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Abstract: Knowledge of the characteristics of the extensive late Palacozoic volcanic rocks across the northern
China—Mongolia tract is essential for understanding the tectonic evolution and continental crustal growth in
the Central Asian Orogenic Belt. This geochronological and geochemical study documents the Early Permian
mafic and felsic volcanic rocks from northwestern Inner Mongolia. The mafic rocks form two magma series
with distinctive geochemical characteristics; one showing large ion lithophile element (LILE) enrichment
relative to high field strength elements (HFSE) and an asthenosphere-like Sr—Nd—Pb isotopic signature, and
the other featuring an elevated Nb and lithospheric isotopic signature. This result indicates that two mantle
source components are involved in the magma generation: the subduction-related metasomatized astheno-
sphere and lithospheric mantle. The felsic rocks show strong enrichment of LILE and light REE, depletion in
HFSE, and indistinguishable isotopic compositions from mafic ones. Such features are consistent with partial
melts of mixed sources composed of predominant juvenile basaltic underplates and minor ancient crustal
materials. These mafic and felsic rocks constitute a post-subduction high-potassium calc-alkaline magmatic
suite possibly under a geodynamic regime of Palaco-Asian Ocean slab breakoff. This regime not only provides
a feasible trigger for the flipping of subduction polarity in the Solonker suture zone, but also presents a

favourable venue for vertical continental crustal growth.

The tectonic evolution of orogenic belts is typically marked by
changes in the compositions of the associated magmatism (Harris
et al. 1986; Bonin 2004; Wang et al. 2004). This is best
exemplified by the temporal and spatial shift from subduction-
related calc-alkaline to intraplate-type alkaline magmatism, as
widely documented by post-collisional to post-orogenic igneous
associations in most orogenic belts of various ages around the
world (Sylvester 1989; Bonin ef al. 1998; Coulon et al. 2002;
Bonin 2004; Wang et al. 2004; Duggen et al. 2005; Clemens et
al. 2009; Kuscu & Geneli 2010; Zhang et al. 2010a). Of this
magmatic spectrum, the most instructive one may be high-K calc-
alkaline to alkali-calcic mafic and felsic igneous suites that show
indistinguishable mantle-like isotopic signatures. They commonly
form a major constituent of late orogenic to post-collisional
magmatism and indicate that the orogen is in the process of
collapse (Altherr et al. 2000; Roberts et al. 2000; Ferré & Leake
2001; Bonin 2004; Chen & Arakawa 2005; Clemens et al. 2009;
Topuz et al. 2010; Zhang et al. 2010a). Moreover, they generally
represent a crustal continuum growth of magmatic underplating
(Frost et al. 2001a; Chen & Arakawa 2005; Zhang et al. 2010a).
Therefore, petrogenetic studies of such mafic and felsic magmatic
suites in ancient orogenic belts can not only provide important
constraints for understanding the tectonic evolution of these belts,
but also document significant information in fully characterizing
the growth and differentiation of the continental crust.

The Central Asian Orogenic Belt (Fig. 1a) has been regarded
as a huge accretionary collage dominated by juvenile Palacozoic
granitoid rocks and characterized by a series of late Precambrian
to early Mesozoic suture zones that developed between the
Siberian and North China cratons (Sengdr et al. 1993). As a
major palaeo-plate boundary in Asia that stretches northeast-
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wards over 2500 km in Mongolia and China (Li 2006), the
Solonker suture zone has been widely regarded as the site of
final closure of the Palaco-Asian Ocean (Fig. 1b; Sengér et al.
1993; Xiao et al. 2003, 2009). Most recently, Jian ef al. (2010)
proposed its evolution as a Permian intraoceanic arc—trench
system. However, many essential issues still remain uncertain,
such as the tectonic evolution of the opposite-facing continental
blocks, the subduction polarity and the mechanism for its switch.

In terms of continental growth, the Central Asian Orogenic
Belt has been widely accepted as Earth’s largest site of
Phanerozoic juvenile continental crustal formation (e.g. Jahn
2004). Specifically, both lateral accretion of arc complexes in
subduction zones and vertical addition by underplating at the
crust—mantle interface are advocated as the main mechanisms of
crustal growth in this region (Jahn 2004). However, their relative
importance in evolved tectonic environments is the subject of
continuing debate (Jahn 2004; Chen & Arakawa 2005; Windley
et al. 2007; Zhang et al. 2008, 2010a).

In this paper, we present new geochronological, geochemical
and isotopic data for the late Palaecozoic volcanic rocks from
Sonidzuoqi in northwestern Inner Mongolia, which is tectonically
located in the northern block of the northern China—Mongolian
tract, to constrain their petrogenesis and to investigate the
tectonic environment in which they developed, as a contribution
to our understanding of the above controversial tectonic and
crustal evolution issues.

Geological background

The Central Asian Orogenic Belt represents a giant accretionary
orogen that extends from the Urals to the Pacific and from the
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Fig. 1. (a) Tectonic framework of the north China—Mongolian segment of the Central Asian Orogenic Belt (modified after Jahn 2004). (b) Sketch
geological map of the northern China—Mongolia tract (modified after Badarch et al. 2002; Miao et al. 2007; Xiao et al. 2009; Jian et al. 2010). Sources
for the cited zircon ages for Carboniferous and Permian magmatic rocks are as follows: 325—-313 Ma, Bao et al. (2007); 323—313 Ma, Liu et al. (2009);
309 + 8 Ma, Chen et al. (2000); 281 + 3 Ma and 279 £ 3 Ma, Zhang et al. (2008); 276 + 2 Ma, Shi et al. (2004) (c) Sketch geological map of the
Sonidzuoqi area (modified after IMBGMR 1980), with the sample locations shown.

Siberian and East European cratons to the North China (or Sino-
Korean) and Tarim cratons (Sengdr ef al. 1993; Windley et al.
2007). It mainly consists of island arcs, ophiolites, oceanic
islands, accretionary wedges, oceanic plateaux and microconti-

nents comparable with those of circum-Pacific Mesozoic—
Cenozoic accretionary orogens (Xiao ef al. 2003; Windley et al.
2007). Numerous recent studies have reconstructed the tectonic
setting and evolution of several segments of this giant orogenic
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belt by restoring the local subduction—accretion and collision
zones (Badarch et al. 2002; Xiao et al. 2003, 2009; Helo et al.
2006; Miao et al. 2007; Jian et al. 2008, 2010; Blight et al.
2010a,b).

The northern China—Mongolia tract lies along the central-
eastern segment of the Central Asian Orogenic Belt. Its most
prominent tectonic feature is the Solonker suture zone, which
marks the final closure of the Palaco-Asian Ocean and separates
two opposite-facing continental blocks (Fig. 1b; Jian et al. 2010).
The northern block includes the Hutag Uul Block of southern
Mongolia (Badarch ef al. 2002), the Uliastai Block, Hegenshan
ophiolite—arc accretion complex and the Northern Orogen (early
to mid-Palaeozoic) in northern China (Jian et al. 2008). The
southern block comprises the Southern Orogen (early to mid-
Palacozoic) and the northern margin of the North China Craton
(Jian et al. 2010).

To the north of the Solonker suture, the basement geology of
southern Mongolia is characterized by island-arc, back-arc—
forearc basin and accretionary prism terranes that accreted
around a postulated Precambrian cratonic block, the Hutag Uul
Block (Badarch et al. 2002). These terranes record the tectonic
evolution of the northern margin of the Palaco-Asian Ocean
during the Palaeozoic, generally interpreted to have been above a
northward-dipping subduction zone (Windley et al. 2007). This
results in multiple phases of arc magmatic activity from Silurian
to Late Carboniferous (Lamb & Badarch 2001; Helo et al. 2006;
Yarmolyuk et al. 2008; Blight et al. 2010a,b). They were
subsequently intruded by great volume of latest Carboniferous to
Early Permian peralkaline granites (Kovalenko et al. 2006;
Yarmolyuk et al. 2008; Blight et al. 2010a). The Uliastai Block
consists of a basement of Proterozoic gneiss, schist and quartzite
and Cambrian limestone and siltstone (Xiao et al. 2003, 2009).
The early to mid-Palaeozoic Northern Orogen of northern China
is characterized by a metamorphic complex (Chen et al. 2009), a
suprasubduction-zone-type ophiolitic sequence (Jian et al. 2008;
Zhang, X.H., et al. 2009) and an overlying Late Devonian
conglomerate. The Hegenshan ophiolite—arc accretion complex
contains variably foliated calc-alkaline plutons of Carboniferous
age (Chen et al. 2000; Bao et al. 2007; Liu et al. 2009) and
suprasubduction-zone-type ophiolitic rocks (c. 298—293 Ma) at
Hegenshan (Miao ef al. 2007, 2008). These units were then
intruded by undeformed Early Permian alkaline rocks and A-type
granites (Wu et al. 2002; Shi et al. 2004).

