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and has significant regional implications for its tectonic evolution. This paper reports the results of field investi-
gations and petrography, bulk-rock major and trace element geochemical, as well as Sm—Nd isotopes of Middle
Paleozoic intermediate-mafic rocks from the Tsoroidog Uul’ accretionary complex. We investigate a wide range
Keywords: of rock types which can be divided into 4 groups on the basis of their TiO, and REE characteristics. Group 1 is char-
Khangay-Khentey acterized by moderate TiO,, relatively flat chondrite-normalized REE patterns (La/Sm, = 1.0; Gd/Yb, = 1.2).
Ocean Plate Stratigraphy These basalts are divided into two subgroups: (1) Nb/Th,y, = 3.6, Nb/La,m, = 0.8, Zr/Nb = 24.6, and Ce/Ybp, =
Accretionary complex 0.8 (N-MORB type); (2) Nb/Thy, = 1.3, Nb/La,m, = 1.1, Zr/Nb = 11.9, and Ce/Yb,, = 1.6 (E-MORB type). Group
Major and trace elements 2 shows high TiO, and LREE (La/Sm,, = 3.0), differentiated HREE (Gd/Yb,, = 2.5), positive Nb anomalies shown in
Nd isotopes primitive mantle-normalized multi-element patterns (Nb/Thpn, = 1.2; Nb/Lapy, = 1.1), and low Zr/Nb,,. ratios
(~6). Group 3 displays low TiO,, high LREE (La/Sm, = 3.6), Zr/Nb,,. = 24.4, and low Nb (Nb/La,, = 0.2).
Group 4 exhibits moderate TiO,, flat REE patterns (La/Sm,, = 0.8; Gd/Yb,, = 1.1), negative Nb anomalies
(Nb/Thpm = 0.3; Nb/Lapm = 0.6) and Zr/Nb,,. = 33. The eNd(t) values are positive for Group 1 and Group 2,
but negative for Group 3. Based on their petrological and geochemical features, we suggest that the Group 1
and 2 mafic volcanic rocks were formed in an oceanic environment, and represent mid-oceanic ridge basalt
(MORB) and oceanic-island basalt (OIB), respectively. In contrast, Group 3 intermediate dikes probably have
supra-subduction origin with calc-alkaline features, whereas Group 4 represents arc tholeiite basalt including
remnants of the continental volcanic arc. Overall, the Middle Paleozoic intermediate-mafic rocks of the Tsoroidog
Uul’ accretionary complex were probably generated from heterogenous mantle sources. Thus, we propose that
spatial and temporal changes of the Paleo-Pacific Oceanic lithosphere, which subducted under the continental
margin of the Siberian Craton, resulted in the variable composition of the intermediate-mafic rocks of this com-
plex. The accretionary complex of the Tsetserleg terrane, which extends into Ulaanbaatar terrane, was formed by
subduction of the Paleo-Pacific Oceanic lithosphere or Mongol-Okhotsk Ocean.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction Xiao et al., 2004; Windley et al.,, 2007).This orogenic belt was formed by
the accretion of island arcs, ophiolites, oceanic islands, seamounts, accre-

The Central Asian Orogenic Belt (CAOB) (Fig. 1a) is one of the largest tionary wedges, oceanic plateaus and microcontinents. However, the
orogenic systems on Earth and extends from the Ural Mountain to the Pa- tectonic evolution of the CAOB remains debated with three different
cific Ocean and from Siberian craton to the Tarim and Sino-Korean Cra- models including: (1) strike-slip duplication and oroclinal bending of a
tons (Zorin, 1999; Badarch et al., 2002; Khain et al., 2002; Jahn, 2004; giant magmatic arc (Sengor et al,, 1993); (2) successive accretion of oce-
anic and continental terranes to the Siberian craton (Badarch et al.,

"+ Corresponding author. 2002; Windley et al., 2007), and (3) two stages of evolution involving
E-mail address: lihuan@csu.edu.cn (H. Li). the Pacific-type accretion during the Devonian-Carboniferous, followed
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Fig. 1. (a) Main tectonic units of the Central Asian Orogenic Belt (CAOB) (modified after Jahn, 2004), showing the location of Mongolia in the frame of the Asian continent and the CAOB.
(b) Mongolian tectonostratigraphic map (modified after Tomurtogoo 2012), showing the location of the Khangay-Khentey orogenic system. (¢) Simplified geological map of the Tsetserleg

terrane (modified after Tomurtogoo et al., 2017).

by the Tethysian-type oroclinal bending and collisional shortening dur-
ing the Permian to Jurassic (Lehmann et al., 2010; Schulmann and
Paterson, 2011). Nonetheless, recent studies regarding the stratigraphy,
petrology, structural geology, geochemistry, and geochronology of di-
verse units from the CAOB have greatly developed our understanding
of the processes that control its global tectonic and continental growth
(e.g., Jahn et al., 2000a, 2000b, Jahn, 2004; Xiao et al., 2003, 2004;
Kovalenko et al., 2004; Windley et al., 2007; Yarmolyuk et al., 2008;
Safonova et al., 2009; Wilhem et al., 2012; Yarmolyuk et al., 2012;
Kovach et al.,, 2013; Safonova and Santosh, 2014).

The Mongolia region (Fig. 1a) occupies a large part of the CAOB and
has been divided into two main domains known as Northern Mongolian
and Southern Mongolian (Badarch et al., 2002; Tomurtogoo, 2003,
2012). The Southern Mongolian domain is located within the northern
orogenic belt of the North China and Tarim Cratons, which is dominated
by Neoproterozoic to Paleozoic sedimentary rocks, arc-related volcanic
and volcaniclastic rocks with ophiolite fragments. These basement
rocks are covered by Middle Paleozoic carbonate rocks and a variety of
post-Paleozoic volcanic and sedimentary rocks (Badarch et al., 2002;
Tomurtogoo, 2003). In contrast, the Northern Mongolian domain
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belongs to the southern orogenic belt of Siberian craton, which consists
of Archean-Proterozoic cratonic blocks, Neoproterozoic to Lower Paleo-
zoic metamorphic rocks and ophiolites, and Paleozoic volcanic and sed-
imentary rocks (Badarch et al., 2002). They are widely intruded by
Paleozoic to Mesozoic granitic rocks. The Khangay-Khentey orogenic
system (also known as Khangai-Khentei and Khangai-Khantey in
some literatures) is located in the central part of the Northern Domain
(Fig. 1b; Tomurtogoo, 2005, 2012). This orogenic system consists of
the Khangay and Khentey mountain ranges, and is about 300 km wide
and 1200 km long (Tomurtogoo, 2003). Several different tectonic
settings have been proposed to explain the formation of the Khangay-
Khentey orogenic system, which include: (1) miogeosyncline basin cor-
responding to a Devonian-Carboniferous thick turbidite basin probably
deposited on a hidden Archean-Neoproterozoic basement (Badarch
et al, 2002; Badarch, 2005), (2) oceanic turbidite terranes
(Tomurtogoo, 2003), and (3) accretionary complex (Sengdr and
Natal'in, 1996; Zorin, 1999; Kurihara et al.,, 2009; Safonova et al., 2009;
Hara et al., 2013; Tomurtogoo, 2005, 2012; Tsukada et al., 2013;
Safonova and Santosh, 2014). The Khangay-Khentey orogenic system
comprises diverse terranes such as the Zag-Kharaa turbidite terrane
and the Asraltkhayrkhan, Kharkhorin, Tsetserleg, Ulaanbaatar, and
Onon accretionary terranes (Tomurtogoo, 2005, 2012). Based on detri-
tal zircon geochronological and micropaleontological studies of the Pa-
leozoic sedimentary rocks from the Tsetserleg and Ulaanbaatar
terranes, numerous researchers have identified their provenance and
depositional age, and proposed a geodynamic model for the Khangay-
Khentey orogenic system (Kelty et al., 2008; Kurihara et al., 2009;
Bussien et al., 2011; Purevjav and Roser, 2012, 2013; Suzuki et al.,
2012; Takeuchi et al., 2012; Hara et al.,, 2013; Erdenechimeg et al.,
2018). However, the tectonic evolution of this orogenic system is still
unresolved.

The Tsetserleg terrane is located in the southwestern part of the
Khangay-Khentey orogenic system (Fig. 1b), which mainly consists of
Devonian and Carboniferous siliceous sedimentary rocks (Purevjav
and Roser, 2012) and oceanic volcanic rocks (Erdenesaikhan et al.,
2013; Tsukada et al., 2013) (Fig. 1c). Previous studies were mainly fo-
cused on the geochemistry and geochronology of the Paleozoic sedi-
mentary rocks from the Tsoroidog Uul’ accretionary complex (TUAC),
which is considered to be the most important complex of the Tsetserleg
terrane (Oyunchimeg et al., 2018). In contrast, the geochemical compo-
sitions of the oceanic volcanic rocks from this complex have been briefly
reported in the literature (Oyunchimeg et al., 2017). Since basalts that
originate from oceanic environments are extremely important for un-
derstanding the reconstruction of different geodynamic settings
(Safonova et al., 2008, 2011a, 2011b, 2012; Saccani and Principi, 2016,
Saccani et al., 2018; Safonova et al., 2020), more research should be ad-
dressed on such rock types of the TUAC. Thus, we present the first de-
tailed petrographic, geochemical and Sm—Nd isotopic studies of the
intermediate-mafic rocks from the Tsetserleg terrane. All these data
are used to constrain the petrogenesis, mantle sources, and tectonic set-
tings of the studied rocks. These new data further allow us to unravel
the tectonic evolution of the Khangay-Khentey orogenic system.

