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Orthogneiss and meta-rhyolite bodies from different crustal levels of the Tseel Terrane in the Mongolian Altai were
examined using multidisciplinary approach involving structural geology, whole-rock geochemistry and U-Pb zircon
geochronology. The orthogneisses form sheet-like bodies parallel with dominant sub-horizontal metamorphic fabric
which was heterogeneously verticalized along localized zones of deformation at boundaries of lower and middle crus-
tal domains. Three samples of orthogneisses yielded Late Devonian LA-ICP-MS U-Pb zircon ages of 373+3, 377+5
and 379+2 Ma (20), which are interpreted as crystallization ages of felsic magmas. The meta-rhyolite displays poorly
constrained, older U-Pb zircon ages of 380+4 and 403+5 Ma, which are also considered as intrusive. Whole-rock
geochemistry, including relatively little fractionated REE patterns, as well as radiogenic whole-rock Nd and zircon Hf
isotopic signatures point to a rather primitive source of the granitic protoliths. The high-K calc-alkaline chemistry and
LILE over HFSE enrichments in the NMORB-normalized spider plots indicate an arc-related origin. Juvenile character
of the studied rocks was confirmed by Nd and Hf crustal residence ages that are mostly 0.8-0.9 Ga. The origin of the
metaigneous rocks is interpreted in terms of partial melting of Neoproterozoic to Cambrian magmatic arc-derived mate-
rial, probably dominated by immature psammitic sediments (graywackes). This study brings important arguments that
the orthogneisses do not represent an old crystalline basement previously assumed in the Mongolian Altai. A model
is proposed suggesting formation of mature and layered continental crust by syn-orogenic melting of youthful volca-
nosedimentary wedge and emplacement of sub-horizontal syn-orogenic magmatic sheets at all crustal levels during
crustal-scale vertical shortening. The vertical shortening was probably connected to lithospheric-scale extensional event
associated with massive heat influx and emplacement of juvenile magmas at the bottom of the crust. It is suggested that
this mechanism represents potentially a viable model for cratonization of accretionary systems worldwide.
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1. Introduction

The Central Asian Orogenic Belt (CAOB) (Mossakovsky
et al. 1994) is a giant accretionary system which de-
veloped from Late Proterozoic to Permian between the
Siberian, Tarim and Sino-Korean blocks (Fig. 1) (e.g.
Sengor et al. 1993; Dergunov 2001; Xiao et al. 2009).
This orogen was formed by accretion of Cambrian,
Ordovician and Devono—Carboniferous arcs, back-arcs
and accretionary wedges (Badarch et al. 2002; Lamb
and Badarch 2001; Kroner et al. 2007; Windley et al.

2007) and Grenville-age microcontinents (Demoux et al.
2009b; Rojas-Agramonte et al. 2011) of both Siberian and
Gondwanan affinities (Cocks and Torsvik 2007; Wilhem
et al. 2012).

The crustal growth of the CAOB is supposed to having
been extremely efficient and rapid and was manifested
by voluminous “juvenile” granitic intrusions (Jahn et
al. 2000a; Jahn 2004; Yuan et al. 2007). The magmatic
additions had an episodic character with several Palaeo-
zoic magmatic pulses (Kovalenko et al. 2004). Based on
Gorny and Rudny Altai magmatic evolution, they were
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Devonian orthogneisses from SE Mongolian Altai

assigned to three global megacycles (Kruk et al. 2015):
Late Cambrian (512-495 Ma), Devonian (410-362 Ma)
and Late Palacozoic—Early Mesozoic (340—190 Ma).
Magmatism of the Mongolian part of CAOB also con-
centrated into several major magmatic pulses (Guy et al.
2014a; Cai et al. 2015): Late Cambrian to Early Ordovi-
cian (520-490 Ma), Devonian to Early Carboniferous
(398-350 Ma), Late Carboniferous to Permian (317-289
Ma) and Triassic (C. 244-211 Ma). This magmatism was
progressively younging to the SW (Fig. 1) as indicated
by Late Cambrian—Ordovician arc granitoids intruding
Proterozoic rocks (Lake Zone) in the north (Sal’nikova
et al. 2001; Rudnev et al. 2009; Janousek et al. 2015),
Silurian to Devonian plutons intruding the Mongolian or
Gobi Altai zones in the centre and Late Carboniferous to
Permian plutons mainly occurring in the southerly oce-
anic terranes (Edren, Baaran, Khuvinkhar) to the south
(e.g. Bibikova et al. 1992; Yarmolyuk et al. 2008).

The protracted, nearly continuous Late Silurian to
Devonian magmatism in Chinese and Mongolian Altai
was interpreted to have resulted from re-melting of old
Precambrian basement due to massive influx of juvenile
melts associated to massive basaltic magma underplating
beneath old continental crust (e.g., Wang et al. 2009).
This model is exclusively based on variable Nd and Hf
isotopic signatures from different types of granitoids in
Chinese Altai (Jahn et al. 2000b; Wang et al. 2009; Liu W
et al. 2012) but it has been recently questioned by other
authors who have argued that similar isotopic ratios can
be produced by melting of accretionary prism composed
of both continental and oceanic sediments (Sun et al.
2009; Xiao et al. 2009; Jiang et al. 2011, 2012; Long et
al. 2012). The latter interpretation is supported by the
lack of direct observations of deformed and metamor-
phosed basement rocks covered by Palaeozoic sediments
in the Chinese and Mongolian Altai.

Recent study on the Mongolian Altai has revealed a
presence of numerous highly deformed orthogneiss bod-
ies within weakly metamorphosed sequences overlain
by almost undeformed Carboniferous sediments as well
as inside medium-grade to highly metamorphosed deep
crustal series (Fig. 2). These highly deformed felsic
gneisses represent an important lithology of Mongolian
Altai crust suggesting a possible existence of an old
metamorphosed basement covered by Devonian and
Carboniferous sediments. These orthogneiss bodies can
thus bring pivotal information regarding the nature of
Mongolian Altai crust interpreted as a metamorphosed-
type terrane of uncertain origin by Badarch et al. (2002)
and Cocks and Torsvik (2007) or as a continental-type
terrane by Wilhem et al. (2012).

This paper presents new geological, structural and
geochemical data as well as zircon U-Pb ages of vari-
ous orthogneiss types from different crustal levels of the

Mongolian Altai. The characterization of these rocks is
used to discuss the crustal structure and composition in
the Mongolian Altai and, in particular, the potential pres-
ence of old basement.

2. Geological setting

2.1. Geology of Tseel Terrane

Tseel Terrane (Bibikova et al. 1992) is characterized by
occurrence of metamorphosed rocks along the southern
slopes of the Gobi, Mongolian and Chinese Altai and the
Irtysh Shear Zone of East Kazakhstan (Kozakov et al.
2011). This unit is composed mainly of Palaeozoic rocks
with polymetamorphic history (e.g. Kozakov et al. 2007;
Jiang et al. 2012; Burenjargal et al. 2014) of uncertain
affinity, located between Early Palaecozoic back-arc and
arc terranes to the north and oceanic-type Khuvinkhar,
Baaran and Edren terranes of the Trans-Altai Zone to the
south (Badarch et al. 2002). Boundaries amongst major
tectonic zones were reactivated by the Cenozoic, gener-
ally NW-SE trending faults (Cunningham 2005).

Bibikova et al. (1992) distinguished five parts of the
Tseel Terrane which are, from the west to the east: Bul-
gan, Bodonchin, Barlag, Tseel and Tsogt blocks mutually
separated by the late Cenozoic faults (Fig. 1). Demoux
et al. (2009a) simplified subdivision of the Tseel Terrane
into two, western and south-eastern regions.

The studied area is situated southwest of Tsogt village
and west of the NE-SW oriented Tsogt Fault along the
Sagsai river (Fig. 2). Here, the Tseel metamorphic core
is bounded by the Devonian to Carboniferous volca-
nosedimentary complexes in the south and by low-grade
Cambrian Tugrug Fm. (Markova 1975) in the north. This
large unit composed of graywackes and volcanites is un-
conformably covered by Lower Devonian limestones and
Carboniferous siliciclastic sediments. Its northern contact
is generally concordant with faults of the Main Mongo-
lian Lineament to the N and NW. The Tseel metamorphic
core is dominated by the sequence of paragneisses and
micaschists with subordinate intercalations of amphibo-
lites, gabbroic and granitoid intrusions (Burenjargal et al.
2012). Metapelites of the Tseel Block were affected by
Barrovian metamorphism ranging from biotite to kyanite/
sillimanite zones (Burenjargal et al. 2014). Peak P-T con-
ditions attaining the kyanite stability field were estimated
to 560+ 10°C and 6.5£0.5 kbar (Burenjargal et al. 2012).

The high-grade rocks of the so-called Tsogt Block
(Bibikova et al. 1992) form a NW-SE trending belt
south of the Tsogt village on the SE southern slopes of
the Mongolian Altai. Here crops out strongly deformed
sequence of migmatites, biotite and tonalite gneisses,
orthogneisses, amphibolites and gabbros including small
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Fig. 2 Geological map of the eastern wedge of the Tseel Block with location of the samples.

lenses of granulites (Kozakov et al. 2002). Peak P-T con-
ditions of intermediate orthopyroxene-bearing rocks were
estimated to 870 °C and 5.7 kbar by the same authors and
were associated with extensive melting of all lithologies.

