host rocks are transverse (Fig. 4 and 5). In the leu-
cogranitic component of the mingling dykes, oxygonal
xenoliths of the host rocks (which maintain their origi-
nal structure) are combined with separate angulated
inclusions of diorite (Fig. 4, I). A contact acid rim is
lacking around the dykes. Pegmatoid inclusions are
common at the boundary between granites and host
rocks and inside conjugated fractures (Fig. 4, II). The
texture of such dykes is complex, reticulate-cuspate or
patchy (see Fig. 5, I-III). Transition zones, hornfelsing
and contact alterations are absent at contacts of all the

types.

4. COMPOSITION OF BASIC ROCKS AND GRANITES
OF MINGLING DYKES

In the area between the Erzin and Naryn rivers
(Strelka Site), the basic-rock component of the com-
posite dykes is variable in composition from amphibole
gabbro to monzogabbro and amphibole monzogabbro
with gabbro and porphiric-like structures: Hbl
(45-60 %), Kfs (20-35 %), P1 (10-15 %), Bt (5 %), and
Qtz (>5 %). Accessory minerals are fine-grained sphene
and apatite. Coarse-grained amphibole rims and pla-
gioclase are absent in the contact zones.

The felsic dykes are composed of coarse-grained
granosyenite: Kfs (40-65 %), Qtz (20-25 %), P1 (10-
15 %), and Bt+Hbl (3-5 %), and two-feldspar granite:
Kfs (35-40 %), Qtz (25-35 %), Pl (15-20 %), and
Bt+Hbl (up to 3 %). Accessory minerals are sphene and
ortite. Rocks vary from evenly grained to glomero-
porphyric. Porphyric inclusions contain large aggre-
gates of K-Na feldspar and, rarely, quartz. Small veins
and fractures in the basic rocks are filled with the most
coarsely grained rocks.

Contacts of basic and acid rocks are variable in
shapes, from smooth to contrasting (Fig. 6, I), flame-
shaped to micro-cuspate, with zones of transition from
granites to basic rocks (Fig. 6, [I-V). In microsections,
changes in the composition and grain size of the rocks
are clearly evidenced by 'bay-shaped' contours. The
inner structure is changed near the contact from the
side of basic rocks due to the occurrence of poikilitic
grains of quartz with inclusions of idiomorphic small
crystals of biotite and amphibole. Patchy aggregates
with flame-shaped contacts, which are quite common,
may be cut by acidic veins.

In the contact zone, basic rocks vary from gabbrodi-
otite to amphibole monzogabbro. Transitions from one
rock to another are abrupt and clearly detected at the
meso- and micro-levels. In several microsections and
rock slices, amphibole gabbro and monzogabbro are
rimmed by coarse-grained amphibole (see Fig. 6, III).



.V. Karmysheva et al.: Tectonic position of mingling dykes in accretion-collision system...

Fig. 2. Contacts between mingling dykes and host granite of the Nizhneerzin massif in the area between the Erzin and Naryn
rivers (Strelka Site).

I - linear composite dyke composed of basic rocks and leucogranites in host parautochthonous granite; II - flame-shaped contact between
basic rocks and host mega-porphyric granosyenite and basic-rock nodules in granite; III - cuspate sinuous contacts of the granite vein that
cuts basic rocks in the interior zone of the mingling dyke.

Puc. 2. KOHTaKTbl MUHIJIMHT-J@aeK C BMelalUMU I'PaHUTOMaMU H>KHesp3UHCKOro MaccuBa B Mexaypedbe Jp3UHA U
HapsiHa (yuacTok «CTpesika»).

[ - nuHelHas KOM6I/IHI/IpOBaHHaH aaﬁ}(a. C/0KeHHast 6a3UTaMu U HeﬁKOFpaHPITaMH, B [1IapaaBTOXTOHHBIX 'PAHUTAX; M- l'[J'IaMeHeBHﬂHbeI
KOHTaKT 6a3UTOB C BMellalnIUMHA prl’[HOl’lOpCl)PIpOBbIMI/I TPaHOCUEHUTAMHU C Cl)OpMPIpOBaHPIeM B r'PaHHUTOUAAX HOL[yJIeﬁ OCHOBHOTO CO-
craBa; Il - (l)eCTOH‘laTble, HU3BUJINCTbIe KOHTAKThI FpaHHTHOﬁ KUJIBI, nepeceKa}oLueﬁ 6331/[Tbl, BO BHyTpeHHeﬁ 30He MPIHF]IPIHF-AaﬁKH.
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Fig. 3. The interior structure of mingling dykes in the area between Erzin and Naryn rivers (Strelka Site).

I - tree-shaped, reticulate-cuspate and nodule structure of basic rocks in the felsic matrix; II - patchy basic-rock bodies with flame-shaped
contacts and thin leukogranite veins in the porphyric granosyenite matrix; III - reticulate-nodule texture of the composite dyke; IV -
reticulate-cuspate inner texture of the composite dyke with the dominant basic-rock component.

Puc. 3. BHyTpeHHss1 CTPYKTypa MUHIJIMHT-JaeK B Mex/aypeube Ip3uHa U HapriHa (yuyacTok «CTpesikay).

