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New field, petrographic, geochemical and geochronological data from the Togtokhinshil Complex (western margin of
the Lake Zone, Central Asian Orogenic Belt) reveal the presence of two separate Early Palacozoic magmatic pulses:
Mid-Ordovician and Late Devonian. The Mid-Ordovician (c. 460 Ma) magmatism produced various types of mafic
plutonic rocks (gabbro—diorite suite) emplaced into the volcanosedimentary sequence of the Baatar Fm. Gabbros to
gabbrodiorites have metaluminous and mostly low to normal-K calc-alkaline or possibly tholeiitic character. The major-
and trace-element as well as Nd isotopic signatures suggest its magmatic-arc geotectonic setting and imply the derivation
either exclusively from the mantle or in part from the juvenile mafic crust.

The Late Devonian (c. 376 Ma) granite suite intruded the rocks of both the gabbro—diorite suite and the Baatar Fm. Gra-
nites are subaluminous and have a high-K calc-alkaline to shoshonitic character. Their magmatic arc-like geochemical
signature is interpreted as inherited from the recycled arc-related crustal source. The granite suite seems a product of
extensive mantle heat-induced crustal anatexis. The Depleted Mantle Nd model ages (c. 0.75 Ga) indicate derivation
of the magmatic rocks of the both suites from relatively juvenile, and geochemically immature, sources.

These results provide a clear evidence of the Mid-Ordovician arc-related magmatism in the western part of the Lake
Zone. They thus prolong the assumed period of magmatic-arc activity and constrain onset of accretionary processes in
this part of the Central Asian Orogenic Belt. The gabbro—diorite suite represents either part of a long-lived magmatic-arc
or, more likely, a member of multiple island-arc system along the western margin of the Lake Zone. Newly described
Late Devonian magmatism in the Togtokhinshil Complex provides further evidence of tectono-thermal event that was
widespread in the Central Asian Orogenic Belt. The geodynamic cause for this event remains uncertain, but effects of
lithospheric thinning and/or asthenospheric mantle upwelling are considered the most likely.
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Kroner et al. 2010). A number of the arc-related mag-
matic complexes that make up much of the Lake Zone in
western and central Mongolia are considered as a result
of exclusively oceanic crust subduction (Badarch et al.

1. Introduction

The formation and evolution of the Central Asian
Orogenic Belt (CAOB; Sengér et al. 1993) is still not

completely understood and the nature of its individual
parts has been studied by number of researchers. Several
models of the CAOB evolution have been proposed;
however, the basic idea of subduction—accretion pro-
cesses (Sengor et al. 1993; Badarch et al. 2002; Xiao
et al. 2004; Windley et al. 2007; Kroner et al. 2010) is
broadly accepted. The accretionary history of the western
Mongolian part of the CAOB was related to the Late
Proterozoic to Early Palacozoic formation and closure
of the Palaeo-Asian Oceanic system (Coleman 1994;
Buslov et al. 2001).

The Lake Zone represents one of the main lithotec-
tonic domains of the CAOB (Badarch et al. 2002;

2002; Kovalenko et al. 2004; Rudnev et al. 2012). This
magmatism recorded the whole Late Proterozoic—Early
Palaeozoic history including the formation of oceanic
crust, subduction processes and arc-related magmatic ac-
tivity. Understanding the timing and nature of magmatism
is crucial for deciphering the geotectonic evolution of the
Lake Zone and adjacent units. However, the accurate geo-
chronological as well as geochemical data from number
of magmatic complexes in the western Mongolian part
of the CAOB are still missing.

The aim of this paper is to present results of detailed
mapping and petrological study, as well as new U-Pb
zircon ages and whole-rock geochemical data from the
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Fig. 1 Maps showing location and geology of the Togtokhinshil Complex. a — Schematic tectonic setting of the Central Asian Orogenic Belt (after
Sengor et al. 1993). b — Greatly simplified geological map of the Western Mongolia (after Badarch et al. 2002). ¢ — Location of the Togtokhinshil

Complex in Mongolian Altai Mountain Range showing topography, geographical names and major faults, the latter modified from Nissen et al.
(2009).

Togtokhinshil Complex in the western Mongolia. Our 2, Geological setting
results constrain the ages, magma sources and petrogen-
esis of two contrasting magmatic suites, Mid-Ordovician
gabbro—dioritic and Late Devonian granitic. The critical

comparison with the existing information provides a fresh  The CAOB is located between the Siberian Craton in
insight into the mechanism of the Lake Zone formation  the north, the Tarim Craton in the southwest and the

and, in particular, its accretionary history. Sino-Korean Craton in the south (Fig. 1a) and is built by

2.1. General overview
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tectonic collage of continental segments, magmatic-arc
assemblages, ophiolites, back-arc basins and accretionary
wedges. The Mongolian part of the CAOB is subdivided
into two principal domains according to the main periods
of continental growth and accretion (Zonenshain 1973;
Badarch et al. 2002; Kroner et al. 2007) that are sepa-
rated by an important crustal-scale boundary, the Main
Mongolian Lineament (Tomurtogoo 1997; Fig. 1b). The
northern domain (Caledonian) contains Late Proterozoic
ophiolites, Precambrian to Early Palaecozoic metamorphic
rocks, and Early Palaeozoic arc-related complexes. The
southern domain (Hercynian) is composed of Early to
Late Palaeozoic arc-related intrusive and volcanoclastic
rocks and contains slivers of ultrabasic rocks and ophio-
lites (Badarch et al. 2002; Windley et al. 2007).

The lithotectonic subdivision of the CAOB proposed
by Badarch et al. (2002) and used in this paper is based
on the lithological, structural and geochronological
characteristics and mentioned units are separated by
strike-slip faults or by suture zones. These geologi-
cal units, also called “terranes” (Buslov et al. 2001;
Badarch et al. 2002, Windley et al. 2007), form NNW—
SSE elongated belts in the western Mongolia and their
lithostratigraphic architecture generally shows a west-
ward younging trend.

The western Mongolian tract of the CAOB (Fig. 1b)
is located north of the Main Mongolian Lineament and is
built from the east to the west (present-day coordinates
are used through this paper) by the following units.

