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ABSTRACT

Zircon laser ablation inductively coupled plasma mass spectrometry U-Pb age and geochemical and Sr-Nd-Hf isotopic
data are reported for the Bachu layered intrusive complex (BLIC) in the western Tarim Block and are used to assess
the possible presence of a Permian large igneous province (LIP) in the region. The BLIC intrudes the Silurian-Devonian
sedimentary rocks, and our U-Pb zircon dating gives a crystallization age of 274 + 2 Ma. Rock types of the BLIC
include pyroxenite, diorite, syenite, and quartz syenite, with a wide range of SiO, contents (38.6%-68.7 %) and variably
high alkalinity (Na,O + K,O = 1.5%-12.0%, K,0/Na,O = 0.23-0.9). They are enriched in Rb, Ba, Th, Nb, Ta, Zr,
HIf, and light rare earth elements. Isotopically, they are characterized by positive whole-rock eNd(t) values (0.25-2.8,
mostly above 2.0) and zircon eHf(t) values (5.8-8.9) and low initial *’Sr/%¢Sr ratios (0.7035-0.7045). These features
suggest that the BLIC was likely formed by crystal cumulation and fractionation (with negligible crustal contami-
nation) of alkali basalts derived from an ocean island basalt-like mantle source (i.e., the asthenospheric mantle) in
an extensional regime. We suggest that these mid-Permian igneous rocks, in combination with the voluminous coeval
basalts and intrusive rocks covering an total area of ca. 250,000 km? in the Tarim Block and surrounding regions,
constitute an LIP (the “Bachu LIP”) and that the BLIC could be the residue of a feeder for this LIP.

Online enhancements: appendix tables, color version of figure 1.

Introduction

Although alkaline rocks are volumetrically insig-  matized mantle enriched in light rare earth ele-
nificant, their petrogenesis is controversial because =~ ments (LREEs) and large-ion lithophile elements
of their peculiar chemical compositions, exotic =~ (LILEs; Dawson 1987; Edgar 1987; Yang et al.
mineralogy, and tectonic associations. Alkaline  2005b; Upadhyay et al. 2006a), low-degree partial
rocks can occur in all settings except mid-oceanic  melting of an asthenospheric mantle with subse-
ridges (Zhao et al. 1995; Farmer 2003), and a num-  quent crystal fractionation (Fitton 1987; Bailey et
ber of petrogenetic models have been suggested for ;1. 2001, 2006), interaction of an asthenospheric
their genesis, such as partial melting of a metaso-  1,6]¢ with the lithospheric mantle (Menzies 1987;
Baker et al. 1997), partial melting of crustal rocks

2Oolgflanuscript received August 20, 2007; accepted February 13, resulting from an influx of volatiles (Lubala et al.
! Author for correspondence; present address: Nanjing Insti- 1994; Martin 2006) or in a closed system at pres-
tute of Geology and Mineral Resources, Nanjing 210016, China. ~ sures typical of the base of an overthickened crust
* State Key Laboratory of Lithospheric Evolution, Institute (Huang and Wyllie 1981), and magma mixing of

of Geology and Geophysics, Chinese Academy of Sciences, Bei- mantle-derived basaltic and crust-derived silicic

jing 100029, China. . .. c11s
3 Department of Applied Geology, Institute for Geoscience melts followed by differentiation of the hybl’ld hq'

Research, Curtin University of Technology, GPO Box U1987, uid (Dorais 1990; Zhao et al. 1995; Litvinovsky et
Perth, Western Australia 6845, Australia. al. 2002). These distinct petrogenetic models partly
Nanjing Institute of Geology and Mineral Resources, Nan- reflect the diversity of geological settings in which

jing 210016, China. .
> Department of Earth Sciences, Chinese University of Geo- the alkaline rocks occur.

sciences, Wuhan 430074, China. We present here results of a detailed petrographic,

[The Journal of Geology, 2008, volume 116, p. 269-287] © 2008 by The University of Chicago.
All rights reserved. 0022-1376/2008/11603-0002$15.00 DOI: 10.1086/587726

269



270 C.-L. ZHANG ET AL.

geochemical, and geochronological study of rocks
from the Bachu alkaline layered intrusive complex
(BLIC) in the northwestern Tarim Block, China (fig.
1). The aim of the study is to constrain the timing
of the emplacement and to reconstruct the petro-
genetic evolution and geodynamic setting of this
complex and related igneous rocks by synthesizing
field, petrographic, geochronological, elemental,
and whole-rock Sr-Nd and zircon Hf isotopic data.

General Geology and Petrography

The Tarim Block, located in northwestern China,
amalgamated with the southern Central Asian Oro-
genic Belt (CAOB) during the Late Paleozoic (fig.
la; Xinjiang BGMR 1993, p. 17-45; Li 2006). Late
Carboniferous to Permian intrusive complexes,
mafic dikes, and a large volume of volcanic rocks
have been reported recently both within the Tarim
Block (e.g., Jia 1997; Jiang et al. 20044a, 2004b; Xu
et al. 2005; Yang et al. 2007) and along its northern
fringes (mainly in the Tienshan area to the north
of Tarim but also in the Baikal area; e.g., Pisarevsky
et al. 2006). Several models have been proposed for
the geodynamic settings of those Late Carbonifer-
ous to Permian igneous rocks. (1) Considering the
Tarim Block to have amalgamated with the Mu-
yunk Block along the central Tienshan suture zone
in the Early Carboniferous (Li 2006), Xu et al. (2005)
argued that the Late Carboniferous to Permian vo-
luminous A-type granites and Permian mafic ig-
neous rocks were genetically related to the post-
orogenic collapse. Zhou et al. (2006) also used this
model to explain the formation of the Permian ba-
salts in Santanghu and Tuha basins north of Tien-
shan (fig. 1a). (2) Yang et al. (1995, 2005b, 20064)
suggested that those igneous rocks could be the
products of the northward subduction of the paleo-
Tethyan oceanic crust between the Eurasian con-
tinent to the north and the Gondwanan continents
to the south. (3) From the estimated high Mg# (~73)
of the primary magma for the ca. 270-Ma ultramafic
intrusions in eastern Tienshan, Zhou et al. (2004)
argued that a Permian mantle plume could account
for the formation of those mafic rocks, the volu-
minous A-type granites in Tienshan, and the late
Paleozoic crustal growth in the CAOB. Other re-
searchers (e.g., Jiang et al. 2001, 20044, 2004b; Chen
etal. 1999; Yang et al. 2007) reported work on Perm-
ian igneous rocks and lithofacies paleogeography of
the Tarim Block that indicates extensional tectonic
regimes.

