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ABSTRACT

The Qilian Mountains in NW China comprise the North Qilian Orogenic Belt, Central Qilian Block, and South Qilian
Orogenic Belt. The North Qilian Orogenic Belt consists of the Northern and Southern terranes separated by a volcanic
rock belt. This belt is composed mainly of felsic and mafic volcanic rocks. Volcanic rocks in the Baiyin area of the
eastern part of the belt include rhyolites, rhyodacite, andesitic basalts, and basalts. New zircon U-Pb isotopic data
yield a crystallization age of ca. 445 Ma for the rhyolite, 30 m.yr. younger than the associated basalts. The mafic
volcanic rocks are relatively enriched in Th, Sr, and light rare earth element with (La/Yb)y ratios ranging from 4.2
to 5.6 and Lay ranging from 40 to 49, and depleted in high field strength elements, with high Th/Nb ratios (0.9-1.3).
These features together with their eNd(T) values (—1.4 to +3.1) are consistent with a subduction-related origin, most
likely in a mature island arc or an arc built on thin continental crust in an active continental margin. The felsic
volcanic rocks show a calc-alkaline affinity and a strong suprasubduction zone signature with negative Nb, Sr, and
Ti anomalies and relatively high Th/Nb ratios (0.8-1.6). They have significantly high eNd(T) values (+4.4 to +7.7)
relative to the mafic volcanic rocks. Such radiogenic Nd isotopic compositions rule out a crustal origin and indicate
the derivation from a depleted mantle source in a volcanic arc environment. Therefore, the geochemistry of the mafic
and felsic volcanic rocks demonstrates an Ordovician volcanic arc above a northward subduction zone. The northward
drifting of the Central Qilian Block eventually resulted in the amalgamation of the Northern and Southern terranes
to form the North Qilian Orogenic Belt in the Early Paleozoic.

Online enhancements: tables.

Introduction

The >1000-km-long North Qilian Orogenic Belt in
NW China forms the western portion of the major
WNW-ESE-trending Central Orogenic Belt (Yin and
Zhang 1998; Zhang and Liu 1998; fig. 1). In the

genic Belt, which is considered an orogenic belt at
the northern margin of the Tibetan Plateau (Xu et
al. 1999).

The North Qilian Mountains have been tradi-

eastern portion of the Central Orogenic Belt, the
high-grade metamorphic rocks of the Dabie-Sulu
belt have been extensively studied over the past
decade (Wang and Liou 1991; Hacker et al. 1998;
Cong and Wang 1999; Ye et al. 2000; Kern et al.
2002). Relatively little is known about the nature
and tectonic evolution of the North Qilian Oro-
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tionally considered as an Early Paleozoic orogenic
belt composed of two terranes separated by a vol-
canic rock belt. The Southern terrane is believed
to be a subduction-accretionary complex (Wu et al.
1993; Song 1997; Zhang et al. 1997), whereas the
Northern terrane is believed to be made up of back-
arc type volcanic rocks and clastic sedimentary
rocks (Xu et al. 1994, fig. 1). The volcanic rock belt
that lies between these two terranes consists
mainly of felsic and mafic volcanic rocks, but these
rocks are poorly dated, and the geodynamic signif-
icance of this belt has been debated (Xu et al. 1994,
Xia et al. 1995). Xu et al. (1994) considered the vol-
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Figure 1.
Baiyin area (modified after Xu et al. 1997).

canic rock belt to represent a volcanic island arc,
and the whole North Qilian Mountain is a sub-
duction complex formed by northward subduction
of the Central Qilian Block and southward accre-
tion of the Alxa Block during 450-500 Ma. Yin and
Harrison (2000) proposed a similar model in which
the Northern Qilian Belt was an island arc system
along the southern margin of the North China Cra-
ton but above a north-dipping subduction zone in
the Ordovician. In contrast, Xia et al. (1995) inter-
preted the volcanic rocks as a bimodal basalt-
rhyolite suite formed in the Early Paleozoic in a
continental rift. More detailed information is
needed to constrain other possible tectonic settings
for the volcanic rocks. The volcanic rocks of the
Baiyin area in the eastern part of the volcanic rock
belt provide an excellent opportunity for such a
study because these rocks are well preserved (Peng
et al. 1995; Xia et al. 1996). These rocks are also of
particular interest because they host the Baiyin
massive Cu-Pb-Zn sulfide deposit, the largest of its
kind in China (Bian 1989; Peng et al. 1995). In this
article, we report new geochronological and geo-
chemical data for the Baiyin volcanic rocks and use
these data to constrain their genesis and tectonic
setting. The new data also provide new constraints
on geodynamic models for the tectonic evolution
of the North Qilian Orogenic Belt.