[ - neHpgpouaHas, ceTyaTo-pecToHYaTasA ¥ HOAY/IbHAsA CTPYKTypa 060co6eHHi 6a3UTOB, 3aK/II0YEHHBIX B MATPUKC KHUCJIOr0 COCTABa;
II - KJIIKCOO6pa3Hble TeJsa 6a3UTOB C IaMeHeBUAHBIMHU KOHTAaKTaMH U MaJIOMOILIHBIMH >KUJIaMH JIEHKOI'PAaHUTOB B MaTPHUKCe nopdupo-
BU/IHBIX I'PaHOCHEeHUTOB; Il - ceTyaToO-HOAY/IbHAS CTPYKTYypa KOMGUHUPOBAHHOH Jalky; IV - ceTyaTo-decToHYaTas BHYyTPEHHSS CTPYK-
Typa KOMOUHHUPOBAHHOMU JAalKU C JOMUHUPOBAHUEM 6A3UTOBOM COCTABJSIOLEH.

Contact zones may differ in width, and their patterns
may be complex. The contact zones contain small no-
dules of basic rocks, fine-grained transitional rocks with
evenly scattered melanocratic minerals and porphyric
inclusions of K-Na feldspar, medium-grained transitional
rocks with unevenly scattered melanocratic and leuco-
cratic minerals, and sporadic coarse-grained aggregates
of biotite and hornblende in granosyenite.

The transitional zones are composed of amphibole
(10-60 %), biotite (10 %), K-Na feldspar (15-40 %),
plagioclase (5-10 %) and quartz (>5 %) (Fig. 7). K-Na
feldspar can form poikilite structures containing inclu-
sions of fine-grained prismatic crystals of amphibole
and biotite. Recrystallization of individual grains of
quartz and plagioclase is typical of the marginal parts.
Besides, a high content of sphene is noted in the transi-

tion zones, and sphene grains (up to 1 mm) are larger
than those in monzogabbro and granosyenite.

Composite dykes on the right bank of the Erzin river
(Erzin Site). Melanocratic rocks are represented by
fine-grained diorite and quartz diorite: Amf (45-50 %),
P1 (40-45 %), Qtz (10-15 %), and Bt (5 %). The rock
texture is gabbro-ophite and porphyric. Porphyric in-
clusions are agglomerates of amphibole with a cribrose
texture.

Felsic dykes are composed of medium- and fine-
grained two-feldspar granite and leucogranite: Kfs
(25-30 %), Pl (20-40 %), Otz (25-40 %), and Bt
(1-3 %). The granite and porphyric textures are evenly
grained. Porphyric inclusions are composed of K-Na
feldspar. Deformation twins are observed in plagio-
clase grains.
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Fig. 4. The morphology of mingling dykes in migmatite of the Erzin metamorphic complex on the right bank of Erzin river
(Erzin Site).

I - combination of oxygonal xenolithes of host rocks and angular diorite inclusions in leukogranite of mingling dykes; II - migmatite of the
Erzin complex which is cut by leukogranite of composite dykes with pegmatoid inclusion in the contact zone of extension; III - transverse
‘cold’ contacts between granite in mingling dykes and host garnet-biotite-cordierite schist.

Puc. 4. Mopdosiorust MUHIVIMHT-laeK B MUTMATHUTaX 3P3UHCKOI0 MeTaMopdHUUeCKOTro KOMIIJIeKca Ha NpaBobepexxbe p. Ip-
3UH («JP3UHCKUN» YYACTOK).

[ - coueTanue OCTPOYTOJIbHBIX KCEHOJIMTOB BMEILIAIOIIUX MTOPOA M YIJIOBATbIX 0060C06/IeHUI AUOPHUTOB B J'IeﬁKOFpaHHTOBOﬁ COCTaBJIAIO-
H.leI‘/‘I MUWHTJIMHT-A€EK; I - MUrmMaTUThHI 3P3UHCKOTr0 KOMIIJIEKCA, MIPOPBAaHHbIE HeﬁKOFpaHHTaMH KOM6I/IHI/Ip0BaHHbIX JlaeK C merMaTouna-
HBIM 060C06JIEHHEM B HpHKOHTaKTOBOﬁ 30HE€ pAaCTAXEeHUH, I - CeKylue «XoJI0OAHbIe» KOHTAKTbI TPAHUTOUA0B MUHIJIMHI-AA€eK C BMe-
a0 MHA FpaHaT-6I/IOTI/IT-K0pL[I/IepI/ITOBbIMI/I CJIaHIIaMH.
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Fig. 5. The inner textute of mingling dykes on the right bank of the Erzin river (Erzin Site).

[-II - reticulate-cuspate contacts between granite and diorite in composite dykes with dominatant basic-rock component; III - complex

patchy morphology of the mingling dyke.

Puc. 5. BHyTpeHHss CTPYKTYpa MUHIJIMHT-/1aeK Ha IpaBoGepexbe p. Ip3UH («IP3UHCKUN» YIACTOK).

[-II - ceTyaTO-$ecTOHYATEIH KOHTAKT I'PAaHUTOB U JHOPUTOB B KOMOMHMPOBAHHBIX JalKaX ¢ pe3KUM Ipeob6JajjaHieM 6a3UTOBOMH CO-
crapssitonted; I - cnoxHONMATHHCTAasA MOPHOIOTUS MUHTJIMHT-JalKH.

