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ABSTRACT. New SHRIMP U-Pb and evaporation Pb-Pb zircon ages, together with a
revision of the lithostratigraphy of “suspect” terranes in SW Mongolia, suggest that the
collage of continental and oceanic units in this region resulted from recurrent
magmatic reworking and deformation of Silurian—early Devonian proximal and distal
passive margin sequences of the Paleo-Asian Ocean. The zircon ages from early
Ordovician volcaniclastic rocks and syntectonic felsic dikes reveal an heterogeneous
stretching of the Precambrian Dzabkhan microcontinent (Lake Zone basement) during
the Ordovician, followed by the development of a carbonate platform on a proximal
margin (Gobi-Altai Zone), serpentinite breccias and Silurian chert sequences on a
distal margin and possibly also the formation of oceanic crust. The assumed early
Neoproterozoic South Gobi continental zone may either represent an allochthonous
block detached from Dzabkhan or, less likely, the conjugate margin of a Paleo-Asian
continental rift. Early Devonian volcanism subsequently affected both types of margins
with back-arc spreading centers and arcs located in the core of the future Trans-Altai
Zone. During the late Devonian to early Carboniferous a Japan-type magmatic arc
developed on the previously stretched continental crust of the Gobi-Altai Zone. This
event was associated with shortening of the entire domain, exhumation of the deep arc
core and formation of intramontane basins with Devonian and Carboniferous detrital
zircons of the adjacent Lake Zone continent. Clastic, flysch-type sedimentation oc-
curred on the former distal margin and in oceanic areas. During this early Carbonifer-
ous contraction event the continental and oceanic units were imbricated and accreted
to the continent in the north. Subsequently, late Carboniferous volcanic arc sequences
and a Japan-type magmatic arc developed on the Trans-Altai oceanic crust and the
southern South Gobi Zone, respectively. Finally, a Permian thermal event was localized
in the Gobi-Altai-Lake Zone contact domain and was responsible for formation of
Permian grabens, bimodal volcanism and substantial melting of the accreted crust.
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INTRODUCTION

The Central Asian Orogenic Belt (CAOB), also known as Altaids, occurs in a
broad area between the Siberian, North China and Tarim cratons (fig. 1, inset) and
documents some of the most voluminous continental growth on Earth during the early
Phanerozoic (Sengor and others, 1993; Mossakovsky and others, 1994; Windley and
others, 2007). Formation of the belt is thought to be dominated by the accretion of
magmatic arcs, back-arc terranes, accretionary complexes and continental blocks,
from the latest Mesoproterozoic to the late Permian (Sengér and others, 1993; Sengor
and Natal’in, 1996; Khain and others, 2003; Kroner and others, 2007; Windley and
others, 2007).

The term Altaids was first used by Suess (1901) who recognized that Asia had
grown peripherally during the Paleozoic, mainly to the west and south of the Angara/
Siberia nucleus (see Sengor and Natal’in, 2007, for a review of central Asian terminol-
ogy). Several models of accretion have been debated for the last 20 years. Sengor and
others (1993) and Sengér and Natal’in (1996) proposed that the orogen formed by
successive accretion and oroclinal bending of a long-lived single-subduction system
(the ~7000 km long Kipchak-Tuva-Mongol arc), whereas other authors (Hst, 1988;
Coleman, 1989; Mossakovsky and others, 1994) suggested that the CAOB originated
through the operation of several subduction systems with different polarities and by
collision of various microcontinents. Windley and others (2007) speculated that some
of the metamorphic and tectonic features observed in parts of the CAOB may have
resulted from ridge subduction in a circum-Pacific environment, an idea already
proposed by Kovalenko and others (1995). These different models have distinctive
predictions with regard to: (1) the age of magmatic and metamorphic complexes in
the belt, (2) the general style of accretion of juvenile crust and, (3) the paleogeo-
graphic position of the major lithotectonic units within the belt.

The SW Mongolian geological structure plays an important role in understanding
the evolution of the CAOB because it covers two major regions that were affected by
early Paleozoic (Caledonian in the old literature) and late Paleozoic (Hercynian in the
old literature) tectonic events. In the last 60 years our study area has been subjected to
extensive mapping including detailed lithostratigraphy and paleontological research,
thus allowing the definition of lithostratigraphic formations and lithotectonic units
(Sinitsyn, 1956; Amantov and others, 1970; Marinov and others, 1973; Markova, 1975;
Ruzhentsev and Pospelov, 1992). In agreement with early models for the tectonic
evolution of the CAOB (Amantov and others, 1968; Zonenshain, 1972, 1973; Ruzhent-
sev and others, 1991), the basement structure of Mongolia is divided into two
super-units that differ from each other in structural style and ages of geological
formations: 1) the Neoproterozoic northern super-unit (the Mongolian continent of
Zonenshain, 1973) was predominantly affected by early Paleozoic orogenesis, whereas
the early Paleozoic southern super-unit was predominantly affected by late Paleozoic
deformation (fig. 1). The two super-units are separated by the Main Mongolian deep
fault, later slightly modified and renamed as Main Mongolian Lineament (Tomurto-
goo, 1997). These super-units were subdivided into zones and blocks, separated by
faults and marked by distinct lithological assemblages, which were spatially correlated
within individual tectonic zones in terms of facial variations of rocks with similar ages
(Ruzhentsev and Pospelov, 1992; Ruzhentsev, 2001). Thus, four major tectonostrati-
graphic zones have been defined from north to south by Zaitsev and others (1970),
Zonenshain (1973), Markova (1975), Ruzhentsev (2001): the northernmost Lake
Zone, the Gobi-Altai Zone, the Trans-Altai Zone (sometimes South Mongolian Zone;
for example, Zonenshain, 1973) and the southernmost South Gobi Zone. These zones
correspond, in the same order, to the southern margin of the northern Mongolian
continent of Zonenshain (1973), early Paleozoic passive margin sequences, an early
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Paleozoic oceanic domain and a southern continent, respectively. These tectonic
zones were further subdivided into sub-zones that were later renamed as tectonostrati-
graphic terranes without major modifications of boundaries or lithological contents
(Badarch and others, 2002) but with some revision of their geodynamic significance
(fig. 1). This simple model was considerably modified by Seng6r and others (1993) and
Sengér and Natal’in (1996) who proposed an imbrication of Precambrian and early
Paleozoic sequences forming a major Tuva-Mongol magmatic arc by strike slip motion
and oroclinal bending.

Badarch and others (2002) subdivided the accretionary collage of Mongolia into
44 terranes, and defined a terrane, following the earlier literature, as “a fault-bounded
assemblage or fragment whose geology differs from that of adjacent terranes.” How-
ever, many of their proposed terrane boundaries are ill-defined, and lithostratigraphic
analysis by earlier authors shows that there are frequently more similarities than
differences between specific “terranes” so that their “exotic” origin is questionable. We
therefore prefer to use the more neutral term “tectonic zone” to define distinct
tectonostratigraphic domains, following Zaitsev and others (1970) and Markova (1975)
and use “terrane” in inverted commas when referring to the nomenclature of Badarch
and others (2002).

In this paper we summarize lithostratigraphic and paleontological information of
critical (volcano)-sedimentary sequences, mainly published in the Russian literature,
and evaluate these data on the basis of new single zircon ages for magmatic and
sedimentary rocks and structural and petrological observations. Our study area covers
a north-south transect that begins in the Lake Zone north of Chandman village in the
north and extends to the Gobi-Altai, Trans-Altai and South Gobi Zones in the south
(figs. 2 and 3). The principal tectonic units in our transect are formed by NW-SE
trending Gobi-Altai ridges and their branches, piedmonts and the sub-meridionally
trending Gobi-Tienshan Ridge juxtaposed with intermontane Meso- to Cenozoic
depressions (fig. 2). The transect is 300 km long and about 70 km wide along which
detailed structural and petrological analysis, combined with zircon dating of critical
felsic magmatic and sedimentary rocks, were performed. This leads us to propose a
modified tectonic model for crustal accretion in SW Mongolia (for details on the
structural evolution and new tectonic model see Lehmann and others, 2010).

LITHOSTRATIGRAPHY AND METAMORPHISM OF THE LAKE ZONE (FIG. 4A)

Rocks of the Lake Zone are exposed in the Erdene, Zamtyn and Bayantsagaan
mountain ranges located north of the Main Mongolian Lineament (figs. 2 and 3).
According to previous geological mapping and based on rock assemblages and
metamorphic overprints, at least four contrasting lithotectonic groups have been
distinguished (Markova, 1975).

The Khantaishir Ridge northwest of our study area represents a type section of the
Lake Zone (fig. 4A). It is represented by the following sequence of lithotectonic units
from bottom to top: the structurally lowest unit is represented by a compositionally
heterogeneous gneiss-amphibolite-granite basement (Havchig Complex of Mitrofanov
and others, 1981) of Proterozoic age, exposed north and NW of Altay City and
considered to be part of the Dzabkhan microcontinent (Kozakov and others, 2007b).
Kroner and others (2001) reported a SHRIMP zircon age of 1127 = 1 Ma with a 1715
Ma zircon xenocryst for a porphyritic granite-gneiss just E of Altay City, whereas
Yarmolyuk and others (2008a) found an age of 755 £ 3 Ma for an alkali granite, and
Zhao and others (2006) reported a SHRIMP zircon age of 840 = 9 Ma for leucosome
within migmatitc gneisses from this complex. Some of the Neoproterozoic rocks
contain zircon cores as old as Neoarchean (Y. Zhao, personal communication, 2008).
Similarly, a felsic volcanic rock from the upper section of the late Riphean Zavkhan
formation yielded a SHRIMP zircon age of 777 £ 6 Ma (Zhao and others, 2006), and



evolution of the Central Asian Orogenic Belt in SW Mongolia: Early Paleozoic rifting 527

46°N

45°N

- BRtrEogdi

R

44°N

bilgeh MEHN@ ‘ﬁm?‘ﬁé‘{‘fl
h:’ég'l‘

43°N - i ,
7 Mng@l'i@

96°E 50 25 0 50 km 99°E 100°E
T

(O Tectonic zonation

3.Trans-Altai Zone
3a.Khuvinkharin Subzone —___ 7one boundary/fault
3b.Edrengin Subzone ~ _ _ . Subzone boundary
3c.Dzolen Subzone

4.South Gobi Zone

1.Lake Zone

2.Gobi-Altai Zone
2a.Gobi-Altai Subzone
2b. Mandalovoo Subzone

Fig. 2. Gray-scaled digital elevation model (SRTM 2) showing the geography and morphology of
southern Mongolia mentioned in the text and location of fig. 3. Stars represent approximate location of
lithostratigraphic columns of fig. 4.

this is in good agreement with ages of 774 = 4 Ma and 803 * 8 Ma reported by
Levashova and others (2010) for the same formation. This basement is overlain by a
tectonically dismembered ophiolite association (Khantaishir formation) composed of
peridotite, gabbro, a sheeted dike complex, basaltic pillow lava boninite and chert
(Zonenshain and Kuzmin, 1978; Matsumoto and Tomurtogoo, 2003). Zircons from a
plagiogranite were dated at 568 = 4 Ma (Gibsher and others, 2001). According to
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lithology and geochemical data, this assemblage was interpreted as a supra-subduction
island arc complex (Markova, 1975; Zonenshain and Kuzmin, 1978; Kepezhinskas,
1986; Khain and others, 2003). The overlying paleontologically dated late Vendian—
early Cambrian (Archaeocyatha, Markova, 1975) Tsakhir Uul formation is represented
predominantly by chlorite schist and marble (fig. 4A). The hanging wall Naran
formation was first assumed to be early Cambrian in age (Rauzer and others, 1987) but
without paleontological evidence. Ruzhentsev and Burashnikov (1996) divided it in
two different sequences. The lower sequence Arynbulag formation of Cambrian age
(Photoconodonts, anabaritids, chiolites and molluscs, Ruzhentsev and Burashnikov,
1996) is composed of coarse epiclastic rocks in the northern part, whereas tuffitic-
carbonate sediments occur in the south. The second sequence is the Naran formation
of Cambrian age, represented by a flyschoid siliciclastic sequence. The uppermost
position in the column, according to Rauzer and others (1987) and Markova (1975), is
occupied by the middle Cambrian Ulaanshand formation that is essentially composed
of mafic volcanic and corresponding pyroclastic rocks.

However, rocks that are considered to be an analogue of this assemblage in our
study area differ from the type section in their higher grade of metamorphism.
Basement rocks in our section are exposed north of the Main Mongolian Lineament
(figs. 3 and 4A) as an E-W elongated belt that is flanked in the north by a Cretaceous
basin. The structurally lowest and eastern part is represented by coarse-grained
augen-gneiss at the base, banded amphibolites, amphibolitic gneisses and marbles with
a minor proportion of metapelite of the Zamtyn Nuuru complex. The amphibolite-
facies metamorphic assemblages are mostly characterized by hornblende, garnet and
plagioclase in amphibolites and garnet and biotite in associated metapelites. These
medium-grade metamorphic rocks occur in a wide area extending from the studied
section to the west as far as the eastern end of the Khantaishir Ridge (fig. 2). Therefore,
medium-grade metamorphism is one of the main features in the Neoproterozoic
basement of the Lake Zone. The unit is intruded by leucogranite bodies of which
zircons were dated at 518 Ma (Hrdlickova and others, 2008). Diorites, granodiorites
and leucocratic granites are widespread and were suggested to be Permian in age
(Rauzer and others, 1987).

The lateral equivalent of the Khantaishir unit in our traverse is represented by
rocks of the southeastern Erdene Mountain piedmont where serpentinized perido-
tites, a tonalite-trondhjemite suite, and abundant tholeiitic to calc-alkaline (Hanzl and
Aichler, 2007) mafic to intermediate volcanic rocks are observed.