The BLIC, studied here, outcrops ca. 12 km
southeast of Bachu County (fig. 1) in the Tarim
Block interior. Field observations show that the

complex is an oval-shaped (see the topographic in-
set at the lower right-hand corner of fig. 1a), layered
intrusion with ca. 12 km? of outcropping area. It
consists of ultramafic-mafic-felsic rocks that in-
trude Silurian-Devonian sedimentary rocks, with
contact zones dipping 20°-40° toward the interior
of the complex (figs. 1b, 2). On the basis of thin-
section examinations and field observations, as
well as previous petrographic studies (Li et al.
2001), we divide the complex into four main lith-
ofacies: (1) magnetite-olivine-pyroxenite (account-
ing for ~5% of the outcrop), (2] (olivine-bearing)
pyroxenite (~30%), (3) gabbro (~60%), and (4) sye-
nite and quartz syenite (~5%; fig. 1b). Transitional
rock types, for example, pyroxene-bearing diorite,
olivine-bearing gabbro, pyroxene, and/or nepheline-
bearing syenite, also exist within the BLIC. Thus,
the BLIC includes rocks ranging from ultramafic,
mafic, and intermediate to felsic types, although
the intermediate types are volumetrically insignif-
icant. All the rocks are relatively fresh, with only
slight metasomatism, as represented by sericite
as a replacement for plagioclase. They show clear
medium- to coarse-grained texture and a block
structure.

The magnetite-olivine-pyroxenite lithofacies is
composed mainly of olivine (10%-20%), augite
(40%-50%), plagioclase (10%-20%), magnetite
(10%-30%), and minor amounts of phlogopite
(~1%) and apatite (<1%). In augite, glint texture
(where spiculate titanium and iron oxide are par-
allel to the cleavage of augite) is visible. The py-
roxenite lithofacies is composed mainly of clino-
pyroxene (75%-95%), with minor amounts of
olivine, plagioclase, and Ti-Fe oxides. Gabbro, the
predominant lithofacies of the complex, consists of
clinopyroxene (40%-50%), plagioclase (40%-45%),
and minor amounts of hornblende, phlogopite, and
apatite. Orbicular structures with dimensions of
~50 cm x 50 cm were observed on several outcrops
in this lithofacies. The quartz-syenite lithofacies is
exposed in a topographic high near the center of
the complex (figs. 1, 2). The main minerals are al-
kaline feldspar (orthoclase, 40%-70%), quartz
(10%-30%), hornblende (5%-10%), and brown bi-
otite (1%-2%); the accessory minerals include zir-
con, apatite, rutile, allanite, and monazite. On sev-
eral outcrops, minor nepheline-bearing syenite was
also observed (such as sample Wp-63). The neph-
eline-bearing syenite consists of alkaline feldspar
(40%—-60%), pyroxene (40%-50%), nepheline (1%-
5%), and phlogopite (1%-5%) as well as accessory
minerals, such as apatite, allanite, xenotime, and
baddeleyite.
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Figure 1. g, Topographic and simplified tectonic map of the Tarim Block and its surrounding regions, showing the
distribution of Permian basalts in Tarim and the location of the Bachu layered ultramafic-mafic-syenite complex
(BLIC, inset). Coeval basalts in the Tuha and Sangtanghu basins are also shown. Solid and dashed lines indicate active
faults and ancient sutures, respectively (after Chen et al. 2004). b, Geological map of the BLIC. The sample locations
are shown, with the numbers representing samples listed in table A2, available in the online edition or from the
Journal of Geology office; that is, 1-12 correspond to samples 05BH-1-05BH-12, and 59-75 correspond to samples
Wp-59-Wp-75. NCB = North China Block.
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Schematic geological section showing the layered structure of the Bachu complex, simplified from Li et

al. (2001), with minor modification made based on our field observations.

Analytical Methods

A quartz-syenite sample (BC03) was collected from
the felsic lithofacies in the BLIC (78°48'25"E,
39°45'2"N) for zircon U-Pb and Hf isotope analyses.
Mineral separation was carried out; first, conven-
tional magnetic and density techniques were used
to concentrate the nonmagnetic, heavy fractions.
A representative selection of zircons was then ex-
tracted by handpicking under a binocular micro-
scope. Zircon grains, with TEMORA standard (417
Ma), were cast into an epoxy mount, which was
then polished to section the crystals for analysis.
Zircons were documented with transmitted- and
reflected-light micrographs, as well as cathodolu-
minescence (CL) images, to allow the study of their
inner structures. Zircons were dated in situ on an
excimer (193-nm wavelength) laser ablation induc-
tively coupled plasma mass spectrometer (LA-ICP-
MS) at the State Key Laboratory of Continental Dy-
namics, Northwest University, China. The ICP-MS
used was an Agilent 7500a (with shield torch), and
the GeoLas 200M laser ablation system (MicroLas,
Gottingen, Germany) was used for the laser abla-
tion experiments. Analytical processes were simi-
lar to those described by Yuan et al. (2004). Raw
count rates were measured for ?°Si, 2**Pb, 2°°Pb,
207Pb, 2%8Pb, #2Th, and ***U. U, Th, and Pb concen-
trations were calibrated by using *Si as an internal
standard and NIST SRM 610 as the reference stan-
dard' 207Pb/206Pb’ 206Pb/238U’ 207Pb/235U’ and ZOSPb/
22Th ratios, calculated using GLITTER 4.0 (Mac-
quarie University, Sydney, Australia), were cor-
rected for both instrumental mass bias and ele-
mental and isotopic fractionation by using standard
zircon 91500 (Wiedenbeck et al. 1995) as external
standard. The ages were calculated with ISOPLOT
3.0 (Ludwig 2003). Our three measurements of
TEMORA as an unknown yielded a weighted mean
206Pb/**8%U age of 417 + 9 Ma, which is in good
agreement with the recommended isotope dilu-
tion—-thermal ionization mass spectrometry (ID-
TIMS) age of 416.75 + 0.24 Ma (Black et al. 2003).
U-Pb zircon results are listed in table Al, available