Geological Background

The Qilian Mountains form a WNW-trending belt
about 300 km wide and 1200 km long that straddles

Simplified geological map of the North Qilian Orogenic Belt, NW China, showing the location of the

the boundary between Qinghai Province and Gansu
Province in NW China. Traditionally, the belt has
been divided into the North Qilian Orogenic Belt,
Central Qilian Block, and South Qilian Orogenic
Belt (fig. 1). Two terranes are recognized in the
North Qilian Orogenic Belt (Zhang et al. 1997), a
Southern and Northern terrane separated by a vol-
canic rock belt (fig. 1). The Southern terrane is a
subduction-accretionary complex of ophiolites,
blueschists, C-type eclogites, phengite schists, and
abyssal and bathyal sedimentary rocks (Xu et al.
1994). The Northern terrane consists of mafic la-
vas, pyroclastic rocks, clastic sedimentary rocks,
and minor ophiolites formed in a back-arc basin
environment (Xu et al. 1994). The 1000-km-long
volcanic rock belt consists of both mafic and felsic
volcanic rocks that have long been recognized to
have similar origin (Xia et al. 1996). In the Baiyin
area, the volcanic rocks crop out over an area of
about 40 km? and are comprised predominantly of
felsic volcanic rocks and minor mafic volcanic
rocks. The volcanic rocks occur as deformed tec-
tonic slices, separated by WNW-trending ductile
shear zones along which the rocks have been my-
lonitized (fig. 2). Most of the rocks have a penetra-
tive foliation that strikes 120°-130° and dips 50°-
70° S. These structural orientations have been
produced by Cenozoic thrusting on the northern
margin of the Qilian Mountain (Tapponnier et al.
1990). The volcanic rocks are unconformably over-
lain by a metasedimentary sequence composed
chiefly of phyllite and marble with some interca-
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Figure 2. Geological map of the Baiyin area showing the major massive sulfide deposits hosted in felsic volcanic

rocks in the Zheyaoshan and Xiaotieshan areas (modified after unpublished 1 : 25,000 geological map of the Baiyin

area, 1989, by the Baiyin Geological Survey Group).

lated beds of Fe-Mn nodules and carbonaceous
shale. The age of the volcanic rocks is uncertain;
previous Sm-Nd and Rb-Sr isochron ages of the
rocks range from 1292 + 69 Ma to 522 + 44 Ma for
the mafic volcanic rocks and 606 + 3 Ma for the
felsic volcanic rocks (Xia et al. 1996 and references
therein).

The felsic volcanic rocks host the Xiaotieshan
massive Pb-Zn-Cu sulfide deposits and the Zhe-
yaoshan Cu-Zn sulfide deposits (fig. 2). In the Xiao-
tieshan area, the host rocks include rhyolitic and
rhyodacitic rocks interbedded with phyllite and
schist. Minor mafic volcanic rocks occur as xeno-
liths in the felsic volcanic rocks. The rocks in the
Zheyaoshan area are felsic and mafic volcanic
rocks. Overall, the Baiyin volcanic rocks comprise
breccia, tuff, and lava. The ratio of lavas to pyro-
clasts in the mafic volcanic rocks is close to 1 : 1,
indicating the explosive index is close to 50%,
whereas the ratio in the felsic volcanic rocks is
1:5and 1:19 in the Zheyaoshan and Xiaotieshan
areas, respectively, indicating a very high explosive
index (>60% for the Zheyaoshan area, >80% for the
Xiaotieshan area). However, about 75% of rhyo-

dacitic rocks are lavas, indicating a low explosive
index.

All the volcanic rocks have been metamorphosed
under greenschist facies condition. The primary
minerals of the mafic volcanic rocks have been
completely replaced by albite, actinolite, chlorite,
epidote, titanite, and hematite. The felsic lavas are
sparsely phyric with a few phenocrysts of albite and
quartz set in a felsic matrix containing sericite as
well as sparse chlorite, epidote, and zoisite and ac-
cessory pyrite, hematite, zircon, and apatite.