The third important sequence is represented by the Tsakhir Uul formation (fig. 4A),
composed of fossiliferous volcano-sedimentary, sedimentary, and tuffaceous siliceous
schists and marbles which were dated paleontologically in both the Khantaishir and
Zamtyn Ridges by early Cambrian Archaeocyatha (Markova, 1975; Hanzl and Aichler,
2007). In our study area, these rocks also differ from the type section in the Khantaishir
Ridge in their higher degree of metamorphism. The Tsakhir Uul formation essentially
consists of marble, enclosing up to hundred m thick layers (tectonic lenses?) of
eclogite and metapelite in the north. The central part of the unit is composed of a
NE-SW trending belt of metagabbro, whereas the southern part is dominated by
marble and metapelite. The eclogites contain a peak metamorphic assemblage of
omphacite, garnet, barroisite, zoisite and phengite. The occurrence of garnet and
chloritoid in the metapelites indicates that the metasediments also reached HP
conditions. However, there are some metabasites which show only amphibolite-facies
mineral assemblages, indicating that the unit did not reach eclogites-facies conditions
as a whole. The metamorphic assemblages related to amphibolite-facies retrogression
in the eclogites are associated with late shear zones and a late metamorphic fabric in
the metapelites.
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The uppermost assemblage of the Lake Zone is represented by clastic sequences
distinguished as the Naran formation of presumed early and middle Cambrian age
(Rauzer and others, 1987; Ruzhentsev and Burashnikov, 1996; Hanzl and Aichler,
2007). In the NW part of the transect, the Naran formation is represented by low-grade
volcanic-derived shales dominated by muscovite and chlorite, silicate-rich sediments,
metarhyolites, metaconglomerates and minor metabasalts which attest to lower green-
schist-facies metamorphism (Markova, 1975; Rauzer and others, 1987; Hanzl and
Aichler, 2007). Turbidites consisting of alternating sandstone and siltstone are similar
to those described at the southern slope of the Khantaishir Ridge in the Naran zone.
However in the studied section, these sediments do not contain fossils, and a Cambrian
age was assumed on the basis of their stratigraphic position and lateral correlation with
rocks of the Khantaishir Ridge. A small outlier of supposedly Devonian sandstone and
conglomerate (fig. 4A) suggests a fluviatile depositional environment (Rauzer and
others, 1987). On the southwestern foothill of the Zamtyn Range, a volcaniclastic
formation of bimodal volcanic rocks and volcaniclastic sediments was dated as Permian
(Hanzl and Aichler, 2007). The geochemistry of these rocks indicates a within-plate
setting, and granites as well as rhyolites show an evolution from volcanic arc to
within-plate settings (Hanzl and Aichler, 2007).

LITHOSTRATIGRAPHY OF THE GOBI-ALTAI ZONE (FIG. 4B)

Northern Slope of the Gichgene Ridge (Fig. 2)

The oldest lithostratigraphic unit of this zone is best developed in the Tsogt area
along the valley of the Tugrig River (figs. 2 and 4B). Here, the lowermost part of the
succession is composed of quartz-chlorite-schist, siliceous thinly laminated rocks,
strongly altered metabasalt, epidote-actinolite-schist and massive diabase porphyry
(fig. 4B). The intermediate part of the succession is composed of variably schistose
clastic rocks and altered black to dark gray siltstones and schists. The lower and
intermediate parts of this metamorphic succession constitute the so-called Tugrig
formation of presumed early to middle Cambrian age. The uppermost part of this
sequence is attributed by some authors to the late Cambrian—early Ordovician (Rauzer
and others, 1987) Uhaanuruu formation which consists of felsic volcanic rocks as well
as volcano-sedimentary, tuffaceous and clastic rocks with layers of limestone at the top.
The uncertain stratigraphic position is due to a lack of reliable ages, both paleontologi-
cal and isotopic. Even a Silurian age was proposed for the Tugrig formation which
resulted from correlation with similar strata exposed east of our study area near
Bayanleg (fig. 4B) where early Silurian tabulate corals, bryozoans and crinoids were
found (Markova, 1975).

Rocks of the Tugrig formation are overlain by a sequence of sandstones, siltstones
and graded conglomerates that is correlated with the paleontologically dated Ordovi-
cian Bayantsagaan formation farther east (brachiopods, trilobites and crinoids, Hanzl
and Aichler, 2007). These sediments underwent very low grade metamorphism so that
they often have the appearance of chlorite-sericite slates. The original contact with the
Tugrig formation is obliterated by active faults but appears to be unconformable due
to differences in deformation intensity and the degree of metamorphism. Early
Devonian sediments unconformably overlie the medium-grade rocks of the Tugrig
formation or volcaniclastic sediments of the Bayantsagaan formation. The Devonian
rocks of the Takhit, Duchindavaa and Togoot formations essentially consist of mica-
rich sandstones and siltstones which are intercalated with basal porphyries, tuffs and
basaltic pillow lavas as well as large bodies of rugosa corals and crinoidea-bearing reef
limestones, indicating early and middle Devonian depositional ages (Markova, 1975).

In our study area, the rocks exposed along the northern slope of the Gichgene
Ridge, south of Chandman, are interpreted as a lateral continuation of the Tugrig
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formation (figs. 2 and 3). These metamorphic rocks are mainly paragneisses, amphibo-
lites and quartz-rich metapelites which contain a garnet-sillimanite-biotite peak meta-
morphic assemblage in the northern central parts of the section. To the south, the
metapelites contain an andalusite-muscovite-biotite mineral assemblage in a wide belt
bordering a domal structure of granitoid gneisses. Amphibolite lenses are interpreted
as metamorphosed volcanic rocks (Hanzl and Aichler, 2007).

The andalusite-biotite schists are unconformably overlain by a thick sedimentary-
volcanic sequence of the early-middle Ordovician Bayantsagaan formation containing
calc-alkaline dacitic to rhyolitic volcanic rocks and tholeiitic basalt (Hanzl and Aichler,
2007) and well dated as Arenig to Llanvirn by brachiopods, trilobites and gastropods
(Markova, 1975). This succession is followed by a thick sequence of fossil-free tuffa-
ceous sediments, siltstones and rare limestones of probable late Ordovician or Silurian
age. The structurally overlying Khutag Nuur formation is paleontologically dated as
Ludlow to Wenlock (Markova, 1975; Hanzl and Aichler, 2007) and, in turn, is overlain
by thick early Devonian coral-rich limestones (Markova, 1975). A large tectonic slice of
the Tsokhoriin Nuruu formation containing siliclastic sediments is dated as early
Carboniferous. Markova (1975) interpreted this sequence to have been deposited in
intramontane basins. The structurally deepest rocks exposed in the vicinity of Chand-
man village in the Gobi-Altai Zone are represented by granites with dioritic enclaves,

Fig. 4. Stratigraphic columns for the study area. (A) Lake Zone, (B) Gobi-Altai Zone, (C) Trans-Altai and
South Gobi Zones. Stars enclosing letters on top of each column refer to location indicated in fig. 2.
Modified from a)—Markova (1975), b)—Zonenshain and Kuzmin (1978), c)—Rauzer and others (1987),
d)—Ruzhentsev and Pospelov (1992), e)—Ruzhentsev (2001), f)—Lamb and Badarch (1997), g)—Gibsher
and others (2001), h)—Hanzl and Aichler (2007), i)—Hanzl and Krej¢i (2008), j)—Demoux and others
(2009a), k)—this study, I)—Ruzhentsev and Burashnikov (1996).

Sources of paleontological data: (1)—Oncolites, algae and archaeocyatha (Markova, 1975). (2)—
Photoconodonts, anabaritids, chiolites and molluscs (Ruzhentsev and Burashnikov, 1996). (3)—
Archaeocyatha, stromatolites, microbialites (Hanzl and Aichler, 2007). (4)—Rufloriasp. (Hanzl and Aichler,
2007). (5)—Oncoliths: Ambigolamellatus horrida, Osagia nimia (Hanzl and Aichler, 2007). (6)—Tabulata:
Favosites kovechovi, Squameofavosites sp.; Bryozoa: Fistulipora sp. (Marvoka, 1975). (7)—Tabulata: Favosites
multiformis, Riphaeolites ramosus sp., etc (Marvoka, 1975). (8)—Brachipods: Orthidiella sp., Productorthis sp.,
Orthambonites sp. and Strophomenida div. sp.; Trilobites: Asaphidaeindet.; Crinoids: locrinus sp. and Ramseyocri-
nus sp. (Hanzl and Aichler, 2007). (9)—Lykophyllina indet.; Tabulata: Favosites lichernarioides., Favosites sp.;
Amphiporida indet.; Stromatoporoida indet.; Crinoids: Cyclomischus sp., Baryschir sp. (Hanzl and Aichler,
2007). (10)—Crinoids: Asperocrinus sp., Trybliocrinus sp., Mediocrinus sp., Salairocrinus sp., Pentamerostella sp.,
Mpydodactylus sp., Pandocrinus sp.; Corals and stromatoporoids: Sutherlandinia sp., Rugosaindet., Parastriatopora
sp., Cladochonus sp., Syringoporida indet., and Laccophyllum; Gastropods: Orthonychia sp., Cyrtocyclonema sp.;
Brachiopods: Cymostrophia sp.; Trilobites: Gerastos sp., Crotalocephalina aff. Cordai; Nautiloids: Kopaninoceras
sp.; Dacryoconarid tentaculites: Guerichina sp. (Hanzl and Aichler, 2007). (11)—Crinoids: Trybliocrinus sp.,
Mediocrinus sp., Salairocrinus sp., Cyclocaudex sp.; Brachiopods: Atrypa sp., Leptaenopyxis sp., Sieberella sp.,
Athyridae indet., Rhynchonellidae indet.; Corals: Cladopora sp., Favosites div sp. and Thamnopora, Lecomptia sp.
(Hanzl and Aichler, 2007). (12)—Crinoids: Pentacauliscus sp., Cyclocaudex sp. and Melocrinites sp.; Dracryo-
conarid tentaculites: Viriatelina sp. and Styliolina sp. (Hanzl and Aichler, 2007). (13)—Brachiopods, crinoids
and lepidophytes (Rauzer and others, 1987). Crinoids: Cyclocaudiculus sp.; Ichnofossils: Dictyodora liebeana.
(Hanzl and Aichler, 2007). (14)—Cordaites: Rufloria cf. derzaviniiand Rufloriasp (Hanzl and Aichler, 2007).
(15)—Tabulate and rugose corals, brachiopods (Menner and others, 1981; Sharkova, 1986; Rozman and
Minzhin, 1988; Minzhin and others, 1993). (16)—Limestone corals of Ordovician to earliest Devonian
(Alekseyeva, 1981; 1993). (17)—Tabulate corals, rugose corals, stromatoporoid and algae (Sharkova, 1986).
(18)—Crinoids and Bryozoans (Alekseyeva, 1981; 1993). (19)—Brachiopods, conodonts, tabulate corals and
radiolarians (Koneva, 1990; Lazarev and Suur’suren, 1992; Nyamsuren and Badarch, 1994). (20)—
Unspecified brachiopods (Afanas’yeva, 1992; Lazarev and Suur’suren, 1992). (21)—Brachiopods: Isorthis
sibirica, Lamellispirifer mucronatus, Atrypa vandae; Crinoids: Dactilocrinus cf. spiniferus (Marvoka, 1975).
(22)—Spinatrypa exgr. Bachatiensis (Marvoka, 1975). (23)—Archacocalamites sp. (Marvoka, 1975). (24)—
Angarodendron vel., Caenodendron sp., Knorria sp., Arcaheocalamites sp., Sphenopteris sp., Adiantities sp., Angarop-
tenidium sp., Cardioneura sp., Cordaites sp., Carpolitus sp. (Marvoka, 1975). (25)—Conodonts: Pandorinellina
steinhornensis, Polygnathus inversus, “Hindeodella” sp. (Rhuzentsev, 2001). (26)—Brachiopods: Brachyspirifer
sp., Multispirifersp., (Ruzhentsev, 2001). (27)—Bryozoans, rugose corals, crinoids and brachiopods (Suyetenko
and others, 1988). (28)—Not specified—(Marvoka, 1975). (29)— Tentaculites sp. Indet. (Marvoka, 1975).
(30)—Tabulata: Favosites archaensis; Brachiopods: Aulacella sp., Gladiostrophia sp., Leptagonia sp., Delthyris sp.
(Ruzhentsev, 2001).
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diorites, and xenoliths of migmatitic amphibolitic gneisses and migmatites (fig. 3).
Zircons from one of the granites were dated at 345 = 2 Ma (Hrdlickova and others,
2008). Locally, the granites and granodiorites were converted to orthogneiss and cut
by granite veins and dikes that are locally folded and foliated. These observations
indicate that magmatic activity and gneissification were synchronous processes. The
orthogneisses and plutonic rocks have calc-alkaline compositions with trace element
patterns of volcanic arc and within-plate granites (Hanzl and Aichler, 2007; Economos
and others, 2008). This magmatic complex shows an intrusive contact with sillimanite-
and andalusite-bearing schists of the Tugrig formation.

Southern Slope of the Gichgene Ridge (Fig. 2)

The second area of interest constitutes the core of the Tseel metamorphic
“terrane” of Badarch and others (2002), south of Erdene village (fig. 3). The southern-
most part of the Gichgene Ridge is formed by a pink granophyric granite-gneiss that is
locally converted to greenschist-facies mylonite. Farther north, metamorphosed rocks
are represented by amphibole-rich gneisses, felsic gneisses, as well as paragneisses with
garnet and pyroxenite boudins, embedded in garnet-andalusite-bearing metapelites.
To the north of these high-grade rocks occur low-grade metasediments rich in felsic
volcanic rocks of presumed Neoproterozoic (Vendian) age (Rauzer and others, 1987;
Tomurtogoo, 1998). Farther north occurs the above described early to middle Devo-
nian sedimentary basin made up of siltstones, shales and numerous paleontologically
dated reef limestones (fig. 4B) that, according to Rauzer and others (1987), are
intruded by Devonian and Permian granites. Early Devonian metabasalts and felsic
metavolcanic rocks show chemical and isotopic compositions at the transition between
back-arc and arc settings (Demoux and others, 2009a).

Located in the Gobi-Altai Zone, some 10 km north of Shine Jinst village (fig. 2), a
metamorphic basement unit of ~600 km? is considered to be of early Devonian age
(Rauzer and others, 1987). The dominant lithology is represented by garnet-bearing
migmatitic gneisses, amphibolitic gneisses, migmatitic gabbros, paragneisses and to-
nalites. Locally pink subvolcanic granites occur in association with other high-grade
rocks. The southern boundary of this unit exposes mafic and granitoid intrusive rocks
of Permian age as well as intraformational felsic volcanic rocks and volcaniclastic
sediments of paleontologically determined Permian age (flora in Badarch, 1982),
interpreted as an intracontinental basin (Lamb and Badarch, 1997). A thrust contact
between the high-grade unit and these late Paleozoic sequences was locally observed.