2. Geology of the Tsoroidog Uul’ accretionary complex
2.1. Geological background

The TUAC is located in the southeastern part of the Tsetserleg terrane
(Fig. 1b), which has a length of 30 km and a width of 25 km. The
Tsetserleg terrane is bordered by the Galuut fault along the southern
side with the Zag terrane and the Baidrag uplift, the Kharkhorin fault
along the northeastern side with the Kharkhorin terrane, and the Mid
Mongolian Tectonic fault along the southeastern side with the Southern
Mongolian domain (Badarch et al., 2002; Bussien et al., 2011; Kelty et al.,
2008; Shevchenko et al., 2014; Tomurtogoo, 2005).
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The thickish siliceous-terrigenous sediment of the Tsetserleg terrane
was first named “Khangay Group” (Ufland and Filippova, 1967) and
consists of Lower-Middle Devonian Erdenetsogt Formation, Middle-
Upper Devonian Tsetserleg Formation, and Lower Carboniferous
Jargalant Formation. Kurihara et al., (2009) reported clear evidence for
an accretionary complex origin of sediments from the Gorkhi Formation
in the Ulaanbaatar terrane and correlated them into the Erdenetsogt
formation in the Tsetserleg terrane, whereas the Tsetserleg and
Jargalant Formations are interpreted as shallow marine cover sediments
accumulated over the accretionary complex (Kurihara et al., 2009) in
the tectonic setting of fore-arc basins (Bussien et al., 2011). Based on
our field investigations, geochemical, geochronological and micropale-
ontological data (Fig. 2a, b), we reclassified the lithofacies of the Middle
to Late Paleozoic units in the TUAC using the theory of Ocean Plate Stra-
tigraphy (Isozaki, 1997), however, we keep the formation names of the
“Khangay Group” to avoid any confusion. The TUAC was intruded by
granitoids of the Khangay Complex (granodiorite, diorite, granite) dur-
ing Permian (Orolmaa et al., 2008; Togtokh et al., 1986). This region
overall comprises volcanic and subvolcanic rocks (basalts and basaltic
andesites), pelagic sediments (cherts), hemipelagic sediments (sili-
ceous mudstones, siltstones and shales) and trench sediments (turbi-
dites, sandstones and conglomerates) (Fig. 2).

2.2. Stratigraphy of the TUAC

As mentioned above, there are three main stratigraphic units ex-
posed in the Khangay Group, which include in ascending order: the
Erdenetsogt Formation, the Tsetserleg Formation, and the Jargalant
(Dzargalant) Formation (Fig. 2a). The ages of these formations were
mainly obtained by faunas and fossils (Togtokh et al., 1986). In this
study, we redefined the sequences of those formations using modern
research approach.

The Tsetserleg Formation is characterized by turbidite sequence
consisting of medium-to coarse-grained clastic rocks dated at 382-
337 Ma (LA-ICP-MS U—Pb on zircon; Erdenechimeg et al., 2018). The
Jargalant Formation is represented by mudstones and siltstones associ-
ated with some fine- to medium-grained clastic rocks and conglomer-
ates, which recorded ages of 330-300 Ma (LA-ICP-MS U—Pb on
zircon; Oyunchimeg et al., 2018). In contrast, the Erdenetsogt Formation
mainly consists of basaltic lava, basaltic pyroclastic rocks, breccias,
minor limestones, dark-brownish metacherts, whitish-gray to brown-
reddish cherts, siliceous siltstones and shales. The latter rock sequences
were dated at Middle Silurian to Upper Devonian based on radiolarian
analyses (Fig. 3a, b) and lithostratigraphic correlations (Fig. 2b;
Kurihara et al., 2009; Hara et al., 2013). Stratigraphic units are crosscut
by intermediate dikes such as andesite and basaltic andesite (Fig. 2a).
The rock sequences of these stratigraphic units are consistent with the
OPS model or succession (basalt-chert-siliceous mudstone/siltstone-
sandstone) (Isozaki, 1997; Maruyama et al., 2010; Safonova et al.,
2016, 2020). Thus, the Erdenetsogt Formation can be regarded as the
lower to middle OPS unit (pelagic plus hemipelagic), whereas the
Tsetserleg and Jargalant Formations correspond to the upper OPS unit.
Overall, the Erdenetsogt Formation is mainly composed of oceanic
plate rocks, whereas the Tsetserleg and Jargalant Formations are litho-
logically similar and dominated by flyshoid and turbidite sequences. It
should be noted that these three Formations are correlated with the Me-
sozoic Ocean Plate Stratigraphy in Japan in terms of lithological associa-
tion (Isozaki, 1997).

2.3. Geological features of the Erdenetsogt Formation

For this study, two cross-sections (cross-section 1: N45°56'10.2”,
E102°43'17.4"; and cross-section 2: N46°03’6.9”, E102°33'56.3") of
the Erdenetsogt Formation were investigated in detail (Fig. 4). The
Erdenetsogt Formation can be divided into three subunits. The lower
subunit crops out at the Mount Ikh Avzaga and consists of thick-
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Fig. 4. Geological map of the lower to middle OPS unit from the Erdenetsogt Formation in the Tsoroidog Uul’ accretionary complex, showing the sample locations.

rocks. The upper subunit is composed of thin-bedded, red and red-
brown colored cherts, minor bluish-gray and dark-gray tuffaceous sed-
iments, and gray-greenish siliceous shales. The red cherts contain
Middle-Upper Devonian radiolarians (Oyunchimeg et al., 2018). Gener-
ally, positions of outcrops in the field allow us to recognize that units of
the TUAC can be identified by chaotic rock assemblages that include nu-
merous blocks/lenses of various lithology (Isozaki, 1997). However, the
coherent-type unit, which comprises two distinct lithologic units, is
rarely revealed in the study area and is represented by bedded radiolar-
ian chert and clastic rocks such as sandstone and mudstone (Fig. 4).
Detailed investigations of the above cross-sections yielded more
structural features for the Erdenetsogt Formation. The cross-section 1
is observed on a synclinal structure in the southern part of the study
area, where the Erdenetsogt Formation is bounded by the Tsetserleg
Formation turbiditic sandstone and Jargalant Formation flyshoid sedi-
ments (Fig. 5a). Cross-section 2 is exposed at Mount Tsoroidog and re-
veals that the Erdenetsogt Formation is principally separated from the

Jargalant Formation thick massive sandstone by faults (Fig. 5b). In
both cross-sections, the thrusting-related deformation is revealed by
some sheared basalt, chert and siliceous shale, as well as by the presence
of large chert boudins within basalts. The chert and siliceous shale are
often in direct contact with underlying basalt showing thrusting, folding
and shearing features.

3. Samples and analytical methods
3.1. Sampling strategy

Over 80 volcanic and subvolcanic rock samples (mainly mafic volca-
nic and intermediate-mafic subvolcanic rocks (Fig. 6a-h), were col-
lected from the chert-basalt sequences of the Erdentsogt Formation
around the Mount Oyut, Mount Tsoroidog, and Tuya village. The sample
descriptions are summarized in Table 1 and their lithostratigraphic po-
sitions are shown in Fig. 2b.
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Petrographic analysis and sample preparation for geochemical stud-
ies were performed at the Institute of Geology, Mongolian Academy of
Sciences. Based on field investigations and microscopic studies, we
infer that the volcanic and subvolcanic rocks taken from the TUAC
only underwent weak secondary alteration and weak weathering.
Thus, the results of geochemical analyses are reliable for the petroge-
netic interpretation.

3.2. Major and trace element geochemistry

Atotal of 22 intermediate-mafic rocks taken from the TUAC were an-
alyzed for major and trace element at SGS Mongolia (invested by
Switzerland), using standard procedure (https://www.sgs.mn).
Samplesselected for the analyses were checked under microscope and
the freshest parts of the rocks were crushed into powder. Major element

concentrations were analyzed by X-ray Fluorescence Spectrometry
(XRF) and trace element concentrations by Inductively-Coupled Plasma
Mass Spectrometry (ICP-MS) using the glass bead method. For the
major element analysis, glass beads were prepared by fusing mixtures
of 0.7 g of powdered sample with 6.0 g of lithium tetraborate. For the
trace element analysis, 2.0 g of powdered sample was fused with 4.0 g
of lithium tetraborate. Data management, re-calculation and plotting
were estimated using Grapher 9.6 software (https://www.
goldensoftware.com/products/grapher).

3.3. Sm—Nd isotopic analysis

The Sm—Nd isotopic analysis was performed at the Geological Insti-
tute of the Kola Science Center, Russian Academy of Sciences. The
Sm—Nd isotope measurements were performed using a Finnigan
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Fig. 6. Field photos of outcrops from the Tsoroidog Uul’ accretionary complex. (a) pillow basalt, (b) mélange outcrop, (c) basalt and limestone, (d) andesite, (e) breccia, (f) metachert,

(g) limestone and breccia, (h) contact between basalt, chert and metachert.