Analytical Methods

Zircon U-Pb Isotopic Ages. Both thermal ioniza-
tion mass spectrometry (TIMS) and sensitive high-
resolution ion microprobe (SHRIMP) were used for
zircon U-Pb isotopic analyses. The TIMS U-Pb iso-
topic analyses were carried out on a VG-354 mass
spectrometer in the Institute of Geology and Geo-
physics, Chinese Academy of Sciences, Beijing. Only
those crystals that were nonmagnetic on a Frantz
Isodynamic Separator and contained a minimum of
visible imperfections were selected for analysis. The
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Table 1.

C. Y. WANG ET AL.

U-Pb Thermal Ionization Mass Spectrometry (TIMS) Analytical Results of Zircons from the Felsic and
Mafic Volcanic Rocks from the Baiyin Area, NW China

Pb isotope composition

Atomic ratios Apparent ages (Ma)

ercon U Pb Z[J()Pb Z[)7Pb ZUSPb ZUﬁPb 2[]7Pb 2[]7Pb Z[)ﬁPb Z[)7Pb 2(]7Pb
Fraction (um) grains (pmol) (pmol) 204ph 204Ph 204Ph V) »U 20¢Ph =y U 205Ph
Felsic volcanic rock
(sample BY86):
1>100 49 71.62 7.68 361 34 95 .0752 5761 .0556 467.4 461.9 430.0
2 <80 59 66.20 8.43 510 43 117 .0936 .7358 .0570 576.9 559.9 492.5
3 <100 63 61.64 5.66 357 32 89 .0650 4608 .0515 405.9 384.8 265.0
4 >100 45 104.81 10.07 493 42 113 .0705 5460 .0562 439.5 442.4 456.3
Mafic volcanic rock
(sample BY105-1):
1 <100 (zircon) 45 28.80 3.53 298 30 109 .0781 5811 .0540 484.8 465.2 369.4
2 <200 (sphene) 60 22.25 2.83 111 20 58 .0625 4494 .0522 390.8 376.9 291.9

Note.

Pb blanks were corrected using the following isotopic composition: ***Pb, 1.4010, **Pb, 25.1480, **"Pb, 22.0658, and >*Pb,

51.3887. For the felsic volcanic rocks sample, initial common lead correction used the isotope composition determined by us for
the closely associated massive sulfide deposits (***Pb/***Pb 17.968, 2’Pb/***Pb 15.595, **Pb/***Pb 37.802). For the mafic volcanic rocks
sample, nonradiogenic lead not accounted for by the blank (initial common lead) was corrected for using the Stacey and Kramers

(1975) growth model. Individual fraction errors (20) are <2%o.

grains were digested following the technique of
Krogh (1973). Total procedural blanks for these anal-
yses were 10 pg for Pb and <2 pg for U.

The SHRIMP U-Pb isotopic analyses were per-
formed on a SHRIMP II in the Institute of Geology,
Chinese Academy of Geosciences, Beijing. Zircon
samples were mounted in epoxy and ground to ap-
proximately half their thickness to expose their
centers. A piece of RSES (Research School of Earth
Science at the Australian National University) ref-
erence zircon SL13 and several grains of the Temora
standard (TEM; see Black et al. 2003) were also pre-
pared in a separate mount. Details of the analytical
procedure are given by Compston et al. (1992) and
Williams and Claesson (1987). Interelement frac-
tionation in ion emission of zircon was corrected
relative to the RSES references, using SL13 (572 Ma,
238 ppm) for the initial calibration and TEM (417
Ma) for the final calibration. The reproducibility
based on the TEM standard was about 2%. The
software of Ludwig SQUID 1.0 (Ludwig 2001) and
attached ISOPLOT were used for data processing.
The correction for initial lead (from 2**Pb) was made
using the Pb composition (Stacey and Kramers
1975). Uncertainties in ages are cited as 1, and the
weighted average mean ages are quoted at 95% con-
fidence limits.