The adjacent sedimentary sequence of the Mandalovoo Subzone (redefined as
terrane by Badarch and others, 2002) was described in detail by Lamb and Badarch
(1997), and we only provide a brief description based on their lithostratigraphic
column and presented in figure 4B. The section begins with paleontologically undeter-
mined but assumed Ordovician slates of the Ulan Shand formation. The overlying
Silurian formations contain fossiliferous carbonate lenses (Menner and others, 1981;
Sharkova, 1986; Rozman and Minzhin, 1988; Minzhin and others, 1993). The overlying
early Devonian Tsagan Bulag formation contains basal conglomerates with clasts of
limestone corals of Ordovician to earliest Devonian age (Alekseyeva, 1981, 1993), and
these rocks evolve into sandstones and gritstones in the middle part of the section. The
hanging wall fossiliferous shallow-marine Chulun formation was paleontologically
dated (Sharkova, 1986) and is followed by early to middle Devonian crinoidea- and
bryozoan-bearing reef limestones of the Tsagan Halga formation (Alekseyeva, 1981,
1993). Finally, middle to late Devonian volcaniclastic sandstones, siltstones and argil-
lites of the Indert formation contain volcanic flows and tuffs of basaltic to rhyolitic
composition. Detailed sedimentological analysis of Lamb and Badarch (1997) shows
that the Shine Jinst Devonian and Carboniferous section records a marginal marine
setting with periodic input from proximal volcanic centers. In addition, major and
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trace element data for Devonian basalts suggest that these rocks correspond to volcanic
arc basalts and were produced within a mature island arc or an arc forming on the
outermost edge of a continent (Lamb and Badarch, 2001).

A fragment of granodiorite of unknown age separates the Permian basin from the
Devonian carbonates, interpreted as the southern boundary of the Gobi-Altai “terrane”
(Badarch and others, 2002). In this way, the thick Ordovician to Carboniferous
sequence is considered to correspond to the western termination of the Mandalovoo
Subzone (Badarch and others, 2002; see fig. 4B).

LITHOSTRATIGRAPHY OF THE TRANS-ALTAI ZONE (FIG. 4(])

The northern part of the Trans-Altai Gobi Desert, located south of the Trans-Altai
fault and north of the Gobi-Tienshan fault zone, was divided into a variety of zones and
terranes by different authors: from north to south, this area is known as the Edrengin
and Trans-Altai zones (Ruzhentsev and Pospelov, 1992), Edren, Baaran, Zoolen and
Baytag terranes (Badarch and others, 2002) or Trans-Altai, Ajbogd and Gobian
terranes (Tomurtogoo, 1997). We use the nomenclature and most of the lithostrati-
graphic sections of Ruzhentsev and Pospelov (1992) and some lithostratigraphic
sections of Markova (1975) for comparison. We modify the zonation of Ruzhentsev
(2001) and distinguish from north to south the Khuvinkharin, Edrengin and Dzolen
Subzones or ridges. This large area (fig. 3) consists of the following lithostratigraphic
sequences.

The oldest rocks are confined to the Trans-Altai fault and serve as a boundary
between the Gobi-Altai and Trans-Altai Zones. The section mainly consists of clastic
rocks made up of coarse-grained sediments in the lower part and sandstone, shale,
tuffite and siliceous sinter and chert in the upper part (fig. 4C). The age of this
sequence is early Devonian (Ruzhentsev and others, 1985; Suyetenko and others, 1988;
Ruzhentsevand Pospelov, 1992). Devonian rocks are widely distributed in this area and
were studied in the Khuvinkharin and Edrengin Ridges (fig. 2) where two different
sections were distinguished (Ruzhentsev and Pospelov, 1992; Ruzhentsev, 2001). The
northern section is exposed in the region of the Khuvinkharin Ridge where the
Devonian consists of conglomerates with boulders of granite, quartz-porphyry, mica-
ceous quartzite, gritstone and marble, which pass upwards into strata composed of
intercalations of clay-rich siliceous shale, serpentinite, jasper and sheets of basalt flows
(fig. 4C). A serpentinite mélange was locally recorded and is considered to represent
the lowest part of the section (Ruzhentsev, 2001). The entire sequence ends with
homogeneous middle to late Devonian graywacke flysch, up to 2000 m thick. Interme-
diate mafic volcanic rocks belong to a weakly differentiated low-Ti series which is
ascribed to a back-arc basin environment (Ruzhentsev and Pospelov, 1992; Yarmolyuk
and others, 2008c). The Devonian section of this zone is generally strongly deformed.

The southern section occurs along the Edrengin Ridge (fig. 4C) and is dominated
by volcano-sedimentary sequences. These rocks consist of tuff, tuffite, and tuff-
sandstone which contain lenses of limestone with Emsian brachiopods in the lower
part (Ruzhentsev and others, 1985) as well as massive dacite, andesite and basaltic
pillow lava with rare tuff in the upper part. The chemical composition of the
sub-alkaline volcanic rocks is interpreted as reflecting an island-arc series (Ruzhentsev
and Pospelov, 1992; Lamb and Badarch, 2001; Yarmolyuk and others, 2008c).

The Devonian rocks display important lateral variations so that in the west
(Baruun Huurai area, Mergen Mountain, fig. 4C), the early Devonian is represented by
a 3000 m thick sequence of mafic to intermediate volcanic rocks of marine environ-
ment, locally with fossils of Givetian and Frasnian age (Markova, 1975). The upper part
grades into more felsic volcanic rocks associated with tuffaceous graywacke (Markova,
1975). Calc-alkaline granites of early Carboniferous age (Hanzl and others, 2008;
Yarmolyuk and others, 2008b) are exposed in the SE part of this ridge. A similar
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section is described to the east in the area of the Nemegt Mountain (fig. 4C) where the
early Devonian is represented by a 2000 m thick volcanic sequence of basaltic tuff,
porphyry and a gabbro sheet, progressively passing into a 1400 m thick middle
Devonian rhyodacite sequence (Markova, 1975). Helo and others (2006) demon-
strated that the geochemistry of Devonian volcanic rocks from the Nemegt Mountain
exhibit both calc-alkaline, LREE-enriched island arc and tholeiitic LREE-depleted
back-arc basin signatures of predominantly juvenile composition.

Ruzhentsev and others (1991) provided detailed lithological sections through the
Trans-Altai Gobi Desert and suggested that the oldest rocks of this domain are found
along the southern slope of the Dzolen Ridge (just east of fig. 2). Here a range of
strongly serpentinized peridotite fragments occur, locally accompanied by gabbro,
pillow lava and corresponding basaltic tuff. Radiolarian bedded jasper of Silurian—
early Devonian age, sponges and quartz-hematite rocks are common (Zonenshain and
others, 1975; Ruzhentsev and others, 1985). These fragments of oceanic lithosphere
(fig. 4C) are interpreted to correspond to the eastern termination of the Dzolen
“terrane” (Badarch and others, 2002), whereas Ruzhentsev and others (1991) inter-
preted them as the oldest rocks in the Silurian-Devonian oceanic Trans-Altai Zone.
These authors also described several sections from the Gurvansaykhan Range, starting
with jasper beds 200 to 300 m thick and followed by a thick volcanic sequence of
tholeiitic basalt, epiclastic and tuffaceous material and basalt-andesite volcanic rocks.
This sequence is overlain by middle Devonian clastic sediments. Helo and others
(2006) have shown that the Devonian volcanics from the Gurvansaykhan and Dzolen
Ranges exhibit intermediate, calc-alkaline compositions marked by LREE enrichment
and high initial eyy_values that are consistent with a juvenile intra-oceanic arc. Some
rocks reveal features similar to adakites and high-Mg andesites that possibly evolved in
a forearc environment. These authors also reported SHRIMP zircon ages of 421 = 3.0
Ma and 417 = 2.2 Ma, confirming an early Devonian age of volcanic activity.

The Devonian sequence is overlain unconformably by early Carboniferous volca-
nic and tuffaceous strata with a thick basal conglomerate where the calcareous cement
contains brachiopods, trilobites and gastropods of Tournaisian age (Suyetenko and
others, 1988). At other localities, the Devonian is covered by a thick clastic sequence
(sandstones, conglomerates, shales and some tuffs) of early Carboniferous (Visean-
Namurian) age as shown by several flora findings (Markova, 1975). The Carboniferous
strata consist of basalt, andesitic basalt, and andesite as well as corresponding tuff,
tuff-sandstone, tuff-siltstone, and tuff-conglomerate. These rocks show lateral lithologi-
cal variations which are expressed by a decrease in volcanic material and an increase in
volcano-sedimentary rocks eastwards.

The thickness of the Lower Carboniferous is highly variable and ranges from
1000 m in the west to 2400 m in the east. However, the Upper Carboniferous is rather
homogeneous both in facies and thickness, dominated by felsic and intermediate
products of subareal volcanism of andesitic composition. The lower part of a 1000 to
1200 m thick sequence is composed of andesitic lava flows and agglomeratic tuff,
whereas the upper part, also ~1000 m thick, is represented by a volcano-sedimentary
sequence dominated by volcanic-derived sandstone, tuffite and tuff (Markova, 1975).

LITHOSTRATIGRAPHY OF THE SOUTH GOBI ZONE (FIG. 4C)

The South Gobi Zone (Ruzhentsev, 2001) or Atasbogd “terrane” (Badarch and
others, 2002) occupies the southernmost part of the study transect and is separated
from the northern part of the Trans-Altai Gobi by the E-W striking Gobi-Tienshan fault
(fig. 3). The area exposes variably metamorphosed rocks ranging in age from pre-
sumed Ordovician to Carboniferous. These rocks occur in ridges that are juxtaposed
against young intermontane basins filled with Mesozoic and Cenozoic sediments.
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The oldest rocks are represented by a presumed Ordovician sequence (Tomortyn
formation of Sinitsyn, 1956; Markova, 1975) composed of siliceous clastic rocks,
quartzite, sandstone, gritstone and conglomerate with coarse-grained sediments mainly
occurring in the lower part (fig. 4C). These are conformably overlain by metamor-
phosed rocks consisting of amphibolite, amphibolite schist and hornfels, interlayered
with gray-green chlorite or sericite-chlorite schists. The schists were assigned to the
Silurian by Sinitsyn (1956) and Markova (1975). Although these authors suggested
that the Ordovician and Silurian rocks constitute a conformable sequence showing
both temporal and spatial relationships, the presumed Ordovician and Silurian ages
were not well documented, and only some tentaculites found in the upper, clastic part
of the succession indicate a Silurian age (Markova, 1975). The younger age limit of the
above succession is defined by well dated hanging-wall Devonian strata.

The early Devonian is mainly represented by volcanic, volcano-sedimentary and
sedimentary rocks with lenses and beds of limestone and quartzite (fig. 4C). Coarse-
grained sediments represented by graywacke with graded bedding and conglomerates
occur in the upper part of the sequence. The limestones contain fossils of early
Devonian age (Sourek and others, 2003) and volcanic rocks are mostly represented by
basaltic pillow lavas. The middle Devonian consists of black-gray, graded-bedded, slaty
metamudstone, metasandstone and calc-silicate rocks.

All these early Paleozoic rocks are unconformably overlain by ~1000 m thick early
Carboniferous sediments containing a brownish-gray conglomerate in the lower part
ascribed to the Visean (fig. 4C). The Carboniferous rocks constitute the most widely
developed lithologies in this area. Unclassified Carboniferous strata are repre-
sented by tuffaceous sandstone with graded bedding and thin layers of mudstone
and conglomerate, and volcanic rocks of basalt, andesite, dacite and rhyolite
compositions. These strata are ascribed to the Lower and Middle (or Middle-
Upper) Carboniferous (fig. 4C). The Upper Carboniferous sequences are repre-
sented by tholeiitic basalt flows and hyaloclastites, followed by clastic sediments
containing biogenic limestones and sandstones.

The structurally lowest unit is represented by the E-W trending Gobi-Tienshan
magmatic complex, covering an area of about 3000 km? and described by Badarch and
others (2002) as part of their Atasbogd “terrane.” A late Carboniferous emplacement
age of 302 £ 3 Ma was recently determined for a granodiorite of this batholith
(Yarmolyuk and others, 2008b). The host rocks in the Témortyn zone, NE of the
Gobi-Tienshan magmatic complex, consist of metapelites, metavolcanic rocks, marbles,
paragneisses and amphibolite gneisses of presumed Ordovician to early Silurian age
which are bounded, in the north, by the up to 500 m wide active Gobi-Tienshan fault.
Peak metamorphic conditions are inferred from the presence of migmatitic melts
showing hornblende- and plagioclase-rich leucosomes in gneisses which constitute the
structurally lowest part of the magmatic complex. Towards the SE the gneisses pass into
the main batholith which is composed of gabbro, granodiorite and granite. The
predominant magmatic rock is a coarse-grained granodiorite composed of plagioclase,
biotite, hornblende * clinopyroxene * titanite and containing numerous dioritic
xenoliths. The granodiorite commonly alternates with sheets of biotite-bearing quartz-
itic hornfels. A progressive transition exists from the main granodiorite in the core of
the pluton to schlieren-bearing, porphyric quartz-rich pink granite on the southeast-
ern margin. Locally, rare leucocratic veins and foliated orthogneiss xenoliths were
observed. To the SE, a granophyric pink granite intruded into shallow crustal levels as
shown by spotted Devonian slates and Carboniferous volcaniclastic sediments. The
entire structure of the Gobi-Tienshan plutonic complex with high-grade metamorphic
rocks at the bottom, a mafic lower part of the magma chamber, a granodioritic core
and a subsurface granophyric granite intruding weakly metamorphosed Devonian
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sediments at the top indicates an increasing structural depth towards the NW in this
huge magmatic complex.

