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PLUME-LITHOSPHERE INTERACTION IN THE GENERATION OF THE
TARIM LARGE IGNEOUS PROVINCE, NW CHINA:
GEOCHRONOLOGICAL AND GEOCHEMICAL CONSTRAINTS

XUN WEI*#* YI.GANG XU*', YUE-XING FENG***, and JIAN-XIN ZHAO***

ABSTRACT. The magmatism in the early Permian Tarim large igneous province
(TLIP) in NW China is represented by basaltic lava flows in Keping and ultramafic-mafic-
felsic intrusions and mafic dikes in Bachu, northwestern Tarim Craton. This paper
reports new Ar-Ar dating results and chemical compositions of Keping basalts and
Bachu dikes, with aims of better characterizing the timing of and mantle/crustal
contribution to the TLIP. The Keping basalts yield two well-defined *°Ar/?>?Ar plateau
ages of 287.3 = 4.0 Ma and 287.9 = 4.1 Ma, which, together with age data from the
literature, define a magmatic event at ~289 Ma. The intrusions and dikes in Bachu are
believed to have formed at ~279 Ma based on screened literature data. Thus, they
together define two magmatic episodes. The Keping basalts, representing the earlier
episode, have alkaline affinity (SiO, = 44.0-47.9 wt.%, Na,O + K,O = 3.7-4.9 wt.%),
low MgO (4.3-5.9 wt.%) and high TiO, (3.8-5.1 wt.%) contents, showing fractionated
chondrite-normalized LREE and nearly flat HREE patterns [(La/Yb)y = 6.27-7.71;
(Dy/Yb)y = 1.36-1.48] with noticeable negative Nb and Ta anomalies in the primitive
mantle-normalized trace element diasgram. They have negative and relatively uniform
ena(t) (—2.3 to —3.8) and low (*°°Pb/?**Pb); (17.43-17.57). We argue that these
“crustal signatures” cannot be attributed to crustal assimilation because neither £4(t)
nor (*°°Pb/?**Pb); correlates with SiO,; rather they are more likely derived from a
sub-continental lithospheric mantle (SCLM) source metasomatized by subduction-
related processes. The Bachu dikes, representing the later episode and confined to the
margins of the Tarim Craton, have similar MgO (3.6-5.4 wt.%) and TiO, (3.1-4.7 wt. %)
contents to the Keping basalts, and display more fractionated REE patterns [(La/
Yb)y = 10.1-14.0; (Dy/Yb)y = 1.79-1.99]. They have variable isotope compositions
[ena(t) = —0.3-4.8, (2°Pb/2%4Pb), = 17.50-18.11] and display OIB-like trace element
signatures. Correlations between isotopic and trace element ratios indicate that some
dikes with low £y4(t) and low initial Pb isotope ratios could have been subjected to
crustal assimilation. We propose a model involving plume-lithosphere interaction to
account for the two discrete magmatic episodes with distinct mantle sources in the
TLIP. The earlier episode was formed in response to the impact of a sub-lithospheric
mantle plume at the base of the SCLM. Partial melting of the metasomatized
lithospheric mantle was triggered by temperature increase due to conductive heating
of the impregnating mantle plume. The later episode was generated by decompression
melting of the mantle plume, as a result of deflection of the plume towards the margins
of the Tarim Craton with thinner lithosphere.

Key words: Tarim large igneous province, **Ar/*?Ar dating, Keping basalts, Bachu
dikes, lithosphere-mantle plume interaction, plume deflection

INTRODUCTION

Large Igneous Provinces (LIPs) occur as a result of widespread (>10° km?) and
voluminous (>10° km®) mafic magmatism which, together with minor associated felsic
and silica-undersaturated alkaline components, have a maximum lifespan of ~50 Ma
and are characterized by igneous pulses of short duration (1-5 Ma) (Bryan and Ernst,
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2008). They are often associated with the arrival of deep mantle plumes at the base of
the lithosphere (Richards and others, 1989, 1991; Campbell and Griffiths, 1990;
Griffiths and Campbell, 1990; Hill and others, 1992; Courtillot and others, 2003; He
and others, 2003; Xu and others, 2004a; Campbell, 2005; Wolfe and others, 2009). The
Permian is an important period in the earth’s history, and is characterized by the
emplacement of two well-known LIPs including the ~251 Ma Siberian Traps in Russia
(Campbell and others, 1992; Lightfoot and others, 1993; Arndt and others, 1998;
Reichow and others, 2002, 2009) and the ~260 Ma Emeishan LIP in SW China (Chung
and Jahn, 1995; Xu and others, 2001, 2004a; Zhou and others, 2002). The early
Permian volcanic rocks and intrusions are also abundant in the Tarim Craton, NW
China and they represent another Permian LIP (Yang and others, 2007; Bryan and
Ernst, 2008; Zhang and others, 2008a; Tian and others, 2010). Understanding the
mechanism and geodynamic processes that were responsible for the formations of
these LIPs will contribute significantly to the understanding of mantle geochemistry
and mantle plumes.

The early Permian Tarim LIP (TLIP) in northwest China covers an area of more
than 250,000 km? and consists of predominant basaltic lava flows, ultramafic-mafic-
felsic layered intrusions, felsic volcanic rocks and dikes, mainly outcropping in Keping,
Bachu and Damusi areas in the western Tarim Craton (Chen and others, 1997a; Jiang
and others, 2004; Yang and others, 2006b, 2007; Li and others, 2008; Zhang and others,
2008a, 2010b, 2010c; Zhou and others, 2009; Tian and others, 2010; Yu and others,
2011b). The formation of the TLIP has been attributed to a mantle plume (Pirajno and
others, 2008; Zhang and others, 2008a, 2010a, 2010b), but the model is not yet fully
demonstrated. For instance, short duration (~1 Ma) is a key feature of plume
head-generated LIPs (White and McKenzie, 1989; Griffiths and Campbell, 1990), but
available data show a relatively long duration (~5 Ma) for the TLIP (Tian and others,
2010; Yu and others, 2011a; Zhang and others, 2012b). Previous investigations show
that the ultramafic-mafic-felsic layered intrusions and felsic volcanic rocks were formed
at 272 to 284 Ma (Yang and others, 1996, 2006b; Li and others, 2007; Zhang and others,
2008a, 2009b, 2010b; Tian and others, 2010; Wei and Xu, 2011; Yu and others, 2011a).
However, currently available age data on basaltic lavas are highly variable, ranging
from 260 to 293 Ma (Li and others, 2011; Qin and others, 2011 and references
therein). Most of these earlier dates are based on K-Ar techniques, and await confirma-
tion by robust OAr/39Ar dating or other methods. For example, recent LA-ICPMS
zircon U-Pb dating revealed that the basalts in the northern Tarim Craton were formed
at 286 to 291 Ma (Tian and others, 2010), significantly earlier than the intrusive events.
Similar results have been obtained by U-Pb dating of zircons extracted from basalt
flows in Keping (Yu and others, 2011b; Zhang and others, 2012b).

There is debate over the relative roles of lithospheric mantle and crust contribu-
tions to several flood basalt provinces such as the Parana-Etendeka and the Karoo—
Ferrar (for example, Hergt and others, 1991; Arndt and Christensen, 1992; Ellam and
others, 1992; Gibson and others, 1995; Turner and others, 1996; Ewart and others,
1998; Peate and others, 1999; Rocha and others, 2012). A similar debate is still
centering on the origins and petrogenesis of the TLIP (Jiang and others, 2004; Li and
others, 2008, 2012a, 2012b; Zhou and others, 2009; Tian and others, 2010; Zhang and
others, 2010b; Yu and others, 2011b).

With aims of resolving the afore-mentioned issues on the age of the Keping basalts
and petrogenesis, we carried out a systematic investigation into a well exposed section
of early Permian basaltic lavas in Keping and basaltic dikes in Bachu which crosscut
both the Carboniferous-Permian sedimentary rocks and Xiaohaizi syenite complex
(fig. 1). We present new *?Ar/*°Ar data on the Keping basalts, together with a careful
screening of previously published geochronological data to further constrain the age
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Fig. 1. (A) Simplified geological map of northwestern China, showing the distribution of the Permian
basalts, ultramafic-mafic-felsic complexes, A-type granites and rhyolites in the Tarim Craton (modified after
BGMRXUAR, 1993; XIGMR, 2007; Yang and others, 2007). Dms: Damusi section; Wj: Wajilitag area; Xhz:
Xiaohaizi area. The lower right inset shows the locations of the Siberia Traps to the north and the ELIP to
the south (modified after Zhou and others, 2009). (B) Sketch map of the Keping area showing outcrop and
distribution of the Permian basalts (modified after the Wushi geological map of 1/200,000 scale; BGMRXUAR,
1993) and the sample location; (C) Detailed geological map of the mafic and felsic dikes around the
Xiaohaizi syenite complex in Bachu (modified after Yang and others, 2007; Chen and others, 2010). Areas
expanded in figures 1B and 1C are outlined on figure 1A.

of the basaltic lavas from the TLIP. With these dates and newly acquired major and
trace element and Sr-Nd-Pb isotope data, we attempt (a) to investigate the genetic
relationships of the Keping basalts and Bachu dikes, (b) to decipher the relative
contributions of crust, lithospheric mantle and mantle plume, and (c¢) to understand
the role of plume-lithosphere interaction in the temporal and spatial evolution of the
TLIP.

GEOLOGICAL UNITS

The Tarim Craton, located in northwestern China, is bounded by Tianshan
orogenic belt to the north and northwest, Beishan rift to the northeast, Kunlun
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orogenic belt to the southwest and Altyn orogenic belt to the southeast (fig. 1A). The
Tianshan orogenic belt is part of the Central Asian Orogenic Belt (CAOB) which is the
largest Phanerozoic orogen in the world and has a complex evolutional history
represented by multi-stage subduction and juvenile crustal growth (Han and others,
2011 and references therein). The Beishan rift, located in the northeastern part of the
Tarim Craton, was developed during the Carboniferous and Permian (BGMRXUAR,
1993; Su and others, 2012). It is commonly believed that the Tarim Craton was
amalgamated to the CAOB in the late Carboniferous indicated by the West Tianshan
high to ultrahigh pressure metamorphic rocks including coesite-bearing eclogites (Lt
and others, 2008; Han and others, 2011). The Tarim Craton is composed of a
deformed and metamorphosed Precambrian basement consisting mainly of (1) Ar-
chean tonalite-trondhjemite—granodiorite (TTG) gneisses and amphibolites, (2)
Palaeoproterozoic metamorphic mafic and felsic intrusions, schist and marble, (3)
Mesoproterozoic to early Neoproterozoic low grade metamorphic rocks including
metamorphosed carbonate, clastic rocks and granitoids and (4) middle to late Neopro-
terozoic mafic dikes, bimodal volcanic rocks, granitoids and glacial deposits, which
crop out along the margins of the craton, for example, Kuluketage, Keping, Altyn and
southwestern Tarim (BGMRXUAR, 1993; Hu and others, 2000; Xu and others, 2005,
2009; Zhang and others, 2007, 2012a; Lu and others, 2008; Long and others, 2010,
2011; Cao and others, 2011; Zhu and others, 2011). The basement is overlain by a thick
sequence of Phanerozoic shallow marine and terrestrial sandstones, siltstones, shales,
dark limestone, chert and volcanic rocks (BGMRXUAR, 1993; Cao and others, 2011).
Several important phases of igneous activity have been identified in the Tarim Craton,
including Neoarchaean, Palaeoproterozoic, Mesoproterozic, Neoproterozoic and early
Permian events (BGMRXUAR, 1993; Hu and others, 2000; Long and others, 2010).
Among these, the early Permian phase is the most extensive and considered to be a LIP
probably related to mantle plume activity (Li and others, 2008; Pirajno and others,
2008; Zhang and others, 2008a, 2010b, 2010c; Zhou and others, 2009; Tian and others,
2010; Yu and others, 2011b).