MAT 262 mass spectrometer in static mode. Rock powders were dis-
solved in a mixture of HF, HNO3 and HClO,. Before decomposition, all
samples were spiked with a mixed '4°Sm/!'>°Nd solution. The REEs
were separated using conventional cation-exchange techniques. The
Sm and Nd were separated by extraction chromatography in Eichrom
LN-Specres in columns. Blanks in the laboratory were 0.1-0.2 ng for
Sm and 0.1-0.5 ng for Nd. The Sm and Nd contents were measured to
an accuracy of £+0.5%, and their ratios were accurate to +0.5% for
147Sm/14Nd and = 0.005% for '*Nd/"**Nd (20). The *3>Nd/***Nd ratios
were normalized to the value of the La Jolla standard (0.511860). During
the analyses, the weighted averages of nine La Jolla Nd-standard runs
yielded 0.511852 + 8 (20) for '*>Nd/'**Nd, and the value of 0.7219
was used to normalize '#®Nd/**Nd. The eNd(t) values were calculated
using the present-day values for a chondritic uniform reservoir
(CHUR) of 3Nd/'"*Nd = 0.512638 and '¥’Sm/'*Nd = 0.1967
(Jacobsen and Wasserburg, 1984). The TDM model ages were calculated

with reference to the model of Goldstein and Jacobsen (1988), assuming
that the Nd isotope composition of depleted mantle has evolved linearly
since 4.56 Ga and is currently eNd(0) = +10 (***Nd/"*Nd = 0.513151
and "¥7Sm/'**Nd = 0.2137). The two stage Nd model ages, tDM2 (Keto
and Jacobsen, 1987), were calculated using the crustal mean ratio of
147Sm/1*Nd = 0.12 (Taylor and McLennan, 1985).

4. Results
4.1. Petrography

Most of the studied rock samples were affected by secondary alter-
ation as shown by replacement of primary minerals. For instance, pla-
gioclase is rarely replaced by albite, whereas clinopyroxene is
occasionally pseudomorphosed either by chlorite or actinolitic amphi-
bole. Nevertheless, it should be noted that primary igneous textures in
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Group/Sample no. Rock type Mode of occurrence Location Coordinates

Group 1
HH-17-153 Basalt Lava flow Oyut Mt. 102°36/13.1"E; 46°02'30.1"N
BB-17-444/1 Basalt Pillow-lava Oyut Mt. 102°36'32.1"E; 46°00'19.2"N

Group 2
HH-17-124 Trachybasalt Lava flow Oyut Mt. 102°34'09.5"E; 46°02'34.2"N
BB-17-341 Basalt Lava flow Tsagaan Zalaa Mt. 102°32'16.4"E; 46°04'22.2"N
HH-26-16 Basalt Lava flow Tsagaan Zalaa Mt. 102°32/23.2"E; 46°04'17.6"N
BB-16-30 Basalt Lava flow TuyaVlg. 102°40'06.3"E; 45°54'56.3"N
HH-18-35 Basanite Lava flow Tsoroidog Mt. 102°33'19.3"E; 46°03'21.9"N
HH-17-125/1 Pyroxene-porphyrite Lava flow Oyut Mt. 102°34'12.1"E; 46°02'29.4"N
HH-18-24 Picrobasalt Lava flow TuyaVlg. 102°42'42.4"E; 45°56/30.5"N
HH-18-17 Picrobasalt Lava flow TuyaVlg. 102°42'53.8"E; 45°55'43.6"N

Group 3
HH-17-100/1 Trachyandesite Dike Tsagaan Zalaa Mt 102°32'05.2"E; 46°04'27.8"N
HH-17-143/1 Basaltic trachyandesite Dike NamsraynOvoo Mt. 102°41'04.0"E; 46°00'08.4"N
HH-17-143/2 Basaltic trachyandesite Dike NamsraynOvoo Mt. 102°41'03.9"E; 46°00'08.3"N
BB-17-455 Basaltic andesite Dike Dulaankhayrkhan Mt. 102°33'05.3"E; 45°58'19.5"N
HH-18-32 Basaltic trachyandesite Dike Tsoroidog Mt. 102°32'45.6"E; 46°03'23.5"N

Group 4
HH-17-151 Basalt Lava flow Oyut Mt. 102°36'16.4"E; 46°02'23.5"N
HH-18-26 Basalt Lava flow Shar Tsohoi Mt. 102°34/39.3"E; 46°00'07.3"N
HH-141-16 Basalt Lava flow SonduultUul Mt. 102°24'38.1"E; 45°58’12.6"N
HH-65-16 Basalt Lava flow Shar Tsohoi Mt. 102°36'32.1"E; 46°00"19.2"N
BB-16-11 Basalt Lava flow Oyut Mt. 102°35'34.7"E; 46°02'08.5"N
HH-121-16 Basalt Lava lava Arvaikheer Prov. 102°40'16.0"E; 46°14’12.3"N
HH-57-16 Basalt Lava flow Oyut Mt. 102°35'53.8"E; 46°02'08.8"N

these rocks are well preserved. The volcanic rocks are generally
composed of aphyric, porphyritic, olivine basalts and weakly metamor-
phosed basalts, whereas the subvolcanic rocks comprise amphibole-
bearing and plagioclase-bearing porphyritic basalts, diabases and
basaltic andesites (Table 1; Fig. 7a-f).

Most of these rock samples display porphyritic and aphyric texture
and massive or, not often, amygdaloidal structure. The porphyritic ba-
salt, a representative sample is HH-18-24 (Fig. 7f), contains mainly
clinopyroxene (30-35%) and amphibole (50-55%) as its phenocrysts,
and secondary minerals such as actinolite, epidote, chlorite and carbon-
ate. Groundmass consists of plagioclase (50-55%), volcanic glass (30%)
and secondary minerals (10-15%). Clinopyroxene commonly occurs as
wide flat and non-isometric phenocrysts (0.03-1.2 mm), and some
zoned Ti-augite appears with an extinction angle of 35-40°. Amphibole
is generally dark green in color and occurs as stretched flat hexahedral
hornblende crystals (0.03-1.0 mm) with an extinction angle of 16-
20°. Most of them display a crooked shape probably due to the high
pressure, and are partially replaced by chlorite. The secondary minerals
often occur along weakened zones and cracks of the rock. Compared to
other porphyritic basalt samples, it is noteworthy that sample HH-121-
16 contains abundant olivine (20-25%), and less clinopyroxene
(5-10%), plagioclase (45-50%) and volcanic glass (10%) (Fig. 7b).
Whereas, secondary minerals are sericite, calcite and zeolite. Olivine is
whitish green in color and occurs either as anhedral shaped
(0.3-0.8 mm) or rare euhedral hexahedral crystals. Generally, olivine
phenocrysts are greatly fractured as a result of experiencing highly de-
formation in the accretionary wedge. Plagioclase appears as stubby
laths (0.05-0.65 mm) and partially replaced by zeolite and sericite.

The aphyric basalt, a representative sample is BB-17-444/1 (Fig. 7e),
has an amygdaloidal structure. The groundmass displays a variolitic tex-
ture, which is caused by the radial orientation of plagioclase. Volcanic
glasses replaced by quartz-epidote-actinolite-chlorite and amygdales
are filled by zeolite and calcite.

The amphibole-bearing basaltic trachyandesite, a representative
sample is HH-18-143/2 (Fig. 7a), has a massive structure and a porphy-
ritic texture comprising abundant plagioclase (50%) and amphibole
(50%) phenocrysts, and <5% secondary minerals (epidote, actinolite,
chlorite) with minor quartz and opaque minerals. The groundmass

shows a hyalopilitic texture containing isotropic volcanic glass. Plagio-
clase crystals are euhedral long stretched or, not often, stubby laths
(0.2-2.0 mm) and partially replaced by epidote. The amphibole is dark
greenish yellow in color and occurs as hexahedral hornblende
(1.25-2.5 mm) with an extinction angle of 16-18°. It should be noted
that a few basaltic andesite samples underwent secondary alteration
and sub-greenschist facies of metamorphism, as shown by the
chloritization, carbonatization and epidotization in these rocks.

4.2. Major and trace element geochemistry

The volcanic and subvolcanic rocks from the TUAC show a wide
range of geochemical characteristics, and four geochemical groups can
be recognized (Table 2). The Mg# values (Mg# = 100 Mg/(Mg + Fe*™)
of these rocks vary from 47.2 to 69.7. Large ion lithophile elements (LILE
such as Rb, Sr, and Ba) also show wide variations in these samples. Since
LILE are highly mobile during post-magmatic alteration, we mainly use
high-field strength elements (HFSE) and rare-earth elements (REE),
which are less mobile during such process.

Group 1 is represented by basalts on the total alkali-silica diagram
(Fig. 8). These rocks showa clear sub-alkaline affinity (Nb/Y ratio =
0.1-0.3, Table 2) and have Fe,03 = 10.9-12.2 wt%, TiO, = 1.7 wt%,
Al,0;3 = 13.3-14.5 wt%, Mg0O = 5.8-6.5 wt%, P,0s = 0.1-0.2 wt%,
Si0, = 49.1-49.2 wt% and Mg# = 54.3 (Fig. 9). The Group 1 volcanic
rocks are characterized by moderate TiO, and Al,05/TiO, ratio of
7.8-8.4. The chondrite-normalized REE diagram of the Group 1 rocks
displays relatively flat REE patterns (La/Yb, = 0.7-1.7), showing low
differentation between LREE and HREE (La/Sm,, = 0.7-1.3; Gd/Yb, =
1.1-1.3) (Fig. 10b). However, these basalts display two different primi-
tive mantle-normalized multi-element patterns (Fig. 10a):
(1) Nb/Thp, = 3.6, Nb/Layy, = 0.8, Ce/Yb,, = 0.8, and Zr/Nb = 24.6;
(2) Nb/Thpm = 1.3, Nb/Lapm = 1.1, Ce/Ybpm = 1.6, and Zr/Nb = 11.9.