2.2. Previous geochronology of the Tseel
Terrane

Metamorphic complexes of the Mongolian and Gobi
Altai were designated as Early Proterozoic to Riphean in
older geological maps and Russian literature (e.g. Rauzer

et al. 1987). Granitoids of the Tseel Terrane were first
attributed to Devonian by Bibikova et al. (1992) who
reported U-Pb zircon ages for granitoids of Bodonchin
and Tsogt blocks ranging from ~365 to 371 Ma (Tab. 1).
Similar U-Pb zircon ages of ~370-396 Ma were sub-
sequently obtained by Helo et al. (2006), Kroner et al.
(2010), Burenjargal et al. (2014) and Cai et al. (2015)
for granitic and tonalitic rocks from the Tsogt, Tseel and
Bodonchin blocks. These magma crystallization ages
have been corroborated by the ~396 Ma magmatic zircon
age of rhyolite extrusions in the Tsogt Block (Demoux

28



Devonian orthogneisses from SE Mongolian Altai

uoisnul €FLIE VT1SW-dOI  ulysuopog anuelp 8PN 9€6£0°9Y 2r/ESZ6
(§102) uoisn.ul 9TS ‘v6T vFLee V1 SIN-dOI uebing aNuelh EOMIN 8L86S 9 vPISET6
‘B3 1D juswsoejduwie 16€ 97F09¢ VTSW-ddI  ulyduopog aueld LN 82688'Sy T6881°€6
uonezi|[eiskio vFvSe VT1S-dOI  ulyouopog alloipouesh YIN_ 2¥068'Sy 00€LT°€6
wejau 05€-0€Y V1 SN-dOI 19951 SSIUS MD—PID 060N 9SSIS ST 82568'G6
ynjoroud 08709 V1 SN-dOI [89sL SSIOUS OIS T00EIN 9SSHS'SY €016L°S6
(4107) T ynjoloid 09t-0SS V1 SN-dOI [99sL SSIUS MD-IS L0SZIN T11+S'St 82052'G6
19 [eS1efuaing arrewbew ,F68¢ V1 SIN-dDI 199s L omﬁmm_%hm S0STO 19¢€1S°Sy 825V 66
- ployuelf 19 . .
anewbew 11FL6T V1 SN-dOI [99sL pourelb-asieoo 060D 00€9S'Sy 00288'S6
‘wepw  TF90F 01 TFSLE VTSI-dOI  ulyouopog ssiaub oniueIb  Z-9yOIN 68011°9F 690¥S'T6
‘wepw  TFYSY 01 TFIIY V1SW-dOl  ulysuopog ssioub omueIb  Z-9¥0I 680119t 690¥S'T6
conewbew  9FE98 01 SFEO8  EF08S O EFLIY VTSW-dOl  UIYDUOpOY  UIGA OeIO0IN3|  €-GYOIN  I8IEI9t 690+S'T6
¢onewbew ¥ 06€ 01 ZF6.LE VTSW-dOl  UIYDUOpOg  UIBA eID0ON3|  €-GYOIN  I8IEI9b 690tS'T6
weisw e¥68e V1SW-dJl  uIyauopog ssioubered  [-SSON  ST690'9% 8L815T6
80IN0S 8F89LT 01 £F0TE L ooe ) VN VTSIN-dDI  uIyauopog ssioubesed -GSO $T690°9F 8L81S°T6
. Q:m@ EF6V5 01 ZFOLY . )
[e 13 bueir “welsw G¥G/¢ V1SIN-dDI  ulyouopog ssiaubered  1-€SOIN  68€60'9% 8L81S°T6
$F9S8
32IN0s 0} - u1youopo ssiaufered  [-¢go : :
LFSOVTOVSFOTEL oo aer V1SW-dOI  ulyouopog ! I-€SON 68€60°9t 8L8IST6
weRw [ FH6E o) [FHLE V1SW-dOI  ulyouopog ssioubesed  [-9¥OIN  68011°9F 8L81S'T6
()
weew 615.8LT €1F956 0 8F606 . .
SFOIL O SFTT9 V1SIN-dOI  ulyduopog ssioubesed  1-9¥ON  68011°9% 8L81S'T6
+90mMOs 0} [TFEOST - -
v ¥/8G 0} E¥ZEY
¢ £2FC68C dINIYHS 1605 onuel pajerjo)  TEIN 8S9€0°'SY 69191°L6
0102) ¢ 2eFLS6e dINIYHS 160s oNuell pajerjo)  SETIN LY6TT'SE T9STT'L6
Te 10 IUOTY 6'€F9°€9€¢ dINIYHS 160s sstoub onfeuo} 9-90/FLIN S8198°tt T1L8L'L6
. . auelf . .
8'1¥898C dINIYHS 160sL onsepoeeo 1O0/SIN 18ST8 VY 191LL'L6
Juawiaoe|dwa §178LT dINI¥HS 160s| Aol evaN 93006 SLE0B'L6
vmmm%mm_ Juswiade|dwa TEFO0'L6E dINIYHS 16os oMjoAyI-BIBW  YBBEN  19€T6FY 82028'L6
Jawgoe|dwa €25 £EFI6E  TIFELS dINI¥HS 160s| MoRelol  essEN 90ELSY 6880826
(2002) aouelLIayul 01F16S 01F16S  V1SW-dOI ueuxiAeyy ueyy ssiouboyno /€208 OSPLI'St 65086
Te R wm%vmoéi soueLiByul 6+6¢S 6F625 V1 SIN-dDI Ueuiikeyst ueyy sstauboyno  /€20d  0SYLI'Sy 6G..0°86
. Juswade|dwa 1'€F€9¢ 91~/L1 +T9¢€ V1 SIN-dOI ueyxikeyy ueyy| ssiouboynio  /£208 OSYLI'Sh 651,086
(9002) onewdew IS 09€ dINIYHS 160s wH__o_mw__w&m 16SL  8L690°St 9S180°L6
‘e 19 O3 -
219 0eH onewbew £2F2682 dINIYHS 16osL elolpouelBelawl  68SL  8S9E0'SH 6919T'L6
e HMN%%V_NNNOV_ wejew ¢Fv8e  L'G¥8GE  deAdqd-qd  1BosL aminueib  681S 0000E'SK 0000596
(z661) Ppewbew TFILE deradd-ad  160sL anuesboiBerd  v8SE 00LIE'SH 0005796
) ) ss1oub . .
B39 BAOAIGIE onewbew p¥S9€ dens qd-qd  ulyouopog snuesBoibed §83€ 00EE1'9F 0000526
ERITESETEN| VETE] aouelIByU| 181sn|1D ues|n ouo)  wup Jeddn poylen uun 00y a|dwes N 3

auBIIa] [98S] Ayl Ul S)Nsal Bunep Jo mainsy T ‘qel

29



P HanZl, K. Schulmann, V. Janousek, O. Lexa, K. Hrdlickova, Y. Jiang, D. Burianek, B. Altanbaatar, T. Ganchuluun, V. Erban

et al. 2009a). However, there is a significant number of
ages suggesting an existence of Late Proterozoic to Early
Palacozoic protoliths (580—-450 Ma) in the Bodonchin and
Tseel blocks (Jiang et al. 2012; Burenjargal et al. 2014).
Most authors agree that these protoliths were metamor-
phosed during Devonian (between ~385 and 377 Ma) in
the whole Tseel Terrane based on U-Pb zircon dating of
orthopyroxene granulites by Kozakov et al. (2002) or
migmatitic paragneisses by Jiang et al. (2012) and Bu-
renjargal et al. (2014). Typical feature of the Mongolian
Altai is the presence of Late Carboniferous to Early Per-
mian granitoids and pegmatites which intruded the Tseel
Terrane at 320 to 260 Ma (Kroner et al. 2010; Kozakov
et al. 2011; Burenjargal et al. 2014 and this volume).

3. Analytical techniques

3.1. Whole-rock geochemistry

Eight samples of orthogneisses and three meta-rhyolites
selected for analysis are listed in Tab. 2 and their location
is shown in Fig. 2. Whole-rock analyses were performed
in ActLabs (Vancouver, Canada) using the 4Lithoresearch
procedure (http://www.actlabs.com). Major-element con-
centrations were obtained by Inductively-Coupled Plasma
Optical Emission Spectrometry (ICP-OES), trace-element

Tab. 2 List of samples

concentrations by Inductively-Coupled Plasma Mass
Spectrometry (ICP-MS) following a lithium metaborate/
tetraborate fusion and a weak nitric acid solution. Such
a procedure ensures that the entire sample is dissolved,
including the refractory phases such as zircon or sphene.
The geochemical data were plotted and recalculated using
the GCDKkit software (Janousek et al. 2006).

3.2. Sr-Nd isotopes

For the radiogenic isotope determinations, samples were
dissolved using a combined HF-HCI-HNO, digestion.
Strontium and REE were isolated from the bulk matrix by
the column chromatography techniques using TRU and
Sr resins by Triskem Int. (Pin et al. 1994). The Nd was
further separated from the REE fraction with Ln resin
(Pin and Zalduegui 1997). Further analytical details were
reported by Mikova and Denkova (2007). Isotopic analy-
ses of Sr and Nd were performed on a Finnigan MAT 262
thermal ionization mass spectrometer housed at CGS in
dynamic mode using a single Ta filament for Sr and in
static mode using a double Re filament assembly for Nd.
The '**Nd/'**Nd ratios were corrected for mass fraction-
ation to "SNd/'Nd = 0.7219 (Wasserburg et al. 1981),
87Sr/8Sr ratios assuming %¢Sr/88Sr = 0.1194. External
reproducibility is estimated from repeat analyses of the
INdil (Tanaka et al. 2000) ("*Nd/'"*Nd = 0.512107 +28

