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Geochemistry, zircon U-Pb ages and Sr-Nd-Hf isotopes of
an Early Triassic appinitic complex in southeastern Inner
Mongolia, China: implications for the late tectonic
evolution of the Paleo-Asian Ocean
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ABSTRACT: Appinite commonly occurs in convergent plate tectonic settings and thus can constrain the tectonic evolution of
ancient orogens. Geochemical and geochronological analyses were carried out on a newly identified Early Triassic appinitic com-
plex in southeastern Inner Mongolia in the eastern segment of the Central Asian Orogenic Belt. Petrographically, the Luotuochang
complex can be divided into two zones: an outer zone of intermediate rocks and inner zone dominated by mafic rocks. A monzonite
sample from the outer zone yielded weighted mean zircon **Pb/**U ages of 246 + 1.6 Ma, whereas the gabbro from the inner zone
yielded an age of 243 + 1.2 Ma. The inner zone mafic rocks have SiO, contents of 45.56 to 54.27 wt% with high MgO, Cr, Ni and
Sr contents, elevated Ba/Nb, Ba/Zr, Rb/Y and Th/Zr, and low TiO,, Nb/Zr and Nb/Y. These features suggest that the metasomatized
lithospheric mantle is the primitive magma source. SiO, contents of the outer zone intermediate rocks range from 57.6 to 63.69 wt% and K,O,
Ba and Sr contents are enriched; the eyq(f) (+2.2 to +4.0) and ey(t) (+8.4 to +13.5) values are also high. These characteristics sug-
gest that the magma of these rocks mainly derived from the mantle with possible juvenile lower crust involvement. Based on these
geochemical data and results from regional geological investigations, we propose that the Luotuochang appinitic complex was
formed in a post-orogenic extensional setting. Its formation was likely the result of lithospheric delamination, upwelling of new
mantle material and partial melting of the overlying lower crust during crustal compression and thickening soon after the closure
of the restricted Paleo-Asian Ocean basin.
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1. INTRODUCTION

The Central Asian Orogenic Belt (CAOB), also known as the
Altaid Tectonic Collage, extends from the Ural Mountains in
the west to eastern Siberia in the east and from the Siberian
craton in the north to the Tarim and North China cratons in the
south (Sengor et al., 1993; Xiao et al., 2003; Windley et al., 2007).
It is characterized by multiple Paleozoic accretionary, collisional
processes of terranes, micro-continents, island arcs, seamounts
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and ophiolites as well as intra-continental deformation during
the closure the Paleo-Asian Ocean (PAO) (Khain et al., 2002;
Xiao et al,, 2003, 2009, 2015; Li et al., 2016).

At present, it is generally agreed that the Solonker suture zone
represents the final closure of the PAO as a result of collision and
suturing between the North China and Siberian cratons. However,
the tectonic evolution of the Solonker suture zone, especially the
timing of the collision and suturing remains controversial, ranging
from the middle-late Devonian (Tang et al., 1990; Xu and Chen,
1997; Xu et al., 2013), late Devonian to early Carboniferous (Shao,
1991) and the late Permian to Early-Middle Triassic (Xiao et al.,
2003, 2009, 2015; Li, 2006; Chen et al., 2009). This uncertainty
stems mainly from difficulties in identifying and correlating
accretionary complexes and sedimentary successions along the
suture that are intensively disrupted by post-Paleozoic tectonic
movement. Moreover, the geochronology of the ophiolite mélanges,
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with estimated ages ranging from early Paleozoic to late Mesozoic
(Liang, 1994; Wang and Fan, 1997; Miao et al,, 2007; Jian et al,,
2010), makes it hard to constrain the final closure of the PAO.

Fortunately, we recently have identified a new Triassic appinitic
complex near the Solonker suture zone. An appinitic complex is
typically dominated by mafic and intermediate rocks with indicative
mineralogical and textural features for water-rich magmas. Their
geochemistry commonly shows calc-alkaline to shoshonitic affinities
(Fowler, 1988; Atherton and Ghani, 2002; Castro et al., 2003;
Yuan et al., 2016). Moreover, what is particularly remarkable for
appinitic rocks is their close spatiotemporal and genetic connections
with critical geodynamic processes, such as arc-continental or
continental-continental collisions, post-subduction slab break-
off or delamination during the latest stage of an orogeny (Atherton
and Ghani, 2002; Zhang et al., 2012; Murphy, 2013). Therefore,
constraining the origin and tectonic setting of appinitic rocks
can provide important information for describing the tectonic
evolution of an ancient orogenic belt.

In this study, new zircon U-Pb ages and in situ zircon Hf
isotopic data, whole-rock Sr-Nd isotopes and major and trace
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element compositions of different rocks in the complex are
presented to constrain the sources and petrogenesis of the
intrusions and describe the geodynamic environment during
their emplacement. Results from such studies can lead to further
insight into the transformation of the eastern segment of the
CAOB from collision to post-collision. By integrating the results
of this study with previously reported Paleozoic magmatic data
in the region, these data can be further used to constrain the evolution
of the late tectonic stage of the eastern segment of the CAOB.

2. GEOLOGICAL BACKGROUND

Southeastern Inner Mongolia, located in the eastern segment
of the CAOB, is regarded as the area of final closure of the PAO
(Fig. 1). There are five major E-W trending geological units in
this region, from north to south: the Uliastai continental margin,
the Northern Orogenic Belt (NOB), the Solonker suture zone,
the Southern Orogenic Belt (SOB) and the North China Craton
(NCC) (Xiao et al., 2003; Jian et al., 2010; Xu et al., 2013). The
basement of the Uliastai continental margin is composed of
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Fig. 1. (a) Simplified geological map of the Central Asian Orogenic Belt (CAOB) and the location of the studied area (modified after Jahn et
al., 2004). (b) Simplified tectonic map of the southeastern CAOB showing the main tectonic subdivisions and the location of Figure 2 (mod-
ified after Xiao et al., 2003; Jian et al., 2010). The light gray zone represents the early-middle Paleozoic Northern Orogenic Belt (NOB), whereas
the dark gray zone represents the early-middle Paleozoic Southern Orogenic Belt (SOB). Published zircon U-Pb ages are from Hong et al.
(1994), Shi et al. (2004), Zhang et al. (2008, 2011, 2015), Jian et al. (2010), Chen et al. (2012, 2015), Liu et al. (2013, 2014), and Tong et al. (2015).
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Proterozoic to Cambrian basement and overlain by late Paleozoic
to Mesozoic rocks. There is also an exposure of an early-middle
Permian NEE-trending alkaline granitic belt (292-275 Ma)
associated with bimodal volcanic rocks (298-271 Ma), which
are thought to have been formed in an extensional setting
(Hong et al., 1994; Zhang et al., 2008; Li et al., 2015; Tong et al,,
2015). The NOB consists mainly of the Precambrian Xilinhot
metamorphic complex, the Devonian Erdaojing subduction-
accretion complex and Paleozoic to Mesozoic volcano-sedimentary
sequences. The Xilinhot metamorphic complex consists of schist,
gneiss, amphibolite and ultramafic rocks. The isolated blocks of
metamorphic rocks are interpreted as continental fragments
incorporated into the subduction-accretion complex prior to
the formation of the Solonker suture zone (Xiao et al., 2003; Jian
et al,, 2010). The Solonker suture zone, extending from Solonker
to Linxi via Sonidyougqj, is considered the site of final PAO closure
and records the terminal evolution of the CAOB in Inner Mongolia
(Li, 2006). This suture zone contains abundant ophiolite fragments
roughly along the Xar Moron River, such as the Kedanshan,
Jiujingzi and Xingshuwa ophiolitic mélanges. Permian radiolarian
fossils were found in the Xingshuwa ophiolitic mélange (Wang
and Fan, 1997), which marks the suture of the eastern segment
of the PAO (Xiao et al,, 2003, 2009). The southern part of the
Solonker suture zone consists of two tectonic units, the NCC
and SOB, which are separated by the E-W-trending Bayan Obo-
Chifeng fault zone. The SOB (also known as the Ondor Sum-
Wengniute Orogenic Belt) is composed of the Ondor Sum complex
with blueschist, SSZ-type ophiolitic mélange (approximately 497
477 Ma) and the Bainaimiao arc chain (approximately 488-438
Ma) (Jian et al., 2008; Zhang et al., 2014). These rock units are
unconformably overlain by late Silurian—earliest Devonian Xibiehe
Formation continental molasse deposits or Carboniferous and
Permian volcano-sedimentary sequences. The NCC s characterized
by highly metamorphosed Archean and Proterozoic basement.
The study area is situated in the NOB. It mainly features a
series of Paleozoic to Mesozoic volcano-sedimentary sequences
and episodic late Paleozoic to Mesozoic intrusions. The outcropping
strata around the Luotuochang complex include early Permian
Dashizhai Formation volcano-sedimentary sequences, middle
Permian Zhesi Formation clastic deposits and late Permian
Linxi Formation clastic rocks. The marine Dashizhai Formation
consists mainly of mafic lava, tuff and volcaniclastic rocks, and
the Zhesi Formation is dominated by sandstone, limestone and
conglomerate. The continental facies of the Linxi Formation is
typically composed of dark gray siltstone, shale and slate.