Because the majority of the Permian igneous rocks are buried by a thick succes-
sion of post-Permian strata, and exposures around the craton margins are difficult to
access, its full extent is not clear. However, industrial geophysical surveys showed that
the Permian basalts may extend over an area of 250,000 km? in the Tarim Craton (Yang
and others, 2007; Tian and others, 2010). Geophysical data indicate that the lava
thickness exceeds 2500 m in the northern Tarim Craton (Tian and others, 2010). The
early Permian basalts occur mainly in the northwestern and southwestern parts of the
craton, with significant exposures in the Keping area (fig. 1A). In the Keping area, a
complete early Permian basalt succession is exposed in the Yingan, Kupukuziman and
Kaipaizileike areas (fig. 1B). Numerous dikes occur in the Bachu area.

Keping Basalts

The Permian basaltic sections, situated near the Yingan and Kupukuziman village,
about 45 km northeast of Keping in the northwestern Tarim Craton, has been
described in detail by Jiang and others (2004) and Yu and others (2011b). In this area,
late Neoproterozoic to Permian sedimentary strata are well exposed and folded,
providing a good opportunity to investigate the Paleozoic evolution of the Tarim
Craton. The Permian basalt-dominated sequence is divided into the lower to middle
Permian Kupukuziman Formation and the overlying middle Permian Kaipaizileike
Formation (fig. 1B). The Kupukuziman Formation conformably overlies the upper
Carboniferous—lower Permian sedimentary rocks. The lower part of Kupukuziman
Formation mainly consists of graywacke and siltstone, and the upper part of two
discrete basalt units with a total thickness of 10 to 75 m. The two basalt units are
separated by several meters of terrestrial sedimentary rocks and overlain by a ~10 m
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thick grayish-green tuff bed. The overlying Kaipaizileike Formation is subdivided into
two subgroups. The lower subgroup is mainly composed of graywacke and siltstone
with a total thickness of ~800 m and the upper one comprises six basaltic flows
interlayered with fluvial sedimentary rocks with individual basaltic flows ranging from
~20 m to ~70 m thick and total thickness from ~100 to ~400 m. Sedimentary rocks in
the Kupukuziman and Kaipaizileike Formations consist mainly of siltstones and silty
lutites in the upper part, and graywackes and siltstones in the middle and lower parts.
Abundant plant fossils (for example, Lepidodendron sp., Stigmaria ficoides Brongniart)
have been reported in the graywackes, siltstones and silty lutites (Wu and others, 1997),
indicating a terrestrial depositional environment the lavas were erupted into.

Bachu Dikes

The study region is located in the Xiaohaizi area, and is close to the Bachu city, in
the northwestern part of the Tarim Craton. The strata in this area are largely covered
by Quaternary sequences, with a few outcrops occurring around the Xiaohaizi reser-
voir composed of Silurian, Devonian, Carboniferous and lower Permian strata (fig.
1C). The early Permian Xiaohaizi syenite complex is composed of syenite and quartz
syenite, and intrudes the Silurian-early Permian strata. Subordinate olivine-gabbro
cumulates occur around the complex. The mafic dikes in the Xiaohaizi area cross-cut
the sedimentary rocks with nearly vertical dips and variable strikes, but mainly
northwest-trending. The dikes also intrude the Xiaohaizi syenite complex although
some of the dikes intermingle with the syenite. At several outcrops bimodal dikes,
consisting of diabase and quartz syenite porphyry, were observed.

PETROGRAPHY

Keping Basalts

The samples were collected from the Kaipaizileike Formation. They are fine-
grained with variable amounts of plagioclase (1-5%) and clinopyroxene (5-10%)
phenocrysts. Minor olivine phenocrysts (<1%, totally iddingsitized) occur in some
samples. The groundmass contains plagioclase, clinopyroxene and oxides with minor
olivine. A more detailed petrographic description of the basalts has been given by Yu
and others (2010, 2011b).

Bachu Dikes

The Bachu mafic dikes have similar textures to the Keping basalts but contain only
minor plagioclase phenocrysts (<1%). They are moderately altered with plagioclase
partially changed to sericite and clinopyroxene to opaque minerals (for example, Fe-Ti
oxide).

ANALYTICAL METHODS

Sample chips (~1 cm in size) obtained from the central parts of the samples were
washed once with tap water, and then twice with 2 percent HCI followed by twice with
Milli-Q water. They are hand-picked to avoid weathering rinds, amygdales, veins and
areas of strong alteration. One split of picked chips was powdered in a tungsten carbide
mill for major element analysis, while a second was further crushed to 0.6 to 1.0 mm
size in a tungsten carbide percussion mill, washed twice with Milli-Q water in an
ultrasonic bath for 20 minutes and then powered by hand in an agate mortar under a
fume hood for trace element and isotope analysis.

Major element analyses were performed at the Guangzhou Institute of Geochem-
istry, Chinese Academy of Sciences (GIG-CAS). Trace element and Sr-Nd-Pb isotope
analyses were carried out at the University of Queensland, Australia. Major element
oxides were determined by standard X-ray fluorescence (XRF). Samples were pre-
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pared as glass discs using a Rigaku desktop fusion machine. Analyses were performed
on a Rigaku ZSX100e instrument at GIG-CAS following the procedure described by Li
and others (2006). Analytical uncertainties are mostly between 1 percent and 5
percent.

Approximately 60 mg of each rock powder was dissolved in Savillex™ Teflon
beakers with a distilled HF-HNOg (4:1) mixture. The dissolution was maintained on a
hotplate at 110 °C for 7 days. The solutions were then dried down to evaporate HF. The
sample residues were re-dissolved with double quartz-distilled concentrated HNOq
followed by 1:1 HNOg and dried again. Finally, the samples were dissolved in a final 8
ml 5 percent HNOyj stock solution. A weighed aliquot of this stock solution, correspond-
ing to ~2 mg of the starting g)owder, was mixed with an internal standard containing
S5Li, ®INi, Rh, In, Re, Bi, and ?**U and diluted with 2 percent HNOg to achieve a final
dilution factor of about 1:5000 for trace element analysis. The remaining stock
solution was retained for Sr-Nd-Pb column chemistry. These analyses were performed
at the Radiogenic Isotope Facility, School of Earth Science, the University of Queens-
land on a Thermo XSeriesII ICP-MS following the protocol of Eggins and others
(1997) with modifications as described in Kamber and others (2003) and Li and others
(2005). USGS standard W2 was used as a calibration standard and cross-checked with
BIR-1. Instrumental drifts in mass reponse ware corrected with both the multi-element
internal standard and an external drift monitor. Average full procedural blank values
(mean of three separately prepared blanks from three runs, in pg, 1o SD) for the key
elements of this study are as follows: La (2.1 = 1.0), Sm (0.8 = 0.6), Nd (4.0 = 2.3), Lu
(0.1 £0.1), Nb (21.4 = 3.1), Ta (16.2 = 2.9), Th (0.7 = 0.3), U (0.8 = 0.4) and Pb
(31.2 = 1.5).

Isotope ratios of Sr, Nd and Pb were obtained on the remaining stock solution left
from the trace element analyses. Sr, Nd and Pb chemical separations were performed
following a modified procedure described by Pin and Zalduegui (1997), Deniel and
Pin (2001) and Mikova and Denkovd (2007). Strontium was separated from Rb and
purified using Sr-Spec resin and deposited on Ta filaments with TaF;. Sr isotope ratios
were measured fully automatically on a 20-year-old VG Sector 54 thermal ionization
mass spectrometer (TIMS) in a three-sequence dynamic mode using 86gyr/88sr =
0.1194 for exponential mass fractionation corrections. The NBS-987 standard was used
as a monitor of the detector efficiency drift of the instrument. It was repeatedly
measured during the analysis of the samples (n = 45) and yielded an average of
0.710222 = 20 (20). The deviation of this mean value from the laboratory’s previously
obtained long-term average of 0.710249 = 28 (20) was used to correct for all samples.
Nd was separated using Ln-Spec resin (Pin and others, 1997). Nd isotopes were
analyzed fully automatically on a Nu Plasma multi-collector inductively coupled plasma
mass spectrometer (MC-ICPMS), using a three-sequence dynamic procedure. Instru-
mental bias and mass fractionation were corrected for by normalizing raw ratios to
MONd/"**Nd = 0.7219. During the period of this study, the Ames Nd metal standard
was used to estimate reproducibility (0.000016; 20, n = 17), and the 13N d /1Nd data
are presented relative to an Ames Nd metal '**Nd/'**Nd value of 0.511966. Accuracy
was assessed by analyzing the JNdi-1 Nd standard and the BHVO-2 USGS rock
standard. The JNdi-1 standard yielded '**Nd/'"**Nd = 0.512118 = 9 (20, n = 11),
consistent with the expected value: 0.512115 % 7 (Tanaka and others, 2000), and
BHVO-2 yielded "3Nd/"™Nd = 0.512982 + 6 (20, n = 2), identical to the recom-
mended value (GeoReM: http://georem.mpch-mainz.gwdg.de/). Purification and
elution of Pb were performed following a modified HCI procedure using Sr-spec resin
(Deniel and Pin, 2001; Mikova and Denkova, 2007). Lead separated by column
chemistry was doped with 4 ppb thallium with a **>T1/°*T1 ratio of 0.23875 used for
mass fractionation correction. Repeated analyses of NBS 981 yielded average ratios of
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208pb/**'Pb = 36.7046 * 140, **"Ph/**'Pb = 15.4938 * 38, **°Pb/**'Pb = 16.9361 +
47 (n = 38, 20). Lead isotope data are given relative to NBS 981 values of ***Pb/
20ph = 36.7179, 2°7Pb/?**Pb = 15.4944, 2°°Pb/?**Pb = 16.9410 as reported by
Collerson and others (2002).