To the south of the Solonker suture, the early Palacozoic
Southern Orogen includes the Ondor Sum subduction—accretion
complex with blueschist, a suprasubduction-zone-type ophiolite
(c. 497-477 Ma) and the Bainaimiao arc chain (c. 488—438 Ma)
(Jian et al. 2008). It is separated from the North China Craton by
the Chifeng—Bayan Obo fault.

During late Palacozoic times, the northern margin of the North
China Craton experienced several magmatic events (Zhang &
Zhai 2010, and references therein), such as Middle Devonian
mafic and alkaline intrusions (Zhang et al. 2009a; Zhang et al.
2010b), Carboniferous foliated calc-alkaline plutons (Zhang et
al. 2009b), Early Permian high-K calc-alkaline I-, S- and A-type
intrusive rocks (Zhang & Zhai 2010, and references therein), and
latest Permian to Early Triassic high-K calc-alkaline to alkaline
intrusive rocks (Zhang et al. 2009a; Zhang et al. 2010a).

The Lower Permian volcanic—sedimentary sequences consti-
tute a prominent geological feature in northern China (Fig. 1c),
among which the volcanic rocks occur as dominant components
and have been designated by a general name, the Dashizhai
Formation (Shao et al. 2007). These successions mainly consist
of lavas, tuffs and volcaniclastic rocks with a thickness varying

from about 200 m to 1200 m. They also show lateral variations
in lithology over the elongated region of Inner Mongolia. At
Xilinhot and Xiwugqi in central Inner Mongolia (Fig. 1b), the
volcanic rocks show a bimodal composition with dominant
rhyolite—dacite and local basalt—andesite, with an extrusive age
of ¢. 280 Ma (Zhang et al. 2008). At Linxi, the succession is
dominantly composed of basalt, basaltic andesite, basaltic trachy-
andesite and related tuffs and pyroclastic deposits (Zhu et al.
2001; Lii et al. 2002). In eastern Inner Mongolia, the Dashizhai
Formation consists of predominant rhyolite and andesite and
minor basic lavas (Shao e al. 2007). Overlying Upper Permian
sedimentary formations spread across the suture zone and
commonly include sandstone, siltstone and slate (Cope et al.
2005; Shen et al. 2006).

Field relations and petrography

Northwest Inner Mongolia is a critical area in the northern block
(Fig. 1b) and its magmatic and tectonic evolution has a signifi-
cant bearing on the correlation of the southern Mongolia
continental margin to the west and the Uliastai continental
margin to the east.

The Baiyinwula region is located c¢. 50 km NW of Sonidzuoqi
town (Fig. 1c), which is at the margin of the Northern Orogen.
Field relations show that Permian strata there overlie Devonian
sedimentary rocks, and are intruded by a number of Mesozoic
granitic intrusions and overlain by Cenozoic flood basalts
(IMBGMR 1980). The strata have been divided by various
investigators into two distinct formations (IMBGMR 1980; Jiang
et al. 1995): the lower Baolige Formation, comprising a volcano-
sedimentary association, and the upper Zhesi Formation, made
up largely of sedimentary successions. The Baolige Formation is
essentially equivalent to the Dashizhai Formation in northern
China, and can be subdivided into three units, designated as A, B
and C. Unit A, at the base of the formation, is about 200 m thick
and is mainly composed of black to grey metaconglomerates,
shales and siltstones with plant fragments. Unit B uncomform-
ably overlies Unit A and has a thickness of more than 3000 m. It
contains a lower section of basaltic to andesitic lavas and
intercalated pyroclastic rocks, and an upper section of mainly
dacitic to rhyolitic lavas and intercalated welded tuff sequences.
Unit C is about 2000 m thick and consists of breccia-bearing
tuff, tuffaceous sandstone and siltstone, with minor limestone
and andesite interbeds. Overlying the Baolige Formation with
angular unconformity is the Zhesi Formation, which is about
400 m thick and consists of light red limestone, white to yellow
siltstone and fine- to medium-grained sandstone, with conglom-
erate-bearing coarse-grained sandstone and shale interbeds (bear-
ing Early Permian (Asselian and Sakmarian) fossils).

Owing to low relief and poor field exposure, it is very difficult
to establish the eruptive episodes in the volcanic sequences. We
collected a few fresh rock samples for petrological and geochem-
ical analyses from Unit B of the Baolige Formation at several
scattered outcrops along a number of dry river-valleys, as
detailed in Figure lc. Consistent with previous qualitative
description in the literature (IMBGMR 1980; Jiang et al. 1995),
our petrographic observations and geochemical data reveal a
bimodal composition distribution for the investigated volcanic
rocks, with mafic and felsic suites. At the locality where samples
SNO07-2 to SN07-25 were collected, the sequence mainly consists
of basalts and basaltic trachy-andesite in the lower part, and
rhyolite in the upper part.

The mafic suite includes basalt, basaltic andesite and minor
andesite, whereas the felsic suite mainly consists of rhyolite,
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ignimbrite and crystal-bearing tuffs. The basalts and basaltic
andesites are dark grey and commonly show a porphyritic texture
with phenocrysts of olivine and pyroxene. Pyroxene phenocrysts
are dominantly augite with a composition Woyg 44En39 43Fs13 20.
The groundmass is fine-grained to microcrystalline, consisting of
plagioclase, pyroxene, amphibole and magnetite. Two andesite
samples are grey—green, and display a porphyritic texture with
15-20 modal % phenocrysts of plagioclase, augite and horn-
blende in a hyalopilitic matrix of plagioclase, biotite and
hornblende. Apatite, zircon and magnetite are common accessory
minerals, whereas chlorite, epidote and calcite are typical altera-
tion products.

The rhyolites and rhyodacites are brown to pink, and exhibit
subaphyric to porphyritic texture with predominant feldspar
phenocrysts up to 2—5 mm in diameter. The microgranular to
felsophyric groundmass is mainly composed of aphanitic plagio-
clase, K-feldspar, quartz and some biotite. Accessory minerals
include zircon, apatite, magnetite and ilmenite. Typical alteration
minerals include late-formed sericite, albite and clay minerals.

Analytical methods

Major element compositions of minerals were measured on a
JEOL JXA-8100 electron microprobe at the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS). The
operating conditions were: 15kV accelerating voltage, 10 nA
beam current and 3 um spot diameter. Well-defined natural
mineral standards were used for calibration.

Zircons were separated from a basaltic andesite (BY04-20)
and a rhyolite (BY04-1) sample using standard density and
magnetic separation techniques and purified by handpicking
under a binocular microscope. Cathodoluminescence (CL)
images were obtained for zircons prior to analyses, using a JXA-
8100 microprobe at IGGCAS, to reveal their internal structures.

Zircon U-Pb dating was conducted by sensitive high-resolu-
tion ion microprobe (SHRIMP) using the SHRIMP II ion
microprobe at Curtin University of Technology under standard
operating conditions (six-scan cycle, 2 nA primary O, beam,
mass resolution c¢. 5000), following analytical procedures as
described by Williams (1998). Data were processed using the
SQUID (1.02) and ISOPLOT (Ludwig 2001) programs. Correc-
tions of Pb/U ratios were made by normalization to zircon
standard CZ3 (?%°Pb/>*¥Pb = 0.0914, corresponding to an age of
564 Ma). The data were corrected for common lead using the
measured 2%*Pb. Uncertainties on single analyses are reported at
1o level, whereas pooled ages are quoted at the 95% (20) level.