Sample WGS 84 Unit Description
D044 96364212 E 45333801 N RB ;(r)rl]lated porphyritic meta-rhyolite with transition to sericite schist, Qz, PI, Kfs, Ms, Bt, Czo—Ep,
D068 96230309 E 45379753 N RB g%) g)zg m thick layer of fine-grained metatuff in sericite schists, leucocratic, Qz, Kfs, P1, Ms,
D214 96.523636 E  45.268978N EOB Folded fine-grained orthogneiss intercalated with phyllite, Qz, Kfs, P1, Chl, Ep, Ap, Opq
D246 06.558487 E 45.305824N EOB Xg t;r;O m thick layer of medium-grained orthogneiss in Bt-Sil paragneiss; Qz, P1, Kfs, Bt Opq,
Augen orthogneiss, intensively deformed under greenschist-facies conditions; Qz, Kfs, PI, Bt,
K132 96.153488 E  45.380497 N SOB Czo-Ep, Ms (Ser), Opq, Zm
P110 9614212 E 4537547 N SOB Dark grey orthogneiss with tiny Fsp augen and Bt spots; Qz, Kfs, PI, Bt, Czo-Ep, Aln, Ap, Ttn,
Chl, Ms (Ser)
V033 96.305542 E 4537616 N NOB Medium-grained orthogneiss; Qz, PI, Kfs, Bt, Ms, Czo, Ap, Zrn
Even-grained, strongly deformed orthogneiss penetrated by mafic dykes and a dyke of less
V03%a  96.250282E 45.44883 N NOB deformed augen gneiss; Qz, P1, Kfs, Ms, Bt, Grt, Zrn
V039b 96250282 E 4544883 N NOB Elr?le-g:zmed orthogneiss with subvolcanic textures and Fsp phenocrysts; Qz, Pl, Kfs, Bt, Ms,
Acid agglomerate metatuff, orthogneiss texture in thin section, mm phenocrysts of Fsp and Qz
V044 96.12429 E  45.476585N  RB invery
fine-grained matrix; Qz, Kfs, P1, Ms, Bt, Opq, Zrn
V045 96141678 E 45376541 N SOB gcl;ecilrsgnglramed augen gneiss with strongly deformed MME; Qz, Kfs, P1, Bt, Ms (Ser), Czo—Ep,
Y068 96354187 E 45329948 N SOB ;?rr:ded, coarse-grained augen orthogneiss, Kfs in porphyroclasts; Qz, Kfs, PI, Bt, Chl, Ep, Ap,
Y087 96.115593 E 45.465969 N NOB ?frllswoi)?llh metatuff, leptynite with fine Fsp and Qz phenocrysts; Kfs, Qz, P1, Ms, Bt, Zo, Zrn,
Y229 96.523758 E  45.26825 N EOB Very fine-grained orthogneiss with relics of Fsp porhyroclasts; Qz, Kfs, P1, Ms, Ep, Opq, Zrn

RB — metamorphosed rhyolite in phyllites and NOB, NOB — Northern Orthogneiss Belt, EOB — Eastern Orthogneiss Belt, SOB — Southern
Orthogneiss Belt, MME — mafic microgranular enclaves, mineral names abbreviations according to Whitney and Evans (2010).
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(26, n = 10)) and NBS 987 (¥Sr/*Sr = 0.710239+26
(20, n = 17)) standards. The decay constants applied to
age-correct the isotopic ratios are from Steiger and Jager
(1977 Sr) and Lugmair and Marti (1978 — Nd). The ¢,
values were obtained using Bulk Earth parameters of
Jacobsen and Wasserburg (1980), the two-stage Depleted
Mantle Nd model ages (T)\%) were calculated after Liew
and Hofmann (1988).

3.3. U-Pb geochronology

Four samples representing orthogneiss bodies of the east-
ern wedge of the Tseel Block were dated. Zircons were
separated using heavy liquid and magnetic techniques,
and then purified by hand picking under a binocular mi-
croscope (Central Geological Laboratory Ulaanbaatar).
Zircon grains larger than 50 um were selected and
mounted in epoxy resin. The mounts were then polished.

Cathodoluminescence (CL) imaging was taken on a
CAMECA SX-100 electron microprobe equipped with a
MonoCL3 CL spectrometer at the Institute of Petrology
and Structural Geology, Charles University in Prague.
Zircon dating used an ArF excimer 193 nm laser abla-
tion system (Resolution M-50) coupled with a Nu Plasma
HR MC-ICP-MS at the Department of Earth Sciences of
the University of Hong Kong, following the analytical
procedure described by Xia et al. (2011). Most analyses
were performed with a beam diameter of 40 pm, 5 Hz
repetition rate and energy of ~ 5 J/cm? per pulse. Zircon
standard 91500 was used for calibration. The mass frac-
tionation correction and isotopic results were calculated
by ICPMSDataCal (version 7.0, Liu Y et al. 2008). The
age calculations and concordia plots were done using
ISOPLOT (version 3.7, Ludwig 2003). Individual analy-
ses are presented with 1o error in the data table and in
concordia diagrams, and uncertainties in mean age cal-
culations are quoted at the 95% level (20).

3.4. Hafnium isotopes

Zircon Lu—Hf isotopic analysis was carried out by a
Neptune Plus multi-collector ICP-MS equipped with a
Resolution M-50 laser-ablation system at Guangzhou
Institute of Geochemistry, Chinese Academy of Science.
The measurements were conducted on selected large
dated zircon grains, with a beam diameter of 45 um, 8 Hz
repetition rate, and energy of 80 mJ. Helium was used as
carrier gas and some nitrogen was added in gas line to
enhance the sample signal. The signal collection mode
was one block with 200 cycles for each analysis, which
consisted of 30s gas blank collection and 30s laser abla-
tion. Isobaric interference of °Lu on "*Hf was corrected
by using a recommended '°Lu/'"*Lu ratio of 0.02655
(Machado and Simonetti 2001). Interference of '°Yb on

176Hf was corrected by using mass bias obtained on line
and assuming "Yb/"*Yb = 0.5887 (Wu et al. 2006).
Penglai zircon was used as the reference standard (Li et
al. 2010).

All Hf isotope data were recalculated with the decay
constant of 1.867 x 107" yr' (Soderlund et al. 2004). The
chondritic values of '7sHf/'"’"Hf = 0.0332 and '7SLu/'7"Hf
= 0.282772 reported by Blichert-Toft et al. (1997) were
employed for the calculation of &, values. The depleted
mantle evolution line is defined by present-day '"*Hf/!""Hf
of 0.28325 and ""*Lu/'""Hf of 0.0384 (Griffin et al. 2004).
Because zircons were formed in granitic magma derived
from felsic crust, a “crustal” model age is considered
more meaningful (Griffin et al. 2004). In present work,
this model age (TS,,) was calculated for each zircon grain,
assuming the mean ""°Lu/!’Hf ratio of 0.0093 for the up-
per continental crust (Amelin et al. 1999).

4. Geology of orthogneiss bodies

This study is focussed on felsic gneissic bodies of varied
crustal levels defined according to degree of metamor-
phism and prevailing lithologies. The uppermost crustal
level is represented by up to 3 km wide tectonic sheet
of orthogneiss called here the Southern Orthogneiss
Belt (SOB) which crops out between phyllites of the
Tseel metamorphic core and Devono-Carboniferous
volcanosedimentary complex of the Khuvinkhar Ter-
rane to the south (Figs 1-2). Northern boundary of the
SOB is marked by NNW-SSE trending zone of intense
greenschist-facies deformation up to one kilometre wide.
In contrast, the orthogneiss sheets at the southern SOB
boundary were either folded together with low-grade
metasediments or reworked by younger faults. Principal
rock type forming the SOB is a coarse-grained biotite
orthogneiss with large pink sigmoidal porphyroclasts (au-
gen) of K-feldspars in less deformed varieties (Fig. 3a).
Orthogneiss are compositionally rather homogenous with
locally preserved mafic (microdiorite) enclaves. Coarse-
grained orthogneisses show generally banded structure
with quartz ribbons and recrystallized quartz—feldspathic
matrix wrapping around the deformed K-feldspar pheno-
crysts. Modal composition includes quartz, K-feldspar,
plagioclase, biotite and muscovite; sericite, chlorite and
zoisite are secondary. llmenite, magnetite, zircon and
apatite are the common accessoric minerals.

Middle crustal level is represented by sheets of fine- to
medium-grained orthogneisses and their medium-grade
host rocks exposed along the NE margin of medium-
grade Tseel metamorphic core. This NW-SE oriented belt
is called here the Northern Orthogneiss Belt (NOB) and
consists of tabular orthogneiss bodies intercalated with
two-mica paragneisses, mica-schists and amphibolites.
Intrusive character of granite precursor of these gneisses
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Fig. 3 Characteristic exposures of the studied rocks. a — Coarse-grained augen orthogneiss of the SOB; b — Preserved xenolith in metagranite of
the NOB; ¢ — Meta-rhyolite from the fold closure of the NOB; d — Alternation of orthogneiss and amphibolite in the EOB.

is confirmed by the occurrence of metapelite xenoliths in
less deformed varieties (Fig. 3b). The NW termination
of the NOB is characterized by transition of orthogneiss
to meta-rhyolite with locally preserved agglomerate
textures (Fig. 3¢). In contrast, in the SE part of the NOB
the orthogneiss sheets alternate with amphibolites and
high-grade paragneisses. The orthogneiss forming the
central part of the NOB shows a characteristic grano-
blastic polygonal structure with homogenous grain size
(0.2-0.4 mm) and sub-equant, irregularly shaped mineral
grains. The rock consists of quartz, K-feldspar, plagio-
clase, muscovite, biotite £ garnet, secondary chlorite and
epidote together with accessoric ilmenite, titanite, and
zircon. Relics of corroded phenocrysts of K-feldspars
and oscillatory-zoned plagioclases are preserved lo-
cally. Narrow meta-rhyolite sheet is also exposed inside
the phyllites between the NOB and SOB. Here, quartz
grains prevail over feldspars in the granoblastic matrix,
which contains feldspar and quartz porphyroclasts. The
foliation is defined by preferred orientation of biotite and
muscovite flakes.

The deepest crustal level orthogneiss bodies form
an important part of the highly metamorphosed Tsogt
Block (Eastern Orthogneiss Belt — EOB). Here, tex-
turally variable orthogneiss types are intercalated with
layers of amphibolites and paragneisses (Fig. 3d). These
sequences lithologically resemble those occurring in
SE termination of NOB. The main orthogneiss type is
formed by granoblastic quartz—feldspar matrix with tiny
(up to 1 mm) porphyroblasts of quartz and K-feldspar
and less abundant biotite with secondary epidote and
chlorite.