The Zavhan Block is mainly composed of low- and
high-grade metamorphic rocks and is interpreted as a
segment of the Precambrian Tuva-Mongolian microcon-
tinent (Buslov et al. 2001; Badarch et al. 2002; Windley
et al. 2007) displaying the Siberian (Kravchinsky et al.
2001) or the Tarim Craton affinity (Rojas-Agramonte et
al. 2011).

The Lake Zone is composed by Cambrian arc-related
rocks, which contain relicts of Late Proterozoic ophiol-
ites, Early Palaeozoic eclogites and peridotites (Zonen-
shain and Kuzmin 1978; Badarch et al. 2002; Buchan
et al. 2002; Yarmolyuk et al. 2011, Rudnev et al. 2012,
2013; Jian et al. 2014) associated with formation and
closure of the Palaeo-Asian Ocean. This wide tectonic
zone is interpreted as an arc-system which was generated
from the Late Proterozoic oceanic crust and evolved dur-
ing the Early Palaeozoic (Badarch et al. 2002; Xiao et al.
2004). The rocks of the Lake Zone are thrusted over the
Precambrian basement of the Zavhan Block. Recently
Janousek et al. (2014) and Guy et al. (2015) proposed
that the south—western outer margin of the Lake Zone
is bordered by a Cambrian magmatic-arc funded on a
juvenile metabasic crust.

The Hovd Zone predominantly contains deformed
greenschist- to amphibolite-facies metavolcanic and

metasedimentary rocks and Lower Palaeozoic flysch se-
quences. Based on the rock association, the Hovd Zone
has been interpreted as an Cambrian—Silurian accretion-
ary wedge (Badarch et al. 2002; Xiao et al. 2004).

The Altai Zone is dominated by Cambrian—Ordovician
low-grade, strongly deformed sequence of sedimentary,
volcanosedimentary and volcanic rocks and Early Palaeo-
zoic ophiolites (Xiao et al. 2004, 2008). This complex is
overlain by Silurian—Early Carboniferous sedimentary
and volcanic rocks and was intruded by Devonian—Perm-
ian granitic plutons (Wang T et al. 2006; Kozakov et al.
2007). The Altai Zone has been interpreted as a rock
assemblage originally developed in back-arc or fore-arc
environment (Badarch et al. 2002).

Existing geotectonic models have suggested that these
domains were progressively amalgamated by the continu-
ous Early Palaeozoic accretion (Badarch et al. 2002; Xiao
et al. 2004; Windley et al. 2007).

2.2. Geology of the Togtokhinshil Complex
area

The Togtokhinshil Complex area is located at a western
margin of the Lake Zone (Fig. 1b), and geographically
belongs to the northern part of the Baatar Hairkhan
Mountain Range (also referred as Baataryn Nuruu or
Baatar Hyarkhan) (Fig. 1¢). The Togtokhinshil Complex
forms a NW-SE trending belt bordered by subparallel
active thrust faults in the SW and NE (Nissen et al.
2009) and crops out between the Cenozoic Zereg Ba-
sin in the NE and the Manhan and Tsetseg basins and
Carboniferous sediments of the Khurengol Fm. in the
SW. The Cenozoic deposits of the Tsetseg Basin partly
obscure the contact of the Togtokhinshil Complex with
greenschist- to amphibolite-facies metamorphic rocks
and the Lower Palacozoic flysch sequences of the Hovd
Zone in the SW (Figs lc, 2).

The Togtokhinshil Intrusive Complex is made up
mainly by diorites, gabbros and granites, which intruded
into the Baatar Fm. (low-grade volcanosedimentary
sequence). The Mid-Late Cambrian age for the entire
Togtokhinshil Complex as well as the Baatar Fm. has
been only assumed (Baatarhuyag and Gansukh 1999).

3. Results

3.1. Field observations

The plutonic rocks of the Togtokhinshil Complex form
highly irregular intrusive bodies. In the study area in the
central part of the Complex W of the Zereg soum (Hovd
aimag) (Fig. lc), two domains (eastern and western) of
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map is shown as a black rectangle on Fig. 1c. Stars indicate location of geochemical and geochronological samples.

igneous rocks are separated by a zone of the Baatar Fm.
roof pendants (Fig. 2).

Based on the field relations, petrology and composi-
tion, the wide spectrum of magmatic rock types in the
Togtokhinshil Complex can be grouped into (1) gabbro—
diorite suite and (2) granite suite.

Magmatic rocks of both suites intruded into the Baatar
Fm., which is dominated by low-grade (sub-greenschist
to greenschist) basic and acid tuffs, volcanic rocks and
subordinated sandstones and greywackes. The contacts
between the Baatar Fm. and the magmatic rocks of both
suites are sharp, curviplanar and largely discordant to
structures in the country rocks. Extensive, ~300—-1500
m wide thermal aureole is developed along intrusive
contacts.

The gabbro—diorite suite is represented by heteroge-
neous assemblage of medium- to coarse-grained gab-
bros and diorites in the western domain and relatively
homogeneous medium-grained diorite in the eastern
domain. The contacts between gabbros and diorites are
complex, felsic gabbrodiorite and diorite commonly

enclose angular to subangular blocks of the fine-grained
gabbro. Contact of the gabbros and diorites is locally
characterized by mixing/mingling textures (light diorite
to gabbrodiorite and dark gabbros are intimately com-
ingled — Fig. 3a). Gabbro and diorite enclose numerous
fine-grained mafic enclaves of variable size and shape,
commonly with complex internal structures and both
sharp and diffuse margins (Fig. 3b). The gabbro bodies
are typically homogeneous; however, in places they
display small-scale internal layering (0.1-8 cm). Indi-
vidual layers differ in grain size and proportion between
amphibole and plagioclase (Fig. 3c¢).

The eastern domain of the Togtokhinshil Complex
is intruded by two large, and numerous small, bodies
of porphyritic medium-grained biotite granite, which
crosscut both rocks of the gabbro—diorite suite and the
Baatar Fm.