Group 2 comprises basaltic rock samples that show significant vari-
ability of SiO, = 38.4-48.8 wt¥%, Fe;03 = 9.8-20.3 wt%, TiO, =
1.9-4.7 wt%, Al;03 = 9.9-15.6 wt%, MgO = 4.8-12.3 wt%, P,05 =
0.3-1.3 wt%, and Mg# = 49.5-69.7. The Nb/Y ratios (0.7-3.3, Table 2)
depict the alkaline character of these samples which dominantly plot
in the field of alkali (trachy-) basalts on the total akali-silica diagram
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Fig. 7. Photomicrographs of representative intermediate-mafic rocks from the Tsoroidog Uul’ accretionary complex. (a) basaltic trachyandesite, (b) basalt, (c¢) basaltic andesite,
(d) pyroxene-porphyrite, (e) basalt, (f) picrobasalt. Hbl - hornblende, Ti—Au - titano-augite, Ol - olivine, Cpx - clinopyroxene, Pl - plagioclase.

(Fig. 8). It should be noted that samples HH-17-124 and HH-17-125/1
are characterized by relatively high TiO, content, low Zr/Nb ratio (6 in
average) and Al,03/TiO, ratio ranging from 2.1 to 8.1 (Table 2).The
TiO, and Fe,03 contents show positive correlations with MgO, whereas
AlL,03, P,0s Th and Sm are negatively correlated with MgO, and La and
Nb are relatively constant with increasing MgO (Fig. 9). The chondrite-
normalized REE patterns of Group 2 basaltic rocks display significant
LREE enrichment, compared to HREE (La/Yb, = 4.6-27.3). The degree
of LREE and HREE differentiation is moderate to high with La/Sm,,
ratio and Gd/Yb,, ratio ranging from 2.0 to 4.1 and from 1.5 to 3.4, re-
spectively (Fig. 10d). The primitive mantle-normalized multi-element
patterns show that most of the basaltic rock samples are enriched in in-
compatible elements and have positive Nb anomalies relative to Th and
La (Nb/Lapm = 0.7-14; Nb/Thpy, = 0.5-1.7) (Fig. 10c).

Group 3 intermediate rocks have different major and trace element
compositions from the other groups of volcanic rocks. These subvolcanic
rocks include basaltic andesite, basaltic trachyandesite, and
trachyandesite (Fig. 8), which have relatively high SiO, contents rang-
ing from 55.1 to 58.5 wt%. They commonly have Fe,0;3 = 5.5-7.4 wt%,
TiO, = 0.8-1.2 wt%, Al,03 = 14-18 wt%, Mg0O = 2.9-3.6 wt% (except
sample BB-17-455), and P,0s = 0.1-0.4 wt% (Fig. 9). Their Mg# values
range between 47.2 and 56.9, except the sample BB-17-455. In addition,
all samples from Group 3 display low Zr/Nb ratios (21-28.3) and high
Al;,03/TiO; ratios (13.1-22.3) (Table 2). In the MgO vs. major and
trace-element plots, these rock samples show narrowed ranges for
most elements (e.g., TiO,, P>Os, La, Sm, and Nb), whereas the contents
of Al,03 and Th decrease with the increasing MgO content (Fig. 9).
The chondrite-normalized REE diagram of Group 3 subvolcanic rocks
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Table 2
Major (wt%) and trace elements (ppm) of intermediate-mafic rocks from the Tsoroidog Uul’ accretionary complex.
Group Group 1 Group 1 Group 2 Group 2 Group 2 Group 2 Group 2 Group 2
1 2 3 4 5 6 7 8
Sample HH-17-153 BB-17-444/1 HH-17-124 BB-17-341 HH-26-16 BB-16-30 HH-18-35 HH-17-125/1
Si0, 49.17 49.06 46.59 46.00 46.89 48.77 44.85 38.36
TiO, 1.70 1.73 3.39 2.28 1.86 2.07 3.90 471
Al,03 13.30 14.47 14.53 15.29 15.09 15.57 14.71 9.88
Fe,05 12.21 10.87 10.56 9.78 9.90 11.78 13.38 20.31
MnO 0.16 0.17 0.10 0.13 0.15 0.18 0.20 0.34
MgO 6.54 5.81 4.78 9.07 7.76 5.20 7.40 9.82
Ca0 8.33 9.83 7.73 717 8.65 6.97 6.70 8.15
Na,O 3.72 3.20 2.60 2.58 3.53 3.27 3.00 2.46
K,0 0.18 0.21 3.55 1.06 0.30 0.41 1.62 0.52
P»05 0.12 0.15 1.26 0.28 0.27 0.40 0.47 0.80
LO.L 337 349 337 5.14 5.16 5.03 4.14 3.22
Total 98.80 98.95 98.68 98.74 99.56 99.65 100.37 98.64
Mg# 543 54.3 50.2 67.3 63.5 49.5 55.1 51.8
La 3.80 8.10 156 18.6 19.0 253 244 85.9
Ce 112 20.0 320 39.8 40.9 53.1 56.2 172
Pr 1.65 2.63 33.6 461 435 5.75 6.64 18.6
Nd 9.40 13.0 128 20.5 17.6 234 29.7 741
Sm 3.70 4.20 24.7 5.20 5.00 6.40 7.90 14.9
Eu 1.38 1.49 7.28 1.77 137 2.20 2.45 4.14
Gd 5.24 5.50 17.0 5.27 4383 6.34 8.01 10.2
Tb 0.90 0.87 2.24 0.80 0.80 0.98 1.19 1.30
Dy 6.27 5.80 11.6 5.16 4.64 5.80 6.31 7.12
Ho 131 1.26 1.99 1.03 0.98 1.17 1.18 1.23
Er 3.95 3.52 497 297 2.82 297 3.12 2.98
Tm 0.59 0.54 0.65 0.44 0.38 0.45 0.42 0.36
Yb 4.00 3.40 4.10 29 2.60 2.80 2.80 2.50
Lu 0.68 0.59 0.58 0.44 0.73 0.05 0.37 0.38
Sc 43.0 37.0 14.0 37.0 36.0 23.0 32.0 19.0
Co 424 404 23.2 37.0 43.6 38.7 41.6 731
Cs 0.10 0.20 2.50 130 0.70 0.30 0.90 0.10
Cr 120 306 10.0 191 386 175 158 243
Hf 2.00 3.00 17.0 3.00 3.00 4.00 5.00 10.0
Ta 0.50 0.60 10.1 1.70 1.30 1.00 2.00 5.40
Th 0.10 0.80 153 1.90 3.90 340 2.40 8.40
§) 0.05 0.12 291 0.42 0.52 0.68 0.60 1.55
Ba 223 55.0 991 183 114 165 496 451
Rb 3.20 4.60 97.7 129 4.00 9.00 22.2 4.40
Sr 636 162 1390 480 164 221 282 790
Y 354 321 50.5 26.5 23.7 27.6 29.9 30.8
Zr 73.8 107 821 144 120 151 226 437
Nb 3.00 9.00 165 27.0 17.0 19.0 31.0 88.0
Nb/Y 0.08 0.28 3.27 1.02 0.72 0.69 1.04 2.86
Ba/Rb 69.7 12.0 10.2 14.2 28.5 183 22.3 102
Zr/Nb 24.6 12.0 4.98 5.33 7.06 7.95 7.29 497
Zr/Hf 36.9 35.7 483 48.0 40.0 37.8 452 43.7
Al,03/TiO, 7.82 8.36 4.29 6.71 8.11 7.52 3.77 2.10
Sr/Y 18.0 5.05 275 18.1 6.92 8.01 9.43 25.7
(La/Sm)n 0.66 1.25 4.08 231 245 2.55 1.99 3.72
(Gd/Yb)n 1.08 134 3.43 1.50 1.54 1.87 2.36 3.38
(La/Yb)n 0.68 1.71 273 4.60 5.24 6.48 6.25 247
(Ce/Yb)pm 0.78 1.63 21.7 3.81 437 5.27 5.57 19.1
(Nb/La)pm 0.76 1.07 1.02 1.40 0.86 0.72 1.20 0.99
(Th/La)pm 0.21 0.80 0.79 0.83 1.66 0.95 0.79 0.79
(Nb/Th)pm 3.58 1.34 1.29 1.69 0.52 0.67 1.53 1.25
Group Group 2 Group 2 Group 3 Group 3 Group 3 Group 3 Group 3
Sample 9 10 11 12 13 14 15
HH-18-24 HH-18-17 HH-17-100/1 HH-17-143/1 HH-17-143/2 BB-17-455 HH-18-32
Sio2 43.50 43.32 58.50 55.70 55.96 55.05 56.37
TiO2 214 2.26 1.16 0.85 0.86 0.76 0.81
AI203 12.11 13.38 15.15 16.37 16.62 13.96 18.02
Fe203 11.85 12.10 5.48 6.99 7.08 743 7.10
MnO 022 0.15 0.07 0.18 0.15 0.13 0.16
MgO 12.25 7.00 3.25 3.60 3.53 747 2.85
Ca0 11.28 13.37 4.13 3.79 391 5.35 4.46
Na20 1.80 2.79 435 3.73 3.66 2.87 3.96
K20 0.39 0.28 3.68 335 3.22 2.11 2.81
P205 0.64 0.55 0.43 0.19 0.18 0.14 0.22
LO.L 4.08 517 2.76 3.79 3.24 332 317
Total 100.26 100.37 99.05 98.92 98.75 98.62 99.93