LITHOSTRATIGRAPHIC CORRELATIONS AND PALEOGEOGRAPHIC IMPLICATIONS

An attempt is made here to demonstrate lithostratigraphic correlations within our
study area and to present a preliminary paleogeographic model in which our samples
are positioned. The Ordovician and Silurian deposits of the Gobi-Altai Zone were
traditionally interpreted to have developed along the southern edge of the Mongolian
continent (for example, Zaitsev and others, 1970; Zonenshain, 1973). According to
early Russian studies the Ordovician sequences in the South Gobi Zone reflect a similar
evolution, that is, a continental margin clastic sedimentation. This model was slightly
modified by Lamb and Badarch (1997, 2001) who proposed evolution of the Ordovi-
cian sediments along the southern edge of an E-W trending sliver of continental crust
or the remnant of an older island arc complex represented by the Ulaan Shand
formation of the Lake Zone and the lower part of the Tugrig formation in the
Gobi-Altai Zone. The Ordovician-Silurian sediments are undoubtedly ocean margin
deposits, mainly proximal with a small component of bimodal effusives. The struc-
turaly deepest formations are early Devonian deep marine deposits in the Trans-Altai
Zone represented by radiolarian-bearing cherts unconformably overlying a serpentinite—
gabbro mélange (Eengin, 1978; Ruzhentsev and Pospelov, 1992; Ruzhentsev, 2001).
These sequences were interpreted as deep oceanic sediments by several authors (for
example, Suyetenko, 1973; Zonenshain and others, 1975) and represent the axis of the
South Mongolian oceanic basin (Zonenshain, 1973). Ordovican and Silurian deposits
of the South Gobi Zone were regarded by earlier Russian authors (for example, Zaitsev
and others, 1970; Zonenshain, 1973) as typical pericontinental sediments, similar to
those described from the Gobi-Altai Zone.

Devonian and early Carboniferous deposits show significantly higher variability
across the N-S and E-W sections (Ruzhentsev and Pospelov, 1992; Lamb and Badarch,
1997, 2001; Ruzhentsev, 2001). Traditionally, the Gobi-Altai Zone sequences are
interpreted as typical passive margin deposits (for example, Zaitsev and others, 1970).
However, modern studies of the Mandalovoo Subzone (Shine Jinst section) suggest
nearshore to neritic conditions and deposition in a volcanic-arc setting due to
proximal volcanic deposits known from the Chuluun and Indert formations (Lamb
and Badarch, 1997). Devonian sequences (fossiliferous reef limestones) on the north-
ern slope of the Gichgene Ridge indicate shallow marine conditions whereas pillow
lavas and felsic volcanic rocks in the lower part of the section suggest opening of an
intra-arc or backarc basin in this area (Demoux and others, 2009a). The lower
Devonian oceanic rocks of the Trans-Altai Zone are locally covered by early Devonian
intra-oceanic arc and back-arc volcanic rocks (Zonenshain and others, 1975; Lamb and
Badarch, 2001; Helo and others, 2006). The middle to late Devonian volcano-
sedimentary deposits show north-south zoning which was interpreted in terms of a
back-arc located to the north, an arc in the center and a forearc basin in the south
(Lamb and Badarch, 1997). Middle-late Carboniferous deposits are generally seen as
reflecting widespread volcanic arc activity affecting the Trans-Altai Zone in SW
Mongolia (Markova, 1975). Devonian and Carboniferous deposits of the South Gobi
Zone reflect shallow marine conditions and led some authors to propose the existence
of a South Mongolian continental ribbon (for example Zonenshain, 1967; Zaitsev and
others, 1970).

SUMMARY OF STRUCTURAL EVOLUTION
Deformational features and metamorphic fabrics were used by Lehmann and

others (2010) to better constrain unconformities and the timing of several tectonic
events. The earliest structures occur in the Lake Zone and are related to the
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Fig. 5. Field photographs of selected dated rocks. (A) Folding of metamorphic foliation in orthogneiss
of Zamtyn Range basement (sample M523]JC); (B) horizontal metamorphic fabric in banded amphibolite of
Zamtyn Range basement cut by granitic dikes (sample M150/06-3); (C) intrusive contact (dashed white line)
between microgranite and granite-gneiss (sample M107/06-2) on Chandman Mountain; (D) Permian
leucogranite (sample M83/06) near Erdene village.

emplacement of the Tsakhir Uul and Khantaishir ophiolite nappes over the Meso- to
early Neoproterozoic basement of the Dzabkhan microcontinent. These structures are
represented by a phengite-bearing foliation in eclogites and high pressure fabrics in
associated metapelites and were dated by the *°Ar-*’Ar method at 540 Ma (Lehmann
and others, 2010). These cooling ages thus bracket ophiolite thrusting over the
continental basement. The Lake Zone basement reveals a polyphase structural evolu-
tion with an early steep metamorphic fabric that was reworked by a second amphibolite-
facies foliation (fig. 5A) that is crosscut by granite dikes which were dated in this study
using the U-Pb method (fig. 5B; sample M150/06-3).

The Gobi-Altai Zone reveals a complex and polyphase structural evolution. The
structurally oldest, possibly Cambrian, Tugrig formation shows a dominant flat green-
schist-facies fabric which was superposed over poorly preserved earlier structures. The
age of this fabric could not be determined by isotopic methods but is older than the
unconformably overlying early Ordovician Bayantsagaan formation. These rocks are
unconformably overlain by Devonian sediments (Markova, 1975; Lehmann and oth-
ers, 2010). The entire sequence was affected by deformation associated with the
exhumation of metamorphic and magmatic domes on both the northern and south-
ern Gichgene Ridges in the late Devonian to early Carboniferous. This E-W oriented
compression generated crustal-scale, N-S trending steep folds with gneissic and gra-
nitic cores marked by a strong magmatic fabric that passes into solid state deformation,
thus suggesting syntectonic emplacement of magmatic complexes during deformation
(fig. 5C). The development of early Carboniferous intramontane basins is most likely
related to this event. Both Lake and Gobi-Altai Zones are affected by a strong and
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steeply dipping lower greenschistfacies cleavage and folding of late Permian to
Triassic age (Lamb and others, 2008; Lehmann and others, 2010). Early Permian
granites which were mostly emplaced through passive mechanisms (fig. 5D) were
cither entirely reworked by this cleavage or represent rigid bodies around which the
cleavage fronts are deflected.

The earliest deformation in the Trans-Altai Zone is preserved in strongly sheared
serpentinites, ophicalcites, gabbros and early Devonian cherts, but this deformation is
not developed in Devonian rocks (Ruzhentsev and Pospelov, 1992 and our own
observations). However, the ultramafic rocks are imbricated with early to middle
Devonian rocks and thrust over them at several localities in the form of thin thrust
sheets and nappes (for example, Zonenshain and others, 1975). Detailed structural
analysis of Lehmann and others (2010) has shown that thrusting was associated with
gentle N-S trending folds that also affected early Carboniferous strata. However, the
Permian volcanic rocks are not affected by this deformation so that the shortening
event can be placed in the middle-late Carboniferous. The Trans-Altai Zone was also
affected by intense late Permian to late Triassic folding and steep E-W trending
cleavage development.

The South Gobi Zone reveals three principal deformation events. The first
affected Ordovician and Silurian rocks of the Témortyn group and is represented by
an originally sub-horizontal greenschist-facies fabric. The early Devonian rocks also
reveal a metamorphic fabric, but its age and relationship to that affecting the
Tomoértyn group remain uncertain. The second major deformation is related to
WNW-ESE compression which produced a steep metamorphic foliation in high-grade
orthogneiss, migmatite and granodiorite of the Gobi-Tienshan arc pluton. This fabric
is undoubtedly of late Carboniferous age as shown by our zircon ages. The final
deformation is represented by an intense ENE-WSW trending cleavage front surround-
ing the pluton and steep folds refolding all sequences, including early Carboniferous
sediments and volcanic rocks. The age of this fabric is not well constrained but is
certainly post-Permian and probably early Triassic as indicated by the *’Ar-**Ar cooling
age for a gneiss sample from the northern deformation front of the pluton (Lehmann
and others, 2010).

SAMPLE DESCRIPTIONS AND GEOCHRONOLOGY

Single zircons were dated from selected samples using SHRIMP II instruments at
the Beijing SHRIMP Center, Chinese Academy of Geological Sciences, and the John de
Laeter Center for Mass Spectrometry at Curtin University, Perth, Australia. Precise
dating of relatively Zoung zircons (<1000 Ma) by ion-microprobe is best achieved by
using concordant “°°Pb/***U ages, whereas older zircons usually provide precise
207py, /206py, ages (see Black and others, 2003, and Black and Jagodzinski, 2003, for
explanation). We therefore mostly report mean 206pp /2380 zircon crystallization ages
in this paper, whereas 207py, /206py, ages are considered more appropriate for old grains
interpreted as xenocrysts. Note that in the case of discordant data the given **’Pb/
206pp age is a minimum value. Single zircons dated by the Pb-Pb evaporation technique
were measured using a Finnigan-MAT 261 mass spectrometer in the Max-Planck-
Institut fiir Chemie in Mainz. Mineral separation techniques, cathodoluminescence
imaging and analytical procedures for isotopic analyses are detailed in the Appendix.

Lake Zone

Sample M523]C was collected some 45 km east of Chandman village on the saddle
between the Zamtyn and Bayantsaagan Ridges, in the Zamtyn Range complex (figs. 3,
4A and 5A). This rock is a medium-grained (up to 1 mm) granite-gneiss composed of
plagioclase, quartz, K-feldspar, biotite and minor opaque minerals and shows a
solid-state foliation defined by the alignment of biotite and recrystallization of quartz
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and feldspars. The zircons are dark brown to yellow-brown, long-prismatic with variably
rounded terminations although near-idiomorphic grains also occur. CL-images are rather
dark because of uniformly high U-contents, but oscillatory magmatic zoning is well
developed, often with lighter cores surrounded by broad, darker rims. Light U-poor rims
on some grains were too narrow to be measured on SHRIMP. Inclusions are also common
but were avoided during analysis. Eight grains were analyzed (table 1) of which two are
concordant and one is very close to concordance, whereas the remaining five grains are
variably discordant due to recent Pb-loss (fig. 6A). The most concordant grain has a
200ph,/#1 age of 955 * 7 Ma. All grains are well aligned and define a chord (MSWD =
0.03) with an upper Concordia intercept age of 950 = 16 Ma (fig. 6A) and a lower
intercept near zero, suggesting Recent Pb-loss. We interpret the upper intercept age as
reflecting the time of protolith emplacement in the early Neoproterozoic.

Sample M150/06-3 was collected near the gravel road 10 km NE of Chandman
village, north of the Main Mongolian Lineament, from a granite-gneiss dike cutting
banded amphibolites (figs. 3, 4A and 5B) in the high-grade basement of the Zamtyn
Range (Rauzer and others, 1987). It is a medium-grained leucocratic granitic gneiss
containing quartz, plagioclase, K-feldspar, biotite and muscovite. Biotite is commonly
chloritized, and feldspars are altered. Zircons are rare and clear to light redbrown,
either idiomorphic and long-prismatic or rounded to oval at their terminations. CL
images show oscillatory or striped zoning (fig. 6B, inset), and some grains have narrow,
low-U rims which could not be analyzed. Six grains were dated on SHRIMP II of which
five are concordant and well grouped (table 1) with a mean 2°°Pb/***U age of 500.8 +
3.8 Ma. One grain is much older but grossly discordant and has a minimum *’Pb/
20°Ph age of 1490 Ma (fig. 6B). This is undoubtedly a xenocryst, probably reflecting
older pre-CAOB basement at depth, perhaps related to the South Mongolian microcon-
tinent (Yarmolyuk and others, 2005) as also suggested for other samples below.

Sample M140 is a felsic volcaniclastic rock from a sequence of volcaniclastic and
clastic sediments tectonically above a serpentinite lens. The zircons are transparent,
light yellow, subhedral and long-prismatic with oscillatory or striped internal zoning.
Of six analyses obtained on SHRIMP II (table 1), four yielded similar and concordant
data points with a weighted mean **°Pb/***U age of 358.7 + 5.0 Ma (fig. 6C), whereas
two analyses resulted in sub-concordant data points having a minimum 2°/Pb/2°°Pb
age of 350 * 18 Ma (fig. 6C) which is compatible with the concordant data. We
interpret this early Carboniferous age as reflecting the time of volcanic activity.

In a channel within the above volcaniclastic rocks there is a coarse sandstone, in
part conglomeratic, with grading and cross-bedding, thin lenses of serpentinite, chert,
all variably sheared and isoclinally folded. Sample M141 is a coarse-grained grit from
this channel deposit containing angular fragments of serpentinite (figs. 3 and 4A). The
detrital zircons are fairly heterogeneous and range from pale yellow, transparent and
subhedral to dark colored and well-rounded grains. CL images show oscillatory or
striped zoning for the subhedral grains and sector zoning or no structures in the
rounded grains. Six zircons of different morphological type analyzed on SHRIMP 11
produced varying ages from 406 to 553 Ma (table 1, fig. 6D). Consequently, the
depositional age of the grit must be younger than 406 Ma, presumably similar to the
enclosing early Carboniferous volcaniclastic rock. The detrital input reflects a latest
Neoproterozoic to early Paleozoic source.

Higher up in the above sequence is a 1 km wide belt of cleaved, fine-grained
turbidite sediments with rare beds of sandstone from which sample M142 was collected
(figs. 3 and 4A). This most likely represents a turbiditic sequence, possibly from an
accretionary wedge. The detrital zircons are either pale yellow, transparent, long-
prismatic and subhedral or dark brown and well-rounded. SHRIMP II analyses of ten
zircons (table 1) resulted in three groups of ages spread between 397 and 2594 Ma. At
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Fig. 6. Concordia diagrams showing SHRIMP II analyses of single zircons for samples from the Lake
ane. Data boxes for each analysis are defined by standard errors in 207Pb/235U, 206ph /2381 and 2°7Pb/
z‘.)"Pb. Errors on pooled ages are given at 95% confidence level. Insets show typical CL images of dated
zircons.

the lower end of the spread, a cluster of six data points obtained from oscillatory zoned
domains of long-prismatic grains has a weighted mean 2°°Pb/?**U age of 397 + 4 Ma
(fig. 6E). In the middle of the spread, three analyses from faint sector-zoned domains
of rounded grains yielded comparable results with a weighted mean *°°Pb/***U age of
813 * 15 Ma. At the upper end of the spread, a single concordant analysis from a
metamict domain of a rounded zircon has a 2°’Pb/?°Pb age of 2594 + 5 Ma (fig. 6E).
The data at the lower end of the spread suggest a maximum early Devonian deposi-
tional age from proximal sources, whereas the remaining ages indicate Neoprotero-
zoic to Archean detrital input, the latter possibly derived from the Baydrag block.
Sample M275 is a well foliated and strongly folded felsic pyroclastic rock from a
homogeneous sequence of volcaniclastic rocks in the Zamtyn Range (figs. 3 and 4A).
The zircons are translucent to slightly yellow, euhedral and long- to short-prismatic. CL
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imaging reveals igneous-related oscillatory zoning and rare rounded, inherited cores.
SHRIMP II analyses of oscillatory zoned domains in five zircons yielded a cluster of
concordant data (table 1) with a weighted mean **°Pb/***U age of 501.2 = 4.7 Ma
(fig. 6F). We interpret this to reflect the time of felsic protolith emplacement.