The diorite-granite contact is marked by smooth
contours without any transitional zone as clearly evi-
denced by grain sizes and compositions of the rocks in
the microsections and rock slices (Fig. 8). In the endo-
contact of diorites, observed are glomero-clusters of
leust-biotite and a poikilite structure composed by
quartz aggregates with inclusions of fine-grained
idiomorphic crystals of biotite and amphibole (Fig. 8,
II). In the contact zone, granites are characterized
by porphyric inclusions of quartz and xenomorphic
'blurred’ fine-grained aggregates of quartz, plagioclase
and K-Na feldspar. Boundaries between the minerals
are indistinct and patchy. Round-shaped porphyric
grains of quartz are attenuated by cloud in crossed po-
lars of a microscope.

The smooth contrasting contacts without any indi-
cators of shifting of the original composition give evi-
dence of the rapid crystallization of the basic-rock and
granite melts, and the 'gradual’ transition zones ob-

served at the macro- and micro-levels may suggest that
the lowest-melt-point minerals of granite and diorite
were subject to recrystallization, or elements (K, Na,
Ca, and Ti) were exchanged by diffusion between the
rocks of contrasting compositions, or the rocks have
not consolidated yet.

5. PETRO- AND GEOCHEMICAL CHARACTERISTICS OF
COMPOSITE DYKES

In the area between the Erzin and Naryn rivers
(Strelka Site), granites are represented by midalkaline
peraluminous (A/CNK=0.94-1.14) granosyenites and
two-feldspar granites (Fig. 9). Average contents of
petrogenic elements are given in Table 1. Rare-earth-
element (REE) scatter diagrams and spider diagrams
show that granite and granosyenite are characterised
by negative slopes of the spectrum and high contents

297
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Fig. 6. Microtextures of contacts between basic
rocks and granite in composite dykes in the
area between the Erzin and Naryn rivers
(Strelka Site). Left - rock slice texture; right -
fragment in the corresponding transparent mi-
crosection (translucent light).

I - smooth contrasting contact between basic rocks
and granite in the rock plate; in the microsection, it
is sinuous; II - smooth flame-shaped contact be-
tween basic rocks and granite in the rock slice; a
small transition zone is noted in the microsection;
III - complex ‘lacerated’ flame-shaped contact bet-
ween basic rocks and granite; it is clearly visible in
both the rock slice and the microsection that the
basic rocks become more melanocratic towards the
contact; IV - gradual assimilation of the gabbro vein
in granite; granosyenite and rocks in the transition
zone are clearly distinguished in the microsection; V
- complex contact between basic rocks and granite;
the transition zone is composed of coarse- to fine-
grained rocks with small nodules of basic rocks and
contains; fractures are filled with rocks of the tran-
sitional composition and granite.

Puc. 6. MUKpPOCTPYKTypHasd XapaKTepUCTUKA
KOHTAaKTOB U B3aUMOOTHOUIEHUN 0a3UTOB U
rPAaHUTOUOB B KOMOWHHUPOBAaHHBIX Jaiikax
Mexzaypeubss IJp3uHa W HapbiHa (ydyacTok
«Ctpenka»). Pap cneBa - CTPYKTYpHO-TEKC-
TypHasi XapaKTepUCTHUKA B ILJIACTUHKE, DPsJ
cIpaBa — COOTBETCTBYIOUIUM pparMeHT CTPYK-
TYpbl B IP0O3payHOM NeTporpadpuvecKoM -
de (mpoxoasuini CBET).

[ - KOHTpaCTHBIN POBHBINA KOHTAKT 6a3UTOB U r'pa-
HUTOU/IOB B IJIACTUHKE HA MUKPOYPOBHE 06pasyeT
«3aJIMBO06Pa3HbId» KOHTYD; Il - miaMeHeBUHBIN
KOHTaKT 6a3UTOB C IPAaHUTOMAAMM B IJIACTUHKE
XapaKTepu3yeTcsl pPOBHOM IpaHULlEd MexJy 6a3u-
TaMU U FPAHUTOUJAMHU C Y3KOUM NepexX0JHOU 30HOH;
III - cnoXHBIM «pBaHbIN», MJaMeHEBUJHbIH KOH-
TaKT 6a3sWUTOB M TPAaHUTOUAOB. B mnde u mia-
CTUHKE OTYETJMBO BHUAHO YBeJWYEHHE MeJIaHO-
KpPaTOBOCTH 6Ga3UTOB B NPUGIMKEHUU K KOHTAKTY;
IV - mocreneHHast acCUMUJISALNSA rabOpPOULHON KHU-
JIbl B IpaHUTOMJaX. Ha MHKpOypoBHe OTYeT/IMBO
pa3/IMYyalTCa IPAaHOCHEHUTHI U MOPOJbl MEPexo-
HOH 30HBI; V - CJI0XKHBIH KOHTAKT 6a3uTOB M Ipa-
HUTOU/IOB C 06pa30BaHUEM IlepeXx0JHOH 30HBI, CJI0-
’KEHHOM NMOpPOAaMH pa3HOM 3epHUCTOCTH, MEJKUMHU
HOJZlyJIbHBIMHM arperaTaMu 0asWTOB U TPeLIMHAMHY,
3al0JIHEHHBIMHM MOPOJOH NepexoJHOro COCTaBa U
rPaHUTOUAMH.
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hornblende a
gabbro

Fig. 7. Petrography of rocks in the zone of transition from basic rocks to granites in mingling dikes in the area between Erzin

and Naryn rivers (Strelka Site).

[ - transition zone at the contact between granosyenite and hornblende gabbro (translucent-light photos); II - poikilitic texture of potas-

sium feldspar in the transition zone (crossed-nicols photos).