10
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Table 2 (continued)

Group Group 2 Group 2 Group 3 Group 3 Group 3 Group 3 Group 3
Sample 9 10 11 12 13 14 15
HH-18-24 HH-18-17 HH-17-100/1 HH-17-143/1 HH-17-143/2 BB-17-455 HH-18-32
Mg# 69.7 56.3 56.9 534 52.6 69.1 47.2
La 53.7 29.8 48.6 29.0 27.5 20.6 345
Ce 103 63.2 99.1 59.4 55.7 40.6 69.4
Pr 10.4 7.41 10.4 6.26 5.93 4.56 7.31
Nd 41.6 309 39.2 244 235 189 27.3
Sm 8.60 7.20 7.50 5.50 5.20 430 5.60
Eu 247 2.03 185 1.94 1.92 1.16 3.11
Gd 8.70 7.14 437 4.40 435 3.72 5.52
Tb 1.17 1.03 0.54 0.71 0.66 0.58 0.83
Dy 5.39 4.98 2.82 4.02 3.95 3.28 3.92
Ho 1.00 0.91 0.45 0.83 0.78 0.71 0.80
Er 2.57 2.35 133 2.51 2.32 1.88 2.34
Tm 0.31 0.31 0.15 0.34 0.30 0.27 0.30
Yb 240 2.00 1.10 240 2.40 2.10 2.30
Lu 0.30 0.27 0.14 1.86 0.38 0.35 0.34
Sc 43.0 296 10.0 17.0 18.0 22.0 15.0
Co 55.8 439 173 21.1 20.1 319 17.3
Cs 0.30 0.30 0.70 3.40 3.60 1.00 1.10
Cr 561 305 78.0 134 41.0 571 42.0
Hf 5.00 4.00 5.00 4.00 4.00 3.00 5.00
Ta 3.70 1.90 0.50 0.50 0.50 0.50 0.50
Th 6.60 3.10 8.40 5.70 5.70 3.70 8.30
§) 1.51 1.06 1.96 1.63 1.52 0.95 1.81
Ba 301 119 1093 2939 3162 624 2396
Rb 8.10 7.20 78.1 81.0 82.8 52.5 51.8
Sr 260 296 753 535 555 496 1236
Y 24.0 224 12.8 21.7 229 18.6 214
Zr 202 174 245 168 169 105 198
Nb 67.0 34.0 10.0 7.00 7.00 5.00 7.00
Nb/Y 2.79 1.52 0.78 0.32 0.31 0.27 0.30
Ba/Rb 372 16.5 14.0 36.3 38.2 119 46.3
Zr/Nb 3.01 5.12 24.5 24.0 241 21.0 28.3
Zr/Hf 40.4 43.5 49.0 42.0 423 35.0 39.6
Al,03/TiO, 5.66 5.92 13.1 19.3 19.3 18.4 223
Sr/Y 10.8 132 58.8 24.7 242 26.7 57.8
(La/Sm)n 4.03 2.67 4.18 3.40 341 3.09 4.00
(Gd/Yb)n 299 295 3.30 1.50 1.50 1.50 2.00
(La/Yb)n 16.0 10.7 31.7 8.67 8.22 7.04 10.8
(Ce/Yb)pm 119 8.78 25.0 6.87 6.45 5.37 8.40
(Nb/La)pm 1.20 1.09 0.20 0.23 0.25 0.23 0.20
(Th/La)pm 0.99 0.84 1.40 1.59 1.68 145 1.90
(Nb/Th)pm 1.21 131 0.14 0.15 0.15 0.16 0.10
Group Group 4 Group 4 Group 4 Group 4 Group 4 Group 4 Group 4
Sample 16 17 18 19 20 21 22
HH-17-151 HH-18-26 HH-141-16 HH-65-16 BB-16-11 HH-121-16 HH-57-16
Si0, 49.95 4723 49.43 47.94 49.92 48.83 46.94
TiO, 1.19 1.48 1.17 2.11 1.76 1.55 0.97
Al,03 13.89 15.23 14.04 13.03 13.29 13.51 15.17
Fe,05 10.25 11.49 10.88 13.72 13.24 11.61 10.40
MnO 0.14 0.27 0.20 0.22 0.21 0.19 0.19
MgO 8.06 9.18 7.08 6.04 6.14 7.71 7.14
Ca0 6.99 8.10 9.95 8.23 7.98 9.24 8.86
Na,O 4.01 2.16 2.37 2.72 2.75 3.20 221
K>0 0.63 0.37 0.70 0.41 122 0.32 2.29
P,05 0.06 0.12 0.09 0.17 0.16 0.13 0.07
LO.L 343 4.62 3.01 5.18 3.01 3.25 5.09
Total 98.60 100.25 98.92 99.77 99.68 99.54 99.33
Mg# 63.6 64.0 59.1 49.5 50.8 59.6 60.4
La 2.30 3.40 3.10 6.40 5.70 5.50 3.80
Ce 7.00 10.0 8.30 17.5 153 16.2 8.90
Pr 1.06 1.56 1.27 241 1.92 2.03 1.19
Nd 6.30 9.10 6.70 125 9.90 9.20 7.30
Sm 2.60 3.60 3.00 5.00 3.70 3.30 220
Eu 0.93 1.20 1.08 1.68 1.31 1.19 0.96
Gd 3.63 4.56 4.04 6.64 4.85 4.01 2.93
Tb 0.66 0.82 0.73 1.17 0.89 0.69 0.51
Dy 4.53 5.41 4.90 7.72 5.85 426 3.50
Ho 0.98 1.13 1.13 1.79 133 0.93 0.84

(continued on next page)
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Group Group 4 Group 4 Group 4 Group 4 Group 4 Group 4 Group 4
Sample 16 17 18 19 20 21 22
HH-17-151 HH-18-26 HH-141-16 HH-65-16 BB-16-11 HH-121-16 HH-57-16

Er 3.07 342 3.29 495 3.92 2.62 2.31
Tm 0.43 0.48 0.50 0.79 0.59 0.38 0.36
Yb 2.90 3.40 3.40 5.20 4.00 2.60 2.30
Lu 0.47 0.46 0.20 0.72 0.20 0.47 0.05
Sc 38.0 44.0 40.0 49.0 43.0 38.0 41.0
Co 40.4 434 455 42.2 36.0 36.2 47.0
Cs 0.30 0.20 0.50 0.40 0.80 0.30 1.10
Cr 25.6 294 28.1 39.8 314 229 183
Hf 2.00 2.00 2.00 4.00 3.00 3.00 2.00
Ta 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Th 0.60 0.30 0.70 2.00 1.00 1.50 2.90
§) 0.05 0.09 0.07 0.94 0.13 0.14 0.10
Ba 176 54.0 84.0 242 157 97.1 542
Rb 16.9 7.40 214 9.50 14.0 4.70 50.6
Sr 104 116 263 98.7 77.7 136 250
Y 25.6 29.4 28.1 39.8 314 229 183
Zr 40.7 783 59.8 112 87.2 89.0 46.2
Nb 2.00 2.00 1.00 3.00 4.00 3.00 2.00
Nb/Y 0.08 0.07 0.04 0.08 0.13 0.13 0.11
Ba/Rb 10.4 7.30 3.93 25.5 11.2 20.66 10.7
Zr/Nb 204 39.2 59.8 373 21.8 29.7 23.1
Zr/Hf 20.4 39.2 29.9 28.0 29.1 29.7 231
Al,03/TiO, 11.7 103 12.0 6.18 7.55 8.72 15.6
Sr/Y 4.06 3.95 9.36 2.48 247 5.94 13.7
(La/Sm)n 0.57 0.60 0.67 0.83 0.99 1.08 1.12
(Gd/Yb)n 1.04 1.10 0.98 1.06 1.00 1.28 1.05
(La/Yb)n 0.57 0.71 0.65 0.88 1.02 1.52 1.19
(Ce/Yb)pm 0.67 0.82 0.68 0.93 1.06 1.73 1.07
(Nb/La)pm 0.84 0.56 0.31 0.45 0.68 0.53 0.51
(Th/La)pm 2.11 0.71 1.34 1.38 113 2.13 1.03
(Nb/Th)pm 0.40 0.79 0.17 0.18 0.48 0.24 0.08

Note: Columns: 1-2 - Group 1 (MORB); 3-10 - Group 2 (OIB); 11-15 - Group 3 (calc-alkaline basalt); 16-22 — Group 4 (VAT).
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Fig. 8. Silica vs. alkalis diagram (TAS; Le Maitre 2002) for the intermediate-mafic rocks
from the Tsoroidog Uul’ accretionary complex.

have patterns regularly decreasing from LREE to HREE with La/Yb,, ratio
(7-31.7), La/Sm, ratio (3.1-4.2), and Gd/Yb,, ratio (1.5-3.3) (Fig. 10f).
The primitive mantle-normalized multi-element patterns of these rock
samples show negative Nb (Nb/La,,, = 0.2-0.3; Nb/Thpy, = 0.1-0.2)
and Ti anomalies (Fig. 10e), whereas significant enrichment of LILE (K,
Rb, Ba, Sr) is noticeable compared with the other groups of rocks
(Table 2).