Gobi-Altai Zone (Northern Slope of Gichgene Ridge)

Sample M103/06-2 was collected some 6 km south of Chandman village on the
Gichgene Ridge (figs. 3 and 4B) and in the granitoid core of the granite-migmatite
Chandman dome. This rock is a coarse-grained (up to 0.5 cm) granitoid composed of
plagioclase, quartz, K-feldspar, biotite, and minor titanite and opaque minerals. The
magmatic fabric was weakly reworked by solid state deformation marked by recrystalli-
zation of quartz. The zircons are up to 300 pm long, mostly clear, idiomorphic and
long-prismatic, rarely rounded at their terminations. Well preserved oscillatory zoning
is ubiquitous (fig. 7A, inset), and some cores show evidence of metamictization and
were avoided during analysis. Six grains were analyzed on SHRIMP II and produced
well grouped and concordant results (table 1) with a mean **°Pb/***U age of 340.9 =
2.5 Ma (fig. 7A). This is considered to approximate the time of granite emplacementin
the early Carboniferous.

Granitic gneiss sample M107/06-2 was taken at the eastern termination of the
Chandman complex, some 11 km SE of Chandman village on the Gichgene Ridge
(figs. 3, 4B and 5C). The rock is composed of quartz, plagioclase, K-feldspar, biotite
and epidote and shows a strong planar fabric defined by the alignment of biotite and
recrystallization of quartz and feldspars. The zircons are clear to yellow-brown and
idiomorphic to slightly rounded at their terminations. Long-prismatic shapes predomi-
nate, but stubby grains also occur. CL images display characteristic striped patterns
(fig. 7B, inset) or oscillatory zoning, typical of igneous growth and similar to zircons in
sample M33/06. SHRIMP II analyses of seven grains yielded well grouped results with
little variation in the **°Pb/***U isotopic ratios (table 1). The mean age of 350.4 * 1.7
Ma (fig. 7B) is interpreted to reflect early Carboniferous magmatism in the Chandman
complex.

Gobi-Altai Zone (Southern Slope of Gichgene Ridge)

Foliated granite sample M65/06-1 was collected in a “basement terrain” [Neopro-
terozoic unit on the 1:200,000 Geological Map of Rauzer and others (1987)] located
some 30 km south of Erdene village on the Gichgene Ridge (figs. 3 and 4B). The rock
is a mylonitic to cataclastic pink granite with K-feldspar and plagioclase porphyroclasts
(up to 1.5 mm) set in a fine-grained (0.1 mm) recrystallized matrix of quartz and
feldspars, with little muscovite and epidote replacing feldspars. The zircons are
clear to light yellow-brown, idiomorphic, and vary in shape from long-prismatic to
stubby. CL images show grains with oscillatory zoning (fig. 7C, inset) and grains
showing no or only vague zoning. Four zircons were analyzed on SHRIMP II and
provided consistent and concordant results (table 1) with a mean 206pp, /238y age of
286.8 = 1.8 Ma (fig. 7C). We interpret this early Permian age to approximate the
time of granite emplacement.

Amphibole-rich tonalitic gneiss sample M74/06-6 was collected on the Gichgene
Ridge, some 10 km north of sample M65/06-1 and in the same tectonic unit (figs. 3
and 4B). The gneiss is composed of hornblende, plagioclase, quartz, chlorite and
minor epidote. It displays a strong foliation defined by alternation of hornblende-rich
and plagioclase-quartz rich layers and by preferred orientation of hornblende and
plagioclase. Originally large quartz grains (up to 2 mm) are mostly recrystallized in
equidistant pockets between the plagioclase grains. Chlorite developed mostly at the
expense of amphibole, and epidote replaces plagioclase without preferred orientation.
The zircons vary in color and shape from clear to light brown and idiomorphic,
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Fig. 7. Concordia diagrams showing SHRIMP II analyses of single zircons for samples from the western
Gobi-Altai Zone. Data boxes for each analysis and errors on pooled ages as in fig. 6. Insets show typical CL
images of dated zircons.
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long-prismatic to stubby and oval. Most grains show oscillatory or sector zoning (fig.
7D, inset). Five grains were analyzed on SHRIMP II, and all yielded concordant and
nearly identical results (table 1) which combine to a mean 206pp, /238y age of 363.6 =
3.9 Ma (fig. 7D). We consider this late Devonian age to reflect the time of tonalite
emplacement.

Medium-grained (0.5 mm) granite sample M83/06 was collected farther north in
the same valley, some 15 km south of Erdene village on the Gichgene Ridge (figs. 3, 4B
and 5D). In the field, the granite is associated with leucocratic granitic veins and sills
which intruded along the cleavage. The sample is composed of quartz, plagioclase,
K-feldspar and biotite. Biotite is commonly chloritized and plagioclase is altered, with
local growth of epidote and muscovite inside plagioclase. The texture is magmatic
without solid state deformation features. The zircons are mostly clear, colorless,
idiomorphic and long-prismatic in shape. Magmatic zoning is well developed under
CL, and some grains have homogeneous cores surrounded by oscillatory rims (fig. 7E,
inset). Five grains were analyzed on SHRIMP II and produced concordant and well
grouped results (table 1) with a mean **°Pb/#**U age of 279.6 + 3.9 Ma (fig. 7E) which
we interpret as reflecting granite emplacement in the earliest Permian.

Sample M137 is a low-grade, strongly cleaved siltstone from a shale-siltstone
sequence of presumed early Devonian depositional age (figs. 3 and 4B). This sequence
is exposed N of a large pink, undeformed granite. To the north of this follows a thick,
strongly cleaved turbidite sequence. The zircons are mostly clear, light yellow to
colorless, idiomorphic and long-prismatic in shape, indicating virtually no sedimentary
transport. Minor subrounded and dark-colored grains are also present. CL images
reveal typical igneous-related oscillatory zoning and the presence of subrounded
inherited cores in some grains. The igneous domains of six idiomorphic grains were
analyzed on SHRIMP II and resulted in a cluster of concordant data points (table 1)
with a weighted mean *°°Pb/***U age of 458.2 * 3.0 Ma (fig. 7F). The uniformity in
age and grain morphology suggests derivation of the zircons from a nearby source,
probably a late Ordovician volcanic arc.

Sample M135 was collected about 4 km south of sample M137 and represents an
isoclinally folded granite sheet, some 20 to 25 m wide, intruding deformed amphibo-
lite. The zircons are homogeneous in shape, clear, yellow to light brown, idiomorphic
and long-prismatic with short pyramidal terminations and characterized by striped
internal zoning. Eight SHRIMP II analyses produced similar and concordant results
(table 1) with a weighted mean **°Pb/**®U age of 295.7 = 2.2 Ma (fig. 7G). This early
Permian age is considered as the time of granite emplacement.

Foliated diorite sample M132 was collected north of low-grade felsic metavolcanic
rocks near the southern margin of the Tseel metamorphic belt. The zircons are clear,
pale yellow, mostly long-prismatic with smooth edges, and characterized by sector
zoning in CL images. SHRIMP II analyses of six zircons (table 1) define a cluster of
concordant results with a weighted mean 206p, /238y age of 289.2 + 2.3 Ma (fig. 7H)
which we interpret as the time of emplacement of the dioritic protolith.

Southern Gobi-Altai Zone (Shine Jinst Area)

Sample M60/06-1 is a migmatitic leucosome collected 8 km north of the Shine
Jinst village and was interpreted as early Devonian on the 1:200,000 Geological Map of
Rauzer and others (1987) (figs. 3 and 4B). The outcrop consists of banded migmatite
showing ptygmatic folds of felsic melt surrounded by biotite stromatites. This rock was
originally considered to represent a basement with respect to the surrounding Devo-
nian, Carboniferous and Permian sediments. The sample contains plagioclase, K-
feldspar, quartz, muscovite, biotite and epidote. It shows a strong foliation defined by
recrystallized augens and bends of K-Afeldspar, plagioclase and quartz and by fine-
grained muscovite strips with epidote formed at the expense of plagioclase. Within the
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recrystallized matrix are preserved porphyroclasts of K-feldspar and muscovite of
supposed migmatitic origin, whereas the deformation is interpreted as a greenschist-
facies overprint. The zircons are mostly clear and colorless and vary in shape between
short- and long-prismatic. Some grains have rounded terminations. CL images reveal
oscillatory and striped zoning (fig. 8A, inset), and some cores are metamict but were
not measured. Six grains were analyzed (table 1) of which five are concordant and
form a cluster with a mean *’°Pb/***U age of 292.4 + 3.6 Ma (fig. 8A). We interpret
this early Permian age to reflect the time of leucosome formation and, by implication,
the peak of metamorphism in this rock. One additional grain is grossly discordant and
has a minimum 2°”Pb/2°°Pb age of 1166 + 36 Ma (table 1, fig. 8A). This is likely to be a
xenocryst inherited from a Precambrian source in the deeper crust, and again similar
ages have been reported from other parts of the southern Gobi-Altai farther E where
such rocks are exposed (for example Baga Bogd Massif, see Demoux and others,
2009c).

Granite sample M62/06-2 was collected some 10 km north of Shine Jinst village to
constrain the age of a leucocratic granite intruding the migmatite complex (figs. 3,
4B). The rock is composed of plagioclase, K-feldspar, quartz, muscovite, epidote and
calcite. The original structure is marked by equidistant large grains of feldspar and
quartz (up to 2 mm). Quartz is recrystallized within the pockets, feldspars are replaced
to a large extent by epidote and muscovite. The zircons are predominantly clear,
idiomorphic, long-prismatic and show excellent magmatic zonation in CL images.
Several grains have wide and zoned magmatic rims around older cores (fig. 8B, inset).
Nine grain domains were analyzed on SHRIMP II, and all provided concordant results
(table 1). The dominant zircon population is represented by a group of five concor-
dant grains with a mean **°Pb/***U age of 410.8 = 2.0 Ma (fig. 8B). Some rims were
wide enough to be analyzed by a 30 wm analytical beam, and three such rims provide
identical results with a mean 2°°Pb/**%U age of 277.7 = 2.4 Ma (fig. 8B). One grain is
much older at 538 = 2 Ma and is likely to be a xenocryst inherited from an early
Cambrian crustal domain.

We interpret the early Permian rim age of 278 Ma as most likely reflecting the
time of emplacement of the leucocratic granite, considering that this rock intrudes
the 292 Ma migmatite represented by the sample M60/06-1. The dominant 411 Ma
zircon population probably reflects an early Devonian granitoid domain in the
lower crust which, on remelting produced the post-metamorphic leucocratic granite
now exposed.

Western Mandalovoo Subzone (Shine Jinst Area)

Andesitic volcaniclastic sample M200 was collected within the western termination
of the Mandalovoo “terrane” (Badarch and others, 2002) in a formation of presumed
middle to late Devonian depositional age (figs. 3 and 4B). The sample comes from the
upper part of the Khar member of the Indert formation which contains late Givetian to
late Frasnian conodonts and Frasnian radiolarians (Minzhin and others, 2001). The
entire sequence is composed of interlayered volcanic-derived sediments, massive felsic
volcanic rocks, and silicified shale. The zircons from sample M200 are yellow, translu-
cent, and subhedral and short-prismatic in shape. Of five analyses obtained on
SHRIMP II (table 1), four yielded a cluster of concordant data points with a weighted
mean *°°Pb/***U age of 357.8 + 3.2 Ma (fig. 8C). The fifth analysis produced a much
older *°°Pb/?*®U age of 477 * 3 Ma (fig. 8C) which we interpret as a xenocryst
inherited from an early Ordovician protolith. The early Carboniferous age is best
interpreted as the time of deposition of the felsic volcaniclastic rock.

Sample M205 is a greenish, medium-grained sandstone collected within the
Gashuunovoo formation of presumed late Ordovician depositional age (figs. 3 and
4B). This formation consists of mudstone, siltstone, sandstone and carbonates with
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Fig. 8. Concordia diagrams showing SHRIMP II analyses of single zircons for samples from the southern
Gobi-Altai Zone (Shine Jinst area). Data boxes for each analysis and errors on pooled ages as in fig. 6. Insets
show typical CL images of dated zircons.
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Upper Ordovician (Ashgilian) corals (Minzhin and others, 2001). The detrital zircons
are translucent, yellow to dark brown in color and subhedral to well-rounded,
suggesting long-distance sedimentary transport. The internal structures are homoge-
neous to faintly zoned or display well developed oscillatory zoning. Five zircons were
analyzed on SHRIMP II and produced three concordant results with **°Pb/***U ages
between 513 and 538 Ma and two much older ages indicating Archean to Paleoprotero-
zoic detrital input (table 1, fig. 8D).

Sample M206 is a greenish, medium-grained sandstone with well-rounded quartz.
This sample belongs to the Indert formation of presumed late Devonian depositional
age (Minzhin and others, 2001). The detrital zircons are well-rounded with dominant
red-brown color and display homogeneous or sector-zoned domains in CL image.
SHRIMP II analyses of four zircons produced an age array ranging from 382 to 866 Ma
(table 1, fig. 8E). The youngest zircon age suggest a maximum late Devonian
depositional age for this sample, and the detrital input is from distant sources as
suggested by the strongly abraded zircons.

Samples M207, M208 and M209 were collected within the fossiliferous (Ulaans-
hand) Upper Ordovician formation (Minzhin and others, 2001) (figs. 3 and 4B). This
sequence consists of shale, volcaniclastic siltstone and sandstone and rare interlayered
volcanic rocks and limestone beds. The samples are described below, upwards through
the sequence.

Sample M207 is a fine-grained sandstone collected from a 3 m thick bed interlay-
ered with siltstone. The zircons are mostly dark yellow, translucent, subhedral and
long-prismatic. CL images reveal oscillatory or striped zoning. SHRIMP II analZses of
five zircons yielded concordant data points spread along the concordia with *’°Pb/
28U ages of 467 to 535 Ma (table 1, fig. 8F).