Magmatic rocks of the Togtokhinshil Complex as
well as the Baatar Fm. have been designated as Mid—
Late Cambrian in geological map (Baatarhuyag and
Gansukh 1999). However, the different relative ages of
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Fig. 3 Field photographs of main mag-
matic rock types of the Togtokhinshil
Complex. a — Mostly round enclaves of
amphibole microgabbro within diorite.
b — Sharp contact between medium-
-grained amphibole gabbrodiorite and
fine-grained gabbro with chilled mar-
gin. ¢ — Internal layering in amphibole
gabbro cumulate crosscut by pegma-
tite veins. d — Ductile shear zone that
affected amphibole—biotite gabbro and
diorite mixing domain.

both suites are clearly documented by numerous field
observations. Heterogeneously developed NW-SE to
NNW-SSE trending magmatic fabric in the rocks of the
gabbro—diorite suite is defined by the preferred orien-
tation of amphibole and plagioclase. The rocks of the
gabbro—diorite suite have been affected by subsolidus de-
formation and locally deformed
in several hundred meters wide,
predominantly ~NE-SW trend-
ing, ductile shear zones (Fig.
3d). Porphyritic biotite granite
(granite suite) also commonly
shows ~NW-SE trending steep
magmatic fabric roughly paral-
lel with the margins of granite
bodies (Fig. 4a). Granites have
been affected by heterogeneous
solid-state deformation and lo-

Fig. 4 Textures of main rock types of
the Togtokhinshil Complex. a — Weak
magmatic fabric in the porphyritic
granite defined by the preferred ori-
entation of K-feldspar phenocrysts
and mafic microgranular enclaves. b —
Photomicrograph of amphibole gabbro
with subhedral texture (plane-polarized
light). ¢ — Gabbrodiorite with poikilitic
phenocrysts of amphibole. d — Photo-
micrograph of amphibole gabbrodiorite
with poikilitic texture (plane-polarized
light). c

10cm d

cally display weak foliation sub-parallel to the penetra-
tive magmatic fabric.

The contacts of the Baatar Fm. and both magmatic
suites are commonly tectonically reworked. Relicts of
the thermally affected host-rocks were also found as
numerous septa within gabbros and diorites. Sedimen-
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Tab. 1 Location and brief petrological description of geochemical and geochronological samples from the Togtokhinshil Complex

Sample (rock type) Latitude (N)

Longitude (E)

Modal composition

gabbro—diorite suite

GB249 (Gabbro) 47.129161 92.558398 PL, Amp, Cpx, (Opx, Ap, Opq)

GB306 (Gabbrodiorite) 47.126673 92.483136 Pl, Amp, (Opq, Ap), Ep

GB322B (Gabbrodiorite) 47.092161 92.702063 Pl, Amp, Bt, Kfs, (Ttn, Opq, Ap), Chl
GB442 (Gabbrodiorite) 47.135873 92.541651 Pl, Amp, Bt, (Opq), Chl

GS283 (Gabbro) 47.022187 92.612800 Amp, Pl, Cpx, (Ap, Opq)

GS288 (Microgabbro) 47.088760 92.456825 Pl, Cpx, Ol, Qtz, (Mag, Ap), Chl, Pmp
GZ169 (Gabbro) 47.117398 92.540494 P1, Cpx, Amp, (Ap, Opq), Chl

GZ171B (Gabbrodiorite) 47.119711 92.507164 PL, Amp, Bt, (Qtz, Ap, Opq), Ep, Prh
GZ192 (Gabbro) 47.081407 92.706744 Pl, Amp, Kfs, (Ap, Zrn), Ep, Ms, Ccp, Lm
GZ221 (Gabbro) 47.096286 92.729710 P1, Amp, Cpx, Kfs, Ol (Opq, Ap)

GZ230 (Gabbrodiorite) 47.167112 92.523391 Amp, Pl, Czo, (Opq, Ttn), Ep, Chl
granite suite

GB382 (Porphyritic granite) 47.162175 92.468410 Kfs, Pl, Qtz, Bt, (Opq, Ap), Chl

GB451 (Porphyritic granite) 47.091094 92.743591 Kfs, Pl, Qtz, Bt, (Opq, Zrn, Ap), Chl
GC128 (Equigranular granite) 47.039096 92.553560 P1, Kfs, Qtz, Bt, (Opq), Ep

GZ162 (Porphyritic granite) 47.088021 92.598242 Kfs, Pl, Qtz, Bt, (Ap, Ttn, Opq, Mag)
GZ171A (Equigranular granite) 47.119711 92.507164 Pl, Kfs, Qtz, Bt, (Ap, Czo, Zrn, Mag, Ttn), Chl

tary bedding in the meta-volcanosedimentary rocks of
the Baatar Fm. is folded to symmetric, tight to isocli-
nal upward folds, associated with a locally developed
steep ~NW-SE striking cleavage and dextral top-to-
the-SW and NE shearing. Thus, their axial planes are
roughly parallel to the regional magmatic fabric that
is widespread in the bodies of the porphyritic biotite
granite.

All the magmatic rocks of the Togtokhinshil Complex
as well as their host-rocks are penetrated by numerous
dykes and veins of diorites, dolerites, granites, aplites and
pegmatites (Fig. 3¢). Granite, pegmatite and aplite dykes
(up to 40 cm thick) predominantly occur in the vicinity of

granite bodies. They are generally steep and strike ~W-E
or ~\NW-SE, exceptionally ~\NE-SW.

3.2. Petrography and mineral chemistry of
the Togtokhinshil Complex rocks

3.2.1. Gabbro—diorite suite

Diorites and gabbros dominate in the Togtokhinshil
Complex and occur in several subtypes according to their
texture and grain-size (Figs 3—4); the contact between
gabbros and diorites is frequently diffuse. The gabbros
show medium- to coarse-grained subhedral ophitic tex-

Tab. 2 Composition of amphiboles, estimated P-T conditions, oxygen fugacity and water content for magmas of the gabbro—diorite suite

Rock Gabbro Gabbro Gabbro Gabbrodiorite Gabbrodiorite
Opx—Amp Cpx—Amp Cpx—Amp Bt-Amp Bt—-Amp

Sample GB249 GZ221 GS283 GZ192 GB171B

Plagioclase (An mol. %) 50-61 55-84 68-90 35-58 40-41

Amphibole (X, ) 0.67-0.77 0.43-0.94 0.63-0.77 0.56-0.60 0.80-0.82

Ampbhibole (Si) 6.30-8.27 6.04-7.40 5.97-7.72 6.67-6.72 6.76-6.79
Amphibole thermobarometry (Ridolfi et al. 2010)*