For *°Ar/*°Ar dating, samples were obtained from the cores of basalt blocks.
Groundmass fragments were carefully hand-picked under a binocular microscope
from crushed rocks (40-60 mesh size fractions). The samples were cleaned with
acetone followed by further cleaning with Milli-Q water in an ultrasonic bath for 15
min and then dried at 90 °C. Samples and monitor standard ZBH-2506 Biotite were
wrapped in aluminum foil, sealed in a quartz ampoule and then irradiated for 54 h in
the 49-2 reactor in Beijing. The jfvalues for the samples were determined using
ZBH-2506 Biotite (132.5 Ma) as a flux monitor. To obtain Jvalues for unknown
samples, the monitor ZBH-2506 was packed between every four samples in quartz
tubes, each tube containing four packets of ZBH-2506. Based on the Jfvalues and the
positions of ZBH-2506 in the sample tube, a regression line was obtained for each
sample tube, and then the jfvalues for the unknown samples were calculated by
interpolation from the regression line. A fvalue uncertainty of 0.15 percent (1o) was
considered in the reported ages. The OAr/39Ar dating was performed at GIG-CAS
using a GVb5400 mass spectrometer following analytical procedures described by Qiu
and Wijbrans (2008). Argon gas was extracted from the sample by step-heating using a
COHERENT-50W CO,, continuing laser. The released gases were purified by two Zr/Al
getter pumps operated for 5 to 8 min at room temperature and ~450 °C respectively.
The background of the sample holder is lower than 2 mV pre-experiment and 4 to 6
mV during the experiment after a 5 min evacuation, and the signal of the sample is
controlled within the range of 40 to 200 mV. The OAr/39Ar dating results were
calculated and plotted using the ArArCALC software (Koppers, 2002).

RESULTS

Ay/PAr Ages

Two basalts from the Kaipaizileike Formation in Yingan, Keping area were
selected for dating. The *’Ar/*"Ar age results at the 20 level are given in table 1 and
figure 2. In figure 2, both the age spectra (figs. 2A and 2C) and the *°Ar/*°Ar and
*9Ar/?°Ar isochron diagrams (fig. 2B and D) are shown.

Sample YG-2 displays decreasing apparent ages versus temperature (except for the
very first steps) which converge towards ~281 Ma at high temperatures (fig. 2A). This
shape nevertheless allows us to calculate a plateau age of 287.3 = 4.0 Ma correspond-
ing to more than 96 percent of *’Ar released. Such decreasing shape could suggest *?Ar
and *’Ar recoil from K- and Ca-rich sites during irradiation (Duncan and others, 1997;
Hofmann and others, 2000; Jones and others, 2001; Martin and others, 2011). This
sample has initial YOAr/*°Ar values (440) (fig. 2B) far higher than atmosphere,
suggesting excess argon problems. The total fusion age of sample YG-2 is 286.7 = 2.7
Ma, consistent with the plateau age of 287.3 = 4.0 Ma and isochron age of 288.2 * 5.3
Ma.

Sample YG-14 yields a well-defined plateau age of 287.9 * 3.1 Ma, which
constitutes greater than 98 percent of the total Ar released (fig. 2C). The correlation
diagram (*Ar/?°Ar versus *’Ar/?°Ar; fig. 2D) displays an age of 287.4 * 3.1 Ma
consistent with the plateau age and total fusion age (287.6 * 2.7 Ma), with initial
*0Ar/?0Ar ratio (290.9) approximate to atmospheric composition. This sample is thus
unaffected by significant argon loss or excess argon based on the age spectra.

Major and Minor Elements

Major and trace element data for representative samples are given in table 2. In
our dataset, the silica and alkali contents of the Keping basalts (except YG-21) range



large igneous province, NW CHINA: Geochronological and geochemical constraints 321

TaBLE 1

YAr/?Ar dating resulls of the Keping basalls

Incremental Heating 3 (’Ar(a) 3 8Ar(cl) 39Ar(k) 40Ar(r) Age £ 20 40Ar(r) 3 9Ar(k)
Steps Laser (%) V) V) (V) V) (Ma) (%) (%)
(a) YG-2 (whole rock); J=0.00360

10G2204D 5.0 0.026  0.010 9.132  455.610 298.1+1.2 98.36 11.75
10G2204E 5.4 0.012  0.009 9362 458.827 2932+12 99.23 12.05
10G2204G 5.8 0.005 0.007 8.231 398.553 290.0+1.2 99.62 10.59
10G2204H 6.2 0.002  0.005 6.041 292.708 290.1+1.3 99.80 7.77
10G22041 6.8 0.001  0.006 5812 279.134 287.8+1.2 99.85 7.48
10G2204] 7.5 0.004 0.013 10.208  487.209 286.1+1.2 99.77 13.13
10G2204L 8.0 0.005 0.008 6.644 315596 2849+1.2 99.57 8.55
10G2204M 9.0 0.003  0.007 4.607 217.984 283.8+1.2 99.61 5.93
10G2204N 10.5 0.003  0.007 5456 254749 280.4+1.2 99.60 7.02
10G22040 12.0 0.004 0.003 2.897 136955 283.6+13 99.20 3.73
10G2204Q 16.0 0.007 0.007 6.212  292.888 2829+1.2 99.33 7.99
10G2204R 19.0 0.002 0.001 0.654 30.948 284.1+43 98.51 0.84

T1=287.344.0 Ma; T2=286.7+2.7 Ma; T3=288.3+5.3 Ma,; T4=281.5+5.0 Ma
(b) YG-14 (whole rock); J=0.00372

10G2208D 4.8 0.040  0.002 1.811 82.712 283.0+£6.3 87.46 1.80
10G2208E 5.1 0.031  0.003 2.578  120.115 2883 +4.4 92.88 2.57
10G2208G 5.5 0.024  0.004 6.572  309.229 2909+22 9771 6.54
10G2208H 5.8 0.020  0.003  5.007  233.623 288.6+1.3 97.51 4.99
10G22081 6.3 0.014 0.008 9.291 443.546 294.8+13 99.06 9.25
10G2208J) 6.7 0.007  0.011 11.361  536.335 291.8+1.2 99.63 1131
10G2208L 7.2 0.003  0.009 8.144  379.489 2883 +1.1 99.76 8.11
10G2208M 7.8 0.005 0.010 11.292  525.654 288.0+1.1 99.72 11.25
10G2208N 8.3 0.003  0.006  7.009 324912 2869+1.2 99.75 6.98
10G22080 9.0 0.002  0.008 6.454 298968 286.7+1.2 99.82 6.43
10G2208Q 10.0 0.005 0.006 5.745 265.124 285.7+1.2 99.46 5.72
10G2208R 12.0 0.004 0.005 4511 208.036 285.5+1.4 9937 4.49
10G2208S 16.0 0.01T  0.015 13.539 624990 285.8+1.1 99.47 13.48
10G2208T 20.0 0.008 0.005 4.168 191.069 283.9+1.2 98.85 4.15
10G2208V 26.0 0.003  0.001  1.490 68.735 285.6+2.9 9891 1.48

T1=287.9+3.1 Ma; T2=287.6£2.7 Ma; T3=287.4+£3.1 Ma; T4=287.8+3.5 Ma

T1: Weighted plateau age; 72: total fusion age; 73: isochron age; 74: inverse isochron age. All ages are
given at the 20.

from 44.4 to 48.3 weight percent (all normalized to 100%) and from 3.9 to 4.9 weight
percent, respectively. The Bachu dikes have more variable silica (45.7-52.2 wt.%) and
alkali (3.0-6.2 wt.%) contents than the Keping basalts. On the volatile-free total
alkali-SiO, diagram (fig. 3A), the Keping basalts (except YG-21 which has anomaly
high Na,O contents of 6.35 wt.%) show a tight distribution, with an alkaline basaltic
affinity. However, the Bachu dikes straddle the line separating alkaline and sub-
alkaline basalts (fig. 3A), probably due to Na,O and K,O mobility during alteration, in
accordance with their high LOI contents (1.8-4.2 wt.%). The Zr/TiO, versus Nb/Y
diagram (Winchester and Floyd, 1977), therefore, is utilized for rock classification,
because all the elements are generally considered to remain immobile during altera-
tion/weathering. On the diagram (fig. 3B), the Keping basalts tightly cluster near the
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Fig. 2. *°Ar/*°Ar plateau age spectra and *°Ar/*°Ar versus *’Ar/*°Ar correlation of the whole rocks for
the Keping basalts. All ages are given at the 20 level. On isochron plots, open squares are data used to
determine isochrons.

alkaline-subalkaline boundary line, and the Bachu dikes fall in the field of alkaline
basalts.

All the Keping basalts have TiO, contents of 3.09 to 5.1 weight percent and Ti/Y
ratios of 548 to 964, comparable to the high-Ti basalts of the ~260 Ma Emeishan large
igneous province (ELIP) in southwestern China (Xu and others, 2001). MgO of the
Keping basalts varies between 4.3 and 5.9 weight percent and Fe,O4T ranges from 15.6
to 19.0 weight percent, corresponding to Mg# [atomic ratio of 100Mg/ (Mg + Fe*")]
between 42 and 32. The Bachu dikes have similar MgO (3.6-5.4 wt.%), relatively low
Fe,O3T (11.9-17.2 wt.%) and similar Mg# (36-41). The Keping basalts have higher
P,O; (0.78-1.51 wt.%) contents than the Bachu dikes (0.40-0.69 wt.%). These rocks
display very low concentrations of compatible elements Ni (3.1-77.8 ppm), Sc (17.2-
28.8 ppm) and Co (30-53.2 ppm). The Keping basalts show higher Cr (47.3-78 ppm)
contents than the Bachu dikes (0.08-39.7 ppm) and the majority of the Bachu dikes
have extremely low Cr values of 0.08-0.69 ppm.

On the plots of major elements against MgO (fig. 4), the Keping basalts form
compositional trends that are distinct from those defined by the Bachu dikes. Fe,O3T,
TiO, and P,O4 in the Keping basalts increase and Al,O4 decreases with decreasing
MgO. No correlation was observed between CaO and MgO. In contrast, with decreas-
ing MgO the Bachu dikes show a systematic decrease in TiO,, Fe,O3T and CaO, and an
increase in Al,Os.