3. FIELD RELATION AND PETROGRAPHY

The Triassic Luotuochang complex, with an outcropping area
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of ~12 km’, intrudes into Permian sedimentary and volcanic
rocks. External contacts of this complex with its host rocks are
sharp, steep and generally marked by thermal aureoles. The
complex consists of a wide variety of rock types ranging from
gabbro through monzodiorite and monzonite to quartz monzonite.
Petrographically, the more mafic rocks of the Luotuochang complex
are at the center, surrounded by monzonite and monzodiorites.
Thus, the complex can be divided into two zones (Fig. 2): an
outer zone of intermediate rocks and an inner zone dominated
by mafic rocks with few ultramafic rocks. The contacts among
the different rock units are transitional.

The rock association of the outer zone mainly comprises
medium- to fine-grained monzonites and quartz monzonites
that have subhedral granular textures and massive structures
(Figs. 3c and d). Light gray quartz monzonites have euhedral to
subhedral plagioclase (50-55%), subhedral alkali feldspar (20%),
anhedral quartz (10-15%), amphibole (5%) and minor amounts
of biotite (< 5%) with accessory apatite, zircon and Fe-oxide.

The inner zone is predominantly composed of medium- to
fine-grained gabbrodiorite and gabbro with minor amounts of
monzodiorite and olivine-gabbro (Figs. 3a and b). The mineralogical
composition of the gabbrodiorite is dominated by plagioclase
(60-65%), followed by hornblende (15-25%), alkali feldspar
(< 5%) and accessory minerals, including apatite and zircon.
The hornblende is a relic of the uralitization of augite. The gabbro
mainly consists of plagioclase (55-70%), clinopyroxene (10-25%),
hornblende (3%) and biotite (2%). The plagioclase is subhedral
to euhedral and 2-4 mm in length. The clinopyroxene commonly
occurs as relics, variably replaced by hornblende (Figs. 3e and ).

A monzonite sample (14LTC4-1) from the outer zone and a
gabbro sample (14LTC10-1) from the inner zone were selected
for zircon U-Pb isotopic analyses. Six whole-rock samples were
selected for Sr-Nd isotopic analyses and another 14 samples
were chosen for whole-rock geochemical analyses (Fig. 2).

4. ANALYTICAL METHODS
4.1. Zircon U-Pb Analyses

Zircons were extracted from whole-rock samples using standard
techniques of density and magnetic separation at the Langfang
Regional Geological Survey, Hebei Province, China. The separated
zircons were mounted in epoxy resin and then were polished. After
applying a gold coating onto the resin disk, cathodoluminescence
(CL) images were collected using a Hitachi S3000N scanning
electron microscope at the Beijing SHRIMP Center. Zircon U-
Pb isotopic analysis was completed at the Isotope Laboratory of
Tianjin Center, China Geological Survey. Zircon dating was
conducted on Agilent 7500a inductively coupled plasma mass

https://doi.org/10.1007/s12303-020-0004-0
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Fig. 3. Outcrop photographs and micrographs of the Luotuochang complex. (a) Field photograph of gabbro; (b) field photograph of gabbro;

(c) field photograph of MME-bearing monzonite (The diameter of the coin is 2 cm); (d) photomicrograph of monzonite; (e) photomicrograph
of gabbro; (f) photomicrograph of gabbro. Mineral abbreviations: Bt, biotite; Pl, plagioclase; Am, Amphibole; Px, pyroxene.
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spectrometer (ICP-MS) equipped with the New Wave 193 nm
FX laser ablation system. The laser system delivered a beam of
UV light (193 nm) from a frequency-quintupled Neptune instrument
(Thermo Fisher Company). Analyses were carried out with a
beam diameter of 35 um, repetition rate of 8-10 Hz and energy
of 10-11 J/cm’. Data acquisition for each analysis was 20 s for
the background and 40 s for the signal. Mass discrimination with
the MS and residual elemental fractionation were corrected by
calibration against a homogeneous zircon standard (TEMORA/
GJ-1). Typical operating conditions of the ICP-MS in the experiment
and detailed analytical procedures from Liu et al. (2008) were
strictly followed. Off-line selection, background integration, analysis
signals and time-drift correction and quantitative calibration were
conducted with the in-house software ICPMSDataCal) (Liu et
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al,, 2008). Common Pb corrections were processed with non-
radiogenic ***Pb, following the method of Andersen (2002), and
used an average present-day crustal composition (Stacey and
Kramers, 1975) as the common Pb which was assumed to be
introduced mainly from surface contamination or the gold coating
during sample preparation. Concordia diagrams and age calculations
were made using Isoplot (v 3.0) (Ludwig, 2003). Analytical data
of the Luotuochang complex are listed in Table 1.