T (°C) 853 to 948 904 to 921 930 to 990 840 821 to 822

Uncertainty (c est) 22 22 22 22 22

P (GPa) 0.17 to 0.34 0.25 to 0.28 0.33 to 0.65 0.16 0.14 to 0.15

Uncertainty (Max. error) 0.02 to 0.04 0.03 0.04 to 0.12 0.02 0.02

Log fO, -11.8 to -11.0 -11.4to-11.2 -11.3 to -9.8 -12.6 -12.0 to -11.9

Uncertainty (c est) 0.4 0.4 0.4 0.4 0.4

H,O melt (wt.%) 5.6106.2 5.0t05.5 5.4109.9 5.3 6.6

Uncertainty 0.4t0 0.9 0.8 l1.1to 1.5 0.4 0.4

Plagioclase — Hornblende thermometry (Holland and Blundy 1994)

T (°C) £ 32°C 771 to 867 853 to 866 817 to 901 712 to 750 741 to 749
Amphibole barometry (Anderson and Smith 1995)*

P (GPa) 0.16 to 0.33 0.14 to 0.15 0.20 to 0.41 0.35 t0 0.36 0.27 to 0.28

* temperature according to plagioclase—hornblende thermometry (Holland and Blundy 1994)
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tures (Fig. 4b) and consist mainly of plagioclase (25—65
vol. %), variable amount of amphibole (30-68 vol.
%), clinopyroxene (up to 40 vol. %) or orthopyroxene
(up to 10 vol. %) and biotite (up to 5 vol. %) with rare
K-feldspar (up to 3 vol. %).

Plagioclase is represented mostly by subhedral to
euhedral labradorite-bytownite (An,, ,,) with normal or
patchy zoning. Amphiboles do not show any significant
zoning and their chemical composition corresponds to
magnesiohornblende, pargasite, edenite and rarely tscher-
makite and ferrotschermakite (Leake et al. 2003) with Si
= 5.97-7.77 apfu and, X,, = 0.3-0.94. Clinopyroxene
(diopside; X, = 0.27-0.29) in the subhedral crystals
(2-5 mm) is partly replaced by brown and green amphi-
bole. Orthopyroxene is represented by anhedral enstatite
(Morimoto et al. 1988) with X, = 0.31-0.34 and usually
occurs as inclusions within the amphibole. Exceptionally,
fibrous edenite with abundant magnetite inclusions was
found that likely replaced the orthopyroxene. Tremo-
lite—talc pseudomorphs probably after olivine are locally
developed. Accessory minerals include zircon, ilmenite,
magnetite and apatite. Observed textural features indicate
significant effects of crystal fractionation and crystal ac-
cumulation in gabbros.

Diorites and gabbrodiorites, which dominate in the
eastern domain of the Togtokhinshil Complex, are charac-
terized by fine- to medium-grained subhedral to poikilitic
textures (Fig. 4c—d). Medium-grained biotite—amphibole
and amphibole diorite are very common, occasionally
with porphyritic texture. Groundmass contains subhedral,
lath-shaped complexly zoned plagioclase (30—62 vol. %),
biotite (0-30 vol. %) and amphibole (20-47 vol. %).
Accessory minerals include ilmenite, magnetite, apatite,
zircon and scarce chalcopyrite.

Gabbros and medium-grained diorites frequently con-
tain fine-grained mafic enclaves up to 3 m in diameter.
According to basicity of plagioclase, these enclaves can
be also classified as gabbro or diorite. Euhedral plagio-
clase megacrysts (up to 4 mm) are locally present. The
groundmass is mostly randomly oriented with lath-shaped
plagioclase (40—-60 vol. %), intergranular amphibole
(15-40 vol. %), biotite (0-20 vol. %), occasional or-
thopyroxene (0-25 vol. %), and accessory ilmenite and
magnetite.

3.2.2. Granite suite

The porphyritic medium-grained biotite granite is com-
posed of perthitic K-feldspar phenocrysts 3—8 mm long
(24-38 vol. %), plagioclase (20-30 vol. %), anhedral
quartz (19-25 vol. %), biotite (10—16 vol. %) and com-
monly contains oblate mafic microgranular enclaves (Fig.
4a) and biotite-rich schlieren. K-feldspar phenocrysts are
chemically relatively homogeneous (Ab, ) and subhedral

to anhedral plagioclase in the groundmass is classified as
oligoclase (An, , ). Titanite, ilmenite, magnetite, apatite,
zircon, and allanite are typical primary accessories.

Smaller bodies of porphyritic biotite granite, as well
as equigranular biotite granite related to the main granite
body, occur also elsewhere in the Togtokhinshil Complex
(Fig. 2). Equigranular medium-grained granite contains
subhedral to euhedral K-feldspar (18-30 vol. %), mostly
subhedral plagioclase (25—40 vol. %) and anhedral quartz
(20-32 vol. %). Biotite and/or amphibole account for
up to 5—15 vol. %. The accessory minerals are titanite,
magnetite, apatite and zircon.

3.3. Crystallization conditions of the gabbro-
diorite suite

The mineral assemblages in the gabbros and gab-
brodiorites permit determination of P-T conditions of
crystallization by means of the calcic amphibole thermo-
barometry (Ridolfi et al. 2010). Analytical methods and
representative electron microprobe analyses are given in
supplementary materials 1 and 2. All studied rocks con-
tain magmatic amphiboles (Fig 5; Tab. 2) with relatively
constant Ti and Na contents of 0.10-0.38 and 0.10-0.38
apfu, respectively.

The estimated crystallization temperatures of am-
phiboles from gabbros are 853-948 °C and pressures
0.17-0.34 GPa (Fig. 6a; Tab. 2), except sample GS283.
Central parts of amphibole crystals from this sample,
which have pargasite composition, yielded higher P-T
conditions (930-990 °C and 0.33-0.65 GPa). For the gab-
brodiorites, P-T conditions in the range of 821-840 °C
and 0.14-0.16 GPa were obtained.