Sample M208 is a medium-grained sandstone pebble collected from a 3 to 4 m
thick conglomerate that contains well-rounded sandstone pebbles up to 25 cm in
diameter. The conglomerate crops out some 400 m above sample M207. The detrital
zircons are yellow to red-brown in color and subhedral to well-rounded in shape. CL
images reveal oscillatory or sector zoning and rare rounded, inherited cores. Sample
M209 is a greenish and fine-grained sandstone collected from a strongly cleaved
sequence of several decimeters to meter thick shale beds interlayered with decimeter-
thick horizons of sandstone. The detrital zircons are mostly dark colored and well-
rounded, indicating long-distance sedimentary transport, and are characterized by
homogeneous or oscillatory internal zoning. Zircons of both samples were analyzed on
SHRIMP II and yielded ages varying between 513 and 2465 Ma (table 1; fig. 8G). At the
lowest end of the spread, four zircons yielded similar results yielding a weighted mean
206ph /2381 age of 518 + 7 Ma. These samples are compatible with an early Ordovician
depositional age but also contain a record of substantial late Archean to Paleoprotero-
zoic input as previously noted for the late Ordovician sandstone M205 from the
Gashuunovoo formation.

South Gobi Zone

Sample 2/1054 was taken from a low-strain domain of the Témoértyn formation on
the Tomortyn Ridge (figs. 2, 3 and 4C) and was dated to constrain the age of the oldest
rocks forming the pre-intrusive sequence of the Gobi-Tienshan plutonic complex. The
rock is a greenschist-facies mylonitic metarhyolite composed of partly recrystallized
K-feldspar as well as micaceous products of decomposition of plagioclase and K-
feldspar, surrounding rounded augens of quartz. The zircons are uniformly light
yellow to colorless and euhedral, long-prismatic in shape, typical of igneous growth.
Four grains were evaporated individually and provided identical 2*’Ph/2°°Ph ratios
(table 2) that combine to a mean early Devonian age of 399.1 £ 1.1 Ma (fig. 9A). We
interpret this to approximate the time of emplacement of the original rhyolite.
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TABLE 2

Pb isotopic data from single grain zircon evaporation of samples from the South Gobi Zone,
southern Mongolia

Sample Zircon color and Grain # Mass Evaporation Mean *’Pb/"Pb  ’Pb/**Pb age and
Number morphology scans'  temperature (°C) ratio® and 20 (mean) 20 (mean) error
error (Ma)
Tomortyn Formation, felsic metavolcanic rock, N 42.84596°, E 98.725272°
1 99 1598 0.054667+43 398.6+1.8
271054 Clear to honey-yellow, 2 88 1599 0.054691+45 399.6+1.8
idiomorphic 3 110 1597 0.054676+41 399.0+1.7
4 88 1600 0.054683+41 399.3+1.7
mean of 4 grains 1-4 385 0.054679+21 *399.1+1.1
Gobi-Tienshan Intrusive Complex, granitic gneiss, N 43.23939°, E 97.56420°
1 161 1596 0.052388+38 302.4+1.7
light gray-brown, stubby 2 163 1998 0.052369+29 301.6+1.3
28/5325 to long-prismatic, 3 108 1598 0.052362+38 301.3+1.7
idiomorphic 4 106 1600 0.052380+36 302.0+1.6
5 56 1599 0.052374+54 301.8+2.3
mean of 5 grains 1-5 594 0.052376+20 *301.9+1.2

' Number of 2°’Pb/?°°Pb ratios evaluated for age assessment.

? Observed mean ratio corrected for nonradiogenic Pb where necessary.
Errors based on uncertainties in counting statistics.

* Error based on reproducibility of internal standard.

Leucocratic granite-gneiss sample 28/5325 was collected from the orthogneiss-
migmatite base of the Gobi-Tienshan plutonic complex (figs. 2, 3, 4C). This rock type
constitutes the structurally deepest part of the pluton and may represent the metamor-
phosed root of the magmatic arc. It is a medium-grained, partially anatectic granite-
gneiss with rare biotite. The homogeneous zircon population consists of clear to
yellow-brown, idiomorphic, long- and short-prismatic grains. Five zircons were evapo-
rated individually and yielded identical isot0}7)ic ratios, suggesting no disturbance of
the Pb isotopic system. The combined mean **’Pb/*°°Pb age is 301.4 = 1.2 Ma (table 2,
fig. 9B), which we interpret as reflecting the time of late Carboniferous emplacement
of the orthogneiss protolith.

Sample R-ortho is from a xenolith of leucocratic, medium-grained granitic gneiss
with rare biotite, collected in the central part of the Gobi-Tienshan pluton (figs. 2, 3
and 4C) in order to constrain the age of the presumed basement of this magmatic
complex. This xenolith occurs in medium- to coarse-grained granodiorite which forms
the main part of the pluton. Under the microscope, the rock is composed of quartz,
muscovite, sillimanite and rare plagioclase. The structure is formed by equidistant
grains of quartz and plagioclase (0.1-0.5 mm) and randomly oriented muscovite
aggregates associated with sillimanite. The zircons are clear and colorless and predomi-
nantly short-prismatic and idiomorphic. They show well developed oscillatory or
striped zoning (fig. 9C, inset), and some grains have metamict cores which were
avoided during analysis. Nine grains were analyzed on SHRIMP II, and all are
concordant (table 1). Six grains have virtually identical **°Pb/***U isotopic ratios and
define a late Carboniferous mean age of 301.1 * 1.6 Ma (fig. 9C), which we consider to
reflect the age of emplacement of the granite protolith from which the xenolith was
derived. This is identical to the age of granite-gneiss sample 28/5325 discussed above.
The other three grains are distinctly older and are interpreted as xenocrysts derived
from older rocks during ascent of the granite magma. Two grains with 2°°Pb/***U ages
of 345 * 1 and 493 = 2 Ma are probably derived from the deeper parts of the pluton
which may have earlier Paleozoic ages dating back to the Ordovician, whereas grain 4
with a concordant **°Pb/***U age of 886 + 3 Ma indicates the presence of Precam-
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Fig. 9. (A, B). Histograms showing distribution of radiogenic lead isotope ratios from evaporation of
single zircons for samples from the South Gobi Zone. (A) Spectrum for four grains from a mylonitic
metarhyolite, integrated from 385 ratios. (B) Spectrum for five grains from a leucocratic granite-gneiss,
integrated from 594 ratios. (C, D) Concordia diagrams showing SHRIMP II analyses of single zircons for
samples from the South Gobi Zone. Data boxes for each analysis and errors on pooled ages as in fig. 6. Insets
show typical CL images of dated zircons.

brian crust at depth, probably part of a continental fragment not exposed at the
surface. Rocks of this age have also been reported from the South Mongolian
microcontinent farther SE in the Gobi Desert (Yarmolyuk and others, 2005).
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Sample M33/06 was collected 33 km NW of the Dzamin bilgeh hot spring in a
granodiorite terrain representing the NW part of the Gobi-Tienshan magmatic com-
plex. This lithology constitutes the main rock type of the complex (figs. 2, 3, and 4C),
and our sample is a coarse-grained granodiorite composed of plagioclase, biotite,
amphibole, titanite and rare quartz. Biotite is partially chloritized, and the magmatic
fabric is well preserved. Most zircons are clear to slightly yellow-brown and idiomor-
phic, long-prismatic, but grains with slightly rounded terminations also occur. Grains
with small inclusions occur but were avoided during analysis. CL images display
spectacular oscillatory zoning or narrow striping, similar to zircons in sample M107/06
(fig. 9D, inset). Seven grains were analyzed on SHRIMP II and provided similar and
concordant results (table 1) with a mean *°°Pb/***U age of 299.9 = 1.6 Ma (fig. 9D).
This is identical to the ages presented above and firmly dates the Gobi-Tienshan
complex as latest Carboniferous.

INTERPRETATION OF ZIRCON AGES

The detailed lithological and stratigraphic studies carried out by Russian and
Mongolian expeditions during the last century (Markova, 1975; Rauzer and others,
1987; Ruzhentsev and Pospelov, 1992) provide a good basis for identification of
accretionary processes and continental growth in the CAOB of southwestern Mongo-
lia. In addition, the currently available isotopic ages (table 3) provide a significant
input to better understand thermal processes during crust formation, identification of
accretionary episodes and syn- to post-orogenic magmatism during the early and late
Paleozoic (fig. 10).

Ages Testifying to Precambrian—Late Cambrian Thermal Events in the Lake Zone

A Proterozoic basement in the Lake Zone had previously not been identified in
the study area, and it was the lithological analogy with the Khantaishir Ridge that led us
to propose a Precambrian age for gneisses covered by early Paleozoic sediments (fig.
4A). Our oldest zircon crystallization age of 950 * 16 Ma (sample M523]C) is for a
granite-gneiss from the structurally deepest basement unit of the Zamtyn Ridge.
Similar ages have previously been reported from western and southern Mongolia,
namely in the Dariv and the Khantaishir Complexes (fig. 1B), that are assumed to
represent part of the Dzabkhan microcontinent (Kréoner and others, 2001; Badarch
and others, 2002; Kozakov and others 2002b; Demoux and others, 2009¢). In addition,
I. K. Kozakov (personal communication, 2007) reports unpublished zircon ages
between 840 and 600 Ma from the Dariv Metamorphic Complex. The Havchig
basement complex close to Altai City contains ~1127 Ma granite-gneiss (Kroner and
others, 2001) and ~840 Ma migmatite (Zhao and others, 2006). Demoux and others
(2009c) reported a discrete Grenville-age igneous event from granite-gneisses with
zircon protolith emplacement ages between 954 and 983 Ma from the southern slope
of the Baga Bogd Massif (Gobi-Altai, southern Mongolia) some 130 km east of our
study area along strike. Furthermore, Demoux and others (2009b) reported first
evidence for a Grenville-age magmatic event in the Baydrag block south of Bayankhon-
gor Ridge by discovering a 1051 = 10 Ma granite-gneiss. The broad similarity in late
Mesoproterozoic to early Neoproterozoic ages in all these regions may either imply
that the Dzabkhan microcontinent is more extensive than previously thought and may
underlie large parts of southern Mongolia or, alternatively, this Precambrian continen-
tal segment was broken up during late Neoproterozoic to early Paleozoic rifting and
now occurs as individual basement blocks or slivers within the Paleozoic arcs.

The second group of zircon ages indicates a late Cambrian thermal event at ~500
Ma (samples M150-06-3, M275) for a leucocratic granite vein crosscutting high-grade
basement rocks and for a felsic pyroclastic rock, respectively. These ages indicate an
important event associated with intrusion of the adjacent Cambrian Burdnii Gol
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granite (~511 Ma, Hanzl and Aichler, 2007) emplaced into Precambrian basement.
Importantly, dating of a large granite batholith (Burdnii Gol granite), a dike swarm
(sample M150-06-3), and volcanic rocks (sample M275) indicates that the basement
rocks were already close to the surface during the late Cambrian. In addition, these
ages correspond to late Cambrian magmatism reported by Demoux and others
(2009c¢) for granite, diorite and granodiorite intrusions from the adjacent Baga Bogd
Massif. Therefore, the basement of the Lake Zone in the study area shows significant
similarities in its thermal evolution to the more easterly exposed Baga Bogd Massif
basement marked by late Mesoproterozoic to early Neoproterozoic and Cambrian
thermal-magmatic events.

The third group of ages comes from the sedimentary basins covering the base-
ment. Here, the oldest Naran flyschoid formation was traditionally considered to be of
Cambrian age (Rauzer and others, 1987; Hrdlickova and others, 2008), whereas our
study of detrital zircons yielded young ages around 400 Ma (samples M141 and 142),
indicating that deposition of these sediments probably occurred in the middle
Devonian. The oldest zircons in these sediments yielded early Neoproterozoic to
Ordovician ages (813, 553 and 471 Ma; samples M142 and M141, respectively) which
suggests input from the underlying basement. Finally, a small sedimentary basin
marked by clastic deposits previously considered as Devonian provided early Carbonif-
erous ages of 358 and 350 Ma. Itis important to note that no magmatic event of middle
Devonian and early Carboniferous age was reported from the Lake Zone and,
therefore, clastic flyschoid sedimentation (Naran formation) and the Carboniferous
basin presumably reflect erosion of volcanic/magmatic edifices of Devonian-
Carboniferous age that were located farther south.

Zircon Ages Reflecting Devonian and Carboniferous Volcanic and Magmatic Event in the
Gobi-Altai Zone

The Gobi-Altai high-grade gneisses and granitoids were dated in the area of the
Chandman gneiss complex and in the gneiss dome that is interpreted as part of the
Tseel “terrane” of Badarch and others (2002). We use here the collective term
Gobi-Altai Zone for both the previous Tseel and Gobi-Altai “terranes,” as the former
was defined as a so-called metamorphic terrane due to lack of modern isotopic ages,
whereas the original Gobi-Altai terrane was defined solely on the basis of Paleozoic
sedimentary content. In that way our Gobi-Altai Zone corresponds to the Gobi-Altai
tectonic zone of some Russian authors (for example, Markova, 1975). Samples taken
from a granite body (M103-06-2) and a strongly foliated granite-gneiss (M107-06-2) of
the Chandman complex provide two discrete ages of 340 Ma for the former and 350
Ma for the latter rock. This reflects protracted and syntectonic magmatic activity
during which early magmatic phases were gneissified before or during intrusion of
later magma pulses. A similar age (~345 Ma) was reported for a granitic rock of the
Chandman complex (Hrdlickova and others, 2008). Dating of a tonalitic gneiss from
the southern Gichgene Ridge provided an age of ~364 Ma which corresponds to ages
of granitoids (~360 Ma) located farther west in the area of Tsogt (table 3; Kozakov and
others, 2002a; Kroner and others, 2007). These ages are also in line with metamorphic
zircon ages of ~385 Ma for granulite-facies rocks from the Tseel and Tsogt areas (table
3; Bibikova and others, 1992; Kozakov and others, 2002a). Whole-rock Nd isotopic data
published by Kozakov and others (2007a) from the Tseel region suggest that Devonian
to Carboniferous granitoids could not have formed from melting of surrounding
metasedimentary rocks of the Tugrig formation that show strong Paleoproterozoic
inheritance (Kozakov and others, 2009). All geochemical data for these rocks, includ-
ing the Nd-Sm isotopic systematics, point to a juvenile character for these granitoids
and an origin in a mature magmatic arc setting (Kozakov and others, 2007a; Hrdlickova
and others, 2008). These granitoids exhibit early to late Neoproterozoic Nd model
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ages between 0.95 and 0.60 Ga which broadly correspond to U-Pb zircon ages of
Neoproterozoic granitoids from the Lake Zone reported in this study and by Demoux
and others (2009c¢).