4.2. Zircon Hf Isotopic Analyses
Zircon Hf isotope analysis was carried out in situ using a New

Wave Research UP193FX laser-ablation microprobe, attached
to a Neptune multicollector ICP-MS at the Isotope Laboratory

Table 1. Zircon U-Pb data of the Luotuochang complex from Balinzuoqi area, Inner Mongolia

b 2L 23 Isotopic ratios Ages (Ma)
Spot no. —————"Th/*'U = — 207} /235 207p1 /206 2061, 238 207}, /235 207D}, /206
(ppm) Pb/>*U 1o Pb/”U 1o Pb/*Pb 1o Pb/”°U 16 *Pb/”U 1o *Pb/**Pb 1o

Sample 14LTC4-1
1 30 636 1.3847 0.0392 0.0004 0.2764 0.0038 0.0512 0.0007 248 2 248 3 248 30
2 24 526 1.3161 0.0382 0.0004 0.2715 0.0039 0.0515 0.0007 242 2 244 4 263 31
3 27 587 1.2957 0.0391 0.0004 0.2870 0.0039 0.0532  0.0007 247 2 256 3 337 28
4 12 282 0.9873 0.0386 0.0004 0.2819 0.0044 0.0529 0.0008 244 2 252 4 326 33
5 11 248 1.1556 0.0389 0.0004 0.2753 0.0050 0.0513 0.0009 246 2 247 4 255 40
6 6 156 0.4573 0.0391  0.0004 0.2777 0.0074 0.0514 0.0013 247 3 249 7 260 59
7 23 518 1.1636 0.0396 0.0004 0.2814 0.0041 0.0515 0.0007 250 2 252 4 265 32
8 14 325 1.0437 0.0388 0.0004 0.2733 0.0043 0.0511 0.0008 245 2 245 4 247 35
9 11 251  1.1302 0.0385  0.0004 0.2777 0.0111 0.0523 0.0018 244 2 249 10 300 80
10 15 370 0.4733 0.0395 0.0004 0.2828 0.0050 0.0520 0.0009 250 2 253 4 283 38
11 20 463 0.9693 0.0393 0.0004 0.2816 0.0051 0.0520 0.0009 248 2 252 5 284 39
12 23 533  1.2868 0.0384  0.0004 0.2798 0.0040 0.0528 0.0007 243 2 250 4 320 30
13 25 537 1.5828 0.0385 0.0004 0.3172 0.0055 0.0597 0.0009 244 2 280 5 593 32
14 13 304 1.1574 0.0380 0.0004 0.2704 0.0042 0.0516 0.0007 241 2 243 4 267 33
15 15 364 1.2634 0.0389  0.0004 0.2719 0.0042 0.0507 0.0007 246 2 244 4 227 34
16 23 543 1.5063 0.0386 0.0004 0.2720 0.0039 0.0512 0.0007 244 2 244 4 248 31

Sample 14LTC10-1
1 15 360 0.9392 0.0386  0.0004 0.2804 0.0042 0.0527 0.0007 244 2 251 4 317 32
2 37 873 1.1438 0.0383 0.0004 0.2692 0.0037 0.0510 0.0006 242 2 242 3 240 29
3 19 454 0.9393 0.0389 0.0004 0.2726  0.0039 0.0509 0.0007 246 2 245 4 235 31
4 33 777 0.9496 0.0386  0.0004 0.2711 0.0038 0.0509 0.0006 244 2 244 3 237 29
5 11 264 1.0613 0.0387 0.0004 0.2796 0.0049 0.0524 0.0009 245 2 250 4 302 38
6 12 289 0.6653 0.0384 0.0004 0.2807 0.0042 0.0530 0.0008 243 2 251 4 330 32
7 12 291 0.8762 0.0381 0.0004 0.2687 0.0043 0.0511 0.0008 241 2 242 4 245 35
8 8 181 0.9973 0.0387 0.0004 0.2839 0.0053 0.0531 0.0009 245 2 254 5 335 40
9 19 437 1.1054 0.0386 0.0004 0.2811 0.0041 0.0529 0.0007 244 2 252 4 323 31
10 8 195 0.8307 0.0389 0.0004 0.2734 0.0052 0.0510 0.0009 246 2 245 5 242 42
11 19 426 1.0295 0.0380 0.0004 0.2746 0.0043 0.0524 0.0008 240 2 246 4 304 33
12 6 154 0.7559 0.0383 0.0004 0.2734 0.0058 0.0519 0.0011 242 2 245 5 280 48
13 10 242 0.8798 0.0384 0.0004 0.2801 0.0046 0.0530 0.0008 243 2 251 4 328 36
14 210 1.0602 0.0382 0.0004 0.2699 0.0050 0.0513 0.0009 241 2 243 5 254 41
15 168 0.9210 0.0384 0.0004 0.2744 0.0056 0.0519 0.0010 243 2 246 5 283 46

https://doi.org/10.1007/s12303-020-0004-0
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of Tianjin Center, China Geological Survey. Analyses were
performed with an ablation pit 50 um in diameter repetition
rate of 10 Hz, ablation time of 60 s and a laser beam energy of
0.155 m]J per pulse. The measured isotopic ratios of "*Hf/"”"Hf
were normalized to a ’Hf/"”Hf value of 0.7325 for mass bias.
The isobaric interferences of "Lu and 7°Yb on "*Hf are monitored
by the ratios of "*Lu/"’Lu (= 0.02655) and 7°Yb/"”*Yb (= 0.5887)
obtained on the same spot during Hf analysis. Detailed instrument
operation parameters, analytical procedures and data processing
are similar to Geng et al. (2011). A zircon sample (GJ-1) was used
as the reference standard and was analyzed twice before and
after every eight analyses of unknown materials. Repeated GJ-1
measurements yielded weighted mean "°Hf/"”’Hf ratios of 0.282003
+ 31 (2 SD, n = 31), which is identical to previously reported values
(Geng et al., 2011). The measured ""°Hf/"”’Hf ratios and the *Lu
decay constant (1.865 x 107"'yr™") were used to calculate initial
6Hf/"7"Hf values (Scherer et al., 2001). The gy(t) values were
calculated from chondritic values of Y*Hf/""Hf (= 0.282772)
and "*Lu/"”’Hf (=0.0332) (Blichert-Toft and Albared, 1997).
The depleted-mantle Hf model age (Tpyy;) was calculated with
present-day 7°Hf/"”’Hf (0.28325) and *Lu/""Lu (0.0384) values
(Griffin et al., 2000).

4.3. Whole-rock Geochemical Analyses

Whole-rock geochemical analyses were performed at the
Analytical Laboratory, Beijing Institute of Uranium Geology, China.
Major elements were analyzed by X-ray fluorescence spectrometry
with a Phillips PW 2404 system using the methods of Norrish
and Hutton (1969). Ferrous iron was determined by the wet
chemical titration method. For trace elements analyses, whole-
rock powers (40 mg) were dissolved in distilled HF + HNO; in
high-pressure Teflon bombs at 190 °C for 2 days. Samples were
then evaporated to dryness, 1 ml of HNO; was added and the
sample was dried twice before re-dissolution in HNO;. Dissolved
samples were diluted with 1% HNO; to 49 ml and 1 ml of 500 ppb
indium was added as an internal standard. Trace elements,
including rare earth elements (REEs) were determined by ICP-MS
(Finnigan MAT Element I) following Liang and Gregoire (2000).
A blank solution was prepared and the total procedural blank
indicated < 50 ng for all trace elements. The analytical uncertainty
for major elements was generally within 1-5%. In-run analytical
precision for most trace elements was better than 5%.