in the online edition or from the Journal of Geology
office.

Major-element, trace-element, and Nd isotope
measurements were carried out at the Guangzhou
Institute of Geochemistry, Chinese Academy of
Sciences. Major elements were analyzed by x-ray
fluorescence (Rigaku ZSX100e) according to the an-
alytical procedures of Li et al. (2005). Analytical
precision was generally better than 2%. Trace el-
ements were analyzed with a Perkin-Elmer Sciex
ELAN 6000 ICP-MS according to procedures de-
scribed by Li et al. (2002). Powdered samples of ~50
mg were dissolved in high-pressure Teflon bombs
using a HF + HNO, mixture. An internal standard
solution containing the single element Rh was used
to monitor signal drift during ion counting. The
USGS standards BCR-1, W-2, and G-2 and the Chi-
nese National standards GSR-1 and GSR-3 were
used for calibrating element concentrations of mea-
sured samples. In-run analytical precision for most
elements was better than 3%-5%. The analytical
results for major and trace elements are listed in
table A2, available in the online edition or from the
Journal of Geology office.

Nd isotopes were determined by using a Micro-
mass Isoprobe multicollector ICP-MS (MC-ICP-
MS) according to the procedure described by Li et
al. (2004). Sr isotopes were measured with a Fin-
nigan MAT 262 thermal ionization mass spectrom-
eter at the Institute of Geology and Geophysics,
Chinese Academy of Sciences, according to the pro-
cedure described by Wu et al. (2005). Measured *’Sr/
8Sr and '*Nd/'"*Nd ratios were normalized to
86Sr/%8Sr = 0.1194 and "*Nd/"*Nd = 0.7219, re-
spectively. The reported *Sr/*Sr and '*Nd/"**Nd
ratios were adjusted to the NBS SRM 987 standard
87Gr/®Sr = 0.71025 and the Shin Etsu JNdi-1 stan-
dard "**Nd/"**Nd = 0.512115. Sr-Nd isotope results
are listed in table 1. In situ zircon Hf isotopic anal-
ysis was carried out on a Neptune MC-ICP-MS
equipped with a Geolas-193 laser ablation system
(LAM-MC-ICP-MS) at the Institute of Geology and
Geophysics, Chinese Academy of Sciences. The de-
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Table 1.

LAYERED INTRUSIVE COMPLEX

273

Nd-Sr Isotope Compositions of Rocks from the Bachu Layered Intrusive Complex

Sm Nd Ton® Rb Sr

Sample (ppm) (ppm) ¥Sm/"“Nd '*Nd/'*Nd + 26 (Ma) eNd(t) (ppm) (ppm) *Rb/*Sr 87Gr/%Sr + 26 (37Sr/%¢Sr)
05BH-1 6.71 41.1 .1034 512595 + .000007 790 2.38 56.0 639 212 .757022 = .000012 .70393
05BH-3 11.1 58.0 1218 512573 + .000008 760 2.41 940 24.6 9.245 709789 + .000011 73177
05BH-4 11.2 67.0 .1062 512620 += .000008 940 1.34 84.8 170 1.204 727986 + .000013 .70650
05BH-5 23.6 139 .1078 512587 + .000007 740 2.80 144 78.8 4410 .705027 + .000012 71594
05BH-6 11.9 67.9 1115 512601 = .000006 800 2.11 66.3 599 267  .704820 + .000011 .70429
05BH-7 8.77 47.8 1163 512613 + .000006 810 2.25 62.4 525 287 .704323 + .000012 .70403
05BH-9 14.0 80.9 1101 512605 + .000007 830 2.31 88.7 735 291 704873 + .000011 .70352
05BH-10 11.0 61.0 1142 512559 + .000005 890 1.34 50.2 776 156 .703796 + .000011 .70444
05BH-12 24.5 124 1251 512523 + .000012 1050 .25 24.2 811 .072  .757022 + .000012 .70359
* Model age.

" Initial *7Sr/*¢Sr.

tailed analytical procedures are given by Wu et al.
(2006) and Yang et al. (2006b). Hf isotopic analyses
were obtained on 30 zircons, including 16 zircons
dated at ~274 Ma by SHRIMP and 14 undated zir-
cons that share similar CL image features to those
ca. 274-Ma zircons. Zircon Hf isotopic results are
listed in table A3, available in the online edition
or from the Journal of Geology office.