5. Structural characteristics

Structural data were divided in four structural domains
(Fig. 4) according to previously distinguished crustal
levels and prevailing structural style: the high-grade in-
frastructure (HGI), medium-grade infrastructure (MGI),
southern low-grade domain (SLG) and the zone of lo-
calized high-intensity deformation (DZ) separating the
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Fig. 4 Sketch of crustal domains on the
contact of the Tseel and Tsogt blocks
based on the Landsat TM, bands 453.
SLG — Southern low-grade domain, DZ
— Deformation zone, MGI — Medium-
grade infrastructure, HGI — High-grade
infrastructure, Cl — Carboniferous in-
trusions, EOB — Eastern Orthogneiss
Belt, SOB — Southern Orthogneiss Belt,
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southern from both infrastructure domains. These struc-
tural domains show sequence of three heterogencously
developed deformation fabrics. The S, metamorphic
fabric reworking S stratification is only rarely preserved
being almost entirely transposed by ubiquitous foliation
S, associated with recumbent isoclinal F, folds. All struc-
tures were affected by late upright folding F, connected
with greenschist-facies, steep cleavage S, in several local-
ized deformation zones.

5.1. High-grade infrastructure (HGI)

The structural record is represented by NW-SE strik-
ing compositional layering defined by alternation of
orthogneiss sheets, amphibolite and metasedimentary
layers parallel to metamorphic foliation S, dipping
steeply to gently either to the NE or SW (Fig. 5). This
composite fabric is associated with recumbent, close
to isoclinal folds F, (Figs 6a, 7) with axes plunging
either to the NE or gently to the WSW, while mineral
lineations are mainly plunging to the NE. The F, folds
are similar in geometry and reveal cuspate—lobate rela-
tionships between these two lithologies suggesting low
viscosity contrast between gneisses and schists during
folding and D, transposition. This implies that the
recumbent F, folding occurred at relatively elevated
temperatures allowing convergence of viscosities of

two rheologically contrasting rock types. The girdle
pattern of poles to the S, fabrics originated through D,
refolding of originally gently NW-dipping package of
gneisses by open to close upright folds F, of various
scales (Fig. 6b) with WNW-trending horizontal hinges
(Figs 5, 7).

5.2. Medium-grade infrastucture (MGl)

In this unit, the structural record (Fig. 5) is represented
by highly foliated orthogneisses alternating with mica-
schists and amphibolites (Fig. 6¢). The orthogneisses of
the NOB form NW-SE trending sheet-like bodies, which
terminate in the NW by a brachyanticlinal fold closure
gently plunging to the N (Fig. 2). The S, foliation defined
by compositional layering and penetrative schistosity is
steeply dipping either to the NE or SW and forms un-
complete NE-SW oriented girdle (Fig. 5). The S, fabric
bears mainly NW to SE plunging stretching and mineral
lineation L, (Fig. 5) parallel to F, fold hinges. High de-
gree of D, transposition is indicated by relics of hinges of
rootles folds (Fig. 7). Meta-rhyolites in the north of the
NOB and associated phyllites are concordant to higher
grade gneisses to the SE and show similar polyphase de-
formation history. Similarly to HGI, all MGI lithologies
are reworked by upright NW-SE trending F, folds with
sub-horizontal hinges (Figs 5, 7).
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Fig. 5 Orientation diagrams of selected structures in geological domains on the contact of the Tseel and Tsogt blocks. Planes plotted as poles,
lower hemisphere, Schmidt projection. SLG — Southern low-grade domain, DZ — Deformation zone, MGI — Medium-grade infrastructure, HGI —

High-grade infrastructure.

5.3. Zone of localized high-intensity
deformation (DZ)

The DZ is a narrow E-W oriented zone of intense D,
deformation separating the medium-grade infrastructure
from the southerly low-grade domain (Fig. 4). It affected
the northern part of the SOB and is represented by perva-
sive greenschist-facies deformation of the coarse-grained
augen orthogneiss producing ultramylonites and phyl-
lonites. This deformation was associated with develop-
ment of ubiquitous NW-SE striking mylonitic foliation
dipping homogeneously to the NE as well as mineral
and aggregate lineation which forms a NW-SE trending
girdle with SW maximum (Fig. 5). However, this appar-
ently simple structural pattern has resulted from folding
and steepening of the S, fabric, which is commonly
preserved in limbs of upright NW-SE trending F, folds.
Here, the steep NW-SE trending S, foliation bears min-

eral lineation plunging either steeply NE or to the SW,
i.e. almost orthogonally to orientation of F, folds (Fig. 5).

5.4. Southern low-grade domain (SLG)

The D, deformation intensity rapidly decreases to the
south where the SLG (Fig. 4) exhibits the most complete
structural record from the whole studied area. The poles
to bedding S in the Carboniferous sediments and poles to
S, , fabric in the Devonian volcanics and sediments form
a wide NE-SW trending girdle (Fig. 5). The S, foliation
is best preserved in the eastern part of the studied area,
close to the MGI boundary (Fig. 7). Here, this low-grade
fabric is dipping sub-horizontally or to the SW under
various angles. The poles of S, thus also form NE-SW
trending girdle (Fig. 5). Bedding surfaces S in Car-
boniferous sediments, S, and S, fabrics of underlying
Devonian metasediments and phyllites of non-specified
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Fig. 6 Examples of fold structures in orthogneiss bodies. a — Close to isoclinal folds in the EOB; b — Upright folds in the EOB; ¢ — Relicts of

rootless folds in the medium-grained orthogneiss of the NOB.

age are reworked by sub-vertical, nearly NW-SE trending
cleavage associated with upright open to close F, folds
(Fig. 5) which are parallel with corresponding structures
in the DZ. The NNE-SSW trending girdle of poles of
S,. S, schistosity and S| bedding surfaces form B-axis
parallel to axes of mesoscopic F, folds implying that both
bedding and S, foliations have been sub-horizontal prior
to the upright F, folding (Figs 5, 7).

In summary, the structural domains forming the
studied area reveal polyphase tectonic evolution of or-
thogneiss bodies, their host phyllites and mica schists as
well as southerly Devono—Carboniferous sediments. All
structural domains show a sequence of three deformation
events except Carboniferous sediments lacking D, , struc-
tures. Importantly, the gneisses form sheet-like bodies,
which were aligned parallel to originally sub-horizontal
S, fabric (Fig. 7). Such a crustal-scale layering developed
across the whole crustal column and metamorphic gradi-
ent. Finally, this horizontal layering was heterogeneously
reworked and steepened along zones of D, deformation,
from which the “DZ” was the most important (Fig. 4).

6. Results of geochemistry and
geochronology

Orthogneiss and rhyolite bodies were sampled from all
crustal levels of the studied area. The sampling loca-
tions are shown in Fig. 2 and description of samples is
presented in Tab. 2.

6.1. Whole-rock geochemistry

Orthogneisses can be classified on the basis of the meso-
normative Q’—~ANOR diagram (Streckeisen and Le Mai-
tre 1979) (Fig. 8a) as granodiorite (SOB), granodiorite to
tonalite (NOB) and granite to granodiorite (EOB). While
the sample of the NOB meta-rhyolite indeed corresponds
to rhyolite in the SiO,-Zr/TiO, plot (Winchester and
Floyd 1977) (Fig. 8b), the other meta-rhyolites straddle
the boundary of the adjacent rhyodacite/dacite field.
Silica abundances (Tab. 3) range between 72.3 and
74.6 wt. % in rhyolites and between 67.6 and 77.0 wt.
% in orthogneisses. In general, the rocks from the SOB
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Fig. 7 Idealized cross-sections along profiles A-B and C-D in Fig. 2. For explanation of abbreviations, see Fig. 4.

are the least, and rhyolites with the EB orthogneisses the
most, siliceous. The K,0/Na,O ratios (by weight) are
variable, but mostly less than unity (0.23—1.36, median =
0.69; only the NOB orthogneiss V039a has K,0/Na,O =
4.62). This may point to a possible variability of alkalis
in some of the samples.

Based on the cation plot of Jensen (1976), the rocks
form a single calc-alkaline suite (Fig. 8c). In the Co—-Th
diagram (Hastie et al. 2007) (Fig. 8d), a more robust
replacement for SiO, vs. K,O plot (Peccerillo and Taylor
1976) for altered/metamorphosed igneous rocks, all sam-
ples except V039b show a high-K calc-alkaline chemistry.

All samples are subaluminous, as shown by the A/
CNK index (Shand 1943) ranging between 0.98 and
1.11. The only exception represents the sample V039a
with an elevated A/CNK value (1.38). The Rb/Sr ra-
tios range 0.32-0.42 for meta-rhyolites, but are rather
variable but still low for orthogneisses (0.07-1.16)
(Tab. 4).

In the NMORB-normalized (Sun and McDonough
1989) spider diagrams, all metaigneous rocks are mutu-
ally well comparable (Fig. 9). All are characterized by
strong enrichment in Large lon Lithophile Elements
(LILE), U, Th, Pb, and pronounced depletion in High
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Tab. 3 Major-element whole-rock geochemical analyses (wt. %)

V039a V039b V033 P110 V045 D238 D246 D214 D044 V044 D068

Region NOB NOB NOB SOB SOB EOB EOB EOB RB RB RB
ortho- ortho- ortho- tonalite ortho- ortho- ortho- ortho- meta- meta- meta-
Petrology . . . ortho- . . . . . . .
gneiss gneiss gneiss gneiss gneiss gneiss gneiss gneiss rhyolite rhyolite rhyolite
SiOZ 68.61 70.31 73.03 67.62 70.19 71.54 73.46 76.95 72.25 74.12 74.58
Tio, 0.61 0.34 0.36 0.51 0.40 0.39 0.20 0.17 0.33 0.20 0.26
AIZO3 13.98 16.17 13.36 14.48 15.02 14.12 13.61 12.09 13.20 13.16 12.76
Fe,O, 5.81 2.26 1.69 3.77 2.85 2.42 1.74 1.05 2.18 1.51 2.30
MnO 0.19 0.03 0.04 0.04 0.09 0.05 0.04 0.02 0.08 0.02 0.06
MgO 3.34 0.93 0.77 1.00 0.87 0.96 0.28 0.20 0.70 0.25 0.58
CaO 3.13 3.54 1.25 2.58 2.63 1.62 1.42 0.71 0.78 0.79 1.24
Na,0 0.67 4.50 5.36 3.43 3.12 5.06 3.55 4.63 4.51 4.43 4.01
KZO 3.10 1.04 1.67 3.56 4.23 1.74 4.22 3.19 2.96 4.14 2.42
PZO5 0.09 0.11 0.06 0.13 0.12 0.08 0.05 0.01 0.06 0.05 0.04
LOI 1.18 0.85 0.48 1.52 1.20 0.42 0.52 0.40 0.83 0.31 1.09
3 100.71 100.08 98.07 98.64 100.72 98.40 99.09 99.42 97.88 98.98 99.34
KZO/NaZO 4.63 0.23 0.31 1.04 1.36 0.34 1.19 0.69 0.66 0.93 0.60
A/CNK 1.4 1.1 1.0 1.0 1.0 1.1 1.1 1.0 1.1 1.0 1.1
CaO/NaZO 4.67 0.79 0.23 0.75 0.84 0.32 0.40 0.15 0.17 0.18 0.31
mg# 53.3 44.9 47.4 34.5 37.7 44.0 24.2 27.4 38.9 24.7 33.3