For geochemical and isotopic analyses, samples were ground
in an agate mill to ¢. 200 mesh. Major oxides were analysed by
X-ray fluorescence spectrometry (XRF) with a Phillips PW 2400
system at the IGGCAS. Trace element abundances were obtained
by inductively coupled plasma mass spectrometry (ICP-MS)
using a VG-PQII system also at the IGGCAS. Samples were
dissolved in distilled HF + HNOj3 in 15 ml high-pressure Teflon
bombs at 120 °C for 6 days, dried and then diluted to 50 ml for
analysis. A blank solution was prepared and the total procedural
blank was <50 ng for all trace elements. Indium was used as an
internal standard to correct for matrix effects and instrument
drift. Precision for all trace elements is estimated to be 5% and
accuracy is better than 5% for most elements by analyses of the
GSR-3 standard.

Sr and Nd isotopic compositions were measured by thermal
ionization mass spectrometry (TIMS) using a Finnigan Mat 262
system at the IGGCAS, following the procedure described by
Zhang et al. (2008). Procedural blanks were <100 pg for Sm and

Nd and <500 pg for Rb and Sr. *Nd/'*Nd was corrected for
mass fractionation by normalization to “Nd/'*Nd = 0.7219,
and ¥7Sr/%°Sr ratios were normalized to %Sr/%¥Sr = 0.1194. The
measured values for the BCR-2 Nd standard and NBS-987 Sr
standard were Nd/"Nd = 0.512613 £ 0.000012 (20, n = 3)
and ¥7Sr/0Sr = 0.710251 + 0.000011 (20, n=15) during the
period of data acquisition.

For Pb isotope determination, the powders were dissolved in
Teflon vials with purified HF at 120 °C for 6 days and then
separated using anion-exchange columns (AG1X8, 200-400
resin) with diluted HBr as eluant. Repetitive analyses of NBS981
yielded 2°°Pb/2%Pb = 16.917 £ 0.008, 2°7Pb/2%Pb = 15.460 +
0.010, 298Pb/2%Pb = 36.617 + 0.011. The Pb data were corrected
based on the NBS981 recommended data. Precision of lead
isotope ratios is within 4-1%o.

Analytical results

Zircon U-Pb data

The results of SHRIMP zircon U—Pb analyses are listed in Table
1. Zircons from basaltic andesite sample BY04-20 range in size
from 50 to 120 um and are mostly sub-euhedral columnar
crystals. In CL images, they typically show low, homogeneous
luminescence with faint oscillatory zoning (Fig. 2a). Six analyses
were conducted on six grains from this sample and gave low fo6
values up to 0.75%. Measured U and Th are in the range 75—738
and 49-823 ppm, respectively, with the exception of analysis 2
(1587 and 2319 ppm). All six analyses have Th/U ratios between
0.66 and 1.46 and form a coherent group with a weighted mean
206pp/238U age of 289 + 3 Ma (MSWD = 0.21) (Fig. 2a).

Zircons from rhyolite sample BYO04-1 are mostly clear,
euhedral to subhedral, stubby to elongate prisms. They range in
size from 80 to 150 um and have length to width ratios between
1;1 and 3;1. They commonly exhibit strong magmatic oscillatory
zoning (Fig. 2b). Twelve analyses were conducted on 12 grains
from this sample and show low fs values up to 1.04%. U and
Th concentrations are in the range 107-914 and 60-947 ppm,
respectively. All analyses give Th/U ratios between 0.58 and 1.46
and yield a weighted mean 2°Pb/233U age of 287 + 3 Ma with
an MSWD of 0.35 (Fig. 2b).

Major and trace elements

Major and trace element analyses are presented in Table 2. As
shown on the K,O + Na,O v. SiO, diagram (Le Maitre 1989)
(Fig. 3a), these volcanic rocks display a bimodal geochemical
distribution. Among 19 analysed samples, the mafic suite plots in
the fields of basalt, basaltic andesite and andesite, whereas the
felsic suite exclusively lies within the field of rhyolite.

The rocks from the mafic suite range from 49.4 to 58.9%
SiO,, with aluminium saturation index [ASI = molar Al,Os/
(CaO + K,0 + Na,0)] of 0.73—-1.06 and Mg-number of 32.0-
52.4. Most samples belong to the high-K alkaline series on the
K;0 v. SiO, plot (Fig. 3b). They also show a magnesian
character (Fig. 3c) and range from calcic to alkali fields on the
alkali—lime index (MALI = Na,0O + K,O — CaO by weight) plot
(Fig. 3d) according to the classification of Frost ef al. (20015). In
terms of trace elements, the basalts and basaltic andesites exhibit
uniform chondrite-normalized REE patterns enriched in light
REE (LREE) with Lan/Yby of 4-9.8 and small negative Eu
anomalies (Eu/Eu* =0.79-0.97; Table 2; Fig. 4a). In the
primitive mantle-normalized trace element diagram (Fig. 4b),
two basalt samples have patterns enriched in both large ion
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Table 1. SHRIMP zircon U-Pb data for the mafic (BY04-20) and felsic (BY04-5) samples from the Sonidquozi volcanic rocks

Spot number U Th Th/U Pb fro6 Isotopic ratios Age (Ma)
(ppm)  (ppm) (ppm) (%)
207Pb/206Pb 1o 206Pb/238U 16 207Pb/235U 1o 206Pb/238U +
lo

BY04-20 basaltic andesite

1 99 94 0.94 6 0.16 0.0536 0.0021 0.0471 0.0008 0.348 0.013 297 + 4
2 1587 2319 1.46 113 0.75 0.0505 0.0009 0.0469 0.0007 0.326 0.007 295 +4
3 221 223 1.00 14 0.14 0.0513 0.0015 0.0462 0.0006 0.327 0.008 291 +4
4 706 808 1.14 45 0.17 0.0521 0.0007 0.0448 0.0004 0.321 0.006 282 + 4
5 738 823 1.11 46 0.07 0.0542 0.0010 0.0446 0.0007 0.333 0.009 281 £ 5
6 75 49 0.66 4 0.01 0.0516 0.0022 0.0459 0.0007 0.327 0.015 290 + 4
BY04-1 rhyolite

1 107 60 0.58 42 1.04 0.0476 0.0035 0.0450 0.0008 0.300 0.021 284 +£ 5
2 298 251 0.87 11.6  0.09 0.0542 0.0009 0.0455 0.0007 0.340 0.008 287 + 4
3 201 145 0.74 7.7 0.36 0.0504 0.0015 0.0447 0.0007 0.310 0.009 282+ 5
4 300 255 0.88 12.0 0.21 0.0506 0.0010 0.0464 0.0006 0.320 0.006 292 +5
5 341 329 1.00 134 045 0.0501 0.0011 0.0456 0.0007 0.310 0.008 287 +4
6 459 411 0.92 179 0.22 0.0521 0.0011 0.0453 0.0005 0.330 0.008 286 £ 5
7 914 945 1.07 36.0 0.21 0.0517 0.0009 0.0458 0.0008 0.330 0.008 289 £ 5
8 325 232 0.74 129 0.35 0.0515 0.0011 0.0459 0.0007 0.330 0.009 290 + 4
9 377 284 0.78 14.7  0.02 0.0524 0.0008 0.0455 0.0005 0.330 0.006 287 + 4
10 239 166 0.72 94 0.38 0.0497 0.0011 0.0457 0.0009 0.310 0.009 288 + 5
11 669 947 1.46 258 0.14 0.0511 0.0006 0.0449 0.0008 0.320 0.007 283 £ 5
12 516 464 0.93 203 043 0.0522 0.0012 0.0457 0.0007 0.330 0.007 288 +£ 5

o6, percentage of common 2%°Pb in the total measured >°°Pb.
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Fig. 2. Cathodoluminescence (CL) images of representative grains of analysed zircon and U—Pb zircon concordia diagrams for mafic sample BY04-20
(a) and felsic sample BY04-1 (b) from the Sonidzuoqi volcanic rocks.

lithophile elements (LILE; i.e. Rb, Ba, Sr, Th, U) and high field 72.5%) and AlL,O; (13.8—-15.4%), high alkalis (K,O +

strength elements (HFSE; i.e. Nb, Ta), similar to those of ocean
island basalts (OIB). The other basalt and basaltic andesite
samples display patterns enriched in LILE but depleted in HFSE
(Nb, Ta, Zr, Hf and Ti). Two andesite samples are characterized
by high contents of Al,Os; and Na,O, moderate MgO and
Fe,O5*, and low contents of TiO, and P,Os, with moderate
LREE enrichment (Lan/Yby = 8.7-9.4) and slight negative Eu
anomalies (Euw/Eu* =0.90-0.91) (Fig. 4a). In the primitive
mantle-normalized diagrams (Fig. 4b), they show significant
enrichments in LILE (e.g. Rb, Ba, Sr, Th, U, LREE) and
conspicuous depletion in Nb, Ta, and Ti.