Trace Elements
The Keping basalts have very uniform chondrite-normalized rare earth element
(REE) patterns (fig. 5A) with enrichment of light REE (LREE) over heavy REE
(HREE) [(La/Yb)y = 6.3-7.7] and very weak Eu anomalies (Eu/Eu* = 0.90-0.97). On
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TABLE 2

Major and trace elements for the Keping basalts and Bachu dikes

Sample Keping basalts

YG-1 YG-2 YG-3 YG-5 YG-6 YG-7 YG-10 YG-11 YG-12 YG-13 YG-14
Major element (wt.%)
SiO, 46.27 46.57 4493 46.68 46.16 4541 47.87 47.18 46.74 46.80 46.44
TiO, 4.14 421 414 402 416 393 383 381 373 371 372
Al O, 13.16 13.19 13.52 13.59 13.10 14.52 13.60 13.56 13.63 13.70 13.84
Fe,O;T 16.78 17.11 16.84 1646 1736 16.09 15.62 1534 1557 1528 15.38
MnO 021 021 020 019 022 0.18 019 0.18 0.19 0.18 0.16
MgO 421 457 527 481 485 498 467 512 539 559 548
CaO 78 779 747 7779 780 813 853 839 840 840 839
Na,O 328 310 3.08 332 274 263 251 246 248 240 2.65
K,0 146 147 148 158 148 130 155 147 140 139 135
P,05 130 128 115 110 130 096 082 082 077 0.78 0.77
LOI 0.86 002 142 000 086 140 035 120 122 131 135
Total 99.53 99.53 99.49 99.53 100.04 99.52 99.55 99.53 99.52 99.53 99.53
Mgt 332 346 383 367 356 38,0 372 398 407 420 414
Trace element (ppm)
Sc 245 241 245 271 247 241 256 266 256 286 262
\% 217 217 226 234 230 242 239 247 241 251 234
Cr 628 557 697 710 559 723 542 58,6 60.6 715 708
Co 46.6 47.0 48.6 514 478 532 464 465 471 457 476
Ni 546 558 641 600 564 77.8 455 487 541 541 615
Cu 50.6 502 488 50.1 51.0 456 427 433 424 464 486
Zn 174 172 168 174 182 164 160 165 155 151 153
Ga 225 222 220 235 228 224 222 219 21.7 219 221
Rb 19.0 139 237 304 21.1 21.8 29.0 282 268 260 240
Sr 341 359 307 361 360 353 331 315 307 319 309
Y 432 428 410 427 437 372 375 373 356 356 36.0
Zr 356 349 325 371 354 284 283 278 269 261 262
Nb 31.8 313 304 307 317 265 239 247 237 209 235
Cs 0.17 021 013 034 023 042 027 036 036 029 0.14
Ba 774 772 668 734 782 612 650 613 583 575 574
La 435 431 392 408 435 338 343 334 31.7 31.0 314
Ce 983 972 8.0 922 983 763 762 744 70.6 694 703
Pr 124 123 113 11.7 124 9.78 9.66 948 899 890 898
Nd 527 522 484 500 527 417 407 399 379 378 38.0
Sm 1.1 11.0 103 106 11.1 896 874 863 823 822 827
Eu 329 328 312 324 330 285 268 267 258 261 261
Gd 10.7 106 100 104 107 882 862 856 817 822 826
Tb 1.54 153 146 150 154 130 129 127 123 123 124
Dy 8.66 858 824 848 870 741 740 735 7.05 7.07 715
Ho .72 171 164 1.68 1.72 148 149 148 142 143 144
Er 456 450 433 448 457 395 401 398 382 381 385
Tm 062 062 059 062 063 055 056 056 054 053 054
Yb 386 380 369 383 39 339 352 350 339 334 339
Lu 057 057 055 057 058 050 052 052 050 050 0.50
Hf 763 753 699 761 770 621 634 626 6.10 591 593
Ta .76 176 173 171 1.74 150 128 140 131 098 1.36
Pb 697 690 572 656 7.06 537 648 621 569 553 577
Th 425 416 347 390 424 296 368 352 336 326 320
U 098 097 08 094 099 070 0.89 087 0.84 0.81 0.82

Mg# = 100Mg/ (Mg + Fe?"); LOT: loss on ignition.
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TABLE 2
(continued)

Sample Keping basalts Bachu dikes

YG-15 YG-19 YG-20 YG-21 YG-22| BC-0 BC-1 BC-2 BC-3 BC-4 BC-5
Major element (wt.%)
SiO, 46.14 4388 44.01 43.74 45.02| 49.84 46.77 4570 49.02 44.09 44.90
TiO, 3.73 4.93 506 397 389 295 342 377 334 394 458
ALO; 1358 1295 12.64 13.72 1426 14.82 14.61 1436 14.53 13.23 14.08
Fe,O;T 1579 1848 18.68 1583 16.36| 11.82 12.74 15.11 13.43 16.62 1536
MnO 0.20 022 0.23 0.18 0.18 0.15 0.15 0.17 0.16 0.16 0.19
MgO 5.76 468 448 497 540 351 441 439 385 518 488
CaO 8.40 7.50  7.53 746  8.01| 6.85 720 877 7.89 9.60 7.69
Na,O 2.59 2,60 249 626 343 3.18 3.19 321 265 229 342
K,0 1.36 1.67 1.75 1.42 1.33) 182 225 122 220 095 1.26
P,05 0.80 1.44 1.49 1.05 093] 054 066 045 046 038 0.54
LOI 1.69 1.12 1.11 0.91 0.71| 422 423 243 206 3.12 262
Total 100.05 99.47 99.47 99.52 99.52| 99.71 99.65 99.58 99.58 99.55 99.53
Mgt 41.9 334 322 383 39.5 | 37.0 40.7 365 362 382 386
Trace element (ppm)
Sc 25.0 26.5 28.8 235 23.0 | 18.6 239 215 262 179
\Y% 224 243 250 211 212 160 305 242 370 254
Cr 69.0 555 473 78.0 71.6 | 0.27 0.56 022 0.59 048
Co 48.0 48.6 493 50.6  51.0 | 35.0 46.0 36.5 550 413
Ni 61.8 40.8  39.1 71.0 718 | 875 229 185 456 4.69
Cu 49.8 50.2 522 483 454 | 393 125 720 169 220
Zn 159 196 208 167 161 128 135 135 139 168
Ga 223 240 243 22.3 2241 229 240 233 236 239
Rb 27.2 31.8 319 251 245 | 469 29.3 439 181 219
Sr 309 289 296 347 336 576 592 681 494 581
Y 37.0 49.7 513 389 363 | 31.1 273 280 244 29.1
Zr 274 400 410 315 294 305 255 275 218 299
Nb 23.9 37.5 394 297  26.7 | 453 48.1 419 373 573
Cs 0.21 0.19  0.21 0.14 0.30| 0.62 0.11 026 0.29 0.08
Ba 603 782 826 672 626 669 515 655 346 442
La 323 48.6 493 37.7  33.6 | 46.2 351 385 282 435
Ce 72.2 111 113 85.1 75.8 | 99.1 77.0 833 622 951
Pr 9.20 14.0 14.3 10.8 9.67| 11.9 9.51 10.1 7.82 117
Nd 38.8 59.5 60.8 457 409 | 475 39.1 41.0 327 473
Sm 8.44 12.6 12.9 9.68 8.73 | 9.74 845 865 732 9.8l
Eu 2.64 3.71 3.81 3.00 2.79| 2.89 278 279 247 3.7
Gd 8.44 12.2 12.6 9.48 8.65| 8.85 791 786 7.04 8.78
Tb 1.27 1.78 1.83 1.38 1.28 | 1.27 1.15 1.14 1.03 1.24
Dy 7.30 995 103 7.84  7.26]| 6.78 6.10 6.12 548 6.56
Ho 1.47 1.97 2.03 1.56 1.45| 1.26 .12 1.14 1.00 1.19
Er 3.95 524 540 413 3.87| 3.19 2.80 290 248 294
Tm 0.56 072 074 057 0.54| 0.41 035 037 031 036
Yb 3.50 443 455 3.53 3.36| 2.47 208 223 184 2.6
Lu 0.52 0.66 0.68 0.53 0.50 | 0.35 029 031 025 029
Hf 6.16 8.51 876 677 640| 7.13 6.17 654 535 6.89
Ta 1.32 2.08 221 1.68 1.49 | 2.69 2.83 250 225 342
Pb 5.52 6.74  1.15 5.53 522 5.04 381 439 381 3.80
Th 3.34 427 431 3.35 3.11| 5.59 4.02 493 318 479
U 0.86 1.08 1.09 084 0.79| 1.34 1.10 120 0.88 1.30

Mg# = 100Mg/ (Mg + Fe®*); LOI: loss on ignition.
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TABLE 2
(continued)

Sample Bachu dikes Standards

BC-6 BC-9 BC-12 | |[BHVO-2 Ref. BCR-2 Ref. AGV-1 Ref.
Major element (wt.%)
SiO, 45.74 4930  49.48 49.64 49.90 5897 58.84
TiO, 3.96 3.40 3.15 2.73 2.73 1.04 1.05
ALO; 1295 14.28 15.95 13.28 13.50 16.96 17.15
Fe,O;T 15.99 13.15 11.68 12.35 12.30 6.64 6.77
MnO 0.17 0.16 0.15 0.17 0.17 0.10 0.097
MgO 5.14 3.84 3.54 7.30 7.23 1.50 1.53
CaO 9.46 8.24 7.25 11.35 11.40 4.79 4.94
Na,O 1.91 2.38 3.71 2.32 2.22 4.16 4.26
K,0 0.99 1.88 2.37 0.51 0.52 2.86 2.92
P,05 0.41 0.53 0.55 0.27 0.27 0.48 0.50
LOI 2.84 2.43 1.78
Total 99.56 99.58  99.60
Mgt 38.9 36.6 37.5
Trace element (ppm) n=12 n=5 n=2
Sc 26.4 20.9 21.6 31.9 32.0 333 33.0 12.1 2.3
\% 281 248 178 310 317 431 416 114 19
Cr 39.7 0.56 0.08 300 280 15.5 18.0 8.56 9.40
Co 46.7 47.0 30.0 45.0 45.0 37.5 37.0 15.2 15.2
Ni 57.4 21.6 3.09 117 119 11.8 18.0 14.5 15.5
Cu 110 96.5 22.2 130 127 223 21.0 56.9 58.0
Zn 130 145 129 115 103 131 127 87.6 87.0
Ga 21.6 25.2 242 21.2 22.0 21.7 23.0 20.6 20.2
Rb 21.6 44.8 50.1 9.17 9.11 47.0 469 67.3 66.6
Sr 504 699 760 398 396 338 340 665 660
Y 26.4 32.8 325 24.4 26.0 33.6 37.0 18.0 19.0
Zr 233 318 298 171 172 187 184 230 231
Nb 36.9 45.5 46.0 18.1 18.1 12.2 12.6 13.9 14.6
Cs 0.90 0.94 0.31 0.10 0.10 1.15 1.10 1.28 1.26
Ba 304 722 615 130 131 686 677 1305 1200
La 30.5 473 44.4 15.2 15.2 25.0 249 38.7 38.2
Ce 67.5 99.2 96.5 37.7 37.5 534 52.9 70.2 67.6
Pr 8.49 12.4 11.8 5.37 5.35 6.86 6.70 8.55 8.30
Nd 353 50.5 48.0 24.4 24.5 28.5 28.7 31.9 31.7
Sm 7.83 9.95 10.0 6.05 6.07 6.53 6.58 5.77 5.72
Eu 2.65 3.11 3.29 2.05 2.07 1.94 1.96 1.60 1.58
Gd 7.42 9.31 9.26 6.22 6.24 6.74 6.75 4.79 4.70
Tb 1.08 1.28 1.32 0.94 0.92 1.06 1.07 0.66 0.69
Dy 5.87 6.41 7.13 5.26 5.31 6.37 6.41 3.58 3.55
Ho 1.09 1.14 1.33 1.00 0.98 1.32 1.28 0.69 0.68
Er 2.73 2.86 3.36 2.51 2.54 3.64 3.66 1.86 1.82
Tm 0.34 0.38 0.43 0.33 0.33 0.53 0.54 0.26 0.28
Yb 2.05 2.29 2.61 1.97 2.00 3.37 3.38 1.64 1.63
Lu 0.28 0.33 0.37 0.27 0.27 0.50 0.50 0.25 0.24
Hf 5.68 8.20 7.03 4.34 4.36 4.83 4.90 5.09 5.10
Ta 222 3.03 2.72 1.11 1.14 0.74 0.74 0.80 0.87
Pb 3.55 6.08 4.23 1.57 1.60 9.92 11.0 33.6 37.4
Th 3.54 6.30 4.57 1.18 1.22 5.78 5.70 6.16 6.40
U 0.94 1.36 1.20 0.42 0.40 1.70 1.69 1.94 1.93