The early Devonian cleaved sedimentary rocks (sample M137) provide detrital
zircons with a mean age clustering around 458 Ma. The only felsic volcanic rocks in the
region that provided an Ordovician age belong to the paleontologically dated Bayant-
sagaan formation located farther north. More importantly, metarhyolites of the
Devonian sequence (previously shown as Neoproterozoic on the 1:200,000 Geological
Map of Rauzer and others, 1987) on the southern slope of the Gichgene Ridge
provided zircon ages of 396 to 397 Ma, which confirm an early to middle Devonian age
for this large basin (Demoux and others, 2009a). The geochemical and Nd isotopic
data are consistent with melting of depleted mantle in a transitional back-arc—arc
setting, whereas other volcanic rocks indicate an origin from mixed sources involving
both juvenile and Precambrian crustal components. Demoux and others (2009a)
suggested that the Gobi-Altai magmatic and volcanic association represents the equiva-
lent of a Japan-type arc associated with a juvenile back-arc basin. Finally, dating of a
mylonitic quartz porphyry, a pink granite as well as a foliated diorite and granite west of
Erdene (samples M65-06-1, M83-06, M132, M135) provide early Permian ages between
280 and 295 Ma which is in line with dating of Demoux and others (2009a) from the
same region. This clearly indicates that the Gobi-Altai rock assemblage was affected by
widespread early Permian magmatism and volcanism which is a common feature of the
boundary between the Lake and Gobi-Altai Zones in SW Mongolia (Coleman, 1989;
Kovalenko and others, 1995; Yarmolyuk and others, 2007, 2008c).

Zircon Ages from the Contact of the Gobi-Altai and Mandalovoo Zones

Two samples from the southernmost termination of the Gobi-Altai Zone yielded
early Permian zircon ages for a granite leucosome in a migmatite (292 Ma, sample
M60/06-1) and a pink granite intrusive into the same migmatite (278 Ma, sample
M62/06-2). More importantly, zircon cores from the latter sample show an early
Devonian (410 Ma) age which is consistent with ages of volcanism (Demoux and
others, 2009a) and is slightly older than high-grade metamorphism from dated
samples 70 and 120 km farther west along strike in the same Zone (Bibikova and
others, 1992; Kozakov and others, 2002a). These data confirm that this part of the
Gobi-Altai Zone was strongly affected by widespread crustal melting during the early
Devonian which was probably related to the development of a migmatitic domain and
associated intrusive bodies. This melting event most likely affected Devonian protoliths
which are the most common volcanic and deep crustal magmatic rocks of the
Gobi-Altai Zone.

In contrast, a sample taken from the adjacent Mandalovoo sequence reflects early
Carboniferous volcanic activity (~357 Ma, sample M200) affecting late Devonian rocks
of the Indert formation (fig. 4B) with Ordovician inheritance and a range of detrital
zircons in a Devonian sandstone ranging from 380 to 440 Ma. All these data suggest
that the sediments record detrital zircon input from adjacent volcanic provinces which
were active between the Silurian and middle Devonian. Late Ordovician sandstones
(samples M205 and M207) from the same section provide middle to late Cambrian and
middle to late Ordovician ages which indicate a provenance from early Paleozoic
material that has so far not been recognized in the Gobi-Altai Zone. Samples M208 and
M209 from the same late Ordovician sandstone unit provide a spectrum of ages
ranging from early Neoproterozoic to late Cambrian. All these ages are commonly
found in different parts of the Lake Zone basement as well as in Khantaishir ophiolitic
fragments farther north. In fact, the main difference between the Mandalovoo and
Gobi-Altai Zones is seen in the absence of the Tugrig formation of unknown age
(probably Neoproterozoic) and of voluminous Devonian to Carboniferous magma-
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tism. In contrast, early Ordovician and Neoproterozoic zircons in late Ordovician
clastic sediments suggest erosional input from the Lake Zone and an affinity with the
Gobi-Altai Zone during the Ordovician.

Protolith-Related Zircon Ages and the Formation of the Late Carboniferous Gobi-Tienshan
Magmatic Arc

The oldest age from the South Gobi Zone or Atasbogd “terrane” (Badarch and
others, 2002) comes from the presumed late Ordovician Témortyn zone where a
strongly mylonitic felsic volcanic rock was dated at ~400 Ma (sample 2/1054). This age
confirms the importance of early Devonian felsic volcanism in southern Mongolia. In
contrast, migmatites, migmatitic orthogneiss and a granodiorite-granite suite of the
Gobi-Tienshan pluton provided late Carboniferous ages clustering around 300 Ma.
The calc-alkaline character of this intrusion and its large volume of gabbroic rocks
suggest that this plutonic complex is part of a late Carboniferous magmatic arc. Our
speculative interpretation that this arc evolved on older crust is so far only based on
one early Ordovician (493 Ma) and one early Neoproterozoic xenocrystic zircon (886
Ma, sample R-ortho). Nevertheless, these ages correspond to those from other base-
ment regions (“terranes”) of south Mongolia such as the nearby Tsagan Uul “terrane”
of Badarch and others (2002) where Kozakov (1986) reported a Pb-Pb zircon age of
770 Ma for an aplitic granite and Wang and others (2001) determined a U-Pb zircon
age of ~916 Ma for a granite gneiss. Rocks of late Grenvillian age were also reported
from the eastern continuation of the South Mongolian basement where Yarmolyuk
and others (2005) dated an early Neoproterozoic gneiss (~952 Ma) intruded by an
early Paleozoic granodiorite (~433 Ma).

IMPROVED MODEL FOR THE ACCRETIONARY HISTORY OF SW MONGOLIA

Our zircon ages in combination with the established lithostratigraphy (figs. 4A-C)
enable us to propose an improved model for the sequence of accretionary events in SW
Mongolia (fig. 11). Instead of strike-slip imbrications of the large Tuva-Mongol arc
(Sengor and others, 1993) or accretion of exotic terranes (Badarch and others, 2002)
we explain the geology of SW Mongolia as resulting from polyphase magmatic
reworking of a Silurian-Devonian passive margin of a large microcontinent in the
Paleoasian ocean.

Early Cambrian Accretionary Complex Emplacement, Followed by Late Cambrian Magmatism
and Volcanism in a Continental Domain (Fig. 11A)

We have shown that the late Mesoproterozoic to early Neoproterozoic basement
of the Lake Zone (>1127-755 Ma) was overprinted by a late Cambrian thermal and
magmatic event. The zircon ages, corroborated by whole-rock Nd model ages from the
Gobi-Altai Zone (Kozakov and others, 2007a), suggest melting of early Neoproterozoic
juvenile protoliths. Furthermore, the Tugrig formation, which is the structurally
deepest lithostratigraphic unit of the Gobi-Altai Zone, probably received clastic
material from a basement of this age (Kozakov and others, 2007a; 2009). Early
Neoproterozoic detrital zircons were repeatedly found in Ordovician and Devonian
sediments of the Mandalovoo Subzone, and similar age zircon xenocrysts occur in
granitoids of the Gobi-Tienshan pluton. These ages suggest that a large area of SW
Mongolia contains remnants of a Precambrian basement. The accretionary complex
made up of the Khantaishir and Tsakhir Uul formations and obducted on the Lake
Zone basement may represent the suture zone of a small oceanic domain closed in
early Cambrian times. Because basement rocks of the Lake Zone extend up to the
Bayankhonghor ophiolite Zone, some 150 km to the NNE, the only open area where
the accreted material could have originated from was located to the south of the E-W
trending Lake Zone. Thus we interpret the eclogitic complex as a klippe emplaced
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during a northward thrusting event. This is in good agreement with obduction
kinematics of discrete ophiolitic blocks resting on top of the Lake Zone basement
farther west in the Khantaishir and Dariv Ranges (Ruzhentsev and Burashnikov, 1996;
Dijkstra and others, 2006). The continental mass which resulted from closure of this
small oceanic domain, perhaps part of the Dzabkhan microcontinent (Kozakov and
others, 2007b) or the Central Mongolia Terrane assemblage of Badarch and others
(2002), experienced a thermal event in late Cambrian times. Isostatic and thermal
relaxation after the collision event is shown by ~500 Ma ages in the Lake Zone
basement, the age of an angular unconformity marked by the transgression of the
Bayantsagaan formation over the deformed basement in the Gobi-Altai Zone (fig. 4B),
and the occurrence of 500 Ma zircons in late Ordovician strata of the Mandalovoo
Subzone (fig. 4B). The onset of Ordovician clastic sedimentation (Témortyn forma-
tion) on continental crust of the future Atasbogd “terrane” may have similar signifi-
cance. The late Cambrian magmatism suggests thermal rejuvenation of the Precam-
brian crust and the development of Ordovician proximal sedimentary sequences
rimming the southern edge of the Dzabkhan microcontinent that culminated in the
formation of a late Silurian—early Devonian ocean basin in the future Trans-Altai Zone
(Kovalenko and others, 1995) (figs. 11B and C).

Development of a Late Silurian-Devonian Passive Margin and Late Silurian-Devonian Marine
Domain (Figs. 11B and 11C)

Heterogeneous stretching of the Dzabkhan lithosphere led to thinning of the
continental crust and locally to exhumation of serpentinized mantle as shown on
recent and ancient examples of passive margins (Manatschal and others, 2006). At the
same time, a carbonate-rich sedimentation occurred on the future Mandalovoo
Subzone while Silurian clastic shallow-marine sediments continued to be deposited in
the region of the future Gobi-Altai Zone (fig. 4B). This architecture may be inter-
preted in terms of proximal passive margins, with the Gobi-Altai sedimentary record
reflecting areas closer to the continent and Mandalovoo closer to the ocean (for
example, Wilson and others, 2001).

Ruzhentsev and others (1991) and Ruzhentsev and Pospelov (1992) proposed
that the structurally deepest unit of the entire Trans-Altai domain is represented by
Silurian ophiolites and early Devonian radiolarian-bearing jasper sequences. Accord-
ing to these authors, the ophiolite of the Dzolen Ridge and other minor ophiolite
fragments dispersed throughout the Trans-Altai Zone represent ocean floor of the
Paleoasian Ocean which opened during the early Devonian. Some authors even
suggested that continental breakup already occurred during the late Ordovician
(Zonenshain and others, 1975; Kovalenko and others, 1995), but no convincing
isotopic data exist to support this interpretation. Zonenshain and others (1975)
observed an ultramafic mélange in the Dzolen Range that consists of peridotites
preserved in blocks of varying sizes and floating in a sheared serpentinite groundmass.
Furthermore, Ruzhentsev and others (1991) reported that jaspilite together with
serpentinized mantle rocks occurs in mélanges, and the development of tectono-
sedimentary breccias occurred before the onset of Devonian volcanism. The develop-
ment of these tectono-sedimentary breccias above strongly serpentinized peridotite is a
typical feature of exhumed mantle and is interpreted as a result of strong normal
shearing along lithosphere-scale detachments associated with exhumation of serpen-
tinized mantle domes (Manatschal and others, 2006). In this way the entire geometry
of the Lake, Gobi-Altai and Trans-Altai Zones can be regarded as reflecting a passive
margin where the former two zones represent proximal and the latter a distal margin
related to exhumation of the mantle. The South Gobi Zone reveals a clastic Ordovician
sedimentary record, similar to the northern zones, and may be regarded as a conjugate
margin related to rifting of the Dzabkhan microcontinent or as a separate block which
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was detached from the passive margin and travelled to the south during Silurian and
Devonian spreading. This model also satisfies interpretations of previous authors who
considered the southern Mongolia basement regions (Tsagan Uul and Hutag Uul
“terranes”) to be rifted off the main Tuva-Mongolian (or Central Mongolian Massif)
continent (for example, Mitrofanov and others, 1981). However, as pointed out by
Badarch and others (2002), the Silurian-Devonian strata in these areas do not contain
brachiopods of Siberian affinity (Rong and others, 1995) which led them to propose
that the South Gobi area has an affinity closer to the Tarim and North China cratons.

Devonian Back-arc Basin and Magmatic Arc Systems (Fig. 11D)

The second important extensional event occurred during the early Devonian and
is marked by an unconformity reported from the Gobi-Altai and Mandalovoo Zones
(Markova, 1975). Stretching of the crust resulted in the formation of a Devonian basin
in the region of the Gobi-Altai Zone with both back-arc and arc affinities as shown by
the chemistry of volcanic rocks and new Devonian zircon ages for the basin volcanic
rocks (Demoux and others, 2009a). The Devonian clastic sediments of the Mandalo-
voo Subzone also contain a range of early to middle Devonian zircons that point to
important volcanic activity in the region which was well documented by Lamb and
Badarch (2001). These authors suggested a back-arc basin, based on both sedimento-
logical and geochemical arguments. Hence, back-arc stretching probably affected the
entire Gobi-Altai Zone and probably also adjacent parts of the Trans-Altai Zone.
Devonian crustal stretching is not known from the South Gobi Zone, but our zircon
age for a volcanic rock of the Témortyn formation suggests that some thermal event
must have occurred there.

The early Devonian basalt and basalt-andesite volcanism was associated with major
volcanic activity in the Trans-Altai Zone and is paleontologically dated by several
synchronous bioherms (Markova, 1975; Ruzhentsev and Pospelov, 1992) and subse-
quently by the isotopic study of Helo and others (2006). The volcanic rocks unconform-
ably overlie late Silurian—early Devonian deep marine sediments and mantle rocks.
This major volcanism may suggest increased spreading in the oceanic domain south of
the Gobi-Altai Zone (in recent coordinates), associated with the formation of several
intra-oceanic arcs in this area as shown, for example, by basalt-andesite volcanism
(Ruzhentsev and others, 1991) on the Gurvansaykhan and Dzolen Ridges which clearly
shows an intraoceanic arc signature (Lamb and Badarch, 2001; Helo and others,
2006). Thus, the model of earlier Russian authors (Markova, 1975; Ruzhentsev and
others, 1991; Ruzhentsev and Pospelov, 1992) that a large oceanic domain existed
between the Gobi-Altai Zone in the north and the South Gobi Zone in the south
during the Silurian and Devonian receives support from modern studies (fig. 10). The
Trans-Altai rocks represent a Silurian ocean floor on which early Devonian back-arc
and arc sequences developed that were subsequently juxtaposed during transcurrent
faulting and associated folding in a complex puzzle which is not yet satisfactorily
resolved.