4.4, Whole-rock Sr-Nd Analyses
The Rb-Sr and Sm-Nd isotopic compositions were measured

at the Analytical Laboratory, Bejjing Institute of Uranium Geology,
China, using an ISOPROBE-T and Phoenix thermal ionization

https://doi.org/10.1007/s12303-020-0004-0
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mass spectrometers, respectively. Detailed chemical separation
and isotopic measurement procedures were similar to Wu et al.
(2005). The precision for Rb, St, Sm, Nd, *Rb/*Sr and *’Sm/"*Nd
was +0.2% (20), and the precision for ¥Sr/*Sr and '*Nd/**Nd (20)
is shown in Table 4. The *Sr/**Sr were normalized to an **Sr/**Sr
value of 0.1194 and "*Nd/"**Nd were normalized to "**Nd/"**Nd
(= 0.7219). Total procedural blanks were < 300 pg for Sr and
< 100 pg for Nd, and the estimated analytical uncertainties of
"7Sm/"**Nd and ¥Rb/*Sr were < 0.5%. A Sr standard solution
(NBS 987) was analyzed and yielded an *Sr/**Sr of 0.710250 +
14 (20), whereas the Nd standard solution (SHINESTU) yielded
aratio 0f 0.512113 + 6 (20) during data acquisition. The United
States Geological Survey reference material BCR-1 was measured
as an unknown to monitor the accuracy of the analytical procedure.
Measurements yielded ¥Sr/*Sr of 0.705014 + 3 (20) and '*Nd/
"INd of 0.512615 + 12 (20).

5. ANALYTICAL RESULTS
5.1. Zircon U-Pb Ages

Zircons from the monzonite sample (14LCT4-1) are mostly
prismatic and stubby in shape with lengths between 100 and 250 ym.
In the CL images, most of them exhibit oscillatory zoning, indicative
of a magmatic origin (Fig. 4). Sixteen analyses on 16 grains yielded
U concentrations from 156 to 636 ppm, Th concentrations from
71 to 881 ppm and Th/U from 0.46 to 1.51. With the exception
of one spot (grain 13), all of the zircons analyzed fall on or near
the concordia line and yielded a weighted **°Pb/**U age of 246 +
2 Ma (MSWD = 1.5), which was interpreted as the intrusion age.

Zircons from the gabbro sample (14LTC10-1) are subhedral
and irregularly shaped grains 100-300 pum in length. Most zircons
display oscillatory zoning without inherited cores or overgrowths
(Fig. 4). A total of 15 zircons were analyzed and the U and Th
contents are 154-873 ppm and 116-999 ppm, respectively. The
Th/U from these samples range from 0.67 to 1.14. The data yielded
a weighted mean **Pb/**U age of 243 + 1 Ma (MSWD = 0.5)

(Fig. 5).
5.2. Whole-rock Major and Trace Elements

To characterize the geochemical variations within the Luotuochang
complex, representative samples from each of the main rock
types were analyzed for major and trace elements (Fig. 2; Table 2).

The rocks show a wide range in silica content from mafic
compositions to intermediate (Fig. 6a). To simplify the descriptions,
we classified all of the rocks into either the intermediate suite
(outer zone rocks, SiO, > 55 wt%) or mafic suite (inner zone
rocks, SiO, < 55 wt%). The mafic suite fell within gabbro, gabbroic
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Fig. 5. U-Pb concordia diagrams showing zircon ages obtained by LA-ICP-MS. The insets show weighted average ages.

diorite and monzodiorite, while the intermediate suite was
mostly within the fields of monzonite and quartz monzonite.

The mafic samples (SiO, = 45.56 to 54.27 wt%) are metaluminous
and have high contents of TFe, 05 (2.18-9.01 wt%), MgO (6.11-
13.84 wt%) and CaO (6.47-10.64 wt%), variable abundances of
TiO, (0.24-1.05 wt%), Na,O (1.06-4.29 wt%) and K,0 (0.34—
2.88 wt%). In major element Harker plots, most mafic samples
defined a continuous evolution trend: Al,O,, FeO, MgO, and
CaO are negatively correlated with SiO,, while TiO,, P,O5, MnO,
Na,0, and K, O are positively correlated.

The intermediate rocks have SiO, contents from 57.6 to 63.69
wt% and variable Na,O (3.87-4.58 wt%), K,O (3.16-4.08 wt%),
MgO (3.33-6.3 wt%) and CaO (3.56-4.61 wt%) contents. However,
they show homogeneous TiO, (0.69-1.07 wt%) and P,O;5 (0.25-
0.52 wt%). The A/CNK values range from 0.76 to 0.89, showing
that the samples are metaluminous and quite different from the
coeval Zhuanshanzi and Jianshetun plutons (Liu et al., 2013, 2014).

Applying the classification of Frost et al. (2001), the granitoids
mainly belong to the magnesian series (Fig. 6¢). In the Na,O +
K,0-CaO versus SiO, diagram, they span the alkali to alkali-calcic
fields. As with the mafic rocks, they also defined an evolution
trend: TiO,, Al,O3, FeO, P,05, MgO, CaO, MnO, and K,O are
negatively correlated with SiO,, while Na,O is weakly positively
correlated with SiO,.

For trace elements, the mafic rocks are characterized by high
Cr (up to 849 ppm), Ni (up to 254 ppm) and Sr (up to 1039 ppm),
but low Nb (< 9 ppm) and Ta (< 0.7 ppm); they also show high
Ba/Nb (52.4-198.1), Ba/Zr (1.9-3.9), Rb/Y (0.6-6.0) and Th/Zr
(0.02-0.03), but low Nb/Zr (0.02-0.05) and Nb/Y (0.06-0.5). In
contrast, the intermediate rocks are characterized by high Ba
(628-972 ppm), Sr (636-881 ppm), Cr (136-440 ppm), Ni (61—
164 ppm), Sr/Y (38-71) and La/Yb (13-16), as well as much higher
Nb (< 12 ppm) and Ta (< 1.2 ppm).

The intermediate rocks display enrichment in light REEs (LREE)

https://doi.org/10.1007/s12303-020-0004-0
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Table 2. Major (wt%) and trace elements (ppm) contents for the Luotuochang complex from Balinzuogi area, Inner Mongolia

Sample 14LTCl1 14LTC2 14LTC3 14LTC4 14LTC5 14LTC6 14LTC7 14LTC8 14LTC9 14LTC10 BL-1 BL-2 BL-3 BL-4
Sio, 59.88 59.87 59.89 60.86 63.06 63.69 57.60 58.03 52.77 5239 5427 49.78 4556 46.04
TiO, 0.73 0.77 0.96 0.88 0.72 0.69 1.07 0.99 1.01 1.05 097  0.89 0.24 0.25
ALO; 1399 13.90 15.45 15.15 15.70 15.39 16.00 16.09 15.24 1511 1535 16.17 1627 15.88
Fe,0; 1.64 2.03 1.59 1.50 1.45 1.39 1.69 1.71 2.20 2.18 220 224 3.18 2.98
FeO 3.44 3.14 3.32 3.23 2.57 2.53 3.84 3.55 4.75 5.06 488 553 5.51 6.03
MnO 0.10 0.09 0.09 0.08 0.07 0.07 0.10 0.08 0.12 0.14 016  0.13 0.13 0.14
MgO 6.30 6.25 4.77 441 341 3.33 4.82 4.77 7.90 8.12 611 996 13.84 1329
CaO 4.45 4.51 4.61 4.05 3.70 3.56 4.34 4.54 6.47 6.52 927 860 10.64 1048
Na,O 3.90 3.87 4.52 422 4.58 4.50 4.51 4.46 3.94 3.83 429 272 1.06 1.26
K,O 3.39 3.44 331 3.64 3.16 3.29 4.03 4.08 2.88 2.86 048  0.77 0.34 0.38
P,05 0.35 0.37 0.33 0.30 0.26 0.25 0.52 0.50 0.73 0.76 022 0.22 0.04 0.03
LOI 1.08 1.37 0.96 0.99 1.14 1.02 0.99 0.69 1.02 1.03 154 273 291 2.99
Total  99.25 99.61 99.80 99.31 99.82 99.71 99.51 99.49 99.03 99.05 99.73 99.74 99.73  99.75