Major and Trace Element Determination. Samples
for chemical analysis were collected far away from
the massive sulfide deposits, and fine calcite veins
were removed before the samples were crushed in
an agate mill. Abundances of major elements were
determined by x-ray fluorescence spectrometry
(XRF) on fused glass pellets at the National Taiwan
University. All trace element data, including the rare
earth elements (REE), were analyzed on a PE Elan
6000 Inductively Coupled Plasma Mass Spectrom-
eter (ICP-MS) at Guangzhou Institute of Geochem-

istry, Chinese Academy of Sciences. Sample pow-
ders were digested following the protocol of Qi et
al. (2000) for ICP-MS analyses. Pure elemental stan-
dards were used for external calibration, and BHVO-
1 and BCR-1 as a reference material. Accuracies of
the XRF analyses are estimated as +1% for major
elements present in concentrations greater than 0.5
wt%. The ICP-MS analyses yield accuracy better
than +10% and precision normally less than 3%.

Sr and Nd Isotopic Analyses. Twelve samples of
the Baiyin volcanic rocks were analyzed for Sr and
Nd isotope compositions using a Finnigan-MAT
261 mass spectrometer at the Institute of Geology,
Chinese Academy of Geosciences, Beijing. The
measured values for the J.M. Nd standard were
143Nd/"**Nd = 0.511125 + 8 (20) and the BCR-1 Nd
standard gave Nd/"**Nd = 0.512643 + 12 (20].
The measured value for the National Bureau of
Standard (NBS) 987 Sr standard was *’Sr/%Sr =
0.710250 + 2 (24].

0.085
BY-95 (rhyolite)
0.080}
£ 0.075}
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£
& 0.070f
0.065} 206ph/238)J=446+/-3Ma, MSWD=4.8
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207, B35y
Figure 3. Zircon U-Pb concordia plot for the Baiyin

felsic voleanic rocks (sample BY95), NW China.
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Figure 4. Total alkalis (Na,O + K,O) versus SiO, plot
of the Baiyin volcanic rocks, NW China (reference fields
are from Le Maitre 1989).

Analytical Results

Zircon U-Pb Geochronology. We tried to separate
zircon grains from the mafic and felsic volcanic
rocks in the Zheyaoshan area and the felsic vol-
canic rocks in the Xiaotieshan area. However, our
attempt was not successful, because the zircons in
the Xiaotieshan felsic volcanic rocks are too small
to be analyzed. Consequently, we were restricted
to analyze zircons from the mafic and felsic vol-
canic rocks in the Zheyaoshan area.

Most zircons separated from the volcanic rocks
are euhedral and prismatic and are about 80-120
pm long with length/width ratios between 3 : 1 and
5:1. Some anhedral grains are about 70 x 50 um
across. The grains are light brown and translucent
with rare thin dark inclusions or with elongate ap-
atite and titanite inclusions.

The TIMS results for the zircons from samples
BY105-1 (basalt) and BY86 (rhyolite) in the Zhe-
yaoshan area are listed in table 1. Two fractions
(the second and third fraction) yield ages above the
Concordia, which may result from incomplete di-
gestion of the zircons in the bombs. However, the
other two fractions (the first and fourth fraction) of
the zircons from the rhyolite on the Concordia
yield an average *°°Pb/***U age of 453 + 12 Ma. The
average of *°Pb/>*U and **’Pb/**U age of the zir-
cons from the basalt is 475 + 10 Ma, which is con-
sidered to be the crystallization age.

The SHRIMP analytical results for a rhyolite
sample (BY95) in the Zheyaoshan area are listed in
table 2 (available in the online edition of the Journal
of Geology and also from the Journal’s Data De-
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pository in the Journal of Geology office upon re-
quest). All analyses (15 spots on 15 grains) have Th/
U ratios of 0.35-0.78 and yield a weighted average
206Ph/>38U age of 446 + 3 Ma and **"Pb/**Pb age of
443 + 24 Ma (fig. 3). The *°Pb/***U age of 446 +
3 Ma is considered to be the crystallization age of
the rhyolite and is consistent with the TIMS age
within analytical uncertainty.