Mg# = 100Mg/ (Mg + Fe®"); LOL: loss on ignition; Ref.: recommended values from http://georem.

mpch-mainz.gwdg.de.
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Fig. 3. (A) Total alkalis (Na,O + K,O) versus SiO, (TAS; Le Bas and others, 1986). The alkaline-sub-
alkaline divide is from Irvine and Baragar (1971). (B) Zr/TiO, versus Nb/Y (Winchester and Floyd, 1977).
Literature data sources: Keping basalts from Zhou and others (2009), Zhang and others (2010b), Yu and
others (2011b) and Li and others (2012a); Bachu dikes from Zhou and others (2009) and Zhang and others
(2010Db). Five samples from Zhou and others (2009), three samples from Zhang and others (2010b) and one
sample from Li and others (2012a) are excluded due to either significantly low or high Al,O; contents at low
MgO, highly incompatible with other samples within their dataset. This could be ascribed to abundant
plagioclase phenocrysts (50 modal%; Zhou and others, 2009) in the samples.

primitive mantle-normalized multi-element diagrams, they show moderate enrich-
ment in large ion lithophile elements (LILE) (Ba, Th, U) with pronounced Ba
anomalies (fig. 5B). All the Keping basalts exhibit negative Nb, Ta and Sr anomalies,
weak depletion in Pb, and marked positive P anomalies.
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Fig. 4. Variation diagrams of selected major oxides against MgO and CaO. Solid and dashed outlined
fields highlight the distinct evolutionary trends displayed by the Keping basalts and Bachu dikes, respec-
tively. Literature data for the Keping basalts and Bachu dikes are shown for comparison. Literature data
sources same as in figure 3.

The Bachu dikes display a more fractionated REE pattern than the Keping basalts
on the chondrite-normalized REE plot (fig. 5C) with (La/Yb)y up to 19.7. They show
slightly negative to positive Eu anomalies (Eu/Eu* = 0.93-1.04), pronounced peaks at
Nb-Ta and troughs for Pb, similar to those of oceanic island basalts (fig. 5D) (OIB; Sun
and McDonough, 1989). All the Bachu dikes are enriched in LILE, LREE, high field
strength elements (HFSE) including Nb, Ta, Zr and Hf. Unlike the Keping basalts,
only weak Sr and P anomalies are present in the Bachu dikes. Rb and Ba are more
variable in some samples.

As illustrated in figure b, the compositions of the samples analyzed in this study
encompass those defined by published data for the Keping basalts and Bachu dikes
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Fig. 5. Chondrite-normalized REE diagrams (A, C) and primitive mantle-normalized multi-element
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McDonough and Sun (1995). Literature data sources same as in figure 3.

(gray field; Zhou and others, 2009; Zhang and others, 2010b; Yu and others, 2011b; Li
and others, 2012a).

Ratios of elements that are moderately to highly incompatible, for example,
Zr/Nb and Ba/Th, are higher in the Keping basalts than in the Bachu dikes. In
general, abundances of Y, Nb, Lu and U in these two groups are well correlated with Zr
(figs. 6B, 6C, 6E and 6F). However, significant differences are noted between the two
groups (fig. 6). For example, at a given Zr, the Bachu dikes have systematically higher
Nb and U, and lower Y and Lu contents compared to the Keping basalts, indicating
that they cannot have formed by fractional crystallization from a common parental
magma.

Sr-Nd-Pb Isotopes

Sr-Nd-Pb isotope compositions are reported in table 3 and illustrated in figure 7.
Isotopic ratios were back-calculated to their initial values at 290 Ma for the Keping
basalts and at 280 Ma for the Bachu dikes (see discussion section for justification for
choice of ages), respectively. The samples show relatively lar(gge variations in (¥’Sr/
86Sr),, (MPNd/'Nd),, (2°°Pb/?°Pb),, (**"Pb/?°*Pb); and (*’®Pb/?**Pb), (table 3),
thus readily allowing discrimination of the two groups. The isotopic compositions
obtained in this study are in good agreement with those previously published by Zhang
and others (2010b), Yu and others (2011b) and Li and others (2012a), but are distinct
from those of Zhou and others (2009).

The Keping basalts show a large range of (*7Sr/%58r). (0.706166-0.707458) but a
restricted range of £y4(t) (—3.9 to —2.4). On the plot of g4(t) versus (87Sr/%Sr)i (fig.
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Fig. 6. Bivariate trace element plots to determine the extent of correlation of various immobile and
mobile trace elements for both the Keping basalts and Bachu dikes. Solid and dashed lines represent
regression lines for the Keping basalts and Bachu dikes in our dataset, respectively. Literature data sources
same as in figure 3.

7A), they are displaced from the mantle array and lie in the enriched quadrant. Lead
isotope ratio variability is relatively small, with relatively unradiogenic (**°Pb/***Pb),
(17.427-17.566), radiogenic (*7Pb/2°*Pb), (15.508-15.530) and moderately radio-
genic (***Pb/***Pb); (37.925-38.016). In the Pb-Pb isotope space (figs. 7C and 7D),
(**7Pb/?**Pb), and (208py, /?**Pb); positively correlate with (**°Pb/?**Pb); and plot well
above the Northern Hemisphere Reference Line (NHRL; Hart, 1984). A positive
correlation is observed in the plot of (***Nd/'"™Nd), versus (2°°Pb/2°*Pb), (fig. 7B).
Compared with the Keping basalts, the Bachu dikes have higher gy4(t) varying
from —0.3 to 4.6, and display larger variations in (¥7Sr/%58r), (0.705272-0.707625). The
samples (except for BC-0, BC-3 and BC-9, which have lower Pb isotope ratios due to
crustal contamination, discussed below) display more radiogenic (**°Pb/***Pb); (17.774-
18.148), (>°7Pb/2°*Pb). (15.557-15.590) and (*°*Pb/?*'Pb), (38.184-38.410) than the
Keping basalts, and plot close to the field defined by the least contaminated high-Ti
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basalts from the ELIP (Zhang and others, 2006; Xu and others, 2007) (figs. 7C and
7D).In gene;al, ("*Nd/"Nd);, (**"Pb/?**Pb), and (***Pb/2*Pb); positively correlate
with (**°Pb/?**Pb); (figs. 7B, 7C and 7D).

DISCUSSION

Age of the Keping Basalts and Bachu Dikes

Keping basalts.—Continental flood basalts older than a few million years have been
inevitably affected by weathering/alteration, which may strongly affect the *°Ar/*?Ar
dating on whole-rock materials. However, the whole rock “°Ar/39Ar plateau ages
defined by the less disturbed samples are in good agreement with corresponding
plagioclase plateau ages (Renne and Basu, 1991; Duncan and others, 1997; Courtillot
and others, 2000; Jones and others, 2001). Thus the plateau ages obtained in this study
may represent crystallization ages of the Kaipaizileike Formation basalts. The relatively
large 20 errors (3-4 Ma) associated with the plateau ages could be ascribed to low
temperature alteration (see LOIs in table 2; and also Baksi, 2007). Jourdan and others
(2007b) suggest that the whole-rock *’Ar/*’Ar ages are unreliable for high-precision
(thatis, less than a few hundred thousand years) geochronology applied to resolve the
duration of the main magmatic pulse within a large igneous province. However, as the
age data reported in this study are basically intended to provide constraint on the
eruption age of the Keping basalts, the precision levels are thought to be robust. The
“0Ar/*Ar plateau ages (287.3 * 4.0 Ma and 287.9 = 3.1 Ma, 20) of the Kaipaizileike
Formation basalts obtained in this study are consistent with the SHRIMP U-Pb age
(288.9 £ 2.0 Ma, 20; Yu and others, 2011b) of the basalt from the uppermost
Kaipaizileike Formation within error.

Most of the previous published dates on the TLIP were obtained using a conven-
tional K-Ar method and vary considerably from 260 Ma to 293 Ma (Li and others, 2011;
Qin and others, 2011 and references therein). Alteration processes are probably the
main cause of problems in the K-Ar age measurements (Sebai and others, 1991),
resulting in the K-Ar ages being apparently too young, and older apparent ages could
also occur if excess Ar is present in the sample, which cannot be identified from a
single K-Ar age (Kaneoka, 1980). Due to the disturbed Ar isotopic systematics of the
whole-rock samples, the K-Ar dating can only occasionally yield correct ages (Baksi,
1994; Baker and others, 1996). In addition, Yamasaki and others (2011) showed that
the ages for the young basalts (<3 Ma) with altered groundmass olivine showing
oxidation evidence are disturbed beyond the errors, probably because of K and/or Ar
loss. Thus we will not utilize the K-Ar dates to constrain the age of the Keping basalts.

Yang and others (2006a) obtained whole-rock OAr/39Ar ages of 281.8 * 4.2 Ma
(20) and 290.1 = 3.5 Ma (20) for the Kupukuziman Formation in Keping and Damusi,
western Tarim Craton, respectively. However, the two samples have age spectra that
display a general distinct decrease in apparent ages from low- to high-temperature
steps, characteristic of whole rocks affected by strong *’Ar recoil during irradiation and
loss of *°Ar (Baker and others, 1996; Duncan and others, 1997; Hofmann and others,
2000). Thus these results do not provide useful age constraints. Chen and others
(1997a, 1997b) and Zhang and others (2010c) obtained 10Ar/39Ar plateau ages of
278.5 £ 1.4 Ma (20) and 282.9 = 1.6 Ma (20) for the Kupukuziman Formation basalts
which are significantly younger than zircon ages of 289.5 to 291.9 Ma (Yu and others,
2011b; Zhang and others, 2012b), and those from the northern Tarim Craton
(286.6-290.9 Ma; Tian and others, 2010; Shangguan and others, 2011). In addition,
these dates are inconsistent with the stratigraphic observation that the Kupukuziman
Formation should be older than the overlying Kaipaizileike Formation (287-290 Ma; Yu
and others, 2011b and this study). Therefore, the younger *°Ar/??Ar ages may not
represent the crystallization age of the basalts.
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figure 3.