The amphibole barometry of Anderson and Smith
(1995) and edenite—richterite thermometer (Holland and
Blundy 1994) have been applied for the independent
test of the P-T conditions estimated by the method of
Ridolfi et al. (2010). The plagioclase inclusions in the
amphibole or rim compositions of small plagioclase
grains, which could be contemporaneous with the
amphibole crystallization, were used for calculation.
Nevertheless, slightly lower pressures and tempera-
tures for gabbros and somewhat higher pressures and
lower temperatures for gabbrodiorites were obtained in
comparison to Ridolfi et al. (2010) formulation (Tab.
2). Differences probably resulted from the subsolidus
reequilibration. The amphiboles in most of samples of
the gabbro—diorite suite equilibrated at the depth of c.
5-13 km (for average density 2.7 g/cm? of the conti-
nental crust).

The Ridolfi et al. (2010) formulation also provides an
estimate of oxygen fugacity during amphibole crystalliza-
tion (Fig. 6b; Tab. 2). Similar values were obtained for all
studied gabbro (fO, —9.8 to ~11.8) and gabbrodiorite (fO,
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—11.9 to —12.6) samples. The estimated water contents
in the melt calculated using the amphibole composi-
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tion (Ridolfi et al. 2010; Tab. 2) are similar for gabbro
(5.0-9.9 wt. %) and gabbrodiorite (5.3-6.6 wt. %).

3.4. Whole-rock geochemistry

The rocks of the Togtokhinshil Complex are character-
ized by 16 newly obtained whole-rock analyses (Fig. 2;
Tab. 1). Based on petrography, they are divided into two
groups: gabbro—diorite suite (gabbro, gabbrodiorite and
diorite) and granite suite (granites) (Fig. 7a; Cox et al.
1979). The rocks of the gabbro—diorite suite are repre-
sented by five gabbros, one microgabbro and five gab-
brodiorites. To the granite suite belong three porphyritic
medium-grained biotite granite and two equigranular
biotite granite samples. Analytical methods for the whole-
rock geochemistry are described in Supplementary mate-
rial 1. Major- and trace-element whole-rock geochemical
analyses are listed in supplementary materials 3 and 4.

3.4.1. Major elements

Major-element composition of the gabbro—diorite suite
is basic to intermediate (SiO, = 43.3-53.2 wt. %; Fig.
7a) with highly variable K,O contents and K,O /Na,O
ratios (0.04-0.7). The rocks of the granite suite are
silicic (Si0, = 67.1-76.3 wt. %) and have relatively
low K,O/Na,O ratios (0.5-1.7 by weight). Based on the
multi-element B—A diagram (Debon and Le Fort 1983),
the rocks of the gabbro—diorite suite are moderately
metaluminous whereas the granites are subaluminous
(Fig. 7b). In the AFM (Irvine and Baragar 1971; Fig. 7c)
and Al-Fe™+ Ti-Mg (Jensen 1976; Fig. 7d) triangular
plots, the granites show a calc-alkaline character. The
situation with gabbros and gabbrodiorites is not so
clear, in part because many of the gabbros represent
cumulates; still it cannot be excluded that some of them
are tholeiitic.
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Based on the SiO,~K O plot of Peccerillo and Taylor
(1976) (Fig. 7e) and especially its alternative using the
less mobile elements Co and Th (Hastie et al. 2007)
(Fig. 7f), the gabbro—diorite suite shows low to normal
calc-alkaline character, while the granite suite is classi-
fied as mainly high-K calc-alkaline to shoshonitic.

3.4.2. Trace elements

The trace-element contents of all the rocks from the
Togtokhinshil Complex were normalized by normal
mid-ocean ridge basalt (N-MORB; Sun and McDonough
1989) and plotted as spider diagrams in which only
the presumably little mobile

incompatible elements, especially of Th and LREE, with
rising whole-rock SiO, (i.e. going from gabbros to gab-
brodiorites).

The rocks of the gabbro—diorite suite show two dif-
ferent types of REE patterns (Fig. 8b). Gabbros are
characterized by relatively low total REE contents
(14-118 ppm) and display flat chondrite-normalized
REE patterns (La,/Yb, = 0.6-8.9) with slightly posi-
tive to no Eu anomalies (Eu/Eu* = 0.9—1.4). Still, some
REE patterns for gabbros are distinctly influenced by
crystal accumulation, as was already noted in the field
and during petrological study. The most instructive are
the cases of samples GS283 (an Amp—PI cumulate with

elements are shown (Pearce
2014; Fig. 8a, c). Moreover, the
chondrite-normalized (Boynton
1984) REE (Rare Earth Ele-
ments) patterns are also provid-
ed (Fig. 8b, d). All spider plots
are colour-coded according to
the silica contents in individual
samples.

Compared with average N-
MORB, the multiclement pat-
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convex pattern and slight positive Eu anomaly), GZ169
(enriched in PI as shown by low HREE and significant
positive Eu anomaly) and GS288 (a Di-rich rock with
elevated HREE contents). On the other hand, the gab-
brodiorites are richer in REE (60-220 ppm), especially
in the LREE. Their chondrite-normalized REE patterns
are steeper (La /Yb, = 3.9-18.1) without significant Eu
anomalies (Eu/Eu* = 0.9-1.1).

The multielement patterns for the granite suite are
characterized by strong enrichment in Th and LREE
compared with NMORB (Fig. 8c). The HREE are
always lower, and Zr with Hf variable, from slightly
enriched to close to unity. Compared with adjacent
elements, negative Nb, Ta and Ti anomalies are con-
spicuous in all the samples. Overall, the patterns fall
between the upper and lower continental crust averages
after Taylor and McLennan (1995). i.e. within the grey
shaded area in Fig. 8c.

Rocks of the granite suite have relatively low
REE concentrations ranging from 96 to 172 ppm.
Chondrite-normalized REE patterns (Fig. 8d) show a
strong LREE enrichment (La,/Sm = 4.8-10.5), vari-
able degree of fractionation of the HREE (La/Yb =
8.8-47.5) and variably developed Eu anomalies (Eu/
Eu* = 0.5-1.1).