Results

U-Pb Zircon Age. Zircon grains from sample
BCO03 are mostly euhedral, transparent, colorless,
and 200-300 um long, with length-to-width ratios
of 2-3. Euhedral concentric zoning is common in
most crystals under CL images, typical of mag-
matic origin. Relict cores were not observed. Anal-
yses were conducted on 20 zircon grains (table Al).
U concentrations ranged from 68 to 225 ppm, Th
concentrations from 36 to 115 ppm, and Th/U ra-
tios from 0.42 to 0.62. Among the 20 analyses, two
analyses (spots 14.1 and 15.1) have relatively older
concordant **Pb/***U and **’Pb/***U ages, and an-
other two (spots 13.1 and 16.1) have apparent ra-
diogenic-Pb loss (fig. 2). These are likely to be in-
herited or (more likely) captured zircons (e.g., in CL
images, these four zircon grains have melting dents
on their rims). In the **Pb/***U-*"Pb/***U concordia
plot, the remaining 16 analyses are concordant
within errors (fig. 3), yielding a weighted mean
206p} /23 age of 274 + 2 Ma (MSWD = 2.4). This
age is interpreted as the timing of the BLIC em-
placement. It is noted that this emplacement age
is identical with a zircon SHRIMP U-Pb age of
272 + 1.2 Ma for a quartz syenite dike and a whole-
rock Sm-Nd isochron age of 259 + 57 Ma for a
mafic dike south of the BLIC (Yang et al. 2006a)
and is close to a “°Ar/*Ar plateau age of 278.5 +
1.4 Ma for the Permian basalts in central Tarim
(Chen et al. 1997; Jia 1997).

Geochemistry. Major and Trace Elements. The
BLIC rocks show distinct alkaline affinities

(Na,O + K,0 = 1.5%-12.0%) over a large range of
Si0, contents (38.5%-68.7%; fig. 4). The agpaitic
index ([(Na,0+K,0]/ALQO,],.....) values of 0.4-0.97
(mostly above 0.6) mirror those of miaskitic min-
eralogy, and the K,0/Na,O ratios of 0.23-0.9 (with
the exception of sample Wp-59, which has a high
K,0/Na,O ratio of 1.14, possibly as a result of deu-
teric alterations) give them sodic affinities.
According to major-element compositions, the
rocks could be subdivided into three subgroups:
ultramafic-mafic (SiO, = 38.6%-51.3%), interme-
diate (SiO, = 56.2%-64.0%), and silicic (SiO, =
67.9-68.7%; fig. 4). Major-element concentrations
show a large variation in the complex due to crystal
accumulation and fractionation, as indicated by (1)
a decrease in TiO,, CaO, and Fe,0,(T) and an in-
crease in SiO,, Al,O,, and K,O with decreasing
MgO, and (2) variations in P,O, contents, where the
felsic rocks have much lower values than the
mafic-ultramafic and intermediate rocks (fig. 5).

0.051
| 273.7+1.5Ma
0.049F  n-16 310
i MSWD=2.4
0.047
- L
L 0.045
=
=8
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0.037 / I 1 1 L | !
0.24 0.28 0.32 0.36 0.40 0.44
Zﬂ'.'Pb/ZJSU
Figure 3. U-Pb zircon concordia diagram for the quartz-

syenite in the Bachu intrusive complex. The concordant
age of 273.7 + 1.5 Ma is interpreted as the crystallization
age of the intrusive complex.
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Figure 4. SiO, versus K,0 + Na,O classification dia-
gram, showing the alkaline characteristics of all the rocks
from the Bachu layered intrusive complex.

Moreover, the mafic-ultramafic members of the
complex show more scatter in the trends of oxides,
which may be due to the presence of cumulus crys-
tals of oxides, olivine, and pyroxene, as observed
in thin sections. The ultramafic-mafic subgroup,
with normative nepheline, represents a silica-
undersaturated suite of rocks, whereas the inter-
mediate and felsic subgroups are silica saturated
(except for sample Wp-63, which contains minor
nepheline). Most analyzed samples had low abun-
dances of compatible elements such as Ni, Cr, Sc,
and Co (table A2), indicating evolved compositions.

Figure 6a shows the compositions of the inter-
mediate and felsic rocks in terms of their molar
ratios of Al,0,/(CaO + K,O + Na,O) (A/CNK]) and
Al,0,/(Na,O + K,0) (A/NK). On the basis of these
ratios, the intermediate rocks are metaluminous,
whereas the felsic rocks straddle the metalumi-
nous-peraluminous boundary. High concentrations
of Zr, Nb, Ce, and Y and high Nb/Y and Fe/Mg
(molar) ratios distinguish those Si-saturated rocks
from I- and S-type granites. They are affinitive to
A-type granites on the 10,000Ga/Al versus Zr dis-
crimination diagram (fig. 6b; Winchester and Floyd
1977, Whalen et al. 1987; Frimmel et al. 2001), re-
sembling the A, subtype as defined by Eby (1992)
in terms of their high Nb, Y, and Ce contents (fig.
6¢). Chemical compositions of the five syenite dike
samples reported by Yang et al. (2006a) are also
plotted in figure 6. Considering their similar major-
and trace-element compositions, we suggest that
the syenite dikes and the BLIC syenites share a
common magma source.

The chondrite-normalized REE patterns of the

ultramafic-mafic subgroup show LREE enrich-
ments with steep slopes (Lay/Yby = 12-31) and in-
significant Eu anomalies (fig. 7a; after Sun and
McDonough 1989). The abundances of LILEs, such
as Rb, Ba, and Sr, and high-field-strength elements
(HFSEs), such as Zr, Hf, Nb, and Ta, of the ultra-
mafic-mafic subgroup also exhibit large variation
due to crystal fractionation and cumulation (fig. 7b;
after Sun and McDonough 1989). The intermediate-
subgroup samples have relatively coherent trace-
elemental compositions exhibiting similar REE and
trace-element distribution patterns (fig. 7c, 7d), ex-
cept for a positive Eu anomaly for three samples
(05BC-1, 6, and 10), and variable negative anomalies
of Sr, P, and Ti in the trace-element distribution
patterns. The felsic subgroup rocks (quartz syenite)
have very variable total REE contents (206-775
ppm) and other trace-element contents. However,
they have coherent left-sloping REE and trace-
element distribution patterns (fig. 7e, 7f). They are
enriched in LREEs, with (La/Yb), ranging from 14
to 19, and have significant negative Eu anomalies
(6Eu = 0.4-0.5) and pronounced negative Sr, P, and
Ti anomalies in trace-element distribution pat-
terns.