Abbreviations for regional units as in Tab. 2
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Chondrite-normalized (Boynton 1984) REE patterns
of orthogneisses are generally U-shaped (convex-
downward), being characterized by a moderate degree of
LREE fractionation and mostly weak negative Eu anoma-
lies (La,/Sm, = 3.2-7.4, La /Yb = 7.3-9.4, Eu/Eu* =
0.85-0.55, XREE = 110-238 ppm) (Tab. 5, Fig. 10). The
only exceptions represent the samples V039b (NOB)
and D214 (EOB). The former shows decreased contents
of REE, especially the heavy ones, and a slight positive
Eu anomaly (La/Sm, = 5.8, La/Yb = 28.6, Eu/Eu* =
1.18, ZREE = 76 ppm). The latter has a deep U shape,
with markedly elevated HREE (La,/Sm = 14.1, La/
Yb,=21.5, Ew/Eu* = 0.66, ZREE = 141 ppm). The REE
patterns of the meta-rhyolites do not differ much from
the ‘normal’ orthogneisses (La /Sm = 3.8-5.7, La /Yb,
=9.1-11.9, Ew/Eu* = 0.68-0.81, ZREE = 136-219 ppm).

In accord with the HFSE depletion observed already in
NMORB-normalized spiderplots, orthogneiss and meta-
rhyolite samples fall within the Volcanic Arc Granite
field of the tectonic discrimination diagrams by Pearce et
al. (1984) (e.g., Fig. 11a) and to the Active Continental
Margins field in Yb—Th/Ta plot by Schandl and Gorton
(2002) (Fig. 11b).

Tab. 4 Trace-element whole-rock geochemical analyses (ppm)

6.2. Whole-rock Nd isotopic composition

Whole-rock Nd isotopic compositions were obtained
in order to constrain the prospective source and crustal
residence age of the protolith(s) to the studied metaigne-
ous rocks. The new data, age-corrected to 375 Ma, are
summarized in Tab. 6.

With a single exception of the sample V039a,
the orthogneisses show mutually well compara-
ble, positive &3> values of +2.5 to +5.5 (Tab. 6;
Fig. 12a). The two-stage Depleted-Mantle Nd model
ages (Liew and Hofmann 1988) are also rather
uniform (T = 0.64-0.89 Ga) (Tab. 6). The two
meta-rhyolites fall within the same intervals (&3}
= +3.1 and +3.5, T\¢ = 0.81 ad 0.84 Ga). However,
a notable exception represents the NOB orthog-
neiss V039a with much less radiogenic neodymium
(e3> =-3.4, T\ = 1.35 Ga).

Taken together, the metaigneous rocks from the SOB,
EOB and meta-rhyolites all give very homogeneous
signal, with Neoproterozoic median T} close to 0.8 Ga
(Fig. 12a). The Northern Orthogneiss Belt, on the other
hand, is significantly more variable.

V039a V039b V033 P110 V045 D238 D246 D214 D044 V044 D068
Region NOB NOB NOB SOB SOB EOB EOB EOB RB RB RB
Rb 95 29 31 96 132 49 114 45 53 51 51
Cs 1.7 0.8 <0.1 2.0 2.4 1.6 2.0 0.3 0.3 0.1 0.6
Ba 218 327 445 802 724 569 399 296 723 823 623
Sr 91 446 173 431 386 249 98 115 134 159 119
Be 2 1 2 2 2 2 2 2 2 2 2
Ga 17 20 15 16 19 15 17 12 17 15 15
Ge 1.5 0.8 1.5 1.6 2.0 1.5 1.4 1.3 1.8 1.6 1.4
Th 7.46 3.35 10.30 14.30 24.60 12.30 14.80 24.60 10.80 8.32 11.30
U 7.00 4.78 1.84 2.96 3.70 2.90 1.79 3.30 1.99 1.68 2.82
Zr 154 130 196 235 246 192 122 86 252 217 169
Hf 3.9 2.9 4.2 5.7 5.9 4.2 3.5 2.5 6.3 4.9 4.4
Nb 10.7 52 15.3 12.7 15.8 13.8 18.8 14.7 19.5 11.9 17.3
Ta 0.68 0.38 1.00 0.84 1.23 1.10 1.77 1.26 1.45 1.21 1.18
Sc 13 4 4 7 5 4 3 2 5 4 2
Cr 70 <20 <20 <20 <20 40 <20 20 <20 <20 <20
Ni 50 <20 <20 <20 <20 740 <20 <20 <20 <20 <20
Co 14 5 2 6 4 53 2 2 1 <1 2
\Y 99 41 26 66 44 36 14 15 13 13 17
Pb 10 8 <5 8 13 5 19 5 9 10 7
Zn 100 50 <30 <30 40 <30 40 <30 40 <30 40
Cu 30 <10 <10 <10 <10 10 <10 <10 <10 <10 20
Ag 2.2 1.5 0.7 2.4 2 1.8 1.5 0.7 1.4 2.1 1.9
Sn 2 <1 1 2 2 <1 2 1 3 2 2
w 0.7 1.9 <05 3.6 1.7 8.7 1.9 1.2 <0.5 1.4 2.8
Sh 0.7 0.7 <0.2 0.8 0.5 0.3 0.8 <0.2 <0.2 0.6 0.5
Rb/Sr 1.04 0.07 0.18 0.22 0.34 0.20 1.16 0.39 0.40 0.32 0.43
Rb/Ba 0.44 0.09 0.07 0.12 0.18 0.09 0.29 0.15 0.07 0.06 0.08
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Tab. 5 Trace-element data, contd. (REE) (ppm)
V039a V039b V033 P110 V045 D238 D246 D214 D044 V044 D068
Region NOB NOB NOB SOB SOB EOB EOB EOB RB RB RB
Y 20.4 5.1 19.4 19.7 21.5 154 21.2 8.9 31.1 25.3 24.3
La 20.3 19.5 32.3 46.9 63.0 48.4 26.9 43.3 46.7 28.2 50.6
Ce 48.4 34.6 69.8 92.9 109.0 88.4 52.1 68.0 91.8 57.3 94.6
Pr 4.84 3.39 7.75 9.66 10.50 8.35 5.33 5.77 10.50 6.02 9.60
Nd 19.1 11.8 28.6 34.5 34.1 28.1 19.3 159 39.5 22.5 33.3
Sm 3.99 2.12 5.06 6.06 5.34 4.58 4.37 1.93 7.84 4.68 5.62
Eu 0.83 0.68 1.10 1.42 1.23 1.01 0.76 0.34 1.61 1.14 1.04
Gd 3.29 1.47 3.66 4.32 3.69 3.44 4.17 1.27 6.15 391 3.93
Th 0.55 0.21 0.55 0.64 0.58 0.48 0.70 0.17 0.98 0.65 0.62
Dy 3.65 1.07 3.16 3.71 3.60 2.76 3.99 1.15 5.48 4.06 3.90
Ho 0.71 0.18 0.63 0.73 0.75 0.56 0.78 0.26 1.10 0.86 0.83
Er 2.02 0.49 1.94 2.14 2.34 1.68 2.16 0.90 3.23 2.56 2.61
m 0.292 0.070 0.320 0.324 0.375 0.272 0.308 0.173 0.487 0.400 0.412
Yb 1.88 0.46 2.30 2.18 2.69 1.97 2.07 1.36 3.48 2.79 2.87
Lu 0.294 0.070 0.403 0.372 0.472 0.347 0.340 0.245 0.587 0.492 0.515
ZREE 110.2 76.1 157.6 205.9 237.7 190.4 123.3 140.8 219.4 135.6 210.5
La/Yb, 7.3 28.6 9.5 14.5 15.8 16.6 8.8 21.5 9.1 6.8 11.9
La,/Sm 3.2 5.8 4.0 4.9 7.4 6.7 3.9 14.1 3.8 3.8 5.7
Eu/Eu* 0.70 1.18 0.78 0.85 0.85 0.78 0.55 0.66 0.71 0.81 0.68
Yb 9.0 2.2 11.0 10.4 12.9 9.4 9.9 6.5 16.7 13.4 13.7
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6.3. U-Pb zircon dating and in situ Hf isotope
composition

6.3.1. Augen orthogneisses of the Southern
Orthogneiss Belt (samples Y068 and
K132)

Zircon grains of the sample Y068 are dominated by euhe-
dral prisms, ranging in length from 100 to 200 pm, with

with distinct oscillatory zoning and strong CL contrast in
a 30-40 um wide outer mantle suggesting their igneous
origin. Nine grains from sample Y068 form a cluster of
concordant points, with a weighted mean 2°°Pb/28U age
of 373+ 3 Ma (Tab. 7, Fig. 13a). Two show older ages of
431+12 Ma and 508+ 15 Ma respectively.