Group 4 consists of basalts with a sub-alkaline or tholeiitic affinity
(Fig. 8). These basaltic rocks display low Nb/Y ratio (<0.1, Table 2)
and variable contents of SiO, (46.9-50.0 wt%), Fe,03 (10.3-13.7 wt%),
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TiO; (1.0-2.1 wt%), Al,03 (13.0-15.2 wt%), MgO (6.0-9.2 wt%), P,05
(0.1-0.2 wt%), and Mg# values (49.5-63.6). Except sample HH-141-
16, all the rock samples are characterized by high Zr/Nb ratio
(20.4-39.2) which is higher than those of other groups. Their Al,03/
TiO, ratios range from 6.2 to 15.6 (Table 2).The TiO,, Fe,03 and La con-
tents are negatively correlated with MgO and decrease with increasing
MgO, whereas Al,0s is positively correlated with MgO, and P,0s,Th,
Nb and Sm contents are relatively constant with increasing MgO con-
tent (Fig. 9).The chondrite-normalized REE diagrams of these basaltic
rock samples display relatively flat patterns(La/Yb, = 0.6-1.5)and
show slight depletion in LREE (La/Sm, = 0.6-1.1) with respect to
HREE (Gd/Yb, = 1.0-1.3) (Fig. 10h). On the primitive mantle-
normalized multi-element diagram, they possess obvious Th
enrchiment (Nb/Thp,, = 0.1-0.8), Nb depletion (Nb/Lapy, = 0.3-0.8),
and no negative Ti anomalies (Fig. 10g).

4.3. Whole-rock Sm—Nd isotopes

The whole-rock Sm—Nd isotopic data of the intermediate-mafic
rocks are listed in Table 3. The initial isotopic ratios were
recalculated according to the Lower Devonian age based on the
Sm—Nd dating of basaltic tufficeous rock from the Erdenetsogt For-
mation surrounding the Uyanga area in the Tsetserleg terrane
(Orolmaa and Erdenesaikhan, 2008). The moderate-Ti samples (geo-
chemically close to MORB) and the high-Ti samples (geochemically
close to OIB) were recalculated at ~400 Ma. The low-Ti samples
(geochemically close to CAB) were recalculated at ~300 Ma because
we assume that these rocks probably crystallized after the TUAC
formed during the Early Carboniferous (see Section 2.2). Overall,
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Fig. 9. Binary diagrams of MgO vs. (a) (TiO,), (b) AlOs, (c) P,0s, (d) Fe,0s, (e) Th, (f) La, (g) Nb and (h) Sm for the intermediate-mafic rocks from the Tsoroidog Uul’ accretionary complex.

these samples have both positive and negative ¢Nd(t) values. The The samples from Group 1 and Group 2 which contain moderate-
samples geochemical similar to MORB and OIB have higher and high-Ti contents have positive eNd(t) values ranging from
143Nd/'Nd ratios (0.5129-05131), whereas the samples geochemi-  +7.8 to +8.2. In contrast, the sample from Group 3 which has
cal similar to CAB have lower **Nd/'**Nd ratios (0.5119) (Table 3).  low-Ti compositions show negative eNd(t) value (—12.0) (Table 3).
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Table 3
Whole rock Sm—Nd isotope data of intermediate-mafic rocks from the Tsoroidog Uul’ ac-
cretionary complex.

Sample BB-17-444/1 HH-17-124 HH-17-100/1
Group Group 1 Group 2 Group 3
Age, Ma 400 400 300

Sm, ppm 4.9 16.47 7.19

Nd, ppm 14.49 71.03 38.56
1475 m/"44Nd 0.20434 0.14017 0.1127
143Nd/"Nd 0.513078 0.512888 0511858
ena(0) 8.6 49 —15.2
ena(T) 8.2 7.8 —12
Tna(DM) 1206 547 1948
Tna(DM-2st) 480 516 2068

Note: No precise age data was reported for these three groups of rocks, and the age listed
in this table was estimated based on geological relationship between different units and
might not be precise.

5. Discussion
5.1. Petrogenesis and mantle sources

Overall, the TUAC incorporates a wide range of intermediate-mafic
rock types as shown in the previous sections. The geochemical charac-
teristics of these rocks can be used for determining the nature and pet-
rogenesis of the magmatic events which occurred in the Tsetserleg
terrane from the Khangay-Khentey orogenic system. In this study, we
discuss the petrogenesis of volcanic and subvolcanic rocks based on
the less mobile incompatible elements and stable isotopic values of
these rocks. Some elements (e.g., Zr, TiO,, Y, Sc, Ce, and Nb) are largely
immobile during the alteration of volcanic rocks owing to metamor-
phism, hydrothermal events and weathering (Floyd and Winchester,
1975). Hence, we mainly selected these elements for petrogenetic inter-
pretation (Figs. 11 and 12).

Constraining the mantle source characteristics is important when
considering the petrogenesis of mafic and basaltic rocks (Li et al.,
2013, 2016; Liu et al., 2020; Sun et al., 2019; Wang et al., 2019; Wu
et al.,, 2017a). The Zr vs. Nb discrimination diagram (Fig. 13a, b) indi-
cates that Group 2 basaltic rocks were generated from an enriched-
type mantle source, whereas other rock groups were originated from
depleted-type mantle sources. Group 1 (MORB) and Group 2 (OIB) ba-
saltic rocks plot along the MORB-OIB array, whereas Group 3 (calc-alka-
line) and Group 4 (volcanic arc tholeiite) basaltic rocks plot along the
volcanic arc array in the Thy vs. Nby discrimination diagram
(Fig. 12a). Moreover, Group 2 rocks contain moderate to high Ti con-
tents and have a positive eNd(t) value (+7.8), indicating a enriched
mantle source. In contrast, Group 3 rocks have low Ti compositions
and display negative eNd(t) value (—12.0). This suggests that these
rocks were derived from a mantle source with crustal materials input
(Safonova et al., 2020).

Some trace element contents (e.g., Nb, Th, and REE) and trace ele-
ment ratios (e.g., Nb/Yb, Th/Ta, Th/Nb, and Ba/Th) are moderately af-
fected by fractional crystallization of predominantly olivine +
clinopyroxene + plagioclase (Saccani et al., 2018). Therefore, we use
the melting model of Nb/Yb vs. Th (Fig. 14) for estimating the composi-
tion of mantle source and the degree of partial melting for Group 1 and
Group 2 rocks. However, this diagram is not entirely suitable for model-
ling the possible mantle sources for Group 3 and Group 4 rocks. Hence,
we use the Cr vs. Y diagram (Fig. 15) for estimating the composition of
mantle source and the degree of partial melting for these volcanic and
subvolcanic rocks. These two plots further support that Group 1,
Group 2, Group 3 and Group 4 rocks have typical features of MORB,
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Fig. 11. Th/Yb vs. Nb/Yb plot for the intermediate-mafic rocks from the Tsoroidog Uul’
accretionary complex (after Pearce 2008). N-MORB: normal mid-ocean ridge basalt, E-
MORB: enriched mid-ocean ridge basalt, OIB: oceanic island basalt.

OIB, calc-alkaline and volcanic arc tholeiite, respectively. We discuss
the mantle source for each group of rocks in detail in the following
paragraphs.

Group 1 basalts have geochemical characteristics indicating melt
originated from a depleted mantle source in a mid-oceanic ridge setting.
MORB-type basalts were formed during the decompressional melting of
upper mantle material at the mid-oceanic ridge and compose a large
part of Ocean Plate Stratigraphy (OPS) (Isozaki, 1997). In general, OPS
is characterized by regular lithologic facies change of basalt through pe-
lagic to hemipelagic depositional succession, and the units are incorpo-
rated into accretionary complexes (terrigenous rocks) during the
subduction of the oceanic plate (Isozaki, 1997; Safonova et al., 2016).
In contrast, accretionary complexes typically consist of igheous and sed-
imentary rocks scraped from the subducting oceanic plate, including ba-
salt, chert, mudstone, siltstone, shale and sandstone (Safonova et al.,
2020). Moreover, normal mid-oceanic ridge basalts (N-MORB) are
more depleted of incompatible elements than enriched mid-oceanic
ridge basalts (E-MORB) and oceanic island basalts (OIB) (Sun and
McDonough, 1989). In this study, Group 1 basalts have moderate Ti con-
tent and positive eNd(t) = +8.2. However, these basalts can be divided
into two subgroups.

The first subgroup has typical Nb = 3.0 ppm, Th = 0.1 ppm,
Zr/Nb = 24.6, La/Sm, = 0.7 and Ce/Ybp, = 0.8, suggesting a de-
pleted MORB mantle (DMM) source for the parent magma. In addi-
tion, the Gd/Yb, = 1.1 (Table 2; Fig. 10b) implies that partial
melting occurred in the spinel-facies mantle. The primitive mantle-
normalized multi-element pattern reveals a negative Th anomaly
relative to Nb (Nb/Thpy, = 3.6) (Fig. 10a). The REE and multi-
element patterns (Figs. 10a, b) and incompatible trace element
plots (Figs. 11 and 12) confirm that the rock was derived from
N-MORB-type mantle source without involvement of subduction-
related process. The Th vs. Nb/Yb plot (Fig. 14) shows that the com-
position of this rock is consistent with ~15% of partial melting in the
spinel stability field. The model of the Cr vs. Y plot further indicates
that the composition of this basalt is compatible with the primary
melts generated from ~18% of partial melting of a DMM source
(Fig. 15).