Puc. 7. lletporpadpuyeckuil cocTaB MOPOJ MEPEXOJHOM 30HbI MeX/Jy 6a3UTaMM U T'PAaHUTOUAAMHU B KOMOGUHHPOBAHHBIX
JlaliKax Mexzaypedbs pek Ip3uH u HapbiH (yyacTok «CTpeskar).

[ - cTpoeHue nepexoJHOM 30HbI B KOHTAKTe 'PAaHOCHEHUTOB U POrOBOOGMAaHKOBBIX rab6po (CHUMKH cies1aHbl B poxoAsieM ceete); 11 -
NOMKUJIMTOBAs CTPYKTYpPa KaJIMEBOTO [10JIEBOTO LINATa B IOPO/1aX NePEX0JHOH 30Hbl (CHUMKH CJieJIaHbl B CKPEIeHHbIX HUKOJISX).

of REE. Light REE dominate over heavy REE:
(La/Yb)n=8.37-16.04. A negative Eu anomaly is poorly
expressed (Eu/Eu*=0.56-0.64). Multi-element spectra
show negative slopes, large-ion lithophile elements
(LILE) enrichment, and sharp minimums of Nb, Ti and
Sr, as well as maximums of Zr and Hf (Table 2, and
Fig. 10).

The REE scatter in gabbroids composing the
mingling dykes on Strelka Site (see Table 1) is charac-
terized by a sloping negative spectrum with a weak

positive Eu anomaly (Eu/Eu*=1.15). The content of
REE is high, and light REE dominate over heavy REE:
(La/Yb)n=5.87-6.77. Multi-element spectra show LILE
enrichment, sharp minimums of Nb and Sr, and insig-
nificant values of Ti (Table 2, and Fig. 10).

On the right bank of the Erzin river (Erzin Site), the
salic mingling dykes are composed of normal- and
medium-alcaline, high- and medium-potassium, peralu-
minous (A/CNK=0.97-1.20) granite and leucogranite
(see Table 1 and Fig. 9). According to the REE
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Fig. 8. Typical contacts and relations between basic rocks and granite in mingling dykes on the right bank of the Erzin river
(Erzin Site).

I - smooth contact between basic rocks and granite; a poikilitic structure is observed in diorite (translucent-light and crossed-nicols pho-
tos); II - biotite glomero-clusters; a poikilitic structure and porphyric-quarts inclusions at the contact between diorite and leukogranite.
Puc. 8. XapakTepHble KOHTAKThl U B3aUMOOTHOLIEHUsI 6Aa3UTOB U FPAHUTOUJOB B MUHIJIMHI-JaliKaX Ha MpaBobepexbe
p. Ip3uH («IP3UHCKUI» YIaCTOK).

I - pOBHbBIM KOHTAKT 6a3UTOB U FPAHUTOUOB; B LJIU(E CO CTOPOHBI AUOPUTOB HABJIIOAAETCS NOMKUIUTOBAs CTpyKTypa (doTorpadpuu
1M OB cAe/IaHbl B IPOXOASILIEM CBETE U CKpelLeHHbIX HUKOJIsX); I - riioMepockonsieHust 6UoTUTA. [IOHKUIMTOBAsK CTPYKTypa U MOp-
$UpOoBUIHBIE BKPAIJIEHHUKH KBaplia B KOHTAKTe JUOPUTOB U JIEHKOTPAHUTOB.
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Fig. 9. Petrochemical diagrams. Comparison of
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compositions of the original basic rocks and host granite of the Nizhneerzin

massif, and parautochtonous granite of the Erzin migmatite-granite complex and rocks in composite dykes.

Fig. 9a and b - classification boundaries according to [Petrographic Code.., 2009] and [Le Maitre et al., 1989], respectively. Fig. 9c -
Harker’s diagram SiO2-TiOz. Fig. 9d - Shand’s diagram [Maniar, Piccoli, 1989]. Fig. 9e and f - binary diagrams Mg0O-Ca0 u Mg0-Al;03, re-

spectively.

Puc. 9. [leTpoxuMuyeckue rpapuky CpaBHEHHUsI COCTaBa MCXOJHOr0 6a3UTOBOrO pacijiaBa U BMeIAIOLIUX [PAaHUTOU/IOB
Hr>kHeap3WHCKOro MaccuBa U NAapaaBTOXTOHHBIX TPAHUTOB 3P3WHCKOTO MUIMATUT-IPAaHUTHOTO KOMILJIEKCa C COCTaBaMHU

KOMOWHUPOBAHHBIX JlaeK.

Puc. 9a - kiaccupukaoHHble rpaHulbl [Petrographic Code.., 2009]; puc. 9b - kinaccudukanoHHble rpaHulpl [Le Maitre et al.,, 1989];
puc. 9c - fuarpamMma Xapkepa SiO2-TiOz; puc. 9d - guarpamma lllenga [Maniar, Piccoli, 1989]; puc. 9e-f - 6uHapHble fuarpaMmmbl MgO-

Ca0 1 Mg0-Al20s.
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Table 1.Content of petrogenic oxides (wt %) in mingling dykes of West Sangilen

Ta6auma 1.CoaepkaHHe NETPOTreHHbIX OKCUAOB (Mac. %) B MUHIVIMHT-JaiKax 3anmagHoro CaHrujaieHa