Bachu dikes.—Due to disturbed Ar systematics caused by severe alteration (see LOI
in table 2; see also Zhang and others, 2010c, alteration effects), most of the OAr/39Ar
results published cannot be utilized to constrain the age of the mafic dikes because the
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plateau ages often contain less than 40 percent of the total *’Ar released and are mostly
discrepant with the inverse isochron ages (Zhang and others, 2010c).

Mafic dikes around the Xiaohaizi syenite complex intrude the Silurian-early
Permian strata (fig. 1C). These mafic dikes also intrude the Xiaohaizi syenite complex
and Wajilitag ultramafic-mafic-felsic layered intrusion with some of them intermin-
gling with the syenite (Zhang and others, 2008b, 2010b; Chen and others, 2010).
Therefore, the mafic dikes are coeval to the Xiaohaizi syenite and Wajilitag layered
intrusion. Zircon U-Pb dating of the Xiaohaizi syenite complex yielded ages ranging
from 277.0 £ 4.0 Ma to 282.0 = 3.0 Ma (20; Yang and others, 2006b; Li and others,
2007; Zhang and others, 2009b, 2010b; Wei and Xu, 2011) and a weighted mean
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206pp, /238 age 0of 279.0 = 1.9 Ma (20, n = 5) has been taken as the crystallization age
of the Xiaohaizi syenite complex.

In addition to the mafic dikes, quartz syenite porphyries are also widely distributed
in the Xiaohaizi and Wajilitag areas and intrude the Xiaohaizi syenite and Wajilitag
layered intrusion (BGMRXUAR, 1993; Zhang and others, 2008b, 2010b; Chen and
others, 2010), which could be used to place better constraints on the age of the dikes.
The porphyries crosscutting the sedimentary strata yielded SHRIMP zircon U-Pb ages
of 278.4 + 2.2 Ma (20; Yu, ms, 2009) and 284.3 + 2.8 Ma (20; Li and others, 2011),
indicating that the quartz syenite porphyries could have formed between 278 and 284
Ma. Thus, the published ages suggest that the intrusions and dikes could have been
emplaced over a long time interval, between 277.0 and 284.3 Ma.

Summary—two main magmatic episodes of magmatism in the TLIP.—Careful screening
of dates available in literatures delineates two main magmatic episodes in the TLIP.
The distribution of ages reported in the literature together with those obtained in this
study clearly defines two statistically significant age groups (fig. 8). The earlier episode,
characterized by flood basaltic volcanism, formed at 286 to 292 Ma, and peaked at
289.0 = 1.5 Ma (20; fig. 8). The later episode is marked by ultramafic-mafic-felsic
layered intrusions and felsic volcanic rocks and some mafic and felsic dikes in Bachu,
Pigiang and the northern Tarim Craton along the margins. These rocks were em-
placed over a 12 Ma time interval, between 271.7 to 284.3 Ma, with the main pulse at
277 to 284 Ma and peaked at 278.8 = 1.4 Ma (20; fig. 8). However, the current
geochronological data do not permit close resolution of the duration of a single
igneous pulse, which awaits acquisition of high-precision IDTIMS (isotope dilution
thermal ionization mass spectrometry) U-Pb analyses on single zircon crystals of the
Tarim basalts and Bachu intrusions and dikes (Luo and others, in preparation).
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Petrogenesis

Effect of alteration.—The effects of alteration on the geochemistry of the Keping
basalts appear to be minor, given the relatively low LOI (0-1.7 wt.%; table 2). This is
further supported by good correlations between Y, Nb, Ba, Lu, U and Zr, which is
generally considered to remain inert during alteration/weathering (Winchester and
Floyd, 1977) (fig. 6). Whereas, Rb is not correlated with Zr (fig. 6A), indicating that Rb
has been affected by alteration/weathering for the Keping basalts. In contrast, the
Bachu dikes have relatively higher LOI (1.8-4.2 wt.%; table 2) and show petrographic
evidence of alteration with clinopyroxene transformed to magnetite. The negative
correlations of Na,O, K,O and Rb with LOI (not shown) suggest the loss of these
elements during alteration/weathering. The lack of correlation between Rb, Ba and Zr
(fig. 6A and D) indicates the mobility of Rb and Ba. Whereas, Y, Nb, Lu, U show
positive correlations with Zr, suggesting that these elements were relatively immobile.
Rb was mobile for both the Keping basalts and Bachu dikes, thus the age-corrected
87Sr/ 86Sr based on Rb/Sr ratios of the measured samples hardly reflect that of mantle
source.

There is a weak positive correlation between (2°°Pb/2°*Pb), and LOI (fig. 9B) for
the Keping basalts. A similar correlation is found between ('***Nd/'**Nd); and LOI
(fig. 9A), which cannot be attributed to alteration. For the Bachu dikes, Nd and Pb
isotopic ratios do not correlate with each other (fig. 9). The samples with the lowest
(?°°Pb/ 204Pb)i also have lower (*Nd/ 144Nd)i, indicative of the effect of possible
crustal assimilation (see below) rather than alteration.

Crystal fractionation.—The low MgO (4.3-5.9 wt.%), Mg# (32-42) and Ni contents
(8.1-77.8 ppm) indicate that the Keping basalts underwent extensive fractional crystal-
lization of ferromagnesian minerals and plagioclase. For example, positive trends of
Al,O4-MgO (fig. 4B) and Al,O4-CaO (fig. 4F) and relative depletion in Sr (fig. 5B) are
consistent with fractionation of plagioclase, in agreement with the presence of plagio-
clase phenocrysts in some samples. TiO, and Fe,O4T correlate negatively with MgO
(figs. 4A and 4C), arguing against significant fractionation of Fe-Ti oxides. Significant
clinopyroxene fractionation is not possible given the lack of correlation between MgO
and CaO (fig. 4D).

In contrast, the Bachu dikes show a systematic decrease in TiOy, Fe,O5T and CaO
(figs. 4A, 4C, and 4D), and an increase in Al,Og4 (fig. 4B) with decreasing MgO,
consistent with fractionation of olivine, clinopyroxene and Fe-Ti oxides and negligible
plagioclase. The Fe-Ti oxide fractionation is further confirmed by the extremely low
Cr content (0.08-0.69 ppm) displayed by the majority of the Bachu dikes
(Kpagnetite/melt Gy = 50-230; Leeman and others, 1978).

It seems that the Keping basalts and Bachu dikes experienced different fraction-
ation processes. This, together with their distinct compositional variations (fig. 4),
suggests that the Keping basalts and Bachu dikes cannot be related by crystallization
along a single liquid line of descent from a common parental magma.

Crustal contamination.—The Keping basalts and Bachu dikes display distinct Sr-
Nd-Pb isotope compositions, reflecting variable contributions from different mantle
and/or crustal components. The upper crust in Tarim is dominated by Archean
gneisses reworked during the Proterozoic and Neoproterozoic (Hu and others, 2000;
Xu and others, 2005; Zhang and others, 2007, 2012a; Long and others, 2010, 2011; Cao
and others, 2011; Zhu and others, 2011). The Archean and Neoproterozoic basements
are characterized by low &y4 (—12 to —37, corrected to 290 Ma). No Pb isotopic data
are available for the Archean basement, but 2°°Pb/Z**Pb of the Neoproterozoic
basement is low (17.14-17.41) (Cao and others, 2011). Contamination/assimilation of
mantle-derived magmas by such crustal contaminants would drive the magma compo-
sition towards low €y, (t) and crustlike trace element ratios. Both trace element data
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and isotopic compositions are utilized to investigate whether the Keping basalts were
derived from a mantle source similar to the Bachu dikes, subsequently contaminated
by continental crust during magma ascent.

This petrogenetic model has been invoked by Zhou and others (2009) to account
for the enriched Nd isotopic compositions [€yy(t) = —2.66 to —9.27] of the Keping
basalts. The involvement of crustal materials in the genesis of the Keping basalts is
possible given their slightly lower Nb/U (25.9-37.9) and Ce/Pb (11.8-16.4) ratios with
respect to mid-ocean ridge basalts (MORB) and OIB (Nb/U = 52 = 15, Ce/Pb = 25 =
5; Hofmann and others, 1986; Hofmann, 2003). However, to explain the Pb composi-
tions solely by assimilation of an OIB-like composition with upper continental crust
(average Pb concentration ~17 ppm; Rudnick and Gao, 2003), large amounts of
assimilated material (up to 24%) would be required (fig. 10A), given the moderate Pb
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different magma variation trends (see text for explanation). Solid and dashed outlined fields highlight that
these samples display trends parallel to that of the fractional crystallization and thus are not affected by
shallow-level crustal assimilation (see text for details). (C-F) initial Nd and Pb isotopes versus SiOy, Nb/U
and Ce/Pb, illustrate that in contrast to the Keping basalts, some Bachu dikes that deviate from the dashed
outlined field were modified to a significant degree by crustal assimilation (see arrows). In figure 10A, black
curved lines with tick marks represent binary mixing between an average oceanic island basalt (OIB; Sun and
McDonough, 1989) and the average continental upper (UC) and lower crust (LC) (Rudnick and Gao,
2003). The gray fields of oceanic basalts (MORB and OIB), and the lower crust of the East China (ECLC)
represent the Ce/Pb and Nb/U values taken from Hofmann and others (1986) and Gao and others (1998),
respectively. In figure 10B, dashed line with tick marks represents binary mixing between a sample (23.9
ppm Nb, 1.32 ppm Ta, 3.34 ppm Th and 0.86 ppm U) from the Keping basalts with Th/U and Nb/Ta ratios
similar to OIB and primitive mantle (Sun and McDonough, 1989) with an average lower crust of the East
China (ECLC) (10.0 ppm Nb, 0.59 ppm Ta, 9.23 ppm Th and 1.31 ppm U; Gao and others, 1998).
Neoproterozoic basements from Cao and others (2011), Long and others (2011) and Zhu and others
(2011). Literature data sources same as in figure 3.
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concentrations in the Keping samples (5.2-7.1 ppm). This is not in agreement with the
trace element budget and the Nd isotope systematics. Moreover, such a high amount of
crustal assimilation could significantly change major element compositions of resul-
tant magmas, making them no longer basaltic in nature. A significant role for
shallow-level crustal assimilation during the petrogenesis of the Keping basalts can thus
be ruled out, because (a) the samples show limited range in Nd and Pb isotope
composition and of ratios such as Th/Nb and Nb/La that sensitive to crustal assimila-
tion (figs. 7, 11A and 11B); (b) neither £4(t) nor (*°°Ph/2"*Pb), correlate with SiO.,
Nb/U and Ce/Pb (figs. 10C, 10D, 10E and 10F).