The rhyolites have rather restricted ranges of SiO, (70.3—

Na,0 = 8.51-9.99%), and low MgO (0.18-0.93%) and CaO
(0.24—1.04%). They exhibit a high-K calc-alkaline character
(Fig. 3b), with A/CNK of 0.97-1.29 and A/NK of 1.0-1.36.
They range from magnesian to ferroan (Fig. 3c¢) and mainly plot
in the alkali-calcic and alkali fields on the alkali—lime index plot
(Fig. 3d). As for trace elements, they display chondrite-normal-
ized REE patterns with moderate enrichments of LREE (Lan/
Ybny =5.5-9.1) and slight negative Eu anomalies (Eu/
Eu* = 0.68-0.91) (Fig. 4c). In the primitive mantle-normalized
diagram (Fig. 4d), they show enrichments in LILE (Rb, Ba, Th,
U and LREE), depletion in Nb, Ta, P and Ti, and various
concentrations of Sr.



X.ZHANG ET AL.

530

(panunuod)

16°0 16°0 96°0 980 160 L6°0 6L°0 08°0 060 x0d/0dq
Se'6 S9'8 18°6 L09 L9°L £€°6 658 788 10v NqA/Ne
¥T0 LT0 LT0 S0 8¢€°0 620 LY'0 34} 90 g
861 S9'1 S8'1 yvTe €LT 66°1 (423 80°¢ SOy qA
¥T0 S0 620 90 wo 0€0 0 870 90 wr
S 861 €61 1T¢ ¥6'C 90°C L€ e Iy el
86°0 LSO €L°0 €'l Il LLO 8¥'1 6¢'1 Lyl OH
[4x4 88'C oL'e w9 LL'S €0y 18°L 1€°L Y9°L £a
€50 4 89°0 (AN 001 Lo 8¢'1 6C'1 (43! qL
89°¢ ss'e €0°S 08 9I'L 10°¢ LS'6 168 818 PD
8I'1 9I'l IL'1 [4%4 9C'¢ (7! 994 84 994 nyg
9Ty 8CY (43 (45 008 L8'S 1ot 1840 81'6 ws
S'1e §'le $'8¢ | B33 I'Le 9'6¢ 891 9ty 14%3 PN
6S°S SeEv'S vI'L S6'8 90'6 'L 11 801 1€°8 id
8ty ey §'s¢ €19 ¥'L9 I'LS 9°L8 0°€8 0°6S 2D
§oc 0°0¢ €T VLT c6C 6'SC L'6g 6'LE 9°Cc ']
LST L9°C L9°0 660 S8°0 yL0 £8°0 €80 €r'l n
66'L '8 98’1 68°C €0°C 90°C ¥8'C S6'C 6l'¢ UL
£r'8 €68 wL SL'L S8'L 16’L ¥1'8 Y6'L €59 ad
8¢°0 340 430 8%°0 Sv'0 ¥€0 00C 881 150 EL
LTE SL'E v 989 €L9 ey 0L WL 769 JH
w8 oL 92 819 439 8L8 8¢9 919 68 ed
¥'0¢ ¥'0c £9°¢ sse §8'C 86°C 9'8¢ 'y (Y SO
S6'v 1489 oLs 8L Y6'L 98°¢ 83 1'6¢ 8Y'L IN
48! 6¢C1 o1 LLT 89¢C Ll So¢ 68¢ 65¢C 1z
Lyl ovl el T6C 1"8¢ ¥'0¢ 8°C¢ 9¢e §9¢ A
026 68 Y611 866 1101 1611 99 899 80L IS
9'¢S €09 6'6C le (44 €1C 8'9¢ 9'LE £0S a4
981 €81 ¥'ee 9°1¢ 0°1¢ 9'ce 9°cc 0ce 6°0¢ D
8'CI 191 I'vs SOl 0Ll L09 879 SIS 6L'C IN
L'S1 191 0°0¢ 44 607 8’61 7443 9'ce ¥'0¢ o)
44! ovl S8 661 [4%4 G'e8 191 €01 9I'C D
91 €91 43! 0¢ 0ce IS1 181 991 Sel A
871 L'yl 0°LT 6'LT L6t S'LT €'€T 8'0C ¥'0t 3S
90°1 Y0'1 60 690 VL0 w60 €L°0 SLO 160 ISV
881 8’61 S'0s y'es €S 8'8Y £0¢ £0S [43 "ou-SN
¥5'66 9566 £5°66 L6'66 £5°66 LY'66 §S'66 79'66 001 [ejoL
LYy 8¢V (4! 22! 8I'¢ Ll SO'1 (4! €1'e 1071
90 LT0 0¥'0 6¥'0 86°0 170 €L°0 1.0 €50 o«
(44 09°C S8l (43! S9'1 LS'T 88’1 €81 §SC o™
LEE sTe 65°¢ SL'e 10°¢ £9°¢ v Iy S6'v 0%N
0% yi'y 619 4% ST8 w9 w'L 069 8I'y (61J0]
[4x4 80°¢ 1223 vTs 90°¢ we (459 65°S 9¢'C O3
SO0 S0°0 1o 10 S1'o 010 91'0 SI'0 cro OUN
809 S1'9 889 LY'6 cre 0L9 6¢'11 S6°01 66 1f0%d
ST91 891 ILLT 9L’ Sl 148! ELLY 99°¢1 66°Gl 8891 fouv
060 060 LO'T 8L'1 98’1 90°1 €v'e €eC 10°C OLL
16'8S 9¥'8¢ LT9S 98'1¢ €518 169 (4 ¥0°0S 8L'YS o1
v v vd d d vd d d vd :0d£y ooy
CTE-LONS 0€-LONS 0I-LONS ¥-LONS C-LONS 0C-70Ad 81-70Ad ¥1-v0Ad v0Ad :ordureg