Whole-Rock Nd-Sr and Zircon Hf Isotope Com-
positions. Sm-Nd isotopic data are presented, along
with their Nd model ages (T},,,) and eNd(t) values
calculated using the same formulation as in Li et
al. (2003), assuming a depleted-mantle source
with present-day '#*Nd/"**Nd = 0.51315 and
7Sm/"*Nd = 0.2137 (table 1). The BLIC samples
have variable Sm and Nd contents but relatively
constant 'YSm/'*Nd and '**Nd/"**Nd ratios ranging
from 0.1034 to 0.1251 and 0.512505 to 0.512620,
respectively, corresponding to eNd(t) values of
0.25-2.8 (mostly above 2.0) and Ty,,’s of 740-1050
Ma. Sample 05BH-12, which was collected at the
fringe of the BLIC (fig. 1b), has the lowest eNd|t)
value, 0.25, and significant Nb-Ta and Zr-Hf
troughs in trace-element distribution patterns (fig.
6). These features were probably due to crustal as-
similation. However, crustal assimilation, if any
(such as presence of zircon xenocrysts in sample
05BCO03), seems insignificant for other BLIC sam-
ples because they exhibit relatively high eNd(t) val-
ues (>2) and high Nb/La ratios of ~1.0.

Among the nine analyzed samples, three have
high *#RDb/*¢Sr ratios of between 1.2 and 9.2 as a
result of crystal fractionation (Jahn et al. 2001).
Their very high (¥Sr/*Sr); ratios (where “i” indi-
cates “initial”) are only mean values, because the
high *Rb/%*Sr ratios would produce large uncer-
tainties in the calculated (¥’Sr/*¢Sr), (Jahn et al.
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Figure 5. Binary Harker diagrams (MgO vs. SiO,, Fe,O,(T), TiO,, Al,O,, CaO, K,O, Cr, and Sr; CaO vs. Fe,0,, TiO,,

Na,O + K,0O, and P,0;) for the rocks from the Bachu intrusive complex, northwestern China. The trend and scattering
suggest that cumulus and fractional processes produced most of the geochemical variations (symbols as in fig. 4).
The least evolved mafic dike sample, W13 (Jiang et al. 2004a), is regarded as representing the most primitive magma
of the Bachu layered intrusive complex. The black and gray arrows indicate crystal fractionation and cumulation,

respectively (see details in “Petrogenesis”).

2000b). The other six samples have low 8Rb/%¢Sr
(0.0722-0.2912) and relatively homogeneous (¥Sr/
8Sr); ratios of between 0.70352 and 0.70444. These
samples define a narrow cluster on the Sr-Nd dia-
gram (fig. 8), indicating that they were derived from
a homogenous mantle source.

Zircon Hf isotopic data show that all zircons
have very low "“Lu/'"7Hf ratios of <0.0012 and rel-
atively homogeneous '"*Hf/'"’Hf ratios (0.282755—
0.282867, with an average of 0.282822). The cal-
culated eHf(t) values range from 5.3 to 8.8, with an

average of 7.8 + 1.3. Such highly positive ¢Hf(t) val-
ues suggest crystallization of zircons from mantle-
derived melts, consistent with the whole-rock Sr-
Nd isotopic data.

Petrogenesis

Trace-Element and Isotopic Constraints on the Source
Region. Because the ultramafic-mafic rocks ac-
count for more than 90% volume of the whole com-
plex (estimated according to their outcropping
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Figure 6. a, A/NK versus A/CNK plot showing that the

intermediate subgroup from the Bachu layered intrusive
complex (BLIC) are metaluminous and that the felsic sub-
group straddles the boundary between metaluminous and
peraluminous; b, Zr versus 10,000Ga/Al discrimination
diagram showing that the intermediate and felsic sub-
groups from the BLIC are A-type granites (after Whalen
et al. 1987); ¢, Nb-Y-Ce discrimination diagram indicat-
ing A, characteristics of the intermediate and felsic sub-
groups in the BLIC (after Eby 1992). Symbols are as in
figure 4. The five syenite dike samples reported by Yang
et al. (2007) are also plotted (open squares), indicating
their similar major- and trace-element compositions and
suggesting a magma source in common with rocks an-
alyzed in this study.

area), the parental magma of the BLIC must be from
a mantle source, and the continuous lithological
and chemical variations from ultramafic-mafic
through intermediate to felsic were most likely
caused by crystal fractionation and accumulation
(fig. 5). To determine the compositions of the pri-
mary magma, we must take the following geo-
chemical characteristics of the BLIC into account.
(1) The enrichment of the LILEs and HFSEs and the
steep REE patterns indicate that the BLIC rocks
could not have been produced by any crystal frac-
tionation from a parent magma depleted in these
elements. The enrichment was also unlikely to be
due to crustal assimilation because the REE abun-
dances in the studied rocks are higher than those
in normal crustal materials, and adding such ma-
terial would actually diminish the REE contents of
the rocks (Rudnick and Gao 2003). Moreover, the
whole-rock Sr-Nd isotopic compositions do not
show any mixing relationship (fig. 7). Hence, the
enrichment of the LILEs, HFSEs, and REEs is most
likely a characteristic of the primitive magma. (2)
In contrast to the enrichment of LILEs and LREEs
relative to HFSEs and heavy REEs (HREEs), respec-
tively, positive eNd(t) values (>2.0), low (¥Sr/*¢Sr),
ratios (0.70352-0.70444) of the least contaminated
samples, and positive zircon eHf(t) values (5.8-8.9)
indicate a mantle source that was depleted relative
to the bulk Earth, though less depleted than the N-
type mid-ocean ridge basalt (MORB) source (Sun
and McDonough 1989). This type of mantle source
is similar to those of many oceanic and continental
alkaline primary suites having positive eNd(t) in
association with LREE enrichments relative to de-
pleted-MORB-mantle-derived rocks (N-MORB;
Wedepohl and Baumann 1999). (3) The sodic alkali
characteristics in major-element compositions and
high Nb/Y ratios argue for sodic alkaline, or tran-
sitional (between tholeiitic and alkaline), charac-
teristics of the primary magma (Zhao et al. 1995).
(4) The BLIC intermediate syenites show geochem-
ical characteristics similar to those of intraplate-
and hotspot-related syenites, rather than those of
orogenic syenites (e.g., Zhao et al. 1995).