While assimilation of the upper crust can be precluded, the contribution of lower
crust material more mafic in composition to magma genesis needs to be assessed.
Unfortunately, the nature of the lower crust beneath Tarim remains largely unknown.
The Tarim Craton has an Archean and Proterozoic basement (BGMRXUAR, 1993; Hu
and others, 2000; Xu and others, 2005, 2009; Zhang and others, 2007, 2012a; Lu and
others, 2008; Long and others, 2010, 2011; Cao and others, 2011; Zhu and others,
2011) and extremely weak magmatism occurred between Proterozoic and early
Permian (BGMRXUAR, 1993; Zhang and others, 2013). Itis therefore possible that the
Tarim lower crust was formed during Archean and Proterozoic and may have element
and isotopic compositions similar to the Archean/Proterozoic lower crust elsewhere.
Basaltic underplating at the base of the crust has been emphasized as a mechanism for
generating the mafic lower crustal granulite xenoliths, providing heat for granulite-
facies metamorphism (for example, Rudnick and others, 1986; Downes and others,
1990; Rudnick, 1990). For the purpose of this study, the lower crust beneath North
China is used in evaluation.

On the plots of Th/U versus Nb/Ta (fig. 10B), (Nb/Zr)py; and (La/Nb) py, versus
(Th/NDb)py; (figs. 11A and 11B), the Keping basalts display trends towards the lower
crust. The variable ranges of Th/U, Th/Nb and La/Nb can be explained by mixing
~10 percent of a sample with the highest ratios similar to OIB and the primitive mantle
with an average composition of the lower crust beneath North China (Gao and others,
1998) (figs. 10B, 11A and 11B). If a more primitive composition with lower element
concentration were chosen, the proportion would be considerably lower. The lower
crustal contamination could also drive the magma composition towards low €y4(t) and
(*°Pb/?*Pb),, given low *°°Pb/?**Pb ratios (18.55-16.68, calculated to 290 Ma, Cohen
and others, 1984; Leeman and others, 1985; Yang and Li, 2008) and &y4 (—11 to —48,
calculated to 290 Ma, Huang and others, 2004; Liu and others, 2004; Jiang and others,
2013) of Archean/Proterozoic §ranulite xenoliths. The lack of correlations between
ena(t) and Nb/U, and (*°°Pb/*"*Pb); and Ce/Pb (figs. 10E and 10F) argue against
significant lower crustal assimilation. Overall, lower crustal assimilation may have
exerted a restricted effect on the Keping basalts, but did not significantly change their
compositions. Consequently, their low Nb/U, Ce/Pb and isotopic signatures largely
reflect those of mantle sources.

Most of the Bachu dikes have relatively high Nb/U (39.4-43.9), Ce/Pb (19-25.6),
Nb/La (1.1-1.4) and low Zr/Nb (5.2-6.3) ratios, and also display high € (t) (4.1-4.7)
and (*°°Pb/?**Pb); (17.779-18.153) (figs. 10C and 10D). Therefore, these samples
were not affected by crustal contamination and their trace elements and isotopic
compositions could be representative of their mantle sources. In contrast, the remain-
ing samples of the Bachu dikes have relatively low Ce/Pb (16.3-19.7) (with the
exception of BC-12, Ce/Pb 22.8), Nb/U (33.5-38.4), Zr/Nb (6.5-7.0), eyq(t) (—0.3-
1.0) and (206Pb/204Pb)i (17.500-17.526). As a whole, the Bachu dikes show negative
trends in the plots of €4 (t) and (**°Pb/?**Pb); versus SiO, (figs. 10C and 10D), and
positive trend in the Elot of e4(t) versus Nb/U (fig. 10E). It is clear that the samples
with low £y4(t) and (*°°Pb/?**Pb), have undergone significant crustal contamination.
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To further test the possible influence of basement assimilation on the Bachu
dikes, we use a simple bulk mixing model applied to trace element ratios and isotopes
(figs. 7and 11). Itis shown that the Nd-Pb isotope compositions of the Bachu dikes can
be accounted for by a mixing between an uncontaminated sample (BC-4) and a
contaminant with composition similar to the Tarim Neoproterozoic basement (fig. 7).
Calculation shows that to explain the trace element, Nd and Pb isotopic budget of
contaminated samples from the Bachu dikes, up to 20 percent contamination is
required (figs. 7 and 11). If an uncontaminated end member with a primitive
composition (low incompatible trace element composition) is chosen, the proportion
of crustal contamination would be considerably lower.

Partial melting.—One of the salient differences between the Keping basalts and
Bachu dikes is their contrasting trace element patterns (fig. 5), best illustrated by the
MREE/HREE fractionation systematics. Whereas LREE/MREE ratios (for example,
La/Sm) largely overlap between the two groups, the MREE/HREE ratios of the Bachu
dikes are systematically higher [ (Sm/Yb)y = 4.1-4.9] than those of the Keping basalts
[(Sm/Yb)y = 2.6-3.1]. The high La/Yb relative to Th/Yb for these lavas suggests an
origin involving partial melting of an LREE-enriched mantle source.

The elevated HREE concentrations and flat HREE patterns displayed by the
Keping basalts [(Dy/Yb)y = 1.36-1.48; fig. 5A] cannot be simply explained by minor
amount (2-3%, fig. 12) of residual garnet in the mantle source. There is increasing
evidence that erupted basalts at the surface may represent a mixture of melt fractions
derived from mantle sources at variable depths (Kamenetsky and others, 2012; Kuang
and others, 2012; Huang and others, 2013). The strong garnet signature would have
been diluted by mixing with melts from shallower depths. The evidence for this
interpretation is that Sm/Yb ratios (2.4-2.9) show relatively large variability, whereas
La/Sm ratios (3.8-3.9) are constant. The Keping basalts lie along the mixing curve
between melt derived from ~5 percent melting of a source with 2 percent residual
garnet, and from ~6 percent melting of a source with 7 percent residual garnet (fig.
12A). When plotted on the Tbh/Yb versus La/Yb diagram (fig. 12B), a similar result can
also be obtained. This indicates that the Keping basalts may be a mixture of melts
derived from different depths of a LREE-enriched mantle source. The high level of
MREE/HREE enrichment of the Bachu dikes can be attributed to large amount
(5-7%) of residual garnet in their mantle source (fig. 12).

Contrasting Mantle Sources for the Keping Basalts and Bachu Dikes

Lithospheric involvement in the Keping basalts.—The Keping basalts have relatively
high Ba and Pb abundances associated with negative Nb and Ta anomalies (fig. 5B), in
contrast with oceanic basalts (OIB and MORB; figs. 11A and 11B), but resemble many
CFBs and volcanic arc basalts. As discussed previously, crustal contamination appears
to be negligible and thus it may not exert a significant role in the generation of this
crustal signature. If we accept this feature to be diagnostic of the mantle source, then
an SCLM source metasomatized by (subduction-related?) silicate melts or fluids is
implied. A similar petrogenetic model has widely been proposed for many CFBs
(Hergt and others, 1991; Lightfoot and others, 1993; Turner and Hawkesworth, 1995;
Frey and others, 1996; Garland and others, 1996; Peate and Hawkesworth, 1996; Xiao
and others, 2004).

Thermomechanic modeling suggests that substantial melting, as would be re-
quired to produce CFBs, of the SCLM appears to be unlikely if the mantle is initially
cold and dry (Arndt and Christensen, 1992), but is theoretically possible if the mantle
is previously hydrated by volatiles and melts when conductively heated from below by
an upwelling plume (Gallagher and Hawkesworth, 1992; Turner and others, 1996).
There is increasing evidence that continental basalts associated with Archean litho-
sphere have EM1 or extreme EM1 isotopic signatures, such as the Cenozoic Wyoming-
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Fig. 11. Plots of (Nb/Zr)p\, versus (Th/Nb)py (A), (La/Nb)py versus (Th/Nb)py (B), eyq(t) versus
La/Nb (C) and (**°Pb/?°*Pb), versus La/Nb (D) for the Keping basalts and Bachu dikes. In figure A and B,
subscript PM indicates ratios normalized to primitive mantle values of McDonough and Sun (1995). Results
are shown for assimilation of a sample from the Keping basalts (YG-7) and an uncontaminated sample from
the Bahcu dikes (BC-4) with an average ECL.C and the Neoproterozoic igneous rocks, respectively. Solid and
dashed curves with tick marks at 10% indicate the amount of assimilated material relative to YG-7 and BC-4,
respectively. The average ECLC is modeled with 9.23 ppm Th, 10.0 ppm Nb, 191 ppm Zr and 41.3 ppm La
(Gao and others, 1998) and the Neoproterozoic igneous rocks with 9.21(Ppm Th, 6.7 ppm Nb, 169 ppm Zr,
42.0 ppm La, 26.0 ppm Nd, £,,4(280) of —23.6, 18.6 ppm Pb and (**°Pb/>**Pb); of 17.226 (Zhang and others,
2007; Cao and others, 2011). Data sources: EMI OIB (including Wavis Ridge, Gough and Tristan) from
Willbold and Stracke (2006), Class and le Roex (2008); Salters and Sachi-Kocher (2010); Emeishan least
contaminated high-Ti basalts and Hawaiian OIB same as figure 7. Literature data sources same as in figure 3.
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Fig. 11 (continued).

Montana alkaline province in western North America (Greenough and Kyser, 2003;
Greenough and others, 2005, 2007) and the Suwar intrusion, in Yemen (Greenough
and others, 2011). This suggests that the ancient SCLM could be inevitably modified by
later stage subduction processes. The SCLM is often modified by fluids related to
dehydration or sediment melting in subduction zones (Noll Jr. and others, 1996;
Johnson and Plank, 2000; Class and others, 2000) and may have incorporated
subducted sediments (Ben Othman and others, 1989; Sun and others, 1989). Tarim
has a long history of subduction, which could have modified the SCLM. The northern
margin of the Tarim Craton may have witnessed two major orogenic events, a
Paleoproterozoic orogeny (ca. 2.0-1.8 Ga) coincident with the timing of the orogeny
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Fig. 12. (A) Sm/Yb versus La/Sm and (B) Tb/Yb versus La/Yb for the Keping basalts and Bachu dikes
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curves: melting curves of garnet-bearing lherzolite mantle sources containing varying modal garnet (59-64%
olivine, 21% orthopyroxene, 13% clinopyroxene, 7-2% garnet and 4% olivine, —19% orthopyroxene, 104%
clinopyroxene, 11% garnet, respectively; Hellebrand and others, 2002). The heavy lines represent mixing
curves between melt derived from 5% melting of a source with 2% residual garnet and from 6% melting of a
source with 7% residual garnet. Source composition: 1.45 ppm La, 0.52 ppm Sm, 0.099 ppm Tb and 0.441
ppm Yb. The assumed source is “97.4% primitive mantle (McDonough and Sun, 1995) + 2.6% upper crust
(Rudnick and Gao, 2003),” except for Tb and Yb (McDonough and Sun, 1995) to fit the requirement of a
similar LREE-enriched source for the two groups. If Tb and Yb are also enriched by the addition of crustal
materials, a slightly higher Th/Yb (0.239) ratio of the source will be obtained and melt derived from this
mantle source will also have slightly higher Tb/Yb ratio. Therefore, smaller amount of residual garnet in the
source will be required for the Keping basalts. Literature data sources same as in figure 3.
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associated with the assembly of the Columbia supercontinent (Zhu and others, 2011)
and a Tarimian orogeny (ca. 1.05-0.90 Ga) which resulted in the final cratonization of
Tarim (Zhang and others, 2007, 2011; Lu and others, 2008; Cao and others, 2011; Ge
and others, 2012; He and others, 2012). During these orogenies, an active continental
margin may have existed along the northern margin of the Tarim Craton (Liou and
others, 1996; Zhang and others, 2009a; Zhu and others, 2011). On the other hand, the
Tarim Craton was amalgamated to the CAOB in the late Carboniferous indicated by
the West Tianshan high to ultrahigh pressure metamorphic rocks including coesite-
bearing eclogites (L and others, 2008; Han and others, 2011). The crustal materials
could have been recycled into the SCLM during continental deep subduction, and the
SCLM may also have been metasomatized by silicate melts derived from subducted
continental crust (Jahn and others, 1999; Zheng and others, 2009; Dai and others,
2011, 2012; Zhao and others, 2012; Zheng, 2012).