Ba 951 972 761 690 716 687 723 628 573 535 280 198 92.2 92.3
Rb 85.2 86.4 95.4 113 79.6 84.0 151 147 103 100 107 252 10.5 11.6
Sr 883 884 881 871 698 687 642 636 989 1039 314 665 696 730
Y 12.4 13.2 14.9 14.5 11.0 11.4 16.8 15.8 17.1 17.4 18.1 14.3 8.54 8.34
Zr 213 206 218 201 221 201 505 501 305 237 94.6 57 31.5 23.5

Nb 5.29 5.11 5.88 5.90 5.27 5.61 14.3 11.9 8.41 8.79 534 253 0.66 0.47
Th 6.50 6.68 6.86 5.88 3.77 8.87 18.3 13.5 8.49 7.40 273 1.29 0.66 0.41
Ga 17.1 17.1 18.3 17.8 18.0 17.8 20.9 21.0 19.9 19.2 195 163 12.7 12.7

Ni 164 155 73.0 61.3 65.9 66.1 108 106 186 197 117 212 254 249
\Y% 125 128 131 121 85.8 85.5 125 117 166 166 168 163 94.8 104
Cr 440 396 190 166 136 141 257 246 519 534 326 652 849 702

Hf 5.55 5.56 5.60 5.08 5.56 5.24 12.6 12.3 7.41 6.03 2.35 1.53 0.97 0.78
Cs 3.39 3.51 6.05 6.98 4.20 4.38 8.43 11.0 8.69 8.87 0.61 1.17 4.51 5.58
Sc 15.0 16.3 16.3 14.7 9.97 10.4 13.6 13.0 18.6 19.5 20.5 27.1 24.0 25.8
Ta 0.49 0.48 0.50 0.47 0.36 0.45 1.12 1.02 0.68 0.67 0.31 0.17 0.05 0.03
Co 23.5 234 14.5 16.3 13.5 13.1 18.7 18.7 30.7 322 26.1 39.6 56.6 57.1
U 1.63 1.73 3.35 2.13 1.21 1.52 3.52 3.29 3.28 2.94 0.81 0.40 0.23 0.15
La 23.0 25.8 25.1 23.6 22.2 23.9 343 324 30.2 30.3 16.2 9.40 4.51 3.86
Ce 53.6 58.5 59.3 56.7 50.3 54.6 80.1 77.9 73.3 75.5 33.6 22.6 10.0 8.79
Pr 6.13 6.97 6.92 6.57 5.77 6.22 9.56 8.94 8.73 9.04 4.37 3.17 1.48 1.27
Nd 23.5 26.8 26.1 23.5 20.2 21.6 35.3 31.9 33.0 34.5 19.2 14.9 7.10 6.52
Sm 523 5.89 5.97 5.37 4.54 4.78 7.11 6.66 7.01 7.15 3.98 3.15 1.74 1.65
Eu 1.46 1.55 1.76 1.53 1.30 1.32 1.61 1.58 1.77 1.93 1.66 1.08 0.65 0.68
Gd 4.85 5.40 5.63 5.28 4.24 4.55 6.85 6.49 6.83 7.12 348 294 1.72 1.68
Tb 0.59 0.66 0.72 0.66 0.52 0.57 0.83 0.77 0.82 0.84 0.54 0.44 0.28 0.27
Dy 3.14 3.53 4.00 3.66 2.87 3.10 4.45 4.25 448 4.59 342 276 1.69 1.65
Ho 0.61 0.67 0.77 0.71 0.57 0.59 0.87 0.80 0.85 0.87 0.64 0.52 0.32 0.30
Er 1.61 1.71 2.07 1.92 1.49 1.57 2.31 2.10 2.23 2.26 1.88 1.51 0.89 0.88
Tm 0.24 0.26 0.31 0.29 0.23 0.24 0.35 0.32 0.32 0.33 0.27 0.21 0.12 0.13
Yb 1.58 1.72 1.98 1.88 1.50 1.54 2.32 2.11 1.99 2.05 1.85 1.43 0.84 0.79
Lu 0.24 0.25 0.29 0.28 0.22 0.23 0.34 0.32 0.29 0.29 0.25 0.19 0.11 0.11
2REE 125.78 139.71 14092 13195 11595 12481 18630 17654 171.82 176.77 9134 6431 3145 28.56
SEu 0.87 0.83 0.91 0.87 0.89 0.85 0.70 0.73 0.77 0.82 1.33 1.07 1.14 1.23
(La/Yb)y 10.44 10.76 9.09 9.00 10.62 11.13 10.60 11.01 10.89 10.60 6.28 4.72 3.84 3.50
Note: (La/Yb)y values are La/YDb ratios normalized to chondrite values after Sun and McDonough (1989).

(Lan/Yby = 9.00-11.13) with small negative Eu anomalies (Eu/ Nb, Ta, Nd and Y anomalies were identified when plotted against
Eu*=0.70-0.91) (Fig. 7a). Positive K and Sr anomalies with negative ~ the primitive mantle-normalized spidergram (Fig. 7b). Sr and

https://doi.org/10.1007/s12303-020-0004-0
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Table 3. Zircon Hf isotopic compositions of the Luotuochang complex from Balinzuogi area, Inner Mongolia