3.5. Nd isotope geochemistry

The Nd isotope compositions of two dated samples, both
raw and age-corrected, are given in the Tab. 3. Analytical
methods for the Nd isotope geochemistry are described
in Burianek et al. (this volume). The Nd isotopic com-
position of gabbrodiorite GZ171B (gabbro—diorite suite)
is fairly primitive, having &{ = +6.5, corresponding to
a low single-stage Nd model age (7)) = 0.72 Ga). The
granite GZ162 (granite suite) contains relatively less
radiogenic Nd (£3/° = +3.8) and has a little higher two-
stage Nd model age (7, = 0.78 Ga). Taken together, the
Nd isotopic signatures show that the magmas of the both
magmatic suites from the Togtokhinshil Complex were
likely derived from relatively young, and geochemically

immature, sources.

3.6. U-Pb zircon geochronology

Two samples from the most significant rock types of the
Togtokhinshil Complex, biotite—amphibole gabbrodiorite
of the gabbro—diorite suite (GZ171B) and porphyritic bio-
tite granite of the granite suite (GZ162), were dated using
LA-ICP-MS zircon U-Pb analysis. Analytical details
are shown in Supplementary material 1; U-Pb isotopic

data and corresponding ages in

Supplementary material 5.

The zircon grains from gab-
brodiorite GZ171B are predom-
inantly clear, light pink to pale
brown and generally have long-
prismatic shapes with a length
of 200-600 pm. In cathodolu-
minescence images (Fig. 9),
most of the zircon grains have
euhedral, unzoned cores some-
times retaining ghost domains.
These domains are probably

Fig. 8 Multielement diagrams colour-
-coded by silica contents. a — NMORB-

-normalized (Sun and McDonough
1989) trace-element patterns for the
gabbro—diorite suite. b — Chondrite-nor-
malized (Boynton 1984) REE patterns
for the gabbro—diorite suite. In both
figures, the grey shaded area represents
the compositional range of the gabbros.
¢ — NMORB-normalized (Sun and Mc-
Donough 1989) trace-element patterns
for the granite suite. d — Chondrite-nor-
malized (Boynton 1984) REE patterns
for the granite suite. The grey shaded
area in figures c—d represents the range
of chemical compositions between the
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average upper and lower continental
crust (Taylor and McLennan 1995).
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related to local recrystallization of radiation-damaged
parts of the crystals. Some grains show a thin concentric
oscillatory-zoned pattern in the rims that are attributed
to the crystallization from the melt (Fig. 9). Infrequent
oscillatory zoning in the zircon cores is mostly parallel
to the long C-axes. The observed internal zoning pattern
is typical of igneous zircons from shallow-level basic to
intermediate rocks (e.g., Hoskin 2000). U-Pb zircon dat-
ing of sample GZ171B yielded concordant age between
c. 455 Ma and 466 Ma (Supplementary material 5). Mean
concordia age of 459+2 Ma (2c; 21 analyses; Fig. 10a)
is interpreted as magmatic formation age of the gab-
brodiorite. No inherited zircon core ages were detected.

The studied grains have Th/U ratios (Supplemen-
tary material 5) of 0.5-1.7 (average 0.9), i.c. typical of
magmatic zircons that are usually > 0.5 (Rubatto 2002;
Hoskin and Schaltegger 2003 and references therein).

Zircon population from the granite GZ162 consists
of mainly clear, light brown to colourless and euhedral,
prismatic grains with a length of 100-350 pum. Cath-
odoluminescence images (Fig. 9) show mostly euhedral
oscillatory growth zoning and frequent homogeneous
unzoned or faintly zoned cores.

Zircons from sample GZ162 yielded concordant ages
of 370 to 385 Ma and weighted mean concordia age
of 376+2 Ma (20, 20 analyses; Fig. 10) interpreted as
timing the granite crystallization. Presence of older zir-
con ages in the cores was not detected. The high Th/U
values (0.5-1.1; average 0.7) resemble sample GZ 171B
(Supplementary material 5).

4. Discussion

4.1. The age and possible genesis of the rocks
forming the Togtokhinshil Complex

The newly obtained zircon U-Pb geochronological data
indicate that Togtokhinshil Complex consists of two
diachronous rock associations, the Mid-Ordovician gab-
bro—diorite suite and the Late Devonian granite suite.
The contrasting petrology and whole-rock geochemical
signature undoubtedly reflects principal differences in
sources, petrogenetic processes and geodynamic setting
of the two suites. The tectonic environment is dicussed
mainly on the basis of the geotectonic diagrams (Fig. 11).

4.1.1. Gabbro—diorite suite

In multi-element R —R, plot (Batchelor and Bowden
1985; Fig. 11a), most of the samples of the gabbro—
diorite suite fall into the Pre-plate collision (subduction)
field, even though some analyses are shifted owing
to effects of accumulation (e.g., GS283 of Amp + PI,
GB322B of Amp + Bt). In the Th-Hf/3-Nb/16 ternary
plot of Wood (1980) (Fig. 11b) the gabbros fall into the
IAT (island-arc tholeiites) and the gabbrodiorites into
the CAB (calc-alkaline basalts) field. Moreover, the Nb/
Yb-Th/Yb plot of Pearce (2008) confirms the volcanic-
arc nature of gabbro—diorite suite (Fig. 11c).

The low silica contents, high MgO and mg# (Supple-
mentary materials 3 and 4) as well as the exclusively
metaluminous chemistry require an origin of the mag-
mas parental to the gabbros from the mantle source.
However, some of the gabbros show a clear field, pet-
rological and geochemical (especially REE) evidence
for crystal accumulation (Amp, Pl and/or Cpx) in
course of fractional crystallization. The most siliceous
(gabbrodiorites) samples could theoretically represent
late products of this fractionation or could have been
generated by remelting of pre-existing, geochemically
rather juvenile oceanic crust. However, the low SiO,
contents of the gabbrodiorites seem to argue against the
latter hypothesis.

The low-K to normal-K calc-alkaline geochemical
signature and, in particular, obvious enrichments of
LILE and LREE and depletions in the HFSE, point to an
origin within a magmatic-arc (e.g., Wilson 1989; Pearce
1982; Pearce and Peate 1995). The lack of felsic mag-
matic rocks and the volcano—sedimentary character of the
host-rocks may provide arguments for their intra-oceanic
provenance (island-arc).

As an alternative, the same rock association with the
observed whole-rock geochemical fingerprint could have
originated during subduction under rather young and
geochemically primitive continental margin. In this case
the rising mafic melts from Mid-Ordovician subduction-
modified mantle wedge would trigger partial melting of
juvenile continental crust, built for instance by previously
accreted island-arc(s).