Major Oxides and Trace Elements. The major and
trace element compositions of the Baiyin volcanic
rocks are given in table 3 (available in the online
edition of the Journal of Geology and also from the
Journal’s Data Depository in the Journal of Geology
office upon request). Among them, samples from
BY90 to BY92 and from BY101 to BY103 are mafic
volcanic xenoliths enclosed within the Xiaotieshan
and Zheyaoshan felsic volcanic rocks, BY105-1 to
BY106-2 are mafic volcanic rocks at Zheyaoshan,
samples from BY83 to BY112 are felsic volcanic
rocks at Zheyaoshan, and samples from BY115 to
BY120 are felsic volcanic rocks at Xiaotieshan. Al-
though the samples are altered, most of them do
not show large (>4 wt%) losses on ignition nor ev-
idence which might suggest any significant mobil-
ity of the light rare earth element (LREE; e.g., Ce
anomalies). Therefore, we believe that the eNd(T)
values and the reported values of high field strength
elements (HFSE; such as Nb, Ta, and Ti), REE, and
Th in this study reflect those of the original mag-
matic rocks.

The mafic volcanic rocks are chiefly basaltic
rocks with minor trachy-basalts and andesites (fig.

FeO*

Tholeiitic

Calc-Alkaline

NazO + K20 MgO

Figure 5. AFM ([Na,O + K,0] — FeO* — MgO) plot of
the Baiyin volcanic rocks, NW China (reference fields
after Irvine and Baragar 1971). Symbols are the same as
those for figure 4.
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Figure 6. Chondrite-normalized rare earth element pat-

terns (a) and chondrite-normalized trace element pat-
terns (b) for the Baiyin volcanic rocks, NW China. Nor-
malization values are from Nakamura (1974) and Sun
(1980), respectively. Trace element pattern is after
Thompson (1982).

4). The mafic rocks exhibit a calc-alkaline trend in
the AFM diagram (fig. 5). Total alkalis (Na,O +
K,O] covary positively with SiO,, but FeO*/MgO
ratios are relatively constant. None of the analyzed
mafic volcanic rocks reflects primary magma com-
positions. The highest Ni concentration is 42 ppm
and Mg numbers (100 Mg/[Mg + Fe>*]) range from
43 to 58, substantially lower than values expected
for magmas that last equilibrated with peridotite
in the upper mantle (Wilson 1989). These are
clearly evolved mafic volcanic rocks that experi-
enced fractionation of olivine, possibly accompa-
nied by augite and/or plagioclase. All mafic vol-
canic rocks have chondrite-normalized REE
patterns enriched in LREE with (La/Yb), ratios
ranging from 4.2 to 5.6 and Lay, ranging from 40 to

49 (fig. 6a). They are characterized by much higher
Th/Nb (0.8-1.3), Th/La (0.4-0.5), and La/Nb (2.0-
2.9) ratios, and a lower Zr/Nb (13-20) ratio than
normal mid-ocean ridge basalt (N-MORB; 0.071,
0.067, 1.07, and 30, respectively; Weaver 1991). On
the Th/NDb versus Ce/Nb diagram (fig. 7), the mafic
volcanic rocks have the Th/NDb ratios close to arc-
related rocks and subduction-related sediment
composition, far away from the upper continental
crust composition.

The felsic volcanic rocks also show a calc-
alkaline affinity on the AFM diagram (fig. 5) and a
strong suprasubduction zone signature with nega-
tive Nb, Sr, Ti anomalies (fig. 6b) and relatively
high Th/Nb ratios (Xiaotieshan, 0.8-0.9; Zheyao-
shan, 1.4-1.6). However, the felsic volcanic rocks
at the Xiaotieshan have a somewhat different geo-
chemistry from those in the Zheyaoshan area, par-
ticularly in their trace element contents. For ex-
ample, HFSE, such as Zr, Nb, Ti, P, Hf, and Y, are
consistently higher in the Xiaotieshan felsic vol-
canic rocks than in those from Zheyaoshan (table
3). On the other hand, the Zheyaoshan felsic vol-
canic rocks are relatively enriched in LREEs, with
Lay/Yby = 2.7-4.4 and Yb,, = 5.7-8.2, giving a U-
shaped pattern, whereas the Xiaotieshan felsic vol-
canic rocks have flat chondrite-normalized REE