SpotNo. Age(Ma) "°Yb/’Hf  VSLw/"’Hf  "°Hf/"’Hf 20 eHf(0) eHf(t) Ton(Ma)  Tpy“(Ma) fLume
14LTC4-1 Monzonite
1 248 0.0675 0.0022 0.282988 0.000022 7.6 12.7 387 462 -0.93
2 242 0.0259 0.0008 0.283005 0.000028 8.2 134 348 412 -0.98
3 247 0.0616 0.0020 0.282926 0.000021 54 10.5 475 600 -0.94
4 244 0.0531 0.0017 0.282923 0.000021 53 104 476 606 -0.95
5 246 0.0309 0.0011 0.283006 0.000023 8.3 13.5 350 410 -0.97
6 247 0.0258 0.0009 0.282859 0.000023 3.1 84 556 740 -0.97
7 250 0.0317 0.0011 0.282976 0.000027 7.2 12.5 392 476 -0.97
8 245 0.0448 0.0015 0.282870 0.000024 3.5 8.6 549 723 -0.95
9 244 0.0442 0.0015 0.282980 0.000022 74 12.5 391 475 -0.95
10 250 0.0209 0.0007 0.282949 0.000019 6.3 11.6 426 533 -0.98
11 248 0.0328 0.0011 0.282951 0.000022 6.3 11.6 428 534 -0.97
12 243 0.0374 0.0013 0.282934 0.000024 5.7 109 455 577 -0.96
13 244 0.0514 0.0016 0.282917 0.000023 5.1 10.2 483 618 -0.95
14 241 0.0368 0.0012 0.282996 0.000025 7.9 13.0 365 437 -0.96
15 246 0.0262 0.0008 0.282901 0.000020 4.6 9.8 495 645 -0.98
16 244 0.0386 0.0013 0.282976 0.000029 7.2 124 395 482 -0.96
14LTC10-1 Gabbro
1 244 0.0235 0.0008 0.282941 0.000020 6.0 11.2 439 556 -0.98
2 242 0.0262 0.0009 0.282923 0.000017 53 10.5 466 599 -0.97
3 246 0.0210 0.0007 0.282944 0.000019 6.1 114 433 547 -0.98
4 244 0.0234 0.0008 0.282959 0.000018 6.6 11.8 413 515 -0.98
5 245 0.0226 0.0008 0.282936 0.000017 5.8 11.1 446 566 -0.98
6 243 0.0093 0.0003 0.282932 0.000017 5.7 10.9 446 572 -0.99
7 241 0.0151 0.0005 0.282967 0.000016 6.9 12.1 399 496 -0.98
8 245 0.0148 0.0005 0.282945 0.000021 6.1 114 430 543 -0.98
9 244 0.0286 0.0010 0.282880 0.000020 3.8 9.0 528 696 -0.97
10 246 0.0228 0.0008 0.282900 0.000018 4.5 9.8 497 647 -0.98
11 240 0.0239 0.0009 0.282953 0.000017 6.4 11.5 423 532 -0.97
12 242 0.0118 0.0004 0.282887 0.000022 4.1 9.3 510 675 -0.99
13 243 0.0159 0.0006 0.282924 0.000020 54 10.6 460 593 -0.98
14 241 0.0258 0.0009 0.282820 0.000023 1.7 6.8 611 832 -0.97
15 243 0.0202 0.0007 0.282942 0.000022 6.0 11.2 436 553 -0.98

Ba are high in most of the intermediate rocks. The mafic rocks
show variable LREE enrichment patterns (Lay/Yby = 3.50-10.89)
with small negative or positive Eu anomalies (Eu/Eu* =0.77-1.33)
(Fig. 7¢).

5.3. Lu-Hf Isotope Composition

Lu-Hf isotopic data of zircons from the intermediate (14LTC4-
1) and mafic (14LCT10-1) rock samples are given in Table 3.
Variations in Hf isotope ratios (ey(#)) with their U-Pb ages (f)
are plotted in Figure 8a. Zircon Hf analyses were undertaken on
the same grains as those used for U-Pb dating (Fig. 4).

Sixteen Lu-Hf analyses were obtained from 16 dated zircon
grains from the granitoid sample (14LCT4-1). 7°Hf/"”’Hf ranges

https://doi.org/10.1007/s12303-020-0004-0

from 0.282859 to 0.283006. The calculated ey(#) range from
+8.4 to +13.5, and the Hf model ages (Tpy,) range from 348 to
556 Ma. Fifteen zircon grains from the mafic rock sample (14LTC10-
1) were also analyzed and had "°Hf/"”"Hf of 0.282820 to 0.282967,
corresponding to e(f) of +6.8 to +12.1 and Tpy; ages of 399 to
611 Ma.

5.4. Whole-rock Sr-Nd Isotope Composition

Whole-rock Rb-Sr and Sm-Nd isotopic compositions of seven
samples are presented in Table 4 and Figure 8b. The initial St/
%8r (I5,) and exg(#) values were calculated using the new zircon
U-Pb ages for the outer zone granitoids and inner zone mafic rocks.
All of these samples exhibit similar Sr-Nd isotopic compositions
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Table 4. Sr-Nd isotopic compositions for the Luotuochang complex from Balinzuoqi area, Inner Mongolia

Sample (?f:) (pRplr’n) (p;S;n VRS TS SE 20 I ;;?n) (plgfn) Sm/Nd Nd/UNd 20 (N (71:% (Tlg/lféw fomnd
14LCT1 246 852 883 02792 070499 0.000011 0.70401 532 235  0.1369 0512653 0.000009 03 22 990 843 -030
14LCT2 246 864 884 02828 070495 0.000017 0.70396 5.89 268  0.1329 0512671 0.000010 0.6 2.6 907 804 -032
14LCT5 246 79.6 698 03300 070493 0.000016 0.70378 454 202  0.1359 0512746 0000009 21 40 795 692 -031
14LCT6 246 840 687 03538 070502 0.000012 0.70378 478 216  0.338 0512702 0000013 12 32 858 757 -032
4LCT7 243 151 642 0.6806 070636 0.000013 070401 7.11 353  0.1218 0512766 0.000011 2.5 48 640 624 -038
14LCT8 243 147 636 0.6688 070623 0.000013 070392 666 319  0.1263 0512637 0000012 0.0 22 898 841 -036
14LCT9 243 103 989 03014 070483 0.000014 070379 7.01 330 01285 0512654 0.000011 03 24 890 819 -035

Note: exg = [(Nd/*Nd)guupte/ (PNd/Nd) cigum - 1] X 10,000, fomnia = (FSm/*Nd)gqpmpie/(¥Sm/*Nd)yug - 1, where (7Sm/™Nd) ey = 0.1967,

(143Nd/144Nd)CHUR =0.512638.
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and record moderate I5; values (0.70483-0.70636) and weak positive
ena(?) values (+2.2 to +4.8), with Neoproterozoic Nd model ages
0f 0.64-0.99 Ga, similar to the Paleozoic and Mesozoic granitoids
in the CAOB.

6. DISCUSSION

6.1. Early Triassic Magmatism along the Solonker Suture
Zone

The Luotuochang complex was previously categorized as Late
Triassic in age using Rb-Sr isotopic ages and a lithostratigraphic
interpretation (Xu, 1986). Our new zircon data indicate that it is
an Early Triassic complex (**Pb/**U ages of 243-246 Ma).

In the past few years, several Early Triassic magmatic rocks
have been studied from the Linxi and Balinzuoqi areas (Li et al.,
2007; Liu et al,, 2007; Zhang et al., 2008; Wu et al., 2011; Liu et
al,, 2013, 2014) (Fig. 1). These include the Zhuanshanzi (246 Ma)
and Jianshetun (249 Ma) granodiorites (Liu et al., 2013, 2014),
Shuangjing granite (237 Ma, Li et al., 2007), Xinlin granodiorite

(241 Ma, Wu et al,, 2011) and some volcanic rocks in the Lindong
area (243-252 Ma, Zhang et al., 2008). Detrital zircons from Early—
Middle Triassic sandstones in the area also displayed a dominant
age population of 214-251 Ma, which possibly derived from Early
Triassic magmatic rocks along the Solonker suture zone (Zhu et
al, 2017). These magmatic rocks constitute a magmatic belt
sub-parallel with the Solonker—Xar Moron suture zone (Fig. 1).
The Early Triassic magmatic rocks have geochemical features
akin to adakite-like rocks and are probably related to fossil slab
break-oft during crustal compression and thickening soon after
the final closure of the Paleo-Asia Ocean (Liu et al., 2012; Li et al.,
2014). Therefore, constraining the origin and tectonic setting of
the Triassic magmatic rocks is helpful in understanding the late
tectonic stage of the PAO tectonic domain.