Zircons for sample K132 range in length from 100 to
300 um with an average length/width ratio of 2:1 to 3: 1.
Clear cores are relatively small (about 40 um) and pass

an average length/width ratio of 2:1. Cores are clear,  early into oscillatory-zoned outer mantle. Zoning is locally
irregular or accompanied by
@ (b) zones or spots of strikingly high
= luminescence. Some grains con-
tain darker domains and spots
S Oceanic Arcs that arose most likely due to
&yn-COLG & o o NoB dlfferen.t growth ratios and were
'9 g S1o* o EOB cogenetic to the mantle part and
* % SOB not to an older core. Eight grains
] Active Continental Margins A Rhyolite in phyllite

=l ¥ Rhyolite in NOB Fig. 11 Geotectonic discrimination
0 di - Yb-Ta of P t al
)<> lagrams. a ao earce et al.
5 f __________________ (1984); ORG = Ocean Ridge Granites,
- Within Plate Vblcanic Zones VAG = Volcanic Arc Granites, WPG
-t L _____ = Within Plate Granites, syn-COLG =
; - o HH— - - Collision Granites. b - Yb vs. Th/

01 1 10 100 0 10 20 30 40  Syn-t-othision Granies. :

Yb

Ta of Schandl and Gorton (2002).
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from sample K132 gave a weighted mean *°Pb/?%8U age
of 377+5 Ma; distinctly older age of 739+23 Ma was
obtained from one grain (Tab 7, Fig. 13b).

Taken together, the zircon ages from two samples of
the SOB provided consistent set of geochronological data.
The ages of 373+£3 Ma and 3775 Ma are interpreted as
crystallization ages of the parental granitic magma. The
older ages of 398, 432, 508 and 739 Ma (Tab. 7) represent
most likely xenocrysts from the country rocks.

Because both specimens come from the same unit,
only zircons from sample K132 have been analyzed for
Lu—Hf isotopic composition. The c. 375 Ma zircons show
a tight cluster of & values ranging from +6.1 to +7.7,
with T35, model ages of 0.77-0.87 Ga. One c. 739 Ma
xenocryst yielded a & value of +14.4 with T5, model
age of 0.74 Ga (Fig. 12b, Tab. 8).

6.3.2. Orthogneiss of the Eastern
Orthogneiss Belt (Y229)

Zircons from the sample Y229 are subhedral to anhedral,
variably corroded, of originally equant shape. Their CL
imagery reveals indistinctive sector zoning with locally

Tab. 6 Whole-rock Nd isotopic data

preserved oscillatory zoning. Most of zircons display
only a weak luminescence.

Thirteen grains were selected for isotopic analysis.
Seven of them form a cluster of concordant points with
a weighted mean 2°°Pb/?*®U age of 379+2 Ma (Fig 13c),
which, most likely, represents the crystallization of the
orthogneiss protolith. Analysis of two additional grains
yielded concordant ages of 43942 and 531+6 Ma, re-
spectively. These grains are interpreted as xenocrysts
derived from the country rocks. Four analyses yielded
discordant ages, probably due to Pb-loss, and these are
not further discussed here.

The &, values for most of the zircon population vary
from +3.1 to +7.5, with TS, model ages of 0.78-1.00 Ga.
The two xenocrystic zircons yielded ', values of +6.3 and
+9.4, with corresponding TS, model ages of 0.89 Ga and
0.82 Ga, respectively (Fig. 12b, Tab. 8).

6.3.3. Meta-rhyolite of the Northern
Orthogneiss Belt (Y087)

Meta-rhyolite Y087 provided very variable set of zir-
cons; subhedral prismatic grains up to 200 um long with

sample Belt vftlo} w ;Tn) (p'gfn) 1Sm/14Nd 15Nd/*Nd 2 se! (ONd/#Nd),,. 2 & T
P110 SOB  67.62 606 345 0.1062 0.512542 0.000028 0.512281 2.5 089
V045 SOB  70.19 534 341 0.0947 0.512593 0.000014 0.512361 +4.0 076
D246 EOB 7346 437 193 0.1369 0.512700 0.000008 0.512364 41 076
D214 EOB 76.95 1.93 15.9 0.0734 0.512554 0.000017 0.512374 +4.3 0.74
V039a NOB 6861 399  19. 0.1263 0.512291 0.000015 0.511981 34 135
V039b NOB 7031 212 118 0.1086 0.512572 0.000013 0.512305 +29 085
V033 NOB 7303 506 286 0.1070 0.512701 0.000016 0.512438 +5.5  0.64
D044 tyolite 7225  7.84 395 0.1200 0.512628 0.000007 0.512333 135 081
V044 thyolite 7412 468 225 0.1258 0.512620 0.000013 0.512311 +3.1 084

! 2 standard errors of the mean
2 subscripts ‘375’ indicate age-corrected isotopic ratios
* two-stage Nd model ages (Ga) (Liew and Hofmann 1988)
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Tab. 7 Laser-ablation ICP-MS U-Pb data for zircons from meta-igneous rocks of the eastern Tseel Metamorphic Complex

Isotope ratios and errors Ages (Ma) Weighted
Sample Spot mean
27pp/26ph 1o 27pp/2Y 1o 206pp/238Y 16 “Pb/®Pb 16 2"Pb/ZU 1¢ 2%Pb/*U 1o
Y068 1 0.055004 0.006167 0.532803 0.029879 0.069071 0.001931 412 76 434 20 431 12 373%3
Y068 2 0.056764 0.005667 0.630856 0.029750 0.082046 0.002528 482 53 497 19 508 15
Y068 3 0.051218 0.005352 0.416004 0.020306 0.059764 0.001748 251 61 353 15 374 11
Y068 5 0.054071 0.004843 0.458874 0.019672 0.060414 0.001875 374 46 383 14 378 11
Y068 6 0.053389 0.009131 0.427720 0.027896 0.060238 0.003017 345 69 362 20 377 18
Y068 7 0.055808 0.004884 0.452166 0.019193 0.059087 0.001742 445 47 379 13 370 11
Y068 8 0.054633 0.003606 0.450553 0.014172 0.059118 0.001572 397 32 378 10 370 10
Y068 9  0.052665 0.003255 0.444547 0.014747 0.059188 0.001337 314 38 373 10 371 8
Y068 11 0.054558 0.003768 0.447569 0.015119 0.059068 0.001138 394 42 376 11 370 7
Y068 12 0.054831 0.003584 0.452151 0.014853 0.059842 0.001400 405 36 379 10 375 9
Y068 14 0.052987 0.003172 0.455896 0.016441 0.059294 0.001369 328 42 381 11 371 8
K132 1 0.054120 0.002980 0.441360 0.012270 0.059460 0.000960 376 35 371 9 372 6 3775
K132 2 0.055390 0.003860 0.450930 0.014650 0.059480 0.001460 428 34 378 10 372 9
K132 3 0.052930 0.003760 0.442030 0.014340 0.060580 0.001140 326 41 372 10 379 7
K132 4 0.051660 0.003240 0.442440 0.014170 0.059430 0.001460 270 34 372 10 372 9
K132 5 0.064930 0.008040 1.055030 0.056360 0.121480 0.004020 772 60 731 28 739 23
K132 6 0.050510 0.006680 0.462720 0.032190 0.061100 0.002210 219 95 386 22 382 13
K132 7 0.054470 0.006580 0.481130 0.022950 0.063730 0.001610 391 63 399 16 398 10
K132 8 0.052670 0.007860 0.455490 0.034570 0.059750 0.001250 315 135 381 24 374 8
K132 13 0.054840 0.003510 0.451810 0.013770 0.059470 0.001250 406 34 379 10 372 8
K132 15 0.052590 0.003010 0.451170 0.013380 0.060550 0.001020 311 38 378 9 379 6
Y229 1 0.056282 0.000234 0.546487 0.003923 0.070414 0.000393 465 9 443 3 439 2 379%2
Y229 2 0.056466 0.000242 0.499224 0.005000 0.064110 0.000546 472 9 411 3 401 3
Y229 3 0.054709 0.000173 0.459077 0.004270 0.060927 0.000585 467 6 384 3 381 4
Y229 4 0.058415 0.000218 0.690862 0.007508 0.085844 0.000955 546 7 533 5 531 6
Y229 5 0.055251 0.000556 0.461668 0.005940 0.060585 0.000326 433 29 385 4 379 2
Y229 8 0.055020 0.000260 0.460860 0.005300 0.060720 0.000620 413 11 385 4 380 4
Y229 9 0.055762 0.000296 0.467675 0.004197 0.060812 0.000412 443 11 390 3 381 3
Y229 12 0.062330 0.000702 0.521221 0.012267 0.060510 0.000808 687 24 426 8 379 5
Y229 13 0.055963 0.000503 0.467597 0.005765 0.060601 0.000540 450 20 390 4 379 3
Y229 14 0.061464 0.000494 0.510382 0.006094 0.060188 0.000341 655 17 419 4 377 2
Y229 15 0.056377 0.000908 0.465734 0.005543 0.059925 0.000481 478 35 388 4 375 3
Y229 16 0.064929 0.000410 0.539077 0.007468 0.060104 0.000537 772 10 438 5 376 3
Y229 20 0.068221 0.000366 0.565030 0.006382 0.060049 0.000591 876 11 455 4 376 4
Y087 1 0.057848 0.000600 0.673121 0.009411 0.084361 0.000913 524 78 523 6 522 5 530+6
Y087 3 0.058951 0.000747 0.703226 0.011051 0.086455 0.000870 565 39 541 7 535 5
Y087 5 0.054816 0.000508 0.487358 0.006797 0.064504 0.000808 406 22 403 5 403 5
Y087 6 0.054826 0.000500 0.458530 0.006026 0.060669 0.000717 406 22 383 4 380 4
Y087 7 0.057921 0.000465 0.686918 0.011308 0.085923 0.001209 528 83 531 7 531 7
Y087 8 0.059692 0.000226 0.709058 0.011554 0.086114 0.001450 5901 11 544 7 533 9
Y087 9 0.059873 0.000914 0.670675 0.013430 0.081174 0.000968 598 33 521 8 503 6
Y087 10 0.055260 0.000790 0.417999 0.006668 0.054829 0.000519 433 33 355 5 344 3

aspect ratio 1:3, equant/short prismatic grains 100—150
pm across and grain fragments. The first type — long
prismatic zircons — displays distinct sector zoning with
strong CL contrast; smaller and short prismatic grains
show sector or oscillatory zoning.