$Y20.4 21UDIJOA 1hONZPIUOS Y] 40 DIDP JUdWD]D 20D4] pub O[O T AR,



531

EARLY PERMIAN VOLCANIC ROCKS FROM NORTH CHINA

ON[OAUL Y ‘9)ISOpUE ‘Y ‘d)Isapue dnjeseq Vg ‘[eseq ‘g

$9°0 §9°0 10 L0 89°0 L0 SLO 160 88°0 060 xd/ndq
1235 €6'S (430 80°L 60'8 1'8 06°S LO’L 8C'L 6l'L NqA/Ne
P70 6v'0 1S°0 10°1 L6°0 8¢°0 ¥$°0 LT0 90 620 ng
IL'e 6l'¢ e 199 €59 £e'e €Ce 89'1 [/ oLl qA
wo Ly'0 1$°0 SO'T S6°0 Se0 6¥°0 90 S0 LT0 wr
L9°C So'¢ €e'e I€°L LT9 wc e 1671 'l 9°1 Rcl
€60 Y0'l [ ! §S¢C 0€C 0L0 w1 10 6v°0 9¢°0 OH
STy 86t ILs 601 Il Ly'e Wy (44 W' 89C £a
¥9°0 LLO 0’1 (43! 981 LSO 98°0 90 34} 8%°0 qL
9¢ 6v'v 10°L el 9°Cl e TS ¢ (434 €8'C PD
LLO S6°0 Ll 88°C €6'C 160 (43! 80 080 88°0 nyg
09°¢ 'y €8'L STl 8¢l Y WS 88°C L0 6l'¢ ws
VLI €7 'y 989 LEL 0°ce ¥6'9C L'yl €6l 8¢ PN
09t 88°C 601 91 €6l 0¥'9 18°9 80t LTY LEY id
T6¢ sy Ges 6¢1 IS1 9°6¢ €89 L9¢ L'Se 9°¢¢ 2D
01T ¥'9¢ 6'1Y s9 9 €L 9°LT 9°9¢ 91 VLI 9Ll ']
18°C 0¥’ 8¥°C €1'e 99°1 §Te LT S8l L8'1 98’1 n
€11 €1l [A! 'yl Sel 168 PITI 9¢'9 299 ¥9°9 4L
€l L0T1 S¢Sl S'1e S'ee €91 8l 1! (! €1l ad
L8°0 L8°0 0L°0 86°0 w1 99°0 080 50 SS0 §so BL
L09 96°¢ LT'L 0¢l I'TT w9 LS'L 6CY o'y wy JH
66y 106 €06 S68 S901 €76 £v6 L6L L8L 808 ed
98°C §9C 'Ll 89°¢ 994 LT8 €01 89t 6L'¢ 89'¢ SO
08°6 0°0T1 €6'6 S| 47! 19°L 40! ¥9°¢ s 6L’S IN
60T 14! 09¢ 9st 334 we €LT VL1 0LT ¥81 1z
'S¢ 9°9¢ S'le LS 0vs o6l £6C 6°Cl el Lel A
V18 6¢1 144 v'6S L'19 1339 8¥¢C LS SOy Biad IS
S'68 9'¢s 01 611 IT1 6¢Cl Y'LE 0't8 9'SL 08 qdq
aq! [44! rel 8'6¢C €YC 44! v'6l 9°¢l 0¢l 6°Cl D
991 Sy4 Is¢ we 0C'¢ ¥9°¢ 68°C 09°¢ LO°S (U9 IN
Ly (433 9¢°1 8¢'1 8I'1 80°¢ o'l (4 8L°S w6's o)
08°L 9°¢ L8°0 Il w1 L0'E 019 6L'S 818 86°¢ D
8°0¢ 011 col €81 8°0C £ee L'ee 6've 0°LE L'LE A
¥$9 'S (4% ¥S'8 11 wy 66’7 LOY €0y 00y oS
Y0°1 00°1 6C'1 960 L60 LO'T 40! LO'T P0°1 SO'T ISV
6'9¢ 1474 ¥'0¢ 9°¢l1 811 €Le L'1¢ vy ey Ly “ou-SN
S6'66 $8'66 79'66 66'06 79'66 99'66 €001 €001 85°66 62001 [e10L
&l 88°0 w1 19°0 (430 €80 (431 S9'1 LET 'l 1071
80°0 ¥0°0 cro 80°0 600 600 cro 1o 110 1o ‘04d
6t 09y 1433 Ly'y o6v'y SE€Y wv €&y 90v 80'v o™
8LV Sy ISy 45 Sv's S8 €Cs 8Ty €9y wy 0%N
98°0 18°0 Se0 8C°0 ¥T0 £v'0 €0 ! S6°0 ¢80 (61J0]
€L°0 Seo 9¢°0 ¥T0 81°0 §S0 LEO 060 €60 €60 O3
S0°0 700 10°0 €00 90°0 00 €0°0 L00 90°0 90°0 OUN
Ly'C ¥0'C 6L'C 86°C 99T €81 $9'C we we Ly'C 1fo%d
SI'vl 68°¢l (439! 8LEl I8¢l (Uad! (429! 124! 8Tl 6¢vl fouv
6€°0 00 LY'0 70 90 €0 LY'0 Sv'0 0 90 OlL
60°1L SY'TL €5°0L 96'1L S9'IL S6'1L LEOL YLOL €E°0L 00°1L o1
d K d k! K d d o A | :2dAy ooy
8¢-10Ad LEVOAL 8¢-LONS SCT-LONS CC-LONS L-LONS 8-70Ad S-¥0Ad 70Ad I-70Ad :ordureg

(ponunuod) *z slqey,



532
15
| a
13} W Mafic suite
O Felsic suite
ar Rhyoli
volite
O N T e g T
o 4] A T v T
; ol —
¥
Q Tk trachy )
g | " ‘nu_u:i_\;.ij'[i-
sH 5
it
L I"‘ L 1 L 'l L 1 1 1 1 1 1 L 1 L 1 L 1 L 1
37 41 45 49 53 57 6l 65 69 73 77
Si0, (Wt%)
o,
c T
o i
- '
. bor 0 o
O _.'". E o
=0 Ferroan 4 ——
$ 08 F | ] -—_--,...—l""' -
3 __,..--"""'-
° —— § Oo
= 07t - Magngsian i1} il
= ‘.-?‘ """""" .-':.
g | o Caledonian post- , y
= 06 collisional plutons
0s F C =
0.4 1 L 1 1 1 1
50 60 70 80
Si0,(wt %)

X.ZHANG ET AL.

6
| b
:-‘ i ”"“.
» Shoshonitic _'.0"
S‘—?." 4 ....-‘ %
E o
= 3 " High-K calc-alkaline
Q. =T e
>2. - o “‘m L o
r . ‘ ,.-"'". Calc-alkaline
T 2 o
Lr - - e
avere Tholeiitic
0 e i 1 1 ) 3 % .
40 50 60 70 80
S10, (wt%)
12 4 T T T ; . |
B m ..........
s e e

~  (Caledonian post-

0+K,0-Ca0

4 collisional plutons‘},-‘j‘\\\ ........
.»‘-.‘_-‘ -------
“" -------
Z ok
4 -

8 1 1 1 1 1 1
50 60 70 80

SiO,(wt %)

Fig. 3. Classification diagrams for the Sonidzuoqi volcanic rocks. (a) Plot of total alkalis v. silica (Le Maitre 1989). (b) Plot of K,O v. SiO,. Field
boundaries after Peccerillo & Taylor (1976). (¢) Plot of FeO/(FeO; + MgO) v. SiO; (Frost et al. 20015). (d) Plot of (Na,O + K,O — CaO) v. SiO; (Frost
et al. 2001b). The field for Caledonian post-collisional plutons in (¢) and (d) is based on the data compilation of Frost et al. (20015).

Sr—Nd—Pb isotopic compositions

The whole-rock Sr—Nd-Pb isotope data are presented in Tables
3 and 4. Initial isotopic ratios were calculated based on the
zircon U—Pb ages of 289 Ma and 287 Ma for the mafic and
felsic samples, respectively. The mafic rocks have initial ®7Sr/
86Sr ratios of 0.7037-0.7042 and strongly positive exa(t) of
+3.79 to +6.80 (Fig. 5). They also have moderately positive
A8/4  {[(***Pb/2%Pb); — (*®Pb/2%*Pb)nyre] X 100 = 17.2-42.5}
and moderately high A7/4 {[(**’Pb/2%Pb); — (**’Pb/***Pb)xpre ]
X 100 = 3.55-6.54} values with 29Pb/2%4Pb; = 17.94-18.11,
207pp/204pp; = 15.47—15.51, and 208Pb/2**Pb; = 37.61-37.90. In
the 207Pb/2%Pb; and 298Pb/2%4Pb; v. 20°Pb/204Pb; correlation
plots (Fig. 6a and b), they plot well above the Northern
Hemisphere Reference Line (NHRL, Zindler & Hart 1986) and
also lie within Indian mid-ocean ridge basalt (I-MORB) and
OIB fields.

The rhyolites have initial 37Sr/3%0Sr ratios of 0.7035-0.7038,
positive eng(?) values of +5.43 to +6.05 (Fig. 5) and high initial
206pp/294PY ratios of 18.02—18.15. In the 297Pb/2%Pb; and 2%8Pb/
204pp; v. 206Pb/20%4Pb; correlation plots (Fig. 6a and b), they also
plot above the NHRL, overlapping with basalt fields.

Discussion

Origin of the mafic rocks

With the exception of two andesite samples showing relatively
high (>4%) loss on ignition (LOI), most mafic samples display
relatively low LOI. This, together with consistent variations of
both immobile and mobile elements on the primitive mantle-
normalized patterns and constricted Sr—Nd isotopic compositions
of the mafic rocks, suggests that they have undergone insignif-
icant post-eruption alteration. Therefore, we believe that the
elemental variations in these samples could be ascribed to
original magmatic processes and can be used for characterizing
the magma source of these rocks.