Jiang et al. (2004a) and Yang et al. (2007) recently
reported geochemical data of the coeval diabase and
syenite dikes in the Bachu area. Although most
mafic dikes are chemically evolved, they are geo-
chemically and isotopically similar to the BLIC
mafic rocks (figs. 7-9). Among the 15 analyzed
mafic-dike samples reported by Jiang et al. (2004a),
composition of diabase sample W13 (table A2) is
close to that of the primary magma because (1) it
is relatively high in Cr (437 ppm), Ni (246 ppm),
and Mg# (54); (2) there is no Nb, Ta, P, Ti, or Sr
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Chondrite-normalized rare earth element patterns (a—c) and primitive mantle-normalized incompatible-

element spidergrams (d-f) for the rocks of different SiO, contents (in three subgroups). Data of the coeval mafic dikes
from the same area are also shown (data from Jiang et al. 2004a), and the normalization values are from Sun and

McDonough (1989).

depletion on the trace-element spidergram and no
Eu anomaly on the REE pattern, indicating inap-
preciable crustal material contamination (fig. 9); (3)
ithas eNd(t) (3.2) and (¥"Sr/*¢Sr); (0.7046) comparable
with those of the rocks from the BLIC; and (4) cu-

mulative minerals are not visible in thin section
(Jiang et al. 2004a). The Bachu mafic dikes (Jiang
et al. 20044a) and the BLIC mafic rocks (this study)
share common ocean island basalt (OIB)-like geo-
chemical signatures, suggesting that they were
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iferous to Permian igneous rocks from the Tarim and its

Sr and Nd isotopic data from the Bachu intrusive complex compared with those of various Late Carbon-

marginal areas (Jiang et al. 2001, 20044, 2004b; Xu et al.

2005). Also plotted are the Precambrian basements of Tienshan and the Tarim Block (Hu et al. 1999; Xu et al. 2005;

Zhang et al. 2007).

likely derived from a common OIB-like mantle
source.

Crystal Fractionation and Cumulation Effects. In
discussion of the crystal fractionation and cumu-
lation effects, for convenience, we divide the
magma evolution into two stages: from the “prim-
itive magma” (W13) to the intermediate subgroup
(the first stage) and from the intermediate to the
silicic subgroup (the second stage), although the
magma evolution was continuous. During the first
stage, Fe,0,, CaO, and TiO, decreased, whereas
Si0,, K,0, Al,O,, Sr, Zr, La, and Nd/P,O, increased,
as MgO decreased (fig. 5a-5f, 5h; fig. 10d, 10h, 10f).
The variations in Ce/Sr were insignificant as MgO
decreased (fig. 10c). Such variations are consistent
with crystal fractionation of mafic minerals such
as olivine, clinopyroxene, and accessory minerals,
including magnetite, apatite, and titanite. How-
ever, plagioclase, alkaline feldspar (e.g., potassic
feldspar), zircon, and allanite were not involved in
crystallization. Covariations between Cr and Ni, Sr
and Rb/Sr, and Ba and 6Fu also indicate that frac-
tionation of the mafic minerals, not plagioclase,

was dominant during the early stage of the magma
evolution (fig. 104, 10b, 10e, 10f). During that stage,
the fractionated mafic minerals, apatite, and titan-
ite cumulated to form the BLIC cumulate rocks
(such as samples Wp-59, 60, and 73). On the other
hand, fractionation of those minerals made the res-
idue magma become more siliceous.

During the second stage, that is, from the inter-
mediate subgroup to the silicic subgroup, as MgO
decreased, Fe,0O, and CaO decreased, while SiO,
and K,O increased (fig. 5a-5c¢, 5¢, 5f) and Cr re-
mained roughly constant (fig. 5g). Such covaria-
tions suggest that crystal fractionation during the
second stage was dominated by Ca-bearing mafic
minerals, such as clinopyroxene and hornblende.
The decreases in TiO,, P,O,, and Nd/P,O; and the
increasing depletion of Ti and P, as shown in the
trace-element spidergram, during magma evolution
suggest that apatite and titanite were important
fractionating phases (fig. 5¢, 5k, 5m; figs. 7e, 10g).
In contrast with the first stage, as MgO decreased,
Al O, and Sr decreased (fig. 5d, 5h). Such variations,
in combination with the increasing Rb/Sr ratios
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Comparison of the primitive mantle-normalized multielement distribution patterns between the least

evolved mafic dike sample (W13) from the Bachu area and the ocean island basalt. Also plotted are alkaline rocks
from rift/hotspot-related tectonic settings (McDonough et al. 1985; Baker 1987; Fisk et al. 1988) and alkaline rocks
from subduction zone settings (Zhao et al. 1995; Yang et al. 2005a). The normalized values are from Sun and
McDonough (1989). See detailed discussions in “Trace-Element and Isotopic Constraints on the Source Region.”

and negative Eu anomalies during the evolution of
magma from intermediate to silicic (fig. 10b, 10d,
10e), suggest that plagioclase fractionation was pre-
dominant. Sr and Ba decreased coherently, probably
controlled by the potassic feldspar fractionation
(fig. 10b; Jung et al. 2007). However, K,O contents
increased steadily as the magma evolved, inconsis-
tent with potassic feldspar fractionation. Hence,
the decreases in Sr and Ba were possibly controlled
by the fractionation of biotite and plagioclase,
which is consistent with thin-section observations
(e.g., biotite was observed in both the intermediate
and silicic subgroups).