Eight analyses of the oscillatory-zoned grains were
conducted. Two of them yielded concordant ages of
380+4 and 403+5 Ma, respectively. Four analyses form
a cluster of concordant points with a weighted mean
2060pp/238U age of 530+ 6 Ma (Fig. 13d). Further two

analyses yielded discordant ages. The concordant ages
of ¢. 380 and 400 Ma are taken as the best estimates of
the crystallization of the rhyolitic magma. The c¢. 530
Ma zircons were interpreted as xenocrysts possibly
inherited from the host Tugrug Fm. The discordant
analyses are taken as consequence of a metamorphic
disturbance.

The 380 and 403 Ma zircons gave & values of +9.2
and +7.7 with T5;, model ages of 0.70 and 0.79 Ga, re-
spectively. The xenocrysts gave &', values ranging from
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Tab. 8 In situ Hf analytical data for dated zircons
No VSHEATHE  + (26)  TSLUMHE £ (26)  YD/HE £ (26) Age (Ma) PHATHE), &, TS, (Ga) 26
K132-1 0.28274 0.00002 0.00195 0.00001 0.05722 0.00038 372 0.28273 6.7 0.82 0.06
K132-2 0.28276 0.00002 0.00101 0.00001 0.02939 0.00017 372 0.28276 1.7 0.77 0.06
K132-3 0.28275 0.00002 0.00113 0.00001 0.02855 0.00029 379 0.28274 7.3 0.79 0.06
K132-4 0.28273 0.00002 0.00098 0.00001 0.02764 0.00021 372 0.28272 6.4 0.83 0.06
K132-5 0.28275 0.00002 0.00207 0.00007 0.06621 0.00218 739 0.28272 14.4 0.74 0.06
K132-6 0.28273 0.00002 0.00104 0.00001 0.02881 0.00025 382 0.28272 6.7 0.83 0.06
K132-7 0.28272 0.00003 0.00261 0.00005 0.07497 0.00219 398 0.28270 6.1 0.87 0.06
K132-8 0.28275 0.00002 0.00174 0.00007 0.05253 0.00215 374 0.28273 6.9 0.81 0.06
K132-13 0.28274 0.00002 0.00253 0.00008 0.07461 0.00223 372 0.28272 6.4 0.83 0.06
K132-15 0.28275 0.00002 0.00116 0.00001 0.03457 0.00058 379 0.28275 7.4 0.79 0.06
Y229-1 0.28269 0.00002 0.00200 0.00003 0.07007 0.00108 439 0.28268 6.3 0.89 0.06
Y229-2 0.28266 0.00002 0.00134 0.00002 0.03867 0.00086 401 0.28265 4.4 0.96 0.06
Y229-3 0.28265 0.00003 0.00147 0.00006 0.04139 0.00100 381 0.28264 3.7 0.98 0.06
Y229-4 0.28272 0.00002 0.00172 0.00004 0.05445 0.00122 531 0.28271 9.4 0.82 0.06
Y229-5 0.28265 0.00002 0.00354 0.00011 0.12711 0.00428 379 0.28263 3.1 1.00 0.06
Y229-8 0.28271 0.00002 0.00125 0.00007 0.03554 0.00113 380 0.28270 5.9 0.86 0.06
Y229-9 0.28267 0.00003 0.00312 0.00005 0.09503 0.00121 381 0.28265 4.1 0.95 0.06
Y229-12 0.28272 0.00002 0.00123 0.00001 0.03777 0.00050 379 0.28271 6.1 0.85 0.06
Y229-13 0.28274 0.00002 0.00104 0.00001 0.03431 0.00034 379 0.28273 7.0 0.81 0.06
Y229-14 0.28276 0.00002 0.00101 0.00001 0.03333 0.00062 377 0.28275 7.5 0.78 0.06
Y229-15 0.28266 0.00003 0.00087 0.00003 0.02457 0.00047 375 0.28265 4.0 0.95 0.06
Y087-1 0.28277 0.00002 0.00060 0.00000 0.01467 0.00006 522 0.28277 11.3 0.71 0.06
Y087-3 0.28280 0.00003 0.00084 0.00002 0.02034 0.00043 535 0.28280 12.6 0.66 0.06
Y087-4 0.28280 0.00002 0.00015 0.00000 0.00266 0.00003 380 0.28280 9.2 0.70 0.06
Y087-5 0.28275 0.00003 0.00164 0.00001 0.03815 0.00027 403 0.28274 7.7 0.79 0.06
Y087-7 0.28280 0.00002 0.00046 0.00001 0.01111 0.00020 531 0.28280 12.7 0.65 0.06
Y087-8 0.28270 0.00004 0.00280 0.00007 0.05374 0.00131 533 0.28267 8.1 0.88 0.06
Y087-10 0.28276 0.00002 0.00152 0.00002 0.03469 0.00044 344 0.28275 7.0 0.78 0.06
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+8.1 to +12.7, with calculated TS, model ages varying
between 0.65 Ga and 0.88 Ga (Fig. 12b, Tab. 8).

7. Discussion

The main questions arising during the current study have
been: 1) Which deformation event transformed granitoids
to orthogneisses? 2) Did the crust of Mongolian Altai
represent an old continental crustal segment or rather a
young type of crust with structure typical of accretionary
systems? The former issue was addressed by structural
analysis, the latter by geochronology and whole-rock
geochemistry. Altogether the new data constrain origin
of these spectacular orthogneiss bodies, which, as we
believe, provide insight into the question of possible
existence of basement underlying the Mongolian Altai.

7.1. Deformation and metamorphism of
Mongolian Altai granitoids at different
crustal levels

Geological relationships and structural analysis of or-
thogneisses, meta-rhyolites and host-rock metasediments
reveal a complex polyphase history which can be sum-
marized as follows. 1) All units show, at least in relics,
sub-horizontal metamorphic schistosity S, overprinting
bedding in low-grade pre-Carboniferous units or S, fo-
liation in higher grade infrastructure. 2) This principal
fabric is associated with recumbent mesoscopic folds
with variable orientation of fold hinges. 3) All previous
were refolded by upright F, folds with horizontal NW-
SE trending hinges. 4) Carboniferous sequences do not
reveal presence of neither metamorphic schistosity S, and
S, nor recumbent folds F,.

Various field observations document (Fig. 5) that the
foliation S, was at high angle to S, implying originally
steep attitude prior to the D, deformation. In contrast,
restoration of S, foliation and F, folds into pre-D, position
indicates that S, was sub-horizontal and F,, L, oriented
generally in N-NE direction. Field observations suggest
that the intensity of sub-horizontal metamorphic fabric and
recumbent folding increases with the depth where felsic
gneisses, tonalites, gabbros and amphibolites show effects
of pervasive D, deformation. In contrast, the D, deforma-
tion is heterogeneous in the Devonian sediments. The
degree of D, deformation significantly increases towards
the boundaries of HGI and MGI domains. In particular, D,
forms wide zone of intense sub-vertical greenschist-facies
mylonitic fabric at the SLG and MGI boundary. It is very
weak in the SLG and in most of the MGI and HGI.

Protolith to the orthogneiss in Tseel Terrane could
represent granitoids of Cambrian to Devonian ages (Jiang
et al. 2012; Burenjargal et al. 2014). Our study shows

that these bodies were transposed, gneissified and meta-
morphosed together with surrounding metasediments and
amphibolites and could have been pre- or syn-tectonic
with the main D, Devonian metamorphic event which can
be attributed to horizontal flow of deep crust (Broussole
et al. 2015; Jiang et al. 2015; Zhang et al. 2015). Lack
of D, , fabrics in the Carboniferous volcanosedimentary
series implies that these basins originated syn- to post-
tectonically with this event. When affected by late D,
deformation, the whole rock package was significantly
horizontally shortened. This late deformation most likely
resulted from Permian NE-SW horizontal shortening
which reworked heterogeneously the whole region of
Mongolian Altai (Lehmann et al. 2010; Guy et al. 2014b).

The layered horizontal architecture of studied area is
typical of continental crust dominated by felsic gneiss
sheeted bodies interlayered with packages of metasedi-
ments. It can originate either by imbrication of basement
thrust sheets in both compressional and extensional set-
tings or by sill-like intrusions of syntectonic granitoids
parallel to horizontal anisotropy. However, as is often
the case, the structural analysis alone cannot provide
convincing interpretation of complex magmatic and
metamorphic history of orogenic belts and other tools
are needed to provide a plausible model of crustal
growth mechanisms. It is in particular high-resolution
geochronology and whole-rock geochemistry, which can
yield robust information supporting geological models
thereby allowing grasping even most complex crustal
growth scenarios.

7.2. Age and character of the protolith to
the orthogneisses

Two samples of coarse-grained orthogneiss exposed along
the southern rim of the Tseel Complex yield consistent
Late Devonian (Frasnian) ages of 373+3 and 377+5 Ma.
They are, together with the age of 379 + 2 Ma for fine-
grained orthogneiss from the Eastern Orthogneiss Belt,
interpreted to date crystallization of zircons from a grano-
dioritic-tonalitic magma. All three ages are in good accor-
dance with published magmatic ages of metagranite from
western part of the Tseel Block (385+5 Ma: Burenjargal et
al. 2014; 372+3 Ma: Cai et al. 2015) and of plagiogranite
from the Tsogt Block (371+2 Ma: Bibikova et al. 1992).