The basaltic and basaltic andesite samples show relatively
higher concentrations of MgO (up to 5.8%) and Fe,O3* (6.7—
11.4%) and lower silica contents (SiO; =49.4-56.9%) than
those of any crustal materials (Rudnick & Gao 2003) or crust-
derived melts (e.g. Patifio Douce & McCarthy 1997), clearly
arguing for a mantle source. However, their Mg-number (50-52),
and Cr and Ni abundances are not elevated enough for them to
be qualified as primary mantle melts. Instead, these rocks may
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Fig. 4. Chondrite-normalized REE patterns (a, ¢) and primitive mantle-normalized trace element spidergrams (b, d) for the mafic and felsic suites from
the Sonidzuoqi volcanic rocks. Normalization values are from Sun & McDonough (1989). The data for oceanic island basalt (OIB), normal mid-ocean
ridge basalt (N-MORB) and enriched mid-ocean ridge basalt (E-MORB) are also from Sun & McDonough (1989).

represent residual liquids that have undergone some crystal
fractionation, most probably of olivine and pyroxene, from a
more magnesium-rich parental magma either in magma cham-
bers or en route to the surface. This is consistent with the
presence of olivine and pyroxene as dominant phenocrysts in the
mafic rocks.

Among conceivable mantle sources, the asthenosphere is
distinct from the lithospheric mantle by its different rheology and
evolutionary history. The former is generally hot and convective,
and has a depleted or primitive mantle character in both chemical
and isotopic compositions owing to the circulation of incipient
melts from low degrees of melting, whereas the latter is cold and
conductive with enriched isotopic compositions because of its
long isolation from the convective mantle and interaction with
magmas. In our case, as is specifically demonstrated by the Late
Carboniferous gabbroic diorites (3Sr/%Sr; ~ 0.7052, eng(t) ~
+2.4) from Sonidzuoqi (Chen et al. 2000) and numerous mafic—
ultramafic complexes from the neighbouring regions (Wu et al.
2004; Zhang et al. 2010a), the lithospheric melts from this
orogenic belt seem to have a more enriched isotopic composition
and Neo- to Mesoproterozoic Nd model ages (mainly 0.78—1.25
Ga). On the other hand, the asthenospheric melts as represented
by the early Permian Xilinhot tholeiitic lavas have a highly

B Mafic suite
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Fig. 5. Plot of initial exg(7) and ¥7Sr/%¢S; for the Sonidzuoqi volcanic
rocks. DM, depleted mantle source; EMI and EMII, enriched mantle I
and II sources; fields for DM, MORB and OIB are from Zindler & Hart
(1986). Field for regional lithospheric melts is based on the data from
Chen et al. (2000), Wu ef al. (2004) and Zhang et al. (2010a).
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Fig. 6. Initial 2°°Pb/2%*Pb v. 2°8Pb/2%Pb and 27Pb/>**Pb for the
Sonidzuoqi volcanic rocks. Fields for -lMORB (Indian MORB), P&N
MORB (Pacific and North Atlantic MORB) and OIB are from Barry &
Kent (1998) and Hoffman (2003); NHRL (Northern Hemisphere
Reference Line) from Zindler & Hart (1986); Smoky Butte lamprophyres
from Fraser et al. (1985). MORB, mid-oceanic ridge basalt; OIB, oceanic
island basalt; EMI, enriched mantle 1.

depleted isotopic composition (37Sr/%0Sr; ~ 0.703—0.705, eng(t)
~ +6.9 to +8.0) and younger Nd model ages (Tpm = 0.39-0.56
Ga) (Zhang et al. 2008) that are consistent with the Middle—Late
Paleozoic ophiolites in the region (Miao et al. 2007; Jian et al.
2008).

As shown above, our mafic rocks exhibit distinctive elemental
and isotopic characteristics. Two basalt samples show high
contents of TiO, and P,0s, elevated HFSE, low La/Nb and high
La/Ba ratios, OIB-like Sr—Nd—Pb isotopic composition and
Neoproterozoic Nd model age (0.8 Ga). Such Nb-enriched
basalts are generally thought to be derived from the partial
melting of the slab melt—metasomatized mantle wedge peridotite
(Sajona et al. 1996; Aguillon-Robles et al. 2001; Wang et al.
2007). This general origin seems to be compatible with the
geochemical characteristics of these Nb-enriched basalts.

In contrast, the majority of our mafic rocks exhibit a more
depleted isotopic composition (¥7Sr/*°Sr; = 0.7037-0.7039,
end(t) = +4.67 to +6.79, 2°Pb/2%Pb; = 17.94-18.11) that is
consistent with a MORB-like asthenospheric component.
Furthermore, the selective enrichment of LILE and LREE over

HFSE in these samples leads to high La/Nb (3.0—4.4), Ba/Nb
(69—149), and Zr/Nb ratios (28—34), and low La/Ba and Ce/Pb
(7.2-8.6), comparable with those of arc volcanic rocks world-
wide (e.g. Stern 2002). In general, such geochemical features can
be attributed either to partial melting of a mantle source that was
previously enriched in LILE and LREE by distinct metasomatic
agents (e.g. fluid, silicic or carbonatite melt) prior to magma
generation, or to extensive crustal contamination of MORB (or
OIB)-like melts during magma emplacement.

For these rocks, their relatively primitive Sr—Nd isotopic
compositions and the lack of any systematic correlated variations
of %7Sr/®Sr; and eng(r) with SiO, (Fig. 7) exclude crustal
contamination from having played any significant role in their
genesis. Moreover, crustal assimilation during emplacement
would result in more variable contamination in the case of
sedimentary rocks or more uniform contamination in the case of
continental crust, but not the coupled enrichment in more mobile
highly incompatible lithophile elements (e.g. U) and negative
Nb—Ta—Ti anomalies (Zhou et al. 2004). In addition, unimodal
zircon age populations provide another piece of evidence that
there was very little crustal contamination. As such, we attribute
these geochemical signatures to metasomatism induced by the
fluids or silicate melts released from a descending and dehydrat-
ing slab during the earlier subduction of the Palaco-Asian Ocean.

With these distinctive subduction-related trace elemental and
MORB-like isotopic characters, the mafic rocks are reminiscent
of numerous coeval and modern analogues, such as the Early
Permian Karamay mafic intrusions from the West Junggar fold
belt of NW China (Chen & Arakawa 2005), the mafic lavas from
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the North Anatolian Block of northwestern Turkey (Kiirkciioglu
et al. 2008) and the high-K calc-alkaline basalts from the
Northern Taiwan Volcanic Zone (Wang et al. 2004). All of these
analogues are interpreted to have an origin consistent with partial
melting of a metasomatized asthenospheric mantle within a post-
subduction tectonic regime (Wang ef al. 2004; Chen & Arakawa
2005; Kiirkciioglu et al. 2008).

Tectonic affiliation of mafic rocks with a within-plate setting is
also evident on some discrimination diagrams. For instance,
many mafic samples have high Ti/V (50—100) typical of within-
plate basalt (Fig. 8a). All the samples narrowly plot in the field
of within-plate basalt on both the Zr/Y—Zr plot of Pearce &
Norry (1979) (Fig. 8b) and the Ti—Zr—Y plot of Pearce & Cann
(1973) (Fig. 8c). Therefore, we suggest that two distinctive
mantle sources (i.e. one a fluid-metasomatized asthenospheric
mantle component and the other a fluid-metasomatized litho-
spheric component) were involved in the generation of the
Sonidzuoqi mafic volcanic rocks, possibly in a within-plate
extensional regime.

Petrogenesis of the felsic rocks

As with the mafic rocks, most felsic samples show low LOI and
consistent trace elemental variations on the primitive mantle-
normalized diagrams indicative of insignificant post-eruption
alteration. This makes it feasible for the elemental variations in
these samples to fingerprint their magma sources.

As shown above, most felsic samples have high alkali
contents, low CaO and P,Os, small negative Eu anomalies,
elevated Ba and Sr, and low abundances of Nb, Ta and Ti. These
are typical of major and trace element geochemical features of
undifferentiated I-type magmas (Landenberger & Collins 1996),
but not S-type magmas (Clemens 2003). Specifically, these rocks
plot mostly in the field of A-type granite in the K,O + Na,O wv.
Ga/Al diagram of Whalen et al. (1987) (Fig. 9a) but mainly in
the fields of M-, I- and S-types in the FeO*/MgO and Nb v. Ga/
Al diagrams of Whalen et al. (1987) (Fig. 9b and c). In the
FeO*/MgO and (KO + Nay,0)/CaO v. (Zr + Nb + Ce + Y)
diagrams of Whalen et al. (1987) (Fig. 9d and e), most samples
straddle the fields between unfractionated I- and A-type granite.
Furthermore, their compositional trends bear a close resemblance
to that of Caledonian-type post-collisional granites of Britain in
the MALI v. SiO, diagram of Frost ef al. (20015) (Fig. 3c and
d). This is also consistent with their distribution in the Rb v. Y +
Nb diagram of Pearce ef al. (1984). As shown in Figure 9f, the
felsic rocks mainly plot in the field of volcanic arc granite but
mostly also plot in the post-collisional field of Pearce (1996).
Such ambiguities are typical for post-collisional granitoid suites
in general (Pearce 1996), and suggest a transition from calc-
alkaline to alkaline magmatic series in orogenic to post-orogenic
tectonic settings (Barbarin 1999). Therefore, the Sonidzuoqi
felsic volcanic rocks can be described as a post-collisional
alkaline-calcic to alkaline I-type suite.