It is noticeable that intermediate samples 05BH-
1, 6, and 10 had significant positive Eu anomalies,
which could be the result of the cumulation of the
plagioclase in these samples. Thus, we suggest that
there was plagioclase fractionation/unmixing in
the intermediate samples.

During the second stage, allanite fractionation
could have played an important role, as evidenced
by Ce/Sr versus MgO and CaO versus La variations
(fig. 10c, 10d). Limited Zr variations restricted the
involvement of zircon crystallization among the in-
termediate samples. Nevertheless, in the silicic
subgroup, a zircon fractionation/unmixing effect
could have led to the highest Zr contents in sample
05BH-3. Furthermore, allanite fractionation/un-

mixing could account for the highest REE and Y
contents in this sample (05BH-3), because if only
zircon was involved, the sample should have had
left-sloped REE distribution patterns because of the
high HREE partition coefficients of the zircon.

Figure 11 illustrates our interpreted sequence of
rock formation and accessory-mineral crystalliza-
tion. Major- and trace-element trends can be ex-
plained by the switches from magnetite-, clinopy-
roxene-, and olivine-dominated crystallization and
cumulation (controlling the evolution of the cu-
mulate rocks) to biotite-, hornblende-, pyroxene-,
and plagioclase-dominated crystallization and ac-
cessory minerals (such as apatite, allanite, titanite,
and zircon) that controlled the intermediate-felsic
subgroup trend, that is, A-type granites.

Tectonic Interpretation: A Permian Bachu LIP?

The systematic alkali characteristics and OIB-like
asthenospheric mantle source for the BLIC in west-
ern Tarim suggest an extensional setting for its in-
trusion. Trace-element distribution patterns of the
rocks from BLIC share similarities with those of
alkali rocks in rift/hotspot-related tectonic settings
(fig. 9; McDonough et al. 1985; Baker 1987; Fisk et
al. 1988; Zhao et al. 1995; Upadhyay et al. 20064,
2006b) but are significantly different from those of
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zircon, Ti = titanite.

subduction-zone settings (Zhao et al. 1995; Yang et
al. 2005b). As the Tarim Block had amalgamated
to the CAOB in the Late Carboniferous (Shu et al.
2000; Xia et al. 2003; Zhou et al. 2004; Li 2006),
the BLIC (this study) and the coeval mafic dikes
(Jiang et al. 2004a), bimodal dikes (Yang et al.
2006a), and basalts (Jiang et al. 2004b) in Tarim
were all formed in an intracontinental extensional
environment. However, it is still unclear what
caused such a large-scale partial melting of the as-
thenospheric mantle. Several models have been
proposed, including postorogenic collapse (Xu et al.
2005; Zhou et al. 2006), a mantle plume (Zhou et
al. 2004), and paleo-Tethyan subduction north of
the Qinghai-Tibet Plateau (Yang et al. 1995, 20055,
2006a). The following observations led us to con-
clude that the large-scale Permian igneous events
in Tarim and its surrounding regions were results
of a mantle plume breakout.

1. The large volume of the Permian mafic igne-
ous rock in Tarim. Recent geochronological and
stratigraphic (especially detailed paleontology)
studies on the Permian basalts in Tarim and its
marginal areas show that a large volume of basalts
erupted between 280 and 270 Ma (figs. 12, 13; Chen
et al. 1997, 2006; Jia et al. 2004; Jiang et al. 2001,

Mineral crystallization sequence in the different subgroups of the Bachu layered intrusive complex.
Me = magnetite (minor titanic magnetite possibly included), OI = olivine, Py = pyroxene, Hb = hornblende, Bi
biotite, PI = plagioclase, Kf = potassic feldspar, Q = quartz, Ne = nepheline, Ap = apatite, Al = allanite, Zr

mantle plume related
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Figure 12. Cumulative age spectra of the Late Carbon-

iferous to Permian igneous rocks in Tarim and its mar-
ginal areas. The age data are from Chen et al. (1997), Jia
(1997), Gu et al. (2001), Jiang et al. (2004a), Zhou et al.
(2004, 2006), Xu et al. (2005), Zhang et al. (2005), Yang
et al. (2006a), and this study. The ages included both
zircon SHRIMP U-Pb ages and whole-rock Ar-Ar plateau
ages (for basalts).
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Jiang et al. 2004b).

20044, 2004b; Zhou et al. 2006). According to geo-
physical exploration and drill-hole data (Jia 1997;
Chen et al. 2006), the area coverage of the Permian
basalts (including related tuff and tuff-bearing
rocks) in Tarim is ca. 250,000 km?. Drill-hole and
section data (Jia et al. 2004; Chen et al. 2006) in-
dicate that the thickness of the basalts varies be-
tween ~100 and ~800 m, with an estimated average
thickness of ca. 300 m based on the published drill-
hole and section data (fig. 13; Jia et al. 2004; Jiang
et al. 2004b). Thus, the volume of the Permian ba-
salts in Tarim is estimated at ca. 75,000 km?. If the
coeval basalts in the Tuha and Sangtanghu basins
north of Tienshan (fig. 14; Zhou et al. 2006) and
the widely distributed Permian mafic dikes in Ta-
rim (Zhang et al. 1998; Jiang et al. 2004b) are in-
cluded, the total volume of the basaltic rocks could
be up to 100,000 km?.