Relatively low Rb/Sr ratios, I-type major-element
geochemistry, REE patterns with only weak negative
Eu anomaly and radiogenic Hf isotopic signatures in the
dated zircons all point to a rather primitive source of the
protoliths to the orthogneisses. Still, their petrological
character (metamorphosed granites—tonalites) and, in
particular, conspicuous lack of more basic bodies effec-
tively rules out a major role for mantle-derived melts.
The studied rocks display high-K calc-alkaline chemistry
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Fig. 14 Major-element based plots ~ -

serving for distinguishing prospective
sources of granitic magmas. a — Binary ©-
plot CaO/(MgO + FeO,) vs. AL,0,/(MgO
+ FeO,) (in mol. %) after Gerdes et al.
(2002). Outlined are fields of experi-
mental melts obtained by partial melting
of metapelites, metagraywackes, metato-
nalites and metabasalts, as summarized
by Gerdes et al. (2000). b — Binary plot
ALO, + FeO, + MgO + TiO, vs. AL,O,/
(FeO, + MgO + TiO,) (in wt. %); out-

Partial melts
from .
metapelitic ..+"
sources

molar Al,03/(MgO +FeO,)

lined are domains that are occupied by :

experimental granitic melts derived by
partial melting of metapelites, metag-

\ o

Partial melts from
metagraywackes  :

o

it -derived melts
g ls B
s R
________________ K Amphibolite d.m. |

35

@ (b)

30
|

25
|

Pelite-derived melts

20
|

15
|

artial melts i
from meta- ..+
tonalites..--é{,‘s

.‘-)"a'({\a\ ((:3\8‘

10
I

i . Graywacke- and orthogneiss-

AlLO;/(FeO+MgO + TiO,)

5
1

© T

raywackes and amphibolites (Janousek 00 02 04 o8

et al. 2010 and references therein).

(Figs 8c—d) and the NMORB-normalized spider plots are
characterized by enrichment in LILE and depletion in
HFSE. Such compositions are typical of igneous rocks
in magmatic arcs (e.g., Saunders et al. 1991; Pearce and
Parkinson 1993; see also Figs 9, 11).

However, in case of absence/paucity of associated
basic magmatic rocks, like ours, a caution should be
exercised in interpretation of the geotectonic setting of
granitoid rocks. Often, their arc-like signature is equivo-
cal as it may be inherited from remelted metaigneous,
arc-related rock suites (Arculus 1987), or immature
sediments containing arc-derived detritus (Roberts and
Clemens 1993; Janousek et al. 2010).

Based on geochemistry, the studied orthogneisses can
be most likely interpreted as a product of crustally de-
rived, subaluminous melt crystallization. The relatively
low A/CNK values, Rb/Sr (mostly below unity) and Rb/Ba
(< 0.45) as well as high CaO/Na,O ratios (0.15-0.84)
are typical of magmas generated by partial melting of
feldspar-rich psammitic or intermediate meta-igneous
sources (Sylvester 1998; Jung and Pfander 2007). Such
a notion is also supported by the major-element plots of
Gerdes et al. (2002) and Jung and Pfander (2007) shown
in Fig. 14.

The relatively radiogenic Nd in all studied metaigne-
ous rocks (except the sample V039a) result in positive
e3> values of +2.5 to +5.5 (median ~ +3.5). These, in
turn, translate to Neoproterozoic two-stage Depleted-
Mantle Nd model ages (median T} is close to 0.8 Ga
— Fig. 12a).

Similar information is provided by the Hf isotopes in
dated zircons. The positive g, values indicate rather juve-
nile parentage while the Hf mean crustal residence ages
document a dominance of a (possibly recycled) Neopro-
terozoic crustal material in the source of the studied ig-
neous rocks (Fig. 12b). The presence of material derived
from pre-existing continental crust is further indicated by
studied pre-Devonian zircon xenocrysts and inheritance.
While ages of c. 430-440 Ma are not known from the

molar CaO/(MgO + FeO,)

T T T
1.0 1.2 1.4 0 10 20 30 40 50
Al,O3+FeO, + MgO + TiO,

Tseel and adjacent terranes (Tab. 1), ages of ¢. 510-530
Ma correspond well with those of magmatic rocks in the
Lake Zone (e. g. Dijkstra et al. 2006; Hrdlickova et al.
2010; Rudnev et al. 2012, 2013; Jian et al. 2014). More-
over, the age of ~740 Ma resembles that known from
coarse-grained orthogneiss of the Zamtyn Nuruu range,
also in the Lake Zone (Demoux et al. 2009b; Hanzl et al.
2014) Therefore, the lower—middle crust underlying the
studied region seems to have an affinity to the Neopro-
terozoic rocks of the Lake Zone.

7.3. Age and likely genesis of the meta-
rhyolites related to orthogneiss belts

Only two grains from our meta-rhyolite sample yielded
concordant ages of ¢. 380 and 403 Ma that could be in-
terpreted as timing the igneous crystallization. These ages
fit well with that of meta-rhyolites from the easternmost
part of the Tsogt Block (~397 Ma; Demoux et al. 2009a)
and with the age of main thermal event in the Tseel Ter-
rane (Kozakov et al. 2002; Burenjargal et al. 2014). The
~530 Ma population is interpreted as xenocrysts and their
age corresponds to the inheritance from two other newly
dated orthogneiss samples and meta-rhyolite from the
eastern Tsogt Block (Demoux et al. 2009a). These authors
interpreted meta-rhyolites as volcanic rocks of conver-
gent continental margin with crustal residence age < 0.8
Ga, which is moreless in accord with our whole-rock Nd
(T)d = 0.81 ad 0.84) as well as zircon Hf isotopic data
(TS, =0.70 and 0.79 Ga).

In fact, all the studied zircons from orthogneisses and
meta-rhyolites yielded highly radiogenic Hf isotopic
signatures, and thus also rather low TS, model ages.
While in the SOB the Hf isotopic data point systemati-
cally to low TS, model ages of 0.74-0.87 Ga, the EOB
orthogneisses contain a slightly more evolved component
corresponding to TS, up to 1 Ga (Fig. 12b). On the other
hand, the lower limit of the rhyolite TS, model ages is
0.65 Ga, i.e. Neoproterozoic.
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Regardless these small differences, the highly posi-
tive whole-rock &3> and zircon & values as well as the
presence of the negative Nb anomalies in the NMORB-
normalized spiderplots of the rhyolites are consistent
with a model of partial melting of a geochemically fairly
primitive crust (immature metasediments or intermediate
igneous rocks). The source was probably youthful, as
shown by the profusion of the Early Cambrian (~530 Ma)
zircon grains. The most plausible options for the origin of
the studied high-K calc-alkaline metaigneous rocks would
be a partial melting of tonalitic rocks in the Cambrian
magmatic arc (such as the Khantaishir Arc newly defined
in the Lake Zone — Janousek et al. 2015) or immature
psammitic sediments (graywackes) derived therefrom
(see also Roberts and Clemens 1993; Clemens 2012).

7.4. Genesis of orthogneisses in the Tseel
Terrane and implications for formation
of Mongolian Altai continental crust

The nature of the basement underneath the Tseel meta-
morphic rocks is a fundamental issue of proposed
petrogenetic models of Mongolian and Chinese Altai
granitoids (Jahn et al. 2000a; Cai et al. 2011) and geo-
dynamic position of Mongolian Altai terranes (Wilhem
et al. 2012) in the frame of the whole CAOB. However,
the presence of such a pre-Devonian metamorphic base-
ment with discordant Palaeozoic sedimentary cover was
reported in the Mongolian and Gobi Altai only in former
geological maps and papers, mainly by Russian authors
(e.g. Rauzer et al. 1987) and designated as Riphean to
Early Proterozoic based on geological mapping and
lithological correlations.

This study describes rocks appearing, at the first
glimpse, to be the best candidate for an old crystalline
basement but geochronology and geochemistry clearly
rule out such a possibility. Instead, the structural geol-
ogy, geochemistry and isotopic dating of Mongolian Altai
orthogneisses suggest that highly gneissified granitoids
do not represent old basement imbricated with sediments
but strongly deformed, gneissic Devonian granitoids.
The source of such Devonian magmatism could be seen
in melting of graywacke-dominated (Fig. 14) volca-
nosedimentary unit of Early Palaeozoic age with strong
contribution of Late Proterozoic primitive rocks from the
northerly Lake Zone as whole-rock Nd and zircons Hf
isotopic compositions indicate.

This implies that the orthogneisses were originally
emplaced as syn-orogenic granitic bodies during crustal-
scale vertical shortening event probably in form of sills
parallel to the main sub-horizontal orogenic fabric. The
abundance of orthogneiss sheets increased with the depth
together with gabbros, migmatites and non-gneissic to-
nalites as exemplified by the current geology of the Tsogt

Block. In contrast, the upper and middle crust represented
by Tugrug Fm. and Tseel metamorphic sequences are
characterized by presence of isolated orthogneiss bod-
ies, rare gabbros, rhyolites and undeformed granites of
Devonian age (e.g. Burenjargal et al. 2014).

These observations indicate that the Devonian mag-
matism (both felsic and mafic) combined with melting of
youthful graywacke-dominated complex and emplacement
of syn-tectonic intrusions of granitoids probably completely
transformed the lower crust of the Mongolian Altai. In con-
trast, the middle and upper crust preserves its original Early
Palaeozoic lithological architecture being only marginally
affected by Devonian magmatism and volcanism. Heteroge-
neous exhumation of deep magmatic and migmatitic edifice
was also responsible for juxtaposition of lower crust with
abundant Devonian granitoids to supracrustal meta-sedi-
mentary rocks. Late Permian horizontal shortening welded
deep crustal granitoids with supracrustal intrusions and their
host rocks and transformed originally vertical crustal zoning
to horizontal one. Such a complex crustal pattern has been
also responsible for erroneous use of terrane approach in
Mongolian and Chinese Altai, because the “terrane boundar-
ies” coincide with Permian deformation zones, which bound
different crustal levels of Mongolian Altai.

This study brings important arguments for the absence
of an old crystalline basement in Mongolian Altai, which
may modify substantially our current view on geodynam-
ics of this critical region. An alternative model can be
proposed suggesting formation of continental crust by
syn-orogenic melting of youthful greywacke-dominated
complex and emplacement of syn-tectonic intrusions of
granitoids during orogen-scale vertical shortening. Such
a process represents potentially a viable model for cra-
tonization of accretionary systems worldwide.
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