Component  Rocks of mingling dykes on Strelka Site Rocks of mingling dykes on Erzin Site Source
Mafic dykes Salic dykes Mafic dykes Salic dykes melt
(n=27) (n=8) (n=21) (n=12)
SiO2 47.45-52.9 62.76 - 74.52 45.48 -57.76 66.31-76.01 47.84
49.22 71.56 53.57 73.13
TiO2 0.79 - 1.89 0.12-0.93 0.88-1.93 0.13-0.78 0.75
1.4 0.38 1.30 0.28
Al203 14.86-17.09 13.21-14.43 15.40-17.61 13.19 - 15.86 13.42
16.24 13.37 16.57 14.10
Fe;03* 7.69-12.79 1.27-7.35 8.07-12.38 1.36 -4.34 11.52*
10.96 2.96 9.80 2.50
MnO 0.11-0.18 <0.01-0.09 0.12-0.23 <0.01-0.12 -
0.17 0.03 0.17 0.05
MgO 5.09-9.40 0.14-2.26 3.84-7.66 0.19-1.00 11.62
7.73 0.64 492 0.50
CaO 7.59 -10.29 1.13-3.24 5.61-10.00 1.21-2.63 10.16
9.22 1.61 7.46 1.74
Naz0 1.41-3.75 2.23-3.64 2.28-3.73 2.89 - 4.64 2.51
2.52 3.14 291 3.50
K20 0.41 -2.66 3.40 - 6.65 0.88 - 2.46 1.59 - 4.65 0.41
1.15 4.92 1.80 3.71
P20s 0.16 - 0.66 <0.01-0.32 0.27 -0.58 0.04 - 0.25 -
0.32 08.11 0.39 0.10
Alum slate 0.94-1.14 0.97 -1.20
index 1.03 1.09

N o t e. Above the line - variations of contents of petrogenic components; under the line - average content; n - number of samples; Fe203* -
total content of Fe in Fe203; the Fe content in the source melt is given in FeO; the alum slate index is Al203/(Ca0+K20+Naz0) (mol. %)
[Maniar, Piccoli, 1989]. Contents of petrogenic elements were analysed by the 'wet' chemical method (Assayer N.N. Ukhova, IEC SB RAS, Ir-
kutsk) and the X-ray fluorescence analysis method using SRM-25 installation (Assayer A.D. Kireev, V.S. Sobolev IGM SB RAS, Novosibirsk).

I[IpuMevyaHu e Haj yepToil - Bapualuu cofiep>XaHUH NMETPOreHHbIX KOMIIOHEHTOB, 110/, YePTOH - CpeJiHee COZlepXKaHUe; N — YUCJI0
npo6; Fe203* - cymmapHoe xesie30 B popMe Fe203, /151 HCXOJHOTO pacillaBa cojiepaHue KeJsle3a yka3aHo B popme FeO; uHAekc rivHo3e-
mucrtocTH - Al203/(Ca0+K20+Naz0) (Mos1. %) [Maniar, Piccoli, 1989]. AHanu3 cofep>kaHUs IeTPOreHHbIX 3J1eMEHTOB BbINOJHEH METOA0M
«MOKpoi» xumMuu (aHanutuk - H.H. YxoBa, U3K CO PAH, r. UpkyTck) u MmeTogoM PDPA Ha ycraHoBKe CPM-25 (ananutuk - A.Jl. Kupees,

UT'M um. B.C. Co6os1eBa CO PAH, r. HoBocu6upck).

scatter diagrams, granite is characterized by a sharp
domination of light REE over heavy REE: (La/Yb)n=
=7.42-13.10. A Eu anomaly is absent (Eu/Eu*=0.96-
1.06). Multi-element spectra show negative slopes,
LILE enrichment, and low contents of HFSE. Sharp
minimums are noted for Ti and Nb (Table 2, and
Fig. 10).

The melanocratic composite dykes located on Erzin
Site are composed of diorite and quartz diorite (see
Table 1, and Fig. 9). The REE scatter shows a sloping
negative spectrum and a high content of REE (381 g/t),
and a Eu anomaly is absent (Eu/Eu*=0.94-1.17). There
is an insignificant domination of light REE over heavy

REE: (La/Yb)n=4.62-7.99. In spider diagrams, mini-
mums are noted for Ti and Nb (Table 2, and Fig. 10).

6. CORRELATION BETWEEN COMPOSITIONS OF COMPOSITE
DYKES AND IGNEOUS COMPLEXES OF WEST SANGILEN

In West Sangilen, the largest basic-rock massifs are
Bashkymugur, Erzin and Bayankol (490-460 Ma) that
are composed of gabbro-monzodiorite originating from
source magmas of similar compositions, as suggested
by results of mineralogical, petrographical and petro-
chemical studies of the basic rocks [Shelepaev, 2006].
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T able 2.Contents of petrogenic elements (wt %), rare and rare-earth elements (g/t) in representative samples of
basic rocks and granite from mingling dykes of West Sangilen

Ta6numna 2. Cosep:kaHHs NIeTPOTreHHBIX 3/IEMEHTOB (Mac. %), peAKHUX U peJKo3eMeJbHbIX 3JIEMEHTOB (r/T)
B NIpe/ CTaBUTEbHBIX MP06ax 6a3MTOB M TPAaHUTOB M3 MUHIJIMHT-AaeK 3anajHoro CaHTrujieHa

Component Rocks of mingling dykes on Strelka Site Rocks of mingling dykes on Erzin Site