6.2. Petrogenesis
The geochemical composition and field observations of the

intermediate and mafic rocks exclude the possibility that these
magma bodies were generated separately and one intruded into

https://doi.org/10.1007/s12303-020-0004-0
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the other accidentally. With their hornblende-dominated mafic
minerals, elevated alkali values, Ba-Sr abundances and some
other typical geochemical characteristics, the Luotuochang complex
bears a remarkable resemblance to the so-called ‘appinite suite’
from late Caledonian and late Variscan granitoid batholiths in
Europe. This suite includes several types of mafic to intermediate
rocks characterized by hydrous mineral assemblages with hornblende
and biotite and by an overall andesitic to basaltic composition of
calc-alkaline affinity (Fowler and Henney, 1996; Pitcher, 1997;
Fowler et al., 2001; Zhang et al., 2012a, 2012b).

After its description from the Appin district of Scotland (Bailey
and Maufe, 1916), the appinite suite has been widely documented
from various calc-alkaline granitoid batholiths worldwide (Zhang
et al., 2012a, 2012b; Zhong et al,, 2014; Xiong et al,, 2015). In
terms of origin and tectonic setting, the appinite suite is unique
in that (1) it commonly forms the mafic precursors of granitoid
batholiths and thus can support mantle involvement in granite
genesis (Fowler and Henney, 1996; Pitcher, 1997; Bea et al., 1999;
Fowler et al., 2001, 2008; Atherton and Ghani, 2002; Castro et
al.,, 2003), and (2) it has the general characteristics of the final
orogeny stage and can even be indicative of critical post-subduction
events, such as slab break-off or delamination (Atherton and
Ghani, 2002; Kovalenko et al., 2005; Ye et al., 2008).

6.2.1. Petrogenesis of the mafic rocks

The mafic rocks are characterized by high MgO (up to 13.84
by weight), Cr (up to 849 ppm), Ni (up to 254 ppm), Sr (up to
1039 ppm) and Mg# (63-88) values, implying a mantle source
for the magma without crustal contamination (Wilson, 1989; Patino
and Beard, 1995; Patino and McCarthy, 1997). Mafic magma is
generally derived from two mantle sources: partial melting of
asthenospheric mantle and metasomatization of lithospheric
mantle (McDonough, 1990; Mckenzie and O’Nions, 1995). The
mafic magmas from asthenospheric mantle usually have higher
TiO, (e.g., average TiO, in ocean island basalt (OIB) is 2.86%),
whereas magmas from the lithospheric mantle have relatively
lower TiO, (Lightfoot et al., 1993; Ewart et al., 1998). The TiO,
contents of the Luotuochang mafic rocks are much lower than
OIB, implying that they have a lithospheric mantle source. The
relatively higher La/Nb (3.0-8.3;i.e,, > 1.5) and La/Ta (44.4-113.5;
ie, > 30) compared to mafic rocks derived from asthenospheric
mantle also suggest that they were sourced from lithospheric
mantle (Thompson and Morrison, 1988; Saunder et al.,, 1991).

However, the REE patterns of the mafic rocks show enrichment
in LREEs relative to heavy REEs (HREEs) and their mantle-
normalized profiles display negative Ta, Nb and Ti anomalies,
showing a subducted material imprint on the rock source. Moreover,
high Ba/Nb (52.4-198.1), Ba/Zr (1.9-3.9), Rb/Y (0.6-6.0) and
Th/Zr (0.02-0.03), but low Nb/Zr (0.02-0.05) and Nb/Y (0.06-0.5)
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(Figs. 9a and b) indicate that the mantle source was previously
enriched in slab-derived fluid rather than hydrous melt (Turner
etal,, 1996; Kepezhinskas et al., 1997).

Published geochemical studies have demonstrated that the
mantle component beneath Inner Mongolia has gone through a
strong metasomatism process due to PAO subduction (Liu et al,
2012; Pan et al,, 2013; Zou et al, 2014). Geochemical and isotopic
features of the Triassic high-Mg andesites from the Linxi area
suggest that it could be derived from a subducted Paleo-Asian
oceanic slab with sediments shed from the NCC. Accordingly,
the metasomatized lithospheric mantle might serve as the primitive
magma source for the Luotuochang mafic rocks.

6.2.2. Petrogenesis of the intermediate rocks

The appinite suite generally forms the mafic precursor of granitoid
batholiths and thus suggests mantle involvement in granite genesis
(Bea et al., 1999; Atherton and Ghani, 2002; Castro et al., 2003;
Yeetal,, 2008; Zhang et al., 2012a). However, the felsic end-members
in the appinitie-granite suite commonly have a high Ba-Sr (Fowler
and Henney, 1996; Ye et al., 2008; Zhang et al., 2012) or high Sr/Y
adakitic geochemical affinity (Moyen, 2009). High Ba-Sr granitoids
are characterized by alkali-rich, high K,0O and K,0/Na,0O, high
Ba, Sr and LREES, and low Nb, Ta and HREESs, which are distinct
from typical I-, S- and A-type granitoids (Tarney and Jones, 1994;
Fowler et al., 2001, 2008; Pan et al., 2016).

Intermediate rocks from the Luotuochang complex are enriched
in K,0 (3.16-4.08 wt% with K,O/Na,O of 0.69-091) and characterized
by high Ba (628-972 ppm) and Sr (636-881 ppm) contents,
comparable to typical high Ba-Sr granitoids (Fig. 9c). Petrogenesis
of high Ba-Sr granitoids has been extensively studied, but
no consensus has been reached, and a variety of petrogenetic
models have been proposed, including: (1) partial melting of
subducted ocean plateaus (Tarney and Jones, 1994); (2) partial
melting of mafic lower crust (Ye et al., 2008; Choi et al., 2009); (3)
partial melting of enriched lithospheric mantle metasomatized
by asthenosphere-derived carbonatitic melts or subduction-related
fluids and/or melts (Eklund et al., 1998; Fowler et al., 2001, 2008;
Peng et al., 2013).

The intermediate rocks from the Luotuochang complex have
low initial ¥’Sr/*Sr (0.70483 to 0.70636), high eyq(#) values (+2.2 to
+4.8), variable ("*Nd/"*Nd); (0.512637 to 0.512766) and young
Tomz (Nd) ages (843 to 624 Ma), implying a mantle or juvenile
lower crustal source. In addition, these samples have transitional
Nb/Ta (10.7 to 14.6) between mantle and global lower crust and
are close to the primitive mantle (McDonough and Sun, 1995).
Furthermore, the Cr (136-440 ppm) and Ni (61-164 ppm) contents
of these samples are high, which implies that the magma of these
rocks was mainly derived from the mantle with possible juvenile
lower crust involvement.
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Fig. 9. (a) Rb/Y versus Nb/Y, (b) Nb/Zr versus Th/Zr and (c) Sr-Rb-Ba plots for the Luotuochang complex (modified after Tarney and Jones, 1994).

A simple mixing model was employed to estimate the proportions
of mantle-to-crust components using Sr-Nd isotopic data (Fig. 8b).
The data show that upper crust components (UCC) had little or
no role in the generation of the studied intermediate rocks, whereas
mantle-derived basaltic magma and the lower crust (LCC) are
the two major components. This does not unequivocally mean
that the intermediate rocks were formed by mixing mantle-derived
magma and lower crustal melts in such proportions. Rather, it
suggests that the magmas were produced by melting a mixed
lithology containing a lower crustal gneiss intruded or underplated
by a mantle-derived magma (Wu et al., 2003; Liu et al., 2010).