Contribution of sediments to the mantle source of the Keping basalts is evident
from the correlation between Th/Yb, £y4(t) and Ba/La (fig. 13), because these
variables are reliable indicators of potential sediment or fluid contributions to magma
source regions (Woodhead and others, 2001). The Keping basalts have low gy4(t)
values (—2.3 to —3.8), very unradiogenic (20"Pb/204Pb)i ratios (17.4 to 17.6), and low
(298Pb/2°*Pb); ratios (~38.0). These imply a source with low time-integrated Sm/Nd
and U/Pb, coupled with relatively low Th/U ratios. Such elemental fractionations are
characteristic of average pelagic sediments reported by Plank and Langmuir (1998)
which has Sm/Nd = 0.21 and Th/U = 4.11, similar to typical upper continental crustal
values (Sm/Nd = 0.17, Th/U = 3.89; Rudnick and Gao, 2003).

Hf and Nd isotope systematics are effective in identifying and distinguishing
upper continent-derived materials from pelagic sediments (Vervoort and others, 1999;
Eisele and others, 2002). Hf and Nd isotopic compositions are highly correlated in
crustal materials as a whole, with regression line slopes in €€y space being around
1.5 (Chauvel and others, 2008; Vervoort and others, 2011). Pelagic sediments, how-
ever, are an exception to this probably due to the lack of a zircon-hosted Hf
component resulting in generally higher Lu/Hf ratios (Patchett and others, 1984;
Vervoort and others, 1999, 2011). Therefore, magmas derived from sources with
recycled pelagic sediments would have regression line slopes in €y—€x4 space signifi-
cantly lower than the terrestrial mantle array (Eisele and others, 2002; Marini and
others, 2005). The Keping basalts form a good positive correlation between €(t) and
€na(t) with a slope of ~1.5 similar to that of terrestrial mantle array (Li and others,
2012b), indicating that upper continental-derived materials mainly from continental
margins rather than pelagic sediments were involved in their source.

Plume signature in the Bachu dikes.—The Bachu dikes show incompatible trace
element patterns prominently similar to those of OIB (figs. 5C and 5D) and the
uncontaminated samples exhibit trace element ratios that completely overlap the
fields of OIB and Emeishan least contaminated high-Ti basalts from the ELIP, but
distinct from MORB (figs. 11A and 11B). They also show trace element ratios (for
example, Nb/La = 1.21-1.37) and Nd isotopes [eyq(t) = 4.1-4.8], similar to the
proposed plume component [Nb/La = 1.0-1.1, gy4(t) = 4.6-4.8] for the Emeishan
high-Ti basalts (Xu and others, 2001). The Pb isotopes overlap or are slightly lower
than those of the Emeishan least contaminated high-Ti basalts (figs. 7C and 7D). These
features suggest that the Bachu dikes were likely derived from a convective mantle
source.

In the Bachu and Piqgiang areas, the mafic dikes are often temporally and spatially
associated with the ultramafic-mafic layered intrusions, syenites and A-type granites. In
terms of isotopic similarity, these A-type granitoids share the same source with the
mafic dikes and ultramafic-mafic layered intrusions (Zhang and others, 2008a, 2010b;
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Fig. 13. The role of fluids and sedimentary components in the petrogenesis of the Keping basalts.

Th/Yb versus Ba/La (A) and Ba/La versus €y4(t) (B) indicate that the compositions of the Keping basalts
are controlled by sediment-derived component. Literature data sources same as in figure 3.

Wei and Xu, 2011). They have very high zircon saturation temperature (890 °C to
1010 °C; Zhang and others, 2010b), a feature of plume-related intrusions (Shellnutt
and Zhou, 2007; Zhong and others, 2007, 2011; Zhong and Xu, 2009; Shellnutt and
Jahn, 2010).

Plume-lithosphere interaction in the generation of the TLIP.—Any geodynamic model to

be proposed should be able to account for the following main characteristics of the
TLIP: (a) two magmatic episodes (~289 Ma and ~279 Ma); (b) distinct sources of
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these two magmatic suites, with the earlier from the SCLM and the later possibly from a
mantle plume; (c) spatial distribution of these two episodes of magmatism, with the
earlier episode covering all the Tarim Craton and the later one largely confined in the
periphery of the Tarim Craton. In order to fit in with the characteristics of these two
discrete magmatic episodes, we propose a model involving plume-lithosphere interac-
tion in the formation of the TLIP (fig. 14).

In this scenario, the Keping basalts are hypothesized to have formed by the arrival
of a mantle plume impacting at the base of the SCLM. The Tarim Craton has a very
thick SCLM more than 140 km at present (Liu and others, 2004; An and Shi, 2006;
Priestley and others, 2006) and the boundaries of cratons often have relatively thinner
lithosphere (for example, Lebedev and others, 2006; Shomali and others, 2006;
Fishwick and others, 2008). No significant magmatic activities were observed since
Permian (BGMRXUAR, 1993) indicating that Tarim might not witness obvious litho-
spheric thinning after Permian. Thus, it is reasonable to assume that the lithosphere of
Tarim during Permian could be thicker than 140 km. A thick lithosphere (>130 km)
will hamper the upwelling of a mantle plume, thus preventing its decompression
melting (Davies, 1994; Sleep and others, 2002; Jourdan and others, 2007a; Foley, 2008)
and melting will be confined to the lithospheric mantle (Story and others, 1997). After
incubating beneath thick cratonic lithosphere (fig. 14A), the plume will be deflected
away towards areas of thinner lithosphere at the craton margins (Sleep and others,
2002) and conductively heats the overlying SCLM, triggering the melting of the
subduction-related metasomatized domains within the lithospheric mantle and giving
rise to the Keping basalts (fig. 14B). It should be emphasized that the Keping basalts
are distributed close to the margins of the Tarim Craton, where the lithosphere may be
thinner than the interior of the craton. Our modeling (fig. 12) shows that the Keping
basalts represent a mixture of melt fractions derived from mantle sources at variable
depths. After being heated up by an incubating mantle plume for several million years,
the SCLM would melt both at a deeper portion where most of the heat is accumulated
and at a shallower depth due to heat penetrating by conduction. The melting
mechanism of this earlier episode of magmatism in the TLIP is similar to that
described by Turner and others (1996) for the Parana CFB.

The later episode of magmatism is characterized by an OIB-like geochemical
signature, pointing to decompression melting of the convective mantle (fig. 14C).
Lebedev and others (2006) suggested that flow of sub-lithosphere mantle from
beneath cratons and the resulting decompression melting in the craton margins could
explain the origin of low-volume, scattered and sporadic basalts with OIB-like signa-
tures. The 277 to 284 Ma magmatism is characterized by low-volume and scattered
basaltic dikes and is mainly distributed in the Bachu and Piqiang area along the
margins of the Tarim Craton. This is actually consistent with the prediction of
decompression melting of a mantle plume. The requirement for decompression
melting to take place is that the lithosphere has to be thin enough (<100 km; Turner
and others, 1996; Gibson and others, 2006). Since the lithosphere beneath Tarim is
presently >140 km, it is reasonable to infer that the lithosphere during the early
Permian was at least that thick. This means to ensure convective mantle to melt, parts
of the lithosphere beneath Tarim must have been thinned to <100 km. Consequently,
a delay of ~10 Ma may correspond to the time needed to thin the lithosphere. It
should be pointed out that such a lithospheric thinning did not occur within the
interior of the Tarim Craton, but may have been operated at contact zones between the
Tianshan orogenic belt and the Tarim Craton, where rheological rupture renders
thermo-mechanical erosion/removal of the lithosphere much easier than the rigid
cratonic keel. Lithospheric thinning and extension may have preferentially been
initiated and intensified along these weak contact zones, eventually leading to rifting
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Fig. 14. A cartoon illustrating the formation of the TLIP. SCLM = subcontinental lithospheric mantle.
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(Chen and others, 2009; Chen, 2010). For example, the Tanlu fault zone (TLFZ), a
large trans-lithospheric strike-slip fault zone bounding the North China rift system to
the east, has been proposed to operate as an asthenospheric upwelling channel and
facilitate the Mesozoic—Cenozoic lithospheric thinning of the eastern North China
Craton (Xu, 2001; Xu and others, 2004b; Zheng and others, 2008).

In some instances, the crust in the craton margins can also melt as a result of
temperature increase related to underplating of high temperature basaltic magmas at
the crust-mantle boundary. The rhyolites in the Northern Tarim could have formed in
this way (fig. 14C) (Yu and others, 2011a).

CONCLUSIONS

(1) Our new *’Ar/*Ar dates together with previous published age data reveal two
main episodes of magmatism in the TLIP. The flood basalts, represented by the Keping
basalts, formed at 286 to 292 Ma and peaked at ~289 Ma, about 10 Ma earlier than the
mafic dikes, ultramafic-mafic-felsic complex and rhyolites.

(2) The Keping basalts display a strong lithospheric signature characterized by
relative depletions in Nb-Ta, enrichment in Ba-Pb, and negative €y4(t) and low initial
Pb isotopes, in sharp contrast with those of oceanic island basalts. Such a lithospheric
signature cannot be attributed to shallow-level crustal assimilation; rather they more
likely inherit that of the SCLM beneath Tarim, which has been metasomatized by
subduction-related processes. The Bachu dikes display OIB-like geochemical character-
istics, consistent with a derivation from a convective mantle source.

(3) A lithosphere-plume interaction model is proposed to explain the distinct
mantle components involved in two episodes of magmatism and the tempo-spatial
evolution of the TLIP. The earlier episode (that is, the Keping basalts) formed by
melting of the SCLLM, which was initiated by the arrival of a plume impacting at the
base of the SCLM. The later episode (that is, the Bachu dikes) represents decompres-
sional melts of a mantle plume, as a result of its lateral spread out to areas of thinner
lithosphere at the craton margins.
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