Mafic dykes Salic dykes Mafic dykes Salic dykes

7-158-2  7-192-3 7-159  7-160 7-163-2 7-149-3  7-153-1 7-153-2 BC-402  7-149 7-150
Si02 52.24 51.25 7324 6276 72.30 5711 45.48 46.05 48.45 7335 66.31
TiOz 0.79 1.23 0.20 0.93 0.22 1.12 1.64 1.93 1.83 0.18 0.78
Al203 15.91 16.36 14.01 1443 1321 16.00 15.40 15.68 16.69 14.01 15.86
Fe203* 7.69 9.82 1.54 7.37 1.77 8.07 12.17 12.38 11.41 2.05 4.34
MnO 0.11 0.18 0.01 0.06 0.01 0.12 0.15 0.16 0.17 0.03 0.11
MgO 6.24 5.66 0.22 2.26 0.55 3.84 7.66 7.05 6.05 0.38 1.00
Cao 9.44 7.59 1.35 3.24 1.19 5.61 9.36 10.00 8.41 1.71 2.63
Naz0 3.37 3.69 3.64 3.55 2.23 3.17 2.87 3.06 3.73 3.75 4.64
K20 1.53 1.75 4.96 3.40 6.65 2.27 1.05 0.88 1.39 4.08 3.63
P20s 0.17 0.32 0.05 0.32 0.05 0.33 0.27 0.27 0.42 0.07 0.25
Loss on ignition 2.12 2.09 0.38 1.47 0.66 2.22 1.81 1.84 1.67 0.22 0.71
(Lon
Total 100.24 99.63 99.83 99.96 98.96 99.57 99.58 99.87 99.80 99.98 100.20
Rb 47 50 117 111 145 61 19.1 11.6 28 70 77
Sr 657 497 179 263 506 525 439 459 619 308 438
Y 18.5 27 32 51 131 30 24 25 31 10 44
Ir 72 130 115 331 76 170 133 142 137 161 432
Nb 4.5 7.1 8.2 7.9 8.0 9.9 13.3 12.8 6.5 49 17.0
Cs 0.29 0.79 1.87 1.36 1.10 0.32 1.11 0.54 0.25 1.44 1.54
Ba 156 369 901 1029 1141 601 173 181 505 1077 1262
La 15.9 19.2 35 46 27 31 13.3 13.8 26 24 43
Ce 35 43 67 93 45 63 29 31 57 41 91
Pr 4.9 6.2 7.8 13.8 4.9 8.6 43 45 85 5.0 12.8
Nd 19.8 25 27 55 16.1 32 17.9 19.5 34 16.2 48
Sm 4.0 4.9 4.7 11.5 2.5 5.9 4.2 45 6.6 2.4 9.6
Eu 1.46 1.90 0.84 2.3 0.50 1.85 1.59 1.67 2.6 0.71 3.2
Gd 3.6 5.1 43 11.1 2.3 5.9 45 49 6.9 1.99 8.5
Tb 0.53 0.75 0.73 1.61 0.35 0.86 0.67 0.73 0.92 0.30 0.86
Dy 2.8 4.3 4.2 8.4 2.0 4.6 3.9 4.1 5.2 1.38 6.6
Ho 0.54 0.83 0.89 1.61 0.40 091 0.78 0.81 0.97 0.28 1.34
Er 1.59 2.3 2.8 4.5 1.15 2.6 2.1 2.2 2.8 0.92 3.9
Tm 0.24 0.35 0.46 0.62 0.18 0.40 0.30 0.32 0.41 0.18 0.62
Yb 1.59 2.2 2.8 3.6 1.15 2.6 1.94 1.99 2.5 1.21 3.9
Lu 0.24 0.35 0.42 0.51 0.18 0.40 0.28 0.30 0.37 0.19 0.59
Hf 2.2 3.2 3.9 8.4 2.5 4.5 33 3.5 3.2 4.2 9.5
Ta 0.38 0.43 0.92 0.38 0.80 0.73 0.78 0.78 0.32 0.43 1.10
Th 2.8 3.0 19.5 3.0 16.4 7.9 1.08 1.17 1.17 7.6 9.0
U 1.37 1.32 2.7 0.78 0.83 3.4 0.36 0.33 0.63 0.99 3.6

N o t e. Fe203* - total Fe in Fe203. Contents of petrogenic elements (wt %) were analysed by the 'wet' chemical method (Assayer N.N. Ukho-
va, IEC SB RAS, Irkutsk). Contents of rare elements (g/t) were analysed by the ICP-MS method (Assayer L.V. Nikolaeva, V.S. Sobolev IGM SB

RAS, Novosibirsk).

[Ipumeuanue. Fez03* - cymmapHoe eJsie30 B dopMe Fe203. AHanu3 cofiepkaHUs] MeTPOreHHbIX 3/IEMEHTOB BbINOJHEH METOJ0M
«MOKpoi» xuMuM (aHanuTuK — H.H. YxoBa, U3K CO PAH, r. UpkyTck), cofep:kaHHue KOMIIOHEHTOB NPUBeJieHO B Mac. %. AHa/IM3bl PeAKUX
3JIeMEHTOB BbINOHEHbl MeToJoM ICP-MS (aHanutuk W.B. HukosaeBa, UM um. B.C. Co6osieBa CO PAH, r. HoBocubupck), comepaHue

KOMIIOHEHTOB IIpUBE1€HO B I‘/T.

It is assumed that the source magma corresponds by its
composition to olivine basalt or olivine gabbronorite
[Egorova, 2005] (see Table 1 and Fig. 9).