The highly positive &} value and Depleted Mantle
Nd model age of 0.72 Ga for the gabbrodiorite GZ171B
corresponds well with the published whole-rock Nd iso-

Tab. 3 Nd isotopic data for the main magmatic rocks of the Togtokhinshil Complex

. Sm Nd :
Sample Suite Age 9ISm/"Nd Nd/"Nd!  2se Nd/!'*Nd? & N3
b g (ppm)  (ppm) i Nd DM
GZ171B (Gabbrodiorite) gabbro—diorite suite 460  4.31 17.1 0.1524 0.512836  3,3E-05 0.512377 6.5 0.72 (1 stg)
GZ162 (Porphyritic granite) granite suite 376 3.17 223 0.0859 0.512561 1,8E-05 0.512349 3.8 0.78 (2 stg)

! followed by error (2 standard errors of the mean)
2 subscripts ‘i’ indicate age-corrected isotopic ratios
3 Single or two-stage Nd model ages (Ga) (Liew and Hofmann 1988)
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topic data for the magmatic arc-related rocks from the
Lake Zone of southern and western Mongolia (Kova-
lenko et al. 2004; Rudnev et al. 2009, 2013; Kovach
et al. 2011; Yarmouluk et al. 2011). The U-Pb age of
459 +2 Ma for zircons from the same sample represents
the first available geochronological datum timing the
emplacement of the gabbro—diorite suite in the Togtokh-
inshil Complex. It also provides, to our knowledge first,
evidence of the Mid-Ordovician arc-related magmatic
activity in the Lake Zone. The obvious lack of zircon
inheritance confirms that the magma parental to the

| (a) GZ171B
78x10'
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-
g SR
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9 450 Ma' J7
N
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440 Ma Concordia Age = 459.1 + 1.8 Ma
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207P b/235U

T
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Fig. 9 Representative cathodolumi-
nescence images of the dated zircon
grains. Laser-ablation ICP-MS analy-
tical spots are marked by concordant
206Ph/238U ages with 1o uncertainties.

gabbrodiorite was derived from hot melt of a juvenile,
likely mantle source.

4.1.2. Granite suite

Regarding the granite suite, it plots in a field of minimal
melts in multicationic R —R, plot, occupied by anatectic,
collision-related associations but into which also con-
verge other granitoids regardless of their tectonic setting
(Batchelor and Bowden 1985; Fig. 11a). The position in
the discrimination diagrams of Pearce et al. (1984) (not
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Fig. 10 U-Pb concordia diagrams and calculated mean concordia zircon ages for magmatic zircons from the studied samples (LA-ICP-MS data).

All data are plotted with 2¢ uncertainties.
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shown) seems to confirm the magmatic-arc affinity of the
granite suite. In addition, the ternary plot H—~Rb/30-3Ta
of Harris et al. (1986) clearly rules out a syn- or post-
collisional origin (Fig. 11d).

However, the lack of associated basic magmatic rocks
casts significant doubts on a possible magmatic-arc
setting of the granite suite. Moreover, determining the
geotectonic setting of the granitic rocks may be equivocal
due to potential recycling of older crustal components.
Often, the magmatic arc-like signature in granites may be
inherited from a source through either remelting of me-
taigneous, arc-related rocks (Arculus 1987), or anatexis
of immature psammitic sediments containing arc-derived
detritus (Roberts and Clemens 1993; Janousek et al.
2010). This holds true especially for the syn-collisional
and post-collisional uplift settings, when a range of
crustal sources is available for melting (e.g., Pearce et
al. 1984; Bonin 1990).

Given the subaluminous character of the granite suite,
the parental magmas were likely generated by a partial
melting of quartz—feldspathic source (e.g., orthogneiss
or metapsammite). These melts could have been sub-
sequently modified by fractional crystallization; the

U-shaped (convex downward) REE patterns with low
Dy/Yb ratios could reflect amphibole and/or titanite
fractionation, or relatively low-P, low-degree partial
melting (with Amp-bearing residue) (Davidson et al.
2007; Glazner et al. 2008; Zak et al. 2009). Moreover,
an abundance of mafic microgranular enclaves implies
also a role for mantle-derived melt in the genesis of the
granite suite.

Obtained crystallization age 376+2 Ma of zircons
from the granite resembles the ages reported from
various units in the southern Mongolia (Hrdlickova et
al. 2008; Yarmolyuk et al. 2008; Demoux et al. 2009;
Kroner et al. 2010). Likewise to our granite sample
GZ162 (T)¢ = 0.78 Ga), these Devonian intrusions,
sometimes metamorphosed to orthogneisses, have
yielded whole-rock Nd and zircon Hf Depleted Mantle
model ages of ¢. 0.8 Ga (Hanzl et al. this volume and
references therein).

Similar zircon ages were also found in the granitic
and volcanic rocks of the Chinese Altai (Windley et al.
2002; Wang T et al. 2006; Wang Y et al. 2011; Yuan et
al. 2007; Sun et al. 2009; Cai et al. 2011) and the Gorny
Altai (Glorie et al. 2011; Cai et al. 2014).
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4.2. Geodynamic implications

4.2.1. Gabbro-diorite suite

The Mongolian tract of the CAOB is mostly interpreted
as a mosaic of numerous accreted terranes (Badarch et al.
2002; Xiao et al. 2004; Windley et al. 2007; Kroner et al.
2010). Tectonic collage of the Lake Zone contains several
island arc-related complexes distinguished primarily by
their geochemical features. The available data imply that
the main period of island-arc formation within the Lake
Zone between c¢. 570 to 515 Ma passed into an accretion-
ary stage (Rudnev et al. 2009, 2012, 2013; Kovach et al.
2011; Yarmolyuk et al. 2011). Moreover, Janousek et al.
(2014) and Hanzl et al. (2014) proposed an existence of
Cambrian (c. 520-495 Ma) magmatic-arc in the Khan-
taishir and Zamtyn Nuruu areas (southern part of the
Lake Zone). Our study indicates that the magmatic-arc
located on the western margin of the Lake Zone was still
active at ¢. 460 Ma and thus (intra-oceanic?) subduction
in this branch of the Palaeo-Asian Oceanic system was
still ongoing in Ordovician times.