The second subgroup has slightly enriched geochemical characteris-
tics than the first subgroup, with typical element contents and ratios of
Nb = 9.0 ppm, Th = 0.8 ppm, Zr/Nb = 11.9, La/Sm, = 1.3, and

Fig. 10. Chondrite-normalized rare earth element and primitive mantle-normalized multi-component trace element patterns for (a, b) Group 1 (N-MORB and E-MORB), (c, d) Group 2
(OIB), (e, f) Group 3 (calc-alkaline dike), and (g, h) Group 4 (VAT). The normalizing values are from Sun and McDonough (1989).
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Fig. 12. N-MORB-normalized Th vs. Nb discrimination diagram for the intermediate-mafic
rocks from the Tsoroidog Uul’ accretionary complex (after Saccani et al., 2015): (a) rock-
type discrimination, (b) tectonic setting interpretation. MORB: mid-ocean ridge basalt,
N-: normal type, E-: enriched type, D-: depleted type, MTB: medium-Ti basalts, IAT:
island arc tholeiite, CAB: calc-alkaline basalt; OIB: alkaline oceanic within-plate basalt,
BABB: back-arc basin basalt, SSZ-E: supra-subduction zone enrichment, AFC:
assimilation fractional crystallization, OIB-CE: OIB component enrichment, FC: fractional
crystallization, back-arc A: relatively immature back-arc setting, back-arc B: relatively
mature back-arc setting.

Ce/Ybym = 1.6. The flat REE pattern is very similar to those of enriched
mid-oceanic ridge basalts (E-MORB) (Sun and McDonough, 1989). The
higher concentrations of Nb, Th, and LREE in this subgroup relative to N-
MORB suggest that the possible magma source of this rock is likely a
sub-oceanic slightly enriched mantle compared to the DMM source
(Herzberg, 2004). In the Th/Yb vs. Nb/Yb (Fig. 11) and Thy vs. Nby dis-
crimination diagrams (Fig. 12a), this basalt plots within or near the E-
MORSB field. Furthermore, the Gd/Yb,, ratio of 1.3 in this rock (Table 2,
Fig. 10b) reflects that partial melting occurred in the spinel-facies man-
tle. The Th vs. Nb/YD plot (Fig. 14) suggests that the composition of this
basalt is consistent with ~17% of partial melting from a spinel-facies OIB
source. Nonetheless, this basalt is probably derived from an E-DMM
source considering its abovementioned geochemical features
(Workman and Hart, 2005).

Group 2 basaltic rocks are characterized by high TiO,, Nb,, =
56 ppm, Th,, = 5.6 ppm, Zr/Nb,, = 5.7, La/Smy@y,) = 3.0 and
Gd/Ybpm(av.) = 2.5 (Table 2), as well as high LREE and differentiated
HREE patterns (Fig. 10d). These features suggest an oceanic island basalt
(OIB) affinity of these basalts (Safonova et al, 2012; Sun and
McDonough, 1989). Tholeiitic to alkaline intraplate basalts of oceanic
islands (OIB-type) form due to the activity of mantle plumes rising
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from the core-mantle boundary (Maruyama et al., 2007). They are
enriched in incompatible elements such as LREE, Ti, Nb, Rb, K, Cs, Ba
and Th (Weaver, 1991). In addition, the high MREE/HREE ratios of
Group 2 basaltic rocks (Fig. 10d) imply an involvement of a garnet peri-
dotite source. The MgO contents of these basalts decrease with increas-
ing SiO,, indicating that mafic minerals were removed during
magmatic evolution. Moreover, the wide range of geochemical composi-
tions of these rocks probably reflects different degree of fractionation. Ol-
ivine and clinopyroxene are the main fractionated minerals in the Group
2 basaltic rocks, and the clinopyroxene-dominated fractionation is
shown by the negative correlation between Al,05 and MgO (Fig. 9c), sug-
gesting the fractionation of clinopyroxene during early crystallization.
The enrichment of most incompatible elements such as Nb, Th, and
LREE and positive eNd(t) of +7.8 in Group 2 basalts suggest that the
mantle source of these rocks is enriched (Safonova et al., 2011a;
Safonova et al., 2020), similar to that of the Emperor-Hawaii volcanoes
chain (Regelous et al., 2003). In addition, on the discrimination diagrams
(Figs. 11 and 12), Group 2 basalts plot in the OIB fields. Thus, we propose
that these basalts were generated from an enriched OIB-type mantle
source at the garnet facies (Gd/Yb,ry, > 2) and spinel facies (Gd/Ybpm, < 2)
mantle depths. The Th vs. Nb/Yb plot (Fig. 14) displays that the compo-
sition of Group 2 basaltic rocks is compatible with 2.5-5% of partial melt-
ing in the spinel stability field and 0.1-10% of partial melting in the
garnet stability field. The degree of melting was lower for samples HH-
17-124 and HH-17-125/1 so that the melts contained higher concentra-
tions of incompatible elements (Table 2; Safonova et al,, 2011a).
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Fig. 13. (a) Nb vs. Zr and (b) Th/Ta vs. Zr diagrams for the intermediate-mafic rocks from
the Tsoroidog Uul’ accretionary complex (after Saccani et al., 2018). Stars indicate the
composition of average pelitic sediments (APS), upper continental crust (UCC), average
calc-alkaline basalts and basaltic andesites (CA-B-BA), average island arc tholeiitic
basalts (IAT), normal-type mid-ocean ridge basalt (N-MORB), and alkaline ocean island
basalt (OIB).
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Fig. 14. Nb/Yb vs. Th diagram for the mafic rocks from the Tsoroidog Uul’ accretionary
complex (after Saccani et al., 2018).

Group 3 intermediate rocks are characterized by low TiO, contents
(<1 wt%), high Zr/Nb ratios (average 24.4), Nb,, = 7.2 ppm, Thy,,
6.4 ppm, La/Smy(ay,) = 3.6, and eNd(t) = —12.0. They have high
Th/Nby ratios (Fig. 12) and are significantly enriched in LREE
(Fig. 10f). These geochemical characteristics are consistent with their
calc-alkaline affinity (Safonova et al., 2016). The high MgO of sample
BB-17-455 implies that the magma might be derived near the volcanic
front at mantle depths close to the mantle-crust boundary (Tatsumi,
1982). The high LILE contents of these rock samples compared to
those of the MORB (Table 2) obviously indicate a subduction-related
process. Depletion of Nb relative to Th and La implies that the source
of magma was contaminated by continental materials (Kelemen et al.,
1993). In addition, their Th and LREE enrichment indicate that the man-
tle source was significantly metasomatized by subduction-related com-
ponents (Saccani et al., 2018). Moreover, the negative Ti anomalies
shown in the multi-element patterns (Fig. 10e) are typical geochemical
signature of the subduction-related magmatic rocks. The Group 3 inter-
mediate rocks further plot in the field of CAB (calc-alkaline basalts)
(Figs. 11 and 12), indicating an arc-related affiliation. The Cr vs. Y plot
displays that these rocks might be generated by ~17% partial melting
from a depleted mantle source residual after 15% MORB-type melt ex-
traction (Fig. 15). We suggest that the intermediate rocks were probably
derived from a mixed source including accretionary sediments and the
partial melting products from subducted oceanic slab.

Group 4 basalts are characterized by moderate TiO,, high Zr/Nb ratio
(average = 33), Nb,y, = 2.4 ppm, Th,,. = 1.3 ppm, La/Smyay) = 0.8,
and rather flat REE patterns. They are depleted in Ta, Nb, and HFSE
(Table 2), which are consistent with an origin from partial melting of re-
fractory mantle sources. In addition, the Cr—Y model (Fig. 15) indicates
that most of Group 4 basalts were derived by about 10% partial melting
from a depleted mantle source residual after 15% MORB-type melt ex-
traction. Furthermore, the low fractionation of HREE relative to MREE
observed in Group 4 basalts (Fig. 10h) and the Gd/Ybpm(av,) = 1.1 sug-
gest that partial melting occurred in the spinel-facies mantle depth.
Therefore, we suggest that they were generated from a refractory man-
tle source, and the primitive magma producing these rocks originated at
shallow depths of the mantle.

5.2. Tectonic implications for the intermediate-mafic rocks

The geochemical (major and trace element) and isotopic composi-
tions of the volcanic and subvolcanic rocks from the TUAC suggest dif-
ferent tectonic settings (Figs. 16a-e).
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Group 1 basalts are compatible with a genesis from primary magma
originated from depleted MORB-type and sub-oceanic mantle sources,
which are slightly enriched compared to N-MORB source,with no attri-
bute of enriched OIB-type material or subduction-related chemical
components (Figs. 10a, b). Thus, we infer that Group 1 samples with
moderate Ti contents formed in a mid-oceanic ridge tectonic setting,
and represent typical normal mid-oceanic ridge basalt (N-MORB) and
enriched mid-oceanic ridge basalt (E-MORB), presenting the base of
Ocean Plate Stratigraphy.

Group 2 basaltic rocks are consistent with a genesis from primary
magmas originated from enriched oceanic mantle source (Figs. 10c,
d) with characteristics of enriched incompatible elements. These rocks
have high Ti contents and were identified with a biohermian carbonate
cup and hemigenous limestonelayers. This suggests an eruption at oce-
anic islands of the Paleo-Pacific Ocean, similar to those of the Emperor-
Hawaii seamounts and volcanoes chain (Fig. 16b). They are probably
related to the Pacific hot spot or mantle plume since Middle Paleozoic in-
traplate basalts of the Ulaanbaatar terrane were suggested to be derived
from the Paleo-Asian Ocean plume-related magmatism (Regelous et al.,
2003; Safonova et al., 2009; Safonova and Santosh, 2014).