The mingling dykes located on Erzin and Strelka
Sites have similar compositions of the basic rocks
which differ from the source magma composition by

contents of TiO2 and MgO. An insignificant difference is
noted between contents of alkalies in the source melt
and in the basic rocks from the dykes. The REE scatter
diagrams and the spider diagrams (see Fig. 10) show
similar spectra and similar absolute values. Minimums
are noted for Nb, Th, Hf, and Ti.
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Fig. 10. REE scatter diagrams and spider diagrams for basic rocks and granite from mingling dykes and magmatic comp-
lexes of West Sangilen.

Basic rocks: 7-158-2, 7-192-3 - Strelka Site; 7-149-3, 7-153-1, 7-153-2, and BC-402 - Erzin Site; area in grey - olivine gabbronorite of the
Bashkymugur massif [Egorova, 2005]. Granite: 7-189-1 - host granite on Strelka Site; 7-159, 7-160, and 7-163-2 - Strelka Site; 7-149, and
7-150 - Erzin Site; area in orange - host parautochtonous granite on Erzin Site [Karmysheva, 2012]. The REE contents are normalized to CI
contents in chondrite [Boynton, 1983]. In the spider diagrams, normalization is done to CI contents in the primitive mantle [Taylor,
McLennan, 1985].

Puc. 10. CriekTpsl pacupezesnenuss P33 u crnaitaep-guarpaMmsl s 6a3UTOB U IPAaHUTOB MHUHIJIMHT-JaeK U MarMaTuye-
CKUX KOMILIEKCOB 3anazHoro CaHru/aeHa.

BasuTtsl: 7-158-2, 7-192-3 - yyactok «CTpesika»; 7-149-3, 7-153-1, 7-153-2, BC-402 - y4acTOK «IP3UHCKUN»; cepoe MoJie — OJIMBUHOBBIHI
ra66poHoput BamkeiMyrypckoro maccuBa [Egorova, 2005]. I'panutbl: 7-189-1 - BMemjaromue rpaHUTOHbl Ha y4acTke «CTpesika;
7-159, 7-160, 7-163-2 - yuactok «Ctpesnka»; 7-149, 7-150 - y4acTok «Ip3UHCKUK»; OpaHKeBOe I0Jie — NapaaBTOXTOHHbIE BMeIlalolre
IrpaHUTHl Ha y4yacTkKe «Ip3uHCcKui» [Karmysheva, 2012]. Conepxanuss P33 HopMupoOBaHBI 110 cofepxaHuto B xoHapute Cl [Boynton,

Considering the similarity of the petrochemical
composition of the basic rocks from the mingling dykes
and the composition of the source basic rocks, it can be
suggested that the mafic dykes originated from the
same upper mantle or intruded from the same magma
chamber as the large gabbro-monzodiorite massifs of
West Sangilen. Figure 9 shows an insignificant differ-
ence between compositions of the basic rocks of the
mingling dykes located on the different sites. The com-

1983]. Ha ciaiizep-auarpaMMax coZiepkKaHusi HOpMUPOBAHBI K TAKOBBIM B TPUMUTHUBHOUN MaHTuH [Taylor, McLennan, 1985].

position of the basic rocks from the dykes on Strelka
Site are closer to the composition of the source basic-
rock melt, while the basic rocks from the dykes on Er-
zin Site are more felsic, which may suggest hybridiza-
tion with either host rocks or granite of the dykes
proper.

In samples from the different sites, compositions of
granite from the mingling dykes are practically similar,
with insignificantly different contents of potassium.



The Nizhneerzin massif (486+10 Ma - Rb-Sr) [Pe-
trova, 2001]; 491.6+9.5 Ma - U-Pb [Kozakov et al,
1999]) is composed of porphyric granosyenite (see
Fig. 9). Lines in the REE scatter diagrams and the multi-
element spectra of granite from the mingling dykes on
Strelka Site and the host porphyric granite from the
Nizhneerzin massif are practically coincident. Mini-
mums are noted for Nb, Sr, and Ti. A noticeable differ-
ence is the lacking Eu minimum in granite from the
Nizhneerzin massif, while the Eu minimum is ex-
pressed in granite of the composite dykes, and the Zr
maximum is evident in the host rocks (see Fig. 10).

On Erzin Site, parautochthonous granite of the Erzin
complex (which is the host rock for the composite
dykes) is represented by peraluminous, medium-fine-
grained, poorly foliated, garnet-containing biotite gran-
ite [Karmysheva, 2012]. In the REE scatter diagrams
and the spider diagrams, the spectra of the host granite
and granite from the mingling dykes are coincident,
and typical minimums for Nb and Ti and maximums for
K and Zr are noted (see Fig. 10).

7. DISCUSSION OF RESULTS

Based on the available geological data, the compo-
site/mingling dykes of West Sangilen are classified into
two types. Their textures are studied at the macro- and
micro-levels, and the petrochemical characteristics are
subject to comparative analyses. Results of our studies
give grounds to conclude that specific features of the
mingling dykes are predetermined by geological set-
tings of their formation, depths and duration of tecton-
ic and magmatic processes.

Composite dykes in the area between the Erzin and
Naryn (Strelka Site). By its texture, granite from the
mingling dykes located on Strelka Site does not differ
much from the host porphyric granite from the Nizh-
neerzin massif containing the rocks that are either not
deformed or show rare traces of flow in the fine-
grained rock samples. In felsic composite dykes, traces
of deformation are absent, while indicators of recrys-
tallization of K-Na feldspar, plagioclase, quartz and bio-
tite are present.