It is possible, however, that the back-arc and arc structures were established on a
previously developed continental margin as shown by early Devonian sediments
unconformably overlying Ordovician and Silurian strata in the continent-derived
South Gobi Zone and by destruction of the Silurian carbonate platform in the
Mandalovoo Subzone as shown by the presence of Ordovician and Silurian corals in
basal Devonian conglomerates (Alekseyeva, 1981; 1993). In addition, the volcanic
sequence unconformably overlies strongly deformed and weakly metamorphosed
tectono-sedimentary breccias and serpentinites of the Trans-Altai oceanic domain
(Markova, 1975; Ruzhentsev and others, 1991; Kovalenko and others, 1995). All this
may indicate that the early Devonian back-arc and arc sequences did not develop in
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continuity with the Ordovician-Silurian margin architecture but during an indepen-
dent and distinct event superimposed on a previous episode of continental stretching.

Late Devonian—Early Carboniferous Arc Formation and First “Terrane” Accretion (Fig. 11E)

Several zircon ages (Hrdlickova and others, 2008; this work), geochemical data
(Kozakov and others, 2007a; Economos and others, 2008) and metamorphic petrology
(Kozakov and others, 2002a) suggest that the Gobi-Altai Zone constitutes a Japan-type
magmatic arc, partly developed on older continental crust and on products of an early
back-arc Devonian basin. Most significant are the Devonian Naran flysch basins
(previously interpreted as Cambrian) that contain 400 Ma old detrital zircons that are
most likely derived from erosion of the volcano-sedimentary upper part of the
Gobi-Altai edifice. The younger early Carboniferous basins with clastic rocks (previ-
ously late Devonian) in the Lake Zone contain early Carboniferous zircons whose age
coincides with that of arc magmatism in the Chandman Mountains but also in other
parts of the Gobi-Altai Zone (Bibikova and others, 1992; Kozakov and others, 2002a).
We suggest that deposition of clastic material indicates progressive exhumation and
erosion of the Gobi-Altai arc province which first yielded early Devonian detrital
zircons, followed by early Carboniferous growth of a deep crustal gneiss and granite
dome associated with melting of deep magmatic rocks. This corroborates the existence
of early Carboniferous intramontane basins, reported by Markova (1975) from both
the Lake and Gobi-Altai Zones, which unconformably overlie the early Paleozoic
sediments and indicate important tectonic activity in both domains.

In summary, our zircon ages as well as the stratigraphy of the Lake and Gobi-Altai
Zones are compatible with welding of both domains during the late Devonian to early
Carboniferous (fig. 11C). Docking of the Gobi-Altai arc with the Lake Zone basement
must have been soft to avoid severe deformation of the Lake Zone continental margin.
The Trans-Altai Zone is characterized by imbrication of strongly schistose Silurian and
Devonian deposits (Eengin, 1978) and thrusting of Silurian ophiolites over early to
middle Devonian sequences in the Dzolen Ridge (Zonenshain and others, 1975). The
age of thrusting is unknown, and Russian authors, although meticulous in stratigraphy,
were careful in proposing time constraints for this event. However, it is possible that
nappe stacking occurred before onset of clastic late Devonian and early Carboniferous
sedimentation and certainly before onset of late Carboniferous volcanism which was
not affected by this deformation. This may indicate that contraction occurred there as
well, but to a lesser extent than in the northern zones. It is therefore possible that the
Trans-Altai Zone records a period of shortening between the late Devonian and
Carboniferous that may have been related to thrusting of the Dzolen ophiolites over
the early Devonian rocks. The early Carboniferous sediments are also transgressive in
the South Gobi Zone, and we speculate that greenschist-facies metamorphism of the
Tomortyn formation as well as lower greenschist-facies deformation of the Devonian
sequences may record the same Carboniferous shortening event as in the Trans-Altai
Zone. The early Carboniferous unconformity is probably the most important event in
all of SW Mongolia, whereas accretion seems only firmly established between the
Gobi-Altai and Lake Zones.

Late Carboniferous Arcs and Permian Thermal Event (Fig. 11F)

Late Carboniferous sedimentary, magmatic and volcanic activity is characteristic
of the Trans-Altai and South Gobi Zones. The former is characterized by major felsic
and andesitic volcanism in the late Carboniferous, pointing to an arc type environ-
ment. This volcanic arc was partly superimposed on a previously developed early
Devonian back-arc—volcanic arc association and late Devonian clastic sediments.
Similarly, the composite Gobi-Tienshan pluton in the South Gobi Zone was generated
from both juvenile calc-alkaline magmatism and crustal melting. Migmatites, anatectic
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orthogneiss, and a granodiorite-tonalite suite, all dated at ~300 Ma, suggest that a
major magmatic arc developed on the older crust of this zone. The fact that subaeral
andesitic volcanism occurred in the Trans-Altai region whereas deep arc magmatism
affected the Gobi-Tienshan crust may indicate that both volcano-magmatic provinces
were not too distant from each other.

In summary, magmatic activity migrated to the south in the late Carboniferous
where a large magmatic arc developed in a compressive setting, similar to that of the
Gobi-Altai arc. Therefore, the Gobi-Tienshan arc shows many features similar to the
Devonian arc such as the presence of migmatites, high temperature/low pressure
metamorphism, and a dominance of gabbro-granodiorite magmas together with
crustal-melt granites. These features may be interpreted as another Japanese-type arc
established on continental crust. Our study shows how arc magmatism migrated over a
vast domain from the Devonian continental magmatic arc in the Gobi-Altai in the
north, via Devonian and late Carboniferous arcs in the Trans-Altai Zone, to a
continental late Carboniferous magmatic arc in the south.

Late Paleozoic magmatism as documented in the Gobi-Altai Zone belongs to a
wide zone of early Permian bimodal volcanism (basalt and trachyrhyolite). This belt is
genetically related to important Permian grabens that follow the trend of the Main
Mongolian lineament and affected the entire Gobi-Altai Zone. The formation of
Permian intracontinental basins is related to the intrusions of large volumes of
peralkaline magmas (Kovalenko and others, 1995), diorites and gabbros. In the study
area, 290 and 270 Ma Permian magmatic and volcanic events were responsible for
major thermal perturbations on a crustal scale, leading to local melting of the crust
and formation of migmatites. A major deformation event of late Permian to early
Jurassic age (Lamb and others, 2008) also affected the entire domain and implies
continuous stress transfer across the assembled crust. Kovalenko and others (1995)
pointed out that the late Paleozoic in southern Mongolia is characterized by extensive
igneous and tectonic activity that was concentrated in two major E-W trending belts
(Gobi-Altai and Gobi-Tienshan bimodal complexes) that are reported in this study.
Both volcanic and graben provinces evolved on continental crust and cross-cut various
“terrane” boundaries (fig. 31 in Kovalenko and others, 1995). We therefore conclude
that the proximal and distal passive margins, including the oceanic domain and the
southerly continental domain (South Gobi Zone), were assembled into a single
continental block prior to the late Paleozoic.

CONCLUSIONS

A review of the published lithological and paleontological database, combined
with new zircon dating and a structural analysis (Lehmann and others, 2010) leads us
to propose a revised geodynamic model for the evolution of SW Mongolia in the
Paleozoic. We argue that neither accretion of suspect terranes nor strike-slip imbrica-
tion of a large magmatic arc were responsible for the present geometry of the CAOB in
SW Mongolia. Instead, we propose a model of repeated magmatic reworking of
proximal and distal passive margin sequences during the Paleozoic.

All litho-tectonic units are interpreted here in terms of heterogeneous stretching
of a Precambrian continental basement (Dzabkhan microcontinent?) during the late
Ordovician to early Silurian. The northern continental margin (Lake Zone) reveals
features of thermal reworking around 500 Ma, whereas the presence of early Neopro-
teorozoic and early Ordovician zircons in Ordovician sediments and the development
of a Silurian carbonate platform on adjacent continental domains (Gobi-Altai Zone)
reveal characteristics of proximal parts of a passive margin. The Trans-Altai Zone,
characterized by tectono-sedimentary breccias and a serpentinite-peridotite mélange,
indicates exhumation of mantle rocks during the Silurian on the distal passive margin.
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The South Gobi Zone may be regarded either as the conjugated margin of a paleorift
or as an independent ribbon continental block.

The early Devonian is characterized by formation of back-arc basins on continen-
tal crust (proximal margin), destruction of the Silurian platform, and formation of
back-arcs and intra-oceanic volcanic arcs on serpentinized mantle rocks and chert-
serpentinite breccias of the distal margin sequences. This event is probably related to
opening of an oceanic domain.

The late Devonian to early Carboniferous was a period of emplacement of a large
magmatic arc in a compressive regime on the Gobi-Altai continental crust. Exhuma-
tion and erosion of Devonian back-arc basins and the high-grade core of the arc are
responsible for deposition of Devonian and Carboniferous zircons in intramontane
basins on the continental Lake Zone. At this time the oceanic domain was imbricated
and subsequently covered unconformably by Carboniferous clastic sediments. The
major deformational event affecting the CAOB in SW Mongolia therefore occurred in
the early Carboniferous.

The late Carboniferous was characterized by the development of a volcanic arc on
the Trans-Altai oceanic crust and a deep-seated Japan-type magmatic arc on the Gobi
Tienshan continental crust. Finally, early Permian thermal reworking related to
widespread perakaline magmatism, crustal melting and bimodal volcanism affected
the boundary between the Gobi-Altai and Lake Zone continental domains.
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APPENDIX: ANALYTICAL METHODS

Cathodoluminescence imaging and SHRIMP zircon dating.—Zircons were handpicked and mounted in
epoxy resin together with chips of the Perth zircon standard CZ3. The mount was then ground and polished
to expose the interiors of the zircons, and the polished mounts were then imaged under cathodoluminen-
scence (CL) to reveal the internal structure of the grains and to select suitable domains for analysis. CL
imaging in the Beijing SHRIMP Center was performed on a Hitachi SEM S-3000N equipped with a Gatan
ChromaCL detector and a DigiSan II data recorder, operating at 9 kV accelerarting voltage and 99 pA beam
current. CL. imaging in Perth was undertaken in the Centre for Microscopy and Microanalyis at the
University of Western Australia on a JEOL 6400 SEM, operating at 15 kV accelerating voltage and 5 nA beam
current. The instrumental details of the SHRIMP II instruments in Perth and Beijing are summarized in De
Laeter and Kennedy (1998). For data collection, six scans through the critical mass range were made, and
the Prawn, WALLEAD and Plonk data reduction programs (Williams and others, 1996; Nelson, 1997) were
used for data processing. Details on the analytical procedure and data reduction are summarized in
Compston and others (1992), Stern (1997), Nelson (1997), and Williams (1998). Primary beam intensity was
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between 2 and 4 nA, and a Kohler aperture of 100 wm diameter was used, giving a slightly elliptical spot size
of about 30 wm. Sensitivity was between 20 and 26 cps/ppm/nA **°Pb on the standard CZ3. Analyses of
samples and standards were alternated to allow assessment of Pb*/U" discrimination. The 1-o error in the
ratio 2°°Pb/?**U during analysis of all standard zircons for each analytical session in Perth and Beijing was
between 0.88 and 1.33 percent. Common-Pb corrections have been applied using the 2**Pb-correction
method. In case of low counts on ***Pb (less than 3 times background) it was assumed that common lead is
surface-related (Kinny, 1986), and the isotopic composition of Broken Hill lead was used for correction. For
20%Pb counts more than 3 times background the values of Cumming and Richards (1975) were applied.
Absolute U and Th concentrations and isotopic ratios were determined relative to the CZ3 standard zircon
(#*%U/2°°Pb age = 561.5 Ma; ***U = 551 ppm, Nasdala and others, 2008), and ages were calculated using the
decay constants recommended by Steiger and Jager (1977). The analytical data are presented in table 1.
Errors on individual analyses are given at the 1-sigma level and are based on counting statistics (for details see
Stern and Amelin, 2003) and include the calibration uncertainty in the standard U/Pb age added in
quadrature (Nelson, 1997) and the common-Pb correction. Errors for pooled analyses are at the 2-sigma or
95 percent confidence interval. The data are graphically presented on conventional concordia plots.

Single zircon evaporation.—Our laboratory procedures as well as comparisons with conventional and
ion-microprobe zircon dating are detailed in Kroner and others (1991) and Kroner and Hegner (1998).
Isotopic measurements were carried out on a Finnigan-MAT 261 mass spectrometer at the Max-Planck-
Institut fiir Chemie in Mainz.

The calculated ages and uncertainties are based on the means of all ratios evaluated and their 20 mean
errors. Mean ages and errors for several zircons from the same sample are presented as weighted means of
the entire population. During the course of this study we repeatedly analyzed fragments of large, homoge-
neous zircon grains from the Palaborwa Carbonatite, South Africa. Conventional U-Pb analyses of six
separate grain fragments from this sample yielded a 2°’Pb/2°°Pb age of 2052.2 * 0.8 Ma (20, W. Todlt,
unpublished data), whereas the mean 2°“Ph/2°°Pb ratio for 19 grains, evaporated individually over a period
of 12 months, was 0.126634 = 0.000027 (20 error of the population), corresponding to an age of 2051.8 =
0.4 Ma, identical to the U-Pb age. The above error is considered the best estimate for the reproducibility of
our evaporation data and corresponds approximately to the 20 (mean) error reported for individual
analyses in this study (table 2). In the case of combined data sets the 2s (mean) error may become very low,
and whenever this error was less than the reproducibility of the internal standard, we have used the latter
value (that is, an assumed 20 error of 0.000027).

The 2°7Pb/2°°Pb spectra are shown in histograms that permit visual assessment of the data distribution
from which the ages are derived. The evaporation technique provides only Pb isotopic ratios, and there is no
a priori way to determine whether a measured ratio reflects a concordant age. Thus, all **’Pb/2°°Pb ages
determined by this method are necessarily minimum ages. However, many studies have demonstrated that
there is a very strong likelihood that these data represent true zircon crystallization ages when (1) the
207ph /2°6Ph ratio does not change with increasing temperature of evaporation and/or (2) repeated analyses
of grains from the same sample at high evaporation temperatures yield the same isotopic ratios within error.
Comparative studies by evaporation, conventional U-Pb dating, and ion-microprobe analysis have shown this
to be correct (see Kroner and others, 1999 for summary and additional references).
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