The geochemical features of the studied basalts allow us to recognize
two types of source in the mantle depth for OIB-type basalts of the
TUAC, and it probably represents two different oceanic islands formed
over the Paleo-Pacific Oceanic lithosphere at different ages. Volcanic
and subvolcanic rocks from Group 3 and Group 4 display variable ranges
of Th enrichment relative to Nb (Fig. 10e, g), suggesting subduction-
derived components (Fig. 12a). This is supported by the Th/Ta ratios
and Zr compositions (Fig. 13b). In particular, the influence of a subduc-
tion component is moderate for Group 4 volcanic rocks and compara-
tively more significant for Group 3 subvolcanic rocks. Thus, we infer
that Group 3 samples with low Ti contents were likely formed in a
supra-subduction setting, originated from a mantle wedge and the
melts with compositions of continental sediments. The melts might
have been formed by influence of heat flow from the subducted oceanic
slab and intruded back into the accretionary complex (Fig. 16e). These
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Fig. 15. Cr vs. Y diagram for Group 1, Group 3, and Group 4 intermediate-mafic rocks from
the Tsoroidog Uul’ accretionary complex (modified after Pearce 1982). N-MORB: normal
mid-ocean ridge basalt, IAT: island arc tholeiitic basalt, CA: calc-alkaline.
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intermediate rocks are commonly observed as intruded dikes in the ac-
cretionary complex (see Section 2.2). For Group 4 rocks, samples plot in
the volcanic arc field on the Th/Yb vs. Nb/Yb discrimination diagram
(Fig. 11), whereas most of the samples plot in the fields of back-arc
basin basalt and island arc tholeiite on the Thy vs. Nby discrimination di-
agram (Fig. 12a, b). In addition, the Th enrichment relative to Nb
(Fig. 10g) suggests an arc signature (Saccani et al., 2018). The overall
geochemical characteristic of these rocks are quite similar to those of is-
land arc tholeiites (Dilek et al., 2008; Saccani et al., 2011). Thus, Group 4
rocks with moderate Ti contents likely generated in afore-arc tectonic
setting around the active continental margin, thus, represent volcanic
arc tholeiite affinity derived from the subduction of an oceanic plate
(Fig. 16d). During the subduction, oceanic islands and the fragments
of MORB-type oceanic lithosphere were accreted into the continental
margin, which resulted in the formation of volcanic arc tholeiites within
the accretionary complex.

5.3. Insights to the regional tectonic evolution
According to some studies (Buchan et al., 2001, 2002; Badarch, 2005;

Osozawa et al., 2008), Devonian-Carboniferous thick massive sedimen-
tary rocks, especially those situated in the southwestern part of the
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Khangay-Khentey orogenic system (Fig. 1b) were accumulated within
a stable sedimentary basin (known as Khangay basin) like a continental
shelf (Badarch et al., 2002). Previous studies on the Khangay Group sed-
iments considered that massive turbidite rocks can be subdivided into
lower part (sandstones with “olistoliths” of radiolarian cherts and schis-
tose meta-sandstone) and upper part (alternated sandstones and mud-
stones without basalt, limestone, and mélange (Kurimoto, 1997;
Teraoka et al., 1996). These authors believed that the Devonian-
Carboniferous sedimentary rocks of the Khangay Group represent regu-
lar coherent strata, although the main characteristic and original
appearance of this stratigraphic unit is still controversial.

More recently, numerous studies suggest that the formation of the
Late Silurian-Late Devonian siliceous sedimentary rocks (Kurihara
et al., 2009) and thick turbidite Devonian-Carboniferous sedimentary
rocks (Hara et al., 2013; Kelty et al., 2008; Suzuki et al., 2012) of the
Khangay-Khentey orogenic system are an accretionary complex
(Safonova et al.,, 2009; Safonova and Santosh, 2014; Tomurtogoo
2012; Tsukada et al.,, 2013) or an active continental margin of the Sibe-
rian Craton (Zorin, 1999).The accretionary complex in the Khangay-
Khentey orogenic system was first investigated by researchers from
Japan in the form of “Ulaanbaatar terrane” (Hara et al.,, 2013; Kurihara
et al., 2009; Tsukada et al., 2013) according to the theory of Ocean
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Plate Stratigraphy (Isozaki, 1997). In this study, our geological data from
the TUAC hosted by the Tsetserleg terrane allow us to propose that this
specific stratigraphic unit, consisting of oceanic components and
trench-fill turbidite, is a typical accretionary complex formed by the
subduction of oceanic crust (Fig. 16a-e).

We suggest that the accretionary complex of the Tsetserleg terrane,
which extends into Ulaanbaatar terrane, was formed by subduction of
the Paleo-Pacific Oceanic lithosphere or Mongol-Okhotsk Ocean. It
was located between the Siberian Craton and Mongolia Block (also re-
ferred to as the Amuria Block) (Vander Voo et al., 2015; Wu et al,,
2017b, Pan et al., 2020) and subducted under the continental margin
of the Siberian Craton in the Devonian (Donskaya et al., 2013). The strat-
igraphic unit between those terranes are principally represented by OPS
units: the upper OPS unit is represented by Lower-Upper Carboniferous
Jargalant Formation with flyshoid unit and Upper Devonian-lower Car-
boniferous Tsetserleg Formation with turbidite unit (Erdenechimeg
et al,, 2018; Oyunchimeg et al.,, 2018), and coeval strata of these forma-
tions are the Orgioch Uul and Altanovoo Formations in the Ulaanbaatar
terrane (Kelty et al., 2008; Suzuki et al., 2012). The lower to middle OPS
unit is determined by Middle Silurian-Upper Devonian Erdenetsogt
Formation with basalt, chert, and siliceous siltstone and shale (see
Section 2.2), which are the southwestern extension of the Sergelen
and Gorkhi Formations of the Ulaanbaatar terrane (Hara et al., 2013;
Kurihara et al., 2009).The abovementioned formations are very similar
in terms of lithology, geological structure and tectonic features and
clearly display the characteristics of an accretionary complex. Consider-
ing the timing and indication of the continental flyshoid and turbidite
rocks overlaying the volcanic and siliceous sedimentary rocks from
the oceanic crust, the depositional age of the accretionary complex
along the Tsetserleg and Ulaanbaatar terranes is proposed to be Early
Carboniferous (Fig. 16d). In addition, the wide age range of cherts
within the Gorkhi and Erdenetsogt Formations (spanning over 50 mil-
lion years) probably indicates the existence of an extensive deep-
water ocean which provided a long-lasting pelagic environment
between the Siberian Craton and the North China-Tarim Blocks during
the Silurian to Devonian (Fig. 16a), despite the occurrences of active
sea-floor spreading and ocean plate subduction in the region
(Kurihara et al., 2009) such as the Paleo-Pacific Ocean (Zonenshain
et al., 1990; Zorin, 1999), the Khangai-Khantey (= Khangay Khentey)
Ocean (Sengor et al., 1993; Sengdr and Natal'in, 1996a, b) and the
Mongol-Okhotsk Ocean (Donskaya et al., 2013; Gordienko, 2006;
Tomurtogoo, 2005).

Eventually, this study characterizes the accretionary complex in the
Tsetserleg terrane and confirms the relationship between the Tsetserleg
terrane and Ulaanbaatar terrane as an accretion complex in the
Khangay-Khentey orogenic system (Hara et al., 2013; Kurihara et al.,
2009; Tsukada et al., 2013). Future investigations will expand the
study on the accretionary complex (petrological study for volcanic
rock, biostratigraphic study for siliceous sedimentary rock, provenance
and radiometric study for turbidite sedimentary rock, as well as inter-
pretation of lithological association and geological structure) to other
accretionary terranes in the Khangay-Khentey orogenic system, accord-
ing to the terrane classification of Tomurtogoo (2005, 2012). We believe
that it will provide more consistent information for the subduction-
accretion process along the active continental margin of the Siberian
Craton and the rim of the Paleo-Pacific Ocean during Paleozoic.

6. Conclusions

1. Four groups of intermediate-mafic rocks from the Middle Silurian
to Upper Devonian Erdentsogt Formation in the Tsoroidog Uul’ accre-
tionary complex were identified. They are associated with OPS sedi-
ments such as dark-brownish metacherts, brown-reddish cherts,
limestones, whitish-gray siliceous siltstones/shales and turbidite clastic
rocks.
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2. Group 1 oceanic basalts formed at a mid-oceanic ridge setting
with a N-MORB and E-MORB signatures. Group 2 basaltic rocks formed
in a plume-related oceanic island setting with an OIB characteristic.
Group 3 intermediate dikes were derived from a mixed source incorpo-
rating accretionary sediments and partial melting of subducted oceanic
slab, formed at a supra-subduction setting with a calc-alkaline affinity.
Group 4 basalts originated from refractory mantle source and formed
in the fore-arc tectonic setting around an active continental margin,
with volcanic arc tholeiite features.

3.The accretionary complex of the Tsetserleg terrane, which extends
into Ulaanbaatar terrane, was formed by subduction of the Paleo-Pacific
Oceanic lithosphere or Mongol-Okhotsk Ocean.
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