Multiple petrogenetic models have been proposed for the
origins of such felsic magmas, including: (1) crustal assimilation
and fractional crystallization (AFC) of mantle-derived basaltic
magma (Moghazi 2003; Chen & Arakawa 2005; Sisson et al.
2005); (2) partial melting of K-rich meta-andesitic to basaltic
protoliths under crustal conditions (Roberts & Clemens 1993;
Borg & Clynne 1998; Altherr ef al. 2000; Roberts et al. 2000;
Ferré & Leake 2001; Sisson et al. 2005; Guo et al. 2009; Topuz
et al. 2010; Zhang et al. 2010a); (3) hybridization between
mantle-derived and crustal magmas (Kiister & Harms 1998;
Clemens et al. 2009).
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Hybridization processes involving magma mixing or crustal
assimilation during magma emplacement appear to have been
insignificant. To begin with, the considerable overlap of the
initial isotope ratios between felsic and mafic rocks is incon-
sistent with what might be expected in the case of magma
mixing and crustal assimilation. Furthermore, undercooled mag-
matic inclusions and xenocrystic inherited zircons, typical in-

dicators for magma hybridization process (e.g. Bonin 2004), are
rarely observed within the felsic rocks.

Given the coexistence of the coeval mantle-derived mafic
magmas and the experimental work of Sisson ez al. (2005) that
substantial amounts of high-K felsic magmas could be produced
by advanced crystallization—differentiation of medium- to
high-K basaltic sources, it is tempting to ascribe our felsic rocks
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to a fractional crystallization process. However, several argu-
ments are against this possibility. First, most felsic samples are
characterized by Ca/Sr (5.7-14), Rb/Sr (0.15-0.24), Rb/Ba
(0.04-0.18) and K/Ba (23—39) ratios that are comparable with
those of the unfractionated parental magmas for I- or A-type
rhyolitic melts (Landenberger & Collins 1996; Jung et al. 1998).
These little fractionated elemental characters, plus their small
negative Eu anomalies, seem to rule out an origin by extensive
fractional crystallization. Second, the present case lacks a
continnum in rock type and composition that is generally
expected for a magma differentiation model (Whitaker er al.
2008) as in the cases of the high-K calc-alkaline Dokhan
volcanic suite (Moghazi 2003) and the high-K calc-alkaline
volcanic suite from the northern Tianshan range (Wang et al.
2007). The differentiated felsic products in these cases consis-
tently develop chondrite-normalized REE patterns with a con-
cave-upward shape. Third, the majority of our felsic samples plot
along a vertical line in the La/Sm v. La diagram (Fig. 10), a
feature restricted to the process of partial melting (Allegre &
Minster 1978). Nevertheless, fractional crystallization has also
played a part in the intra-suite evolution of the felsic rocks, as
shown by the distribution of a few samples along a subhorizontal
line (Fig. 10).

As has been well documented by numerous case studies (Borg
& Clynne 1998; Altherr ef al. 2000; Roberts et al. 2000; Ferré &
Leake 2001; Guo et al. 2009; Topuz et al. 2010; Zhang et al.
2010a), a K-rich meta-andesitic to basaltic protolith has been
consistently proposed for the generation of high-potassium calc-
alkaline I-type magmas. Likewise, it seems reasonable to
envisage a similar scenario of partial melting of newly under-
plated basaltic arc crust for the genesis of our felsic rocks, as
supported by the following arguments.

First, these rocks share many features with typical arc
magmas, including the arc-like REE patterns, LILE enrichment
and negative Nb—Ta anomalies in the spidergrams. Second, their
highly positive exg(z) and low 37Sr/%®Sr; ratios indicate that
juvenile mantle-derived materials must dominate in the source,
and their very young Nd model ages (537-576 Ma) suggest their
ultimate derivation from an Early Palaecozoic continental litho-
sphere. Third, recent experimental work has shown that partial
melting of underplated arc basaltic rocks could yield geologically
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important volumes of medium- to high-K felsic magmas at
middle to lower crustal pressures (Sisson et al. 2005).

Irrespective of the precise nature of the protoliths, an external
heat input is a prerequisite for partial melting of the middle to
lower crustal rocks to produce felsic magmas. In our case this
heat engine is realized by the continuation of basaltic under-
plating since the Late Carboniferous, as witnessed by the mafic
magmas discussed herein and c¢. 280 Ma asthenospheric melts
from the neighbouring region (Zhang et al. 2008).

Such favourable coupling between newly underplated basaltic
protolith and sustained heat input is reminiscent of that of the
Triassic I-type granites from the New England Fold belt of
eastern Australia (Landenberger & Collins 1996), the Late
Permian to Early Triassic high-K calc-alkaline granites in the
northern Liaoning Block of north China (Zhang et al. 2010a)
and the Early Cretaceous felsic volcanic rocks from the Hinggan
Mountains of NE China (Guo et al. 2009). In this scenario,
mantle-derived magmatic underplating during post-collisional
thermal relaxation and extension provides both continued heat
supply and newly mantle-derived material to the base of the
lower crust. These primitive magmas differentiate to form
gabbros and ferrodiorites and thus constitute juvenile lower crust.
The heat supply from further underplating owing to rising
asthenosphere during continued rifting is capable of elevating
lower crustal temperatures to above 900-950 °C (Huppert &
Sparks 1988). This leads to partial remelting of a mixed
protolith, which contains the newly underplated basaltic lower
crust and old lower crustal materials, to yield parental magma for
the I-type felsic rocks with small but significant degrees of
isotope heterogeneity.

Such a mixed source character is similar to the two-component
source model of Wu et al. (2002) for the Phanerozoic granitoids
in NE China, which envisions that they were produced by
melting of a mixed lithology containing lower crustal material
that was underplated by a basaltic magma. We can adopt this
model to estimate the proportions of juvenile and ancient crustal
components involved in the genesis of our felsic rocks. In the
model, the newly underplated mafic crust and the ancient lower
crust constitute two major components. Modelling results show
that the juvenile component that resulted from mantle-derived
magmatic underplating has played an essential role in the genesis
of the Sonidzuoqi felsic rocks (Fig. 11a and b).

Geodynamic implication

Late Palaecozoic palacogeographical and tectonic reconstructions
of the northern China—Mongolia tract indicate that the last
domain of the Palaco-Asian Ocean between the northern and the
southern continental blocks existed along the Solonker suture
zone (Xiao et al. 2003; Shen et al. 2006; Jian et al. 2010).
Current highlighted issues concerning this terminal zone include
the evolved tectonic affinity of the opposite-facing continental
blocks, subduction polarity and the time of final suture.

Bimodal igneous associations from different geodynamic
environments commonly exhibit distinct geochemical affinities
and diagnostic mafic—felsic magma relationships (e.g. Pin &
Paquette 1997). Post-collisional extensional settings are often
typified by coeval medium- to high-K calc-alkaline mafic—felsic
igneous suites with contrasting metasomatized mantle and lower
crustal sources (Bonin 2004). In our case, this study and previous
investigation on the Early Permian mafic igneous rocks from the
northern continental block (Zhu et al. 2001; Lii et al. 2002;
Zhang et al. 2008) document successive asthenospheric and
lithospheric mantle-derived mafic melts. Such dual metasoma-
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tized mantle sources can be typically tapped by upwelling of
asthenosphere following lithospheric delamination or slab break-
off in a post-subduction extensional regime, such as that of the
Neogene volcanism in Algeria (Coulon et al. 2002), the Neogene
magmatism in northern and southern Tibet (Maheo et al. 2002;
Williams et al. 2004) and the Pliocene magmatism in the
Northern Taiwan Mountain belt (Wang et al. 2004).