The model proposed in [Huppert, Sparks, 1988] can
provide an explanation of the similarity between the
petrochemical compositions of granite from the Nizh-
neerzin massif and granite from the mingling dykes
[Vasyukova et al, 2008]. According to the above-
mentioned model, the host granite is partially melted
due to the intrusion of the basic rocks which leads to
mechanical mixing of the melts contrasting in compo-
sition and rheologial properties. Consequently, the
chemical composition is inherited, and specific ming-
ling textures and structures, such as reticulate-cuspate
structures and round-shaped basic-rock bodies cut by
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thin veins of granite, are formed. Using the model, it is
possible to explain specific petrogeochemical proper-
ties of the composite dykes and the local reomorphism
of granite in the Nizhneerzin massif, which took place
when the basic rocks intruded into granite. However,
the model fails to explain the tectonic position of the
composite dykes on Strelka Site.

The intrusion of granite of the Nizhneerzin massif
took place at the post-collisional stage of the orogen's
evolution in conditions when the compression regime
was replaced by the extension regime (480-490 Ma)
[Vladimirov et al, 2005]. As of the time of the Nizhne-
erzin massif emplacement, the crust was locally
disturbed and thinned due to developing extension of
the Erzin metamorphic block along the Erzin and Kok-
molgarga shear faults, and the basic-rock melts were
uplifted and intruded into the extension zones.

As of the time of the basic-rock intrusions, granite of
the Nizhneerzin massif was only partially consolidated,
as evidenced by structures and textures of the compo-
site dykes, such as non-linear 'patchy’ outlets of the
mingling dykes in the massif's body, their vague con-
tacts with the host granite, lacking indicators of defor-
mation, the presence of zones with mixed basic rocks
and granite, and diffusional smoothing of the composi-
tions in high-temperature conditions.

The absence of active penetrating tectonic defor-
mation is also evidenced by the similar petrochemical
compositions and similar scatter of LILE and HFSE in
the host granite and granite of the mingling dykes, i.e.
melting and recrystallization of the source granite took
place practically in a closed system.

It is most likely that the dykes were formed at
mesoabyssal or abyssal depths, and the subliquidus
heat regime was thus maintained for a long time, and
even the smallest portions of the basic-rock melt were
consolidated through quite a long period of time. Indi-
cators of deformation are thus absent in the composite
dykes, and transition zones and hybridization are ob-
served.

The composite dykes on the right bank of the Erzin
river (Erzin Site) were formed in the period of active
extension of the Sangilen fragment of the orogen which
took place along the systems of shear zones (460-430
Ma) [Vladimirov et al, 2005] and was accompanied by
the intrusion of the Bashkymugur gabbro-monzodio-
rite massif (464.6+£5.7 Ma - U-Pb [Kozakov et al, 1999],
465+1.2 Ma - Ar-Ar [Izokh et al, 2001], 464+5 Ma - Rb-
Sr [Petrova, 2001]). In the same period, the Erzin shear
zone was active; later on, its integrity was disturbed by
fractures, faults and veins, and it was fragmented [Via-
dimirov et al, 2005]. The occurrence of conjugated fault
systems facilitated the formation of local extension
zones, provided favourable conditions for intrusions of
felsic melts and basic-rock melts and predetermined
positions of the composite dykes.
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Our assumption that the dykes intruded and em-
placed in conditions of the tectonically active zone is
supported by many indicators, including positions of
the composite dykes in the Erzin shear zone, abrupt
transversal contacts with the host rocks, pegmatoids
in the decompression zones, the presence of oxygon
xenoliths in the composite dykes etc. Besides, due to
low temperatures, the main melts were efficiently
chilled and consolidated, as evidenced by textures of
the mingling dykes which show contrasting contacts
with both the host rocks and between the basic rocks
and granite, lacking zones of hybridization, the pre-
sence of chill zones and indicators of recrystallization
of the minerals.

The observed difference between the basic rocks in
the first group of mingling dykes from the source com-
position of the basic rocks in West Sangilen may sug-
gest potential contamination and/or differentiation of
the mafic melt during its assent to the upper crustal
layers.

Our model showing the intrusion of the melts of
contrasting compositions on Erzin Site in the same-
name shear zone takes into account the structural and
textural characteristics of the rocks, positions of fine-
grained granites (mainly in the marginal parts of the
mingling dykes), melting of granites (evidenced by the
thin rock samples), and petrochemical compositions of
the rock samples.

The composite dykes of this type intruded and
emplaced when the shear zone was subject to exten-
sion and fragmentation, which predetermined active
intrusion of basic and, possibly, felsic melts through
conjugated faults and rapid crystallization of the melts.
Crystallization of the melts was rapid, and their poten-
tial heat impact on the adjoining rocks was thus ex-
cluded, as evidenced by the presence of oxygonal chips
of igneous and host metamorphic rocks, vein pegma-
toid intrusions, and composite dykes of the reticulate-
cuspate texture with the dominating basic rock com-
ponent.

8. MAIN CONCLUSIONS

Two groups of mingling dykes are distinguished in
the Sangilen upland. The dykes in both groups origi-
nated from one and the same basic melt source. How-
ever, mingling of the contrasting melts was carried out

10. REFERENCES

by different mechanisms as suggested by two intrusion
models.
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