2. Different magma sources for the coeval Perm-

Stratigraphic positions and thicknesses of the Permian basalts in Tarim (original data from Jia et al. 2004,

ian mafic rocks. Geochemical data indicate that the
coeval mafic rocks at different locations were de-
rived from different mantle sources (Zhang et al.
1998; Jiang et al. 2004b; Zhou et al. 2004, 2006; this
study). For example, the basalts in Tarim (samples
were from the Keping area and several drill holes
in Tarim) have both negative eNd(t) (—2 to —5) and
high Nb/La ratios (1.0-1.2), indicating that they
were derived from a long-term enriched litho-
spheric mantle source (Rui et al. 2002, p. 29-47;
Jiang et al. 2004b; Yang et al. 2005b); the basalts
north of Tienshan (the Tuha and Sangtanghu ba-
sins) were likely derived from partial melting of a
lithospheric mantle previously metasomatized
by subduction materials in an extensional regime
(fig. 1a; Zhou et al. 2006); the mafic intrusions in
the Huangshan district of eastern Tienshan and
the mafic dikes in eastern Tienshan were likely
sourced from a lithospheric mantle that was pre-
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viously contaminated by subducting oceanic crust
(Zhang et al. 1998; Zhou et al. 2004). More impor-
tant, the estimated primary magma of the Huang-
shan intrusion had a high Mg# of up to 73, indi-
cating a high melting temperature (Zhou et al.
2004).

3. Voluminous Permian A-type granites and
cooling events in Tienshan. Voluminous Permian
A-type granites in the CAOB, coeval with mafic
extrusions/intrusions in Tarim and its northern
marginal areas, have positive eNd(t) values indi-
cating a direct or (more likely) indirect mantle con-
tribution, suggesting an indirect genetic link be-
tween the mafic-ultramafic intrusions and the
A-type granitic plutons in Tienshan (Jahn et al.
2000a). Permian thermal events have also been
identified within the CAOB. For example, Shu et
al. (2000) reported “°Ar/* Ar ages of 269 Ma for mus-
covite and 281 Ma for biotite in a deformed granite
in the 470-Ma Weiya granite intrusion in eastern
Tienshan.

4. Permian crustal doming in Tarim. Because
most of Tarim was covered by desert, it is difficult
to reconstruct detailed Carboniferous to Permian
lithofacies paleogeography for it. However, on the
basis of studies from the drill holes in the interior
of the basin and several outcrops along its marginal
area (Jia et al. 2004), Chen et al. (2006) suggested
that from the late Cisuralina to the Guadalupian
epoch, there was a remarkable crustal doming
event in Tarim and that the doming might have
been centered in the Bachu area. This crustal dom-
ing event coincided with basaltic eruptions in Ta-
rim, mainly between the Cisuralina and Gua-
dalupian epochs (e.g., an Ar-Ar plateau age of
278.5 = 1.5 Ma for basalts in central Tarim; see “U-
Pb Zircon Age”).

On the basis of the above analyses, we question
the interpretation that the voluminous mafic vol-
canic rocks in Tarim were genetically related to the
paleo-Tethyan subduction north of the Qinghai-
Tibet Plateau (Yang et al. 2005b, 2006a). Regional
geology also argues against this model. For exam-
ple, (1) although the dating is still debatable, Tarim
appears to have amalgamated with the CAOB by
the Late Carboniferous (Shu et al. 2000; Zhou et
al. 2004; Li 2006); (2) recent studies indicate that
the north-dipping subduction along the south mar-
gin of the southern Kunlun Terrane (the Kangxiwa
suture zone) lasted from at least the mid-Carbon-
iferous to the Early Triassic (Xiao et al. 2002, 2005;
Zhang et al. 2007), and if the voluminous basalts
and the BLIC were genetically related to the sub-
duction, the igneous activities should have lasted
from the Carboniferous to the Triassic rather than
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being a short pulse, as observed in Tarim (fig. 12).
The postcollisional delamination model for the
Tienshan orogenic belt could properly explain the
Late Carboniferous to Early Permian (320-290 Ma)
granitic rocks there and the minor basalts dated at
~290 Ma north of Tienshan (fig. 12; Gu et al. 2000,
2006; Xu et al. 2005; Zhou et al. 2006), similar to
the formation of the voluminous Mesozoic granites
and minor mafic rocks in South China (Li and Li
2007). However, it is unlikely that the delamina-
tion of subducted slab could have induced the large
volume of ca. 270-Ma mafic rocks in Tarim.

We suggest that the coeval voluminous, variably
sourced mafic rocks in Tarim and its marginal area,
as well as the several mafic intrusions and volu-
minous A-type granites in Tienshan, constitute a
Permian large igneous province in northwestern
China, which we term “the Bachu LIP.” The ca.
274-Ma BLIC at Bachu is possibly a residue feeder
of the voluminous basalts in Tarim. If the Bachu
LIP was the product of a ca. 275-Ma mantle plume,
it possibly began at ca. 285-280 Ma and reached
kurtosis at ca. 275 Ma (fig. 12; Borisenko et al.
2006), and moreover, it would have occurred ca. 20
m.yr. before the well known Emeishan LIP in
southwestern China (Zhou et al. 2002; Xu et al.
2004) and 25 m.yr. before the 251-Ma Siberian
Traps in Russia (Campbell et al. 1992; Pisarevsky
et al. 2006). Such a sudden flare-up of plume activ-
ities in the Permian may represent the early stage
of the dipolar Pangaea and southwest-Pacific su-
perplumes due to circum-Pangaea subduction and
mantle avalanches (Li et al. 2008).

Conclusions

Using new data acquired during this study, as well
as existing information about Permian magmatic
activities in Tarim and surrounding regions, we
draw the following conclusions. (1) The Bachu al-
kaline ultramafic-mafic-felsic layered intrusive
complex (BLIC) is a typical layered intrusion em-
placed at ca. 274 Ma in the interior of the Tarim
Block. Flemental and whole-rock Sr-Nd isotope
compositions and zircon Hf isotope data argue that
the BLIC was formed via crystal cumulation and
fractionation (with minor crustal contamination) of
alkali basalt derived from an OIB-like astheno-
spheric mantle source. (2) The BLIC, coeval volu-
minous basalts in Tarim, and mafic and A-type in-
trusions around Tarim constitute an LIP (which we
term the Permian Bachu LIP). This LIP was likely
the result of a Permian (ca. 275-Ma) mantle plume
under Tarim, and the BLIC could be the residue of
a feeder for this Permian LIP.
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