For the felsic rocks, their derivation from a newly underplated
lower crust bears close resemblance to numerous counterparts
from typical post-collisional igneous associations in many oro-
genic belts (Altherr et al. 2000; Roberts et al. 2000; Ferré &
Leake 2001; Moghazi 2003; Clemens et al. 2009; Topuz et al.
2010), which are commonly attributed to decompression follow-
ing delamination of the lithospheric root or slab breakoff. With

Nd. = 25 ppm, Nd,,, = 15 ppm (Wu et al.
2003; Jahn 2004).

these diagnostic signatures, the Sonidzuoqi mafic and felsic
volcanic rocks seem to represent a typical bimodal high-K
magmatic association developed under a post-collisional exten-
sional regime (Fig. 12).

This typical magmatic association, together with Carbonifer-
ous (328-308 Ma) variably foliated calc-alkaline plutonism
(Chen et al. 2000; Bao et al. 2007; Liu et al. 2009) and Early
Permian (284-274 Ma) bimodal volcanism (Zhang et al. 2008)
and undeformed A;-type plutonism (Wu et al. 2002; Shi et al.
2004), constitute a continuous magmatism developed on a
convergent continental margin. The transition in magmatic
character reflected the shift in geodynamic regime from an
earlier continental arc environment to a later extensional regime.
This further suggests that the continental crust was undergoing a
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progressive thinning and can be interpreted as resulting from
post-collisional orogenic collapse (Ménard & Molnar 1988).

Southern Mongolia also witnessed a similar transition from
Carboniferous island-arc magmatism to Early Permian extension-
related magmatism (Blight et al. 2010a,b). The latter, as
represented by the Hanbogd alkaline pluton (Kovalenko er al.
2006; Yarmolyuk et al. 2008), the Mandakh syenite and the
North Mandakh peralkaline granite (Blight et al. 2010a), con-
stitutes a diagnostic A,-type igneous suite generally found in an
extensional environment during post-orogenic stages (Eby 1992).
Such consistency in magmatic evolution substantiates the propo-
sition that the northern continental block of northern China is the
eastern continuation of the Hutag Uul Block of southern
Mongolia.

As documented in various orogenic belts (e.g. Jacobs et al.
2008; Goodenough et al. 2010) and synthesized by Bonin
(2004), the transition from collisional to post-collisional magma-
tism can be explained in terms of a series of crust—mantle
interaction processes, which commence with lithospheric stack-
ing, followed by slab breakoff and lithospheric delamination.
Such breakoff or delamination allows hot asthenospheric material
to well up, promoting melting and leading to underplating of
mafic rocks (Schott & Schmeling 1998). These underplated
magmas may have provided the heat necessary for melting of the
existent mafic to intermediate lower crustal rocks to produce
medium- to high-K felsic magmas such as the Sonidzuoqi
rhyolites.

Most recently, Jian et al. (2010) proposed an intraoceanic arc—
trench system above a south-dipping subduction zone on the
basis of a geochronological and geochemical study of the
ophiolitic rocks from the Solonker suture zone. This resulted in a
sequence of Permian tectonic—magmatic events during the life
cycle of a suprasubduction-zone-type ophiolite, including pre-
subduction (c. 299-290 Ma), subduction initiation (c. 294—
280 Ma) and ridge—trench collision (c. 281-273 Ma) (Jian ef al.
2010). Whereas ridge—trench collision terminates formation of
this ophiolite, the mechanism for subduction initiation remains
unsolved.

With the documentation of a slab breakoff or delamination
regime in the north-dipping subduction system during Early
Permian time (this study; Zhang et al. 2008; Blight et al. 2010a),
it follows that the north-dipping slab breakoff beneath the
northern continental block may have coincided with south-
dipping intra-oceanic subduction initiation (Fig. 12). Such syn-

chronicity is a natural corollary rather than a surprise. A modern
analogue to slab breakoff as the mechanism for flipping of
subduction polarity has been documented in the Taiwan moun-
tain belt (Teng et al. 2000), where the breaking off of the east-
dipping Eurasian slab beneath the Taiwan orogen in the early
Pliocene triggered the north-dipping subduction of the Philippine
Sea plate beneath north—central Taiwan. By analogy, we suggest
that the slab breakoff of the north-dipping Palaco-Asian oceanic
plate beneath the northern continental block during the Early
Permian led to the switch in subduction polarity in the Solonker
suture zone and initiated the south-dipping subduction as
recorded by the Solonker ophiolite.

Implication for Phanerozoic crustal growth

As in the cases of the New England and Lachlan Fold Belts in
southeastern Australia (King et al. 1997), the Newfoundland
Appalachians in Canada (Whalen et al. 1996), the Niger—
Nigerian province (Kinnaird & Bowden 1987) and the Arabian—
Nubian shield (Mushkin ez al. 2003), the widespread occurrence
of felsic igneous rocks with mantle-like isotopic signatures in the
Central Asian Orogenic Belt attest to this being a significant site
of Phanerozoic crustal growth (e.g. Wickham et al. 1996;
Heinhorst et al. 2000; Wu et al. 2002, 2003; Jahn 2004; Chen &
Arakawa 2005; Helo et al. 2006; Zhang et al. 2008, 2010a).

Given the juvenile affinity of the felsic rocks in this study, we
adopted the equation of DePaolo ef al. (1991) that was applied to
the Phanerozoic granitoids in the Central Asian Orogenic Belt
(Wu et al. 2003; Jahn 2004), to estimate the proportions of
juvenile components in them. Modelling results show that the
juvenile component represents about 91-94% (Fig. 11b), higher
than the c¢. 65-90% of juvenile crust in the granites from NE
China (Wu et al. 2003; Jahn 2004).

In contrast to lateral crustal growth through accretion of
arc complexes and subduction-zone magmatism during pre-
collisional stages (Sengdr et al. 1993; Windley et al. 2007), this
study, together with our previous documentation of Early
Permian bimodal volcanic rocks from central Inner Mongolia
(Zhang et al. 2008) and Late Permian to Early Triassic mafic to
felsic intrusive rocks from the North Liaoning Block of north
China (Zhang et al. 2010a), reinforces the increasingly recog-
nized importance of post-collisional to post-orogenic vertical
accretion in Phanerozoic continental crustal growth (Jahn 2004).
Moreover, these case studies exemplify a crustal continuum
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growth model that involves progenitor basaltic extraction, resul-
tant magmatic underplating, intermediary differentiation, juvenile
lower crustal anatexis and subsequent magma fractionation.

This model takes a distinctive flavour from the differentiation
model of Chen & Arakawa (2005) with reference to the Late
Carboniferous granitoids from NW China. The latter visualizes
that high-silicic magmas could evolve from contemporaneous
basaltic magmas by protracted fractional crystallization during
post-collisional extension and thus represent production of
juvenile continental crust in the Phanerozoic. This indicates that
both mechanisms can convert a basic crust into a felsic one and
thus result in voluminous Phanerozoic vertical crustal growth in
the Central Asian Orogenic Belt.

Conclusions

SHRIMP zircon U-Pb dating constrains an Early Permian
extrusive age of ¢. 289-287 Ma for the late Paleozoic volcanic
rocks at Sonidzuoqi in western Inner Mongolia, north China.
Geochemical and isotopic tracing indicates that the mafic rocks
were probably derived from partial melting of dual subduction-
related metasomatized asthenospheric and lithospheric mantle,
whereas the felsic ones were formed through partial melting of
mixed protoliths composed of predominant newly underplated
mafic lower crust and minor ancient crustal materials. This high-
potassium mafic and felsic calc-alkaline magmatic association
serves as a critical link between Carboniferous calc-alkaline
plutonism and Early Permian bimodal volcanism and A-type
plutonism. Taken together, they constitute an evolved magmatic
system developed on a convergent continental margin and reflect
the shift in geodynamic setting from an earlier continental arc
environment to a later post-collisional extensional regime. This
study not only provides an ancient case example with slab
breakoff as the mechanism for flipping of subduction polarity,
but also documents a typical case of vertical continental crustal
growth within a post- collisional extensional regime of slab
breakoff.
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