Newly discovered Mid-Ordovician arc-related magma-
tism and evident difference from the available geochro-
nological data for other arc-related igneous complexes
can be explained in two ways. Firstly, position of the
Togtokhinshil Complex suggests that it may represent
a younger fragment of a huge and persistent magmatic
arc situated on the outer (western and southern) margins
of the Lake Zone. If having terminated after c. 460 Ma,
this hypothetical arc would have been active at least
c. 55 My longer than thought by other authors (c. 110
My duration?).

Real extent of the intervening oceanic domains and
the rate of their closure remain unclear, but the typi-
cal life-span of both ancient and modern island-arcs is
significantly shorter (c. 60-70 My or less, Paterson and
Ducea 2015). However, the life-span and dynamics of
some modern island-arcs (e.g., Japanese arc system)
(Taira 2001 and references therein) does not exclude the
eventuality of the persistent single-arc model.

The second scenario is that several island-arc do-
mains evolved in this region during Early Palacozoic.
Hypothetical, likely subparallel multiple-arc system
could have been subsequently merged with the Pro-
terozoic ophiolitic complexes to the east (Zonenshain
and Kuzmin 1978; Badarch et al. 2002; Buchan et al.
2002; Matsumoto and Tomurtogoo 2003; Jian et al.
2014), progressively building up the Lake Zone com-
posite domain.

Intense reworking during accretionary processes com-
plicates resolving the single- and multiple-arc models and
establishing the arc polarity. Rudnev et al. (2012, 2013)
and Yarmolyuk et al. (2011) concluded that the accretion

of arc and ophiolites to the easterly Precambrian micro-
continent within the Lake Zone terminated at about 480
Ma. Existence of Mid-Ordovician island-arc magmatism
(c. 460 Ma), newly discovered in the Togtokhinshil
Complex, indicates that the final stage of accretion in
the central part of the Lake Zone took place at least c.
20 My later. This fact supports the multiple-arc model
mentioned above. Separate arc-belts of various ages were
more likely accreted to the consolidated eastern domain
successively during the relatively longer period than the
single-arc accretion would take. Formation ages for a
number of complexes in the Lake Zone are still unknown
and without such data a more comprehensive geotec-
tonic model can be hardly formulated. However, the
both single- and multiple-arc models are consistent with
the anatomy of multiple linear element amalgamation as
a basic feature of accretionary orogens summarised by
Xiao et al. (2010).

4.2.2. Granite suite

The dating of granitic activity in the Togtokhinshil
Complex at c. 376 Ma provides a further evidence of the
significant Devonian magmatic episode in the region.
Unfortunately, its tectonic setting remains uncertain.
Another principal question is what the heat source for
the extensive crustal anatexis was.

Obvious lack of larger basic magmatic bodies associ-
ated with the granite suite is not typical of arc-related
plutons. It rather implies that the partial melting could
have been induced by syn-collisional crustal thickening.
However, there is no evidence for significant crustal
thickening in the western part of the Lake Zone and
this fact also rules out an idea of lithospheric mantle
delamination.

Therefore, the heat source has to be sought in the
mantle, and mantle-derived melts have clearly contrib-
uted to genesis of the numerous mafic microgranular en-
claves enclosed by the granites. The viable possibilities
include lithospheric thinning in a back-arc region, or
asthenospheric mantle upwelling due to slab break-off
or ridge subduction and slab window formation (Davies
and von Blanckenburg 1995; Thorkelson 1996; Henk et
al. 2000).

The Devonian granitic magmatism was widespread
throughout the terranes of the western and the southern
Mongolia and the Chinese Altai but different geotectonic
settings (including magmatic-arc, back-arc and ridge
subduction) were proposed from individual units (e.g.,
Windley et al. 2002; Wang T et al. 2006; Yuan et al. 2007;
Hrdlickova at al. 2008; Yarmolyuk et al. 2008; Demoux et
al. 2009; Kroner et al 2010; Cai et al. 2011, 2014; Glorie
et al. 2011; Hanzl et al. this volume). Broadly similar
ages of high-temperature metamorphism were reported
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from high-grade complexes of the Hovd Zone (Soejono
et al. 2015), the Tseel Terrane (Kozakov et al. 2009;
Windley et al. 2007; Jiang et al. 2012; Burenjargal et al.
2014), the Gobi-Altai Zone (Broussolle et al. 2015) and
the Chinese Altai (Sun et al. 2009; Jiang et al. 2010; Cai
et al. 2011). Spatial and temporal coincidence of Mid—
Late Devonian magmatic activity and high-temperature
metamorphic event in the CAOB could be generally in-
terpreted as a result of a widespread elevated geothermal
gradient in the region. The Late Devonian crustal melting
in the studied, presumably already amalgamated part
of the CAOB was probably caused by the high thermal
input from upwelling hot asthenospheric mantle and/or
lithospheric thinning. These processes may reflect a far-
field subduction.

5. Conclusions

Laser-ablation ICP-MS zircon U-Pb dating results and

whole-rock geochemical data indicate that magmatic

rocks of the Togtokhinshil Complex resulted from two
magmatic events.

1) Voluminous magmatic rocks of the gabbro—diorite
suite were emplaced at ¢. 460 Ma. The geochemical
signatures indicate that the magmas were formed in
a magmatic-arc and were derived either exclusively
from the mantle source or partly generated by remel-
ting of juvenile mafic crust. These results are the first
evidence for a pulse of Mid-Ordovician magmatic
arc-related magmatism in the western part of the Lake
Zone. The gabbro—diorite suite of the Togtokhinshil
Complex probably represents either fragment of a
long-lived magmatic-arc that bordered western margin
of the Lake Zone, or, more likely, a member of mul-
tiple-island arc system within Palaeo-Asian Oceanic
domain.

2) Granite suite of the Togtokhinshil Complex (c¢. 376
Ma) represents further evidence of the widespread Late
Devonian magmatism in the CAOB. It was most likely
a product of mantle heat-induced crustal anataxis. The
geodynamic cause for this high-temperature tectono-
-thermal event is unclear, but may include effects of
asthenospheric mantle upwelling and/or lithospheric
extension.
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