6.3. Tectonic Implications

Although many studies have been carried out in southeastern
Inner Mongolia, the timing of the final closure of the PAO is still
controversial. Two final closure sequences and ages have been
proposed: (1) late Devonian to early Carboniferous, followed by
widespread post-orogenic extension and rifting during the late
Carboniferous—Permian (Tang, 1990; Shao et al,, 2014, 2015; Tong
et al., 2015; Xu et al., 2015; Zhao et al., 2016); (2) latest Permian
to Early Triassic, when the PAO slab underwent continuous
subduction and accretion over a prolonged period of time until
the collision of the Siberian craton and NCC in the latest Permian
or Early-Middle Triassic (Wang and Liu, 1986; Chen et al., 2000,
2009; Xiao et al., 2003, 2009, 2015; Jian et al., 2008, 2010). Overall,
these conflicting viewpoints reflect uncertainties in the tectonic
setting from the late Paleozoic to early Mesozoic of southeastern
Inner Mongolia.

The Triassic Luotuochang complex contains hornblende-
dominated mafic minerals, elevated alkali and Ba-Sr abundances
and some other typical geochemical characteristics that suggest
it is an appinite complex. Such rocks are generally considered
emplaced during the final stage of orogeny and linked to critical
post-subduction events, such as slab break-off or delamination
(Atherton and Ghani, 2002; Kovalenko et al., 2005; Ye et al., 2008;

Zhang et al., 2012a, 2012b). The mafic rocks of this complex have
high contents of MgO, Cr, Ni and Sr, lower contents of TiO, and
higher La/Nb and La/Ta ratios. These features, combined with
their eydf) and eyy(?) values, suggest that they have imprinted
on subducted material and probably resulted from partial melting
of the metasomatized lithospheric mantle. The geochemical
compositions of intermediate rocks indicate that they belong to
high Ba-Sr granitoids and were generated by magma mixing
that involved different proportions of mantle- and crust-derived
materials. The magma-mixing processes most likely occurred
in a subduction or post-orogenic tectonic setting (Blundy and
Sparks, 1992; Sylvester, 1998; Tepley et al., 2000; Annen et al., 2006;
Reubi and Blundy, 2009).

This study and the available geological data are most supportive
of a post-orogenic tectonic setting in southeastern Inner Mongolia
during the early Mesozoic. This interpretation is supported by
additional evidence. Previous work has described a late Carboniferous
to early Permian extensional event that resulted in a series of late
Carboniferous to early Permian post-orogenic alkaline magmatic
rocks and bimodal volcanic rocks in the eastern and central areas
of Inner Mongolia (Zhang et al., 2008, 2017). Two huge early—
middle Permian peralkaline-alkaline rock belts have been
documented from the north to the south in the eastern segment
of the CAOB, the Erenhot-Dongwugqi Belt and the northern
margin of the NCC (Hong et al.,, 1994; Tong et al., 2015; Zhao et al.,
2016a). The emplacement of these magmatic rocks was commonly
considered an extensional setting. Furthermore, there are a large
number of contemporaneous granitoids and bimodal volcanic
rocks between these two belts, such as the Xilinhot A-type granite,
the Qianjinchang pluton and the Xiwugi bimodal volcanic rocks
(Shi et al,, 2004; Zhang et al., 2008; Wang et al., 2018). Second, the
stratigraphy and sedimentary environment of the Carboniferous—
Permian in NE China shows a large ENE-NE-trending littoral-
neritic to continental sedimentary basin, starting in the west from
Ejinqi and extending eastwards through southeastern Inner Mongolia
into Jilin and Heilongjiang provinces. The late Carboniferous—

https://doi.org/10.1007/s12303-020-0004-0
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Fig. 10. Cartoon showing the late tectonic evolution of the PAO. (a) The late Carboniferous-early Permian post-orogenic extensional event
resulted in a series of alkaline granitoids and bimodal volcanic rocks generated. (b) Following the PAO closure, a collisional orogeny occurred
in the late Permian to Early Triassic, accompanied by intense orogenic uplift, crustal thickening and magmatism.

middle Permian is dominated by littoral-neritic deposits and the
late Permian is mainly continental deposits. They unconformably
overlie Precambrian basement, ophiolitic mélanges and early
Paleozoic magmatic arcs (Zhao et al,, 2016b, 2017; Zhu et al,, 2017).
Third, the Early Triassic magmatic belt that is sub-parallel to the
Solonker suture zone has geochemical features akin to adakite-
like rocks and was probably generated in an extensional environment
(Li et al, 2013; Liu et al., 2013, 2014). Finally, it was confirmed
that the Erenhot-Hegenshan, Xiwuqi-Zhunmubutai, and Solonker-
Linxi ophiolite belts were formed in a newly opened ocean basin
rather than the remnants of the PAO (Luo et al., 2016; Yang et
al,, 2017; Wang et al., 2019).

Thus, we propose a two-stage development model (Fig. 10):
(1) the main part of the PAO was closed in southeastern Inner
Mongolia prior to the late Carboniferous. A large amount of high
potassium calc-alkaline granitoids and bimodal volcanic rocks
generated in these areas at 320-275 Ma might be related to the
post-orogenic geologic setting; (2) with ongoing extension, a
restricted ocean basin could have been formed in southeastern
Inner Mongolia and did not close until the early late Permian.
The Solonker suture zone represents the termination of this
restricted remnant ocean basin. This speculation is corroborated
by a study of metamorphic rocks from southeastern Inner Mongolia,
which suggests the Solonker suture zone is distinct from typical
convergent plate tectonic settings, such as the Pacific and Himalayan-
type orogens (Zhang et al, 2016). Following this closure, a
collisional orogeny along the Xar Moron River area occurred in
the late Permian to Early Triassic, accompanied by intense orogenic
uplift, crustal thickening, magmatism and regional metamorphism

https://doi.org/10.1007/s12303-020-0004-0

(Lietal, 2013).

The composition of Luotuochang complex is similar to other
known intrusive rocks along the northern NCC, such as the
Siziwangqi, Tiejianggeleng and Shichang plutons, all of which
were generated in a post-orogenic extensional setting following
a crustal thickening event (Zhang et al., 2012b). Their formation
was likely the result of lithospheric delamination, upwelling of
new mantle material and partial melting of the overlying lower
crust after the closure of the PAO. This mechanism can also
explain magmatic activities during the post-orogeny in this
area.

7. CONCLUSIONS

Our field and laboratory data and their integration with the
regional geology lead us to the following conclusions:

(1) LA-ICP-MS zircon U-Pb dating constrains an emplacement
age of approximately 243-246 Ma (Triassic) for the Luotuochang
appinitic complex near the Solonker suture zone in southeastern
Inner Mongolia.

(2) Geochemical and isotopic tracing demonstrates that the
mafic rocks derive from metasomatized lithospheric mantle,
while the magma of intermediate rocks was mainly derive from
the mantle with possible juvenile lower crust involvement.

(3) The formation of this hornblende-rich complex was probably
a result of lithospheric delamination, upwelling of new mantle
material and partial melting of the overlying lower crust in a
post-orogenic setting after the closure of the PAO.
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