30

10}
g
8

: + Bu+lk Crust
. ’/Upp{Comincmal Crust
001 g T 4
' R3¢ © TwNb

Figure 7. Plot of Th/Nb versus Ce/Nb for the Baiyin

volcanic rocks. DMM = depleted mantle; E-MORB =
enriched mid-ocean ridge basalt; N-MORB = normal
mid-ocean ridge basalt; OIB = oceanic island basalt;
PM = primitive mantle; RSC = recycled residual slab
composition; SDC = recycled subduction-derived com-
ponent. The compositions of upper continental crust and
bulk continental crust are from Saunders et al. (1988,
1991). Data for Iceland plume are from Hemond et al.
(1993). Fields for arcs are from Saunders et al. (1991).
Global subducting sediment composition (GLOSS) is af-
ter Plank and Langmuir (1998). Symbols are the same as
those for figure 6.
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Table 4. Sm-Nd and Rb-Sr Isotopic Compositions of the Baiyin Volcanic Rocks, NW China
87Rb 147§ m (143Nd)
Samples Rb Sr 86Sr 87Gr/%Sr (Sr/*¢Sr); Sm  Nd Nd '#Nd/"“Nd \'"“Nd eNd(T)
Mafic volcanic rocks:
BY90 20 231.8 .003 .706737 = 15 .7067 3.78 1643 .1391 .512399 = 11 .5120 -1.4
BY101 1.40 290.5 .014 .706453 + 14 .7064 4.08 18.02 .1370 .512455 + 8 5121 -2
BY102 29 307.3 .003 .706618 = 13 .7066 433 19.02 .1378 .512485 + 6 5121 +.4
BY105-1 19.4 3989 .14 707354 = 12 .7065 3.68 18.42 .1209 .512577 = 9 5122 +3.1
BY106-1 73.4  436.1 49 709626 + 11 .7065 438 19.21 .1380 .512560 = 8 5122 +1.8
Felsic volcanic rocks
(Zheyaoshan):
BY85 11.2 2891 1.13 .713015 = 17 .7059 1.3 6.21 1267 .512696 + 12 5123 +5.1
BYS88 641 3511 .53 .709395 + 13 .7061 1.33 6.7 .1197 512652 = 8 5123 +4.6
BY95 27.1 61.58 1.28 .713428 + 15 .7054 1.38 6.67 .1254 512654 + 6 5123 +4.4
BY111 14.3 3793 1.09 .712506 + 13 .7056 1.54 7.87 .1183 .512636 + 9 5123 +4.4
Felsic volcanic rocks
(Xiaotieshan):
BY116 39.6 77.88 1.47 715275 = 14 .7060 50 17.76 .1702 .512870 = 6 5124 +6.0
BY118 6.98 54.68 .37 .706940 * 16 .7046 423 1549 .1652 .512940 + 8 5125 +7.7
BY120 394 4536 .25 .707496 = 14 .7059 346 1186 .1765 .512930 = 5 5124 +6.8
Note. A¥Rb) = 1.42 x 107"y, \(**’Sm) = 6.54 x 1072y, The & values were calculated relative to present-day chondrite values

of "Nd/'"*Nd = 0.512638, '’Sm/'**Nd = 0.1967, ¥Sr/**Sr = 0.7045, and *Rb/**Sr = 0.0827. Initial ratios were calculated assuming

age at 445 Ma.

patterns with Lay/Yby = 1.2-1.9 and Yb, =
16-26 (fig. 6a).

Sm-Nd and Rb-Sr Isotopic Compositions. The Sm-
Nd and Rb-Sr isotopic data are listed in table 4. The
mafic and felsic volcanic rocks define an array that
falls near the “mantle correlation line” but is dis-
tinctly displaced to the right (fig. 8), indicating a
seawater contribution of Sr accompanying altera-
tion. Alteration can be observed in thin sections
and is manifested in the relatively high loss on ig-
nition in some samples (>4 wt%].

The isotope ratio data indicate a clear difference
between mafic and felsic volcanic rocks. The mafic
volcanic rocks have (¥Sr/*¢Sr), ratios between
0.7064 and 0.7067 and eNd(T) values between —1.4
and +3.1. The Zheyaoshan felsic volcanic rocks
have (*Sr/*Sr); ratios between 0.7054 and 0.7061
and eNd(T) values between +4.4 and +5.1, whereas
those from Xiaotieshan have (¥Sr/®*Sr); ratios be-
tween 0.7046 and 0.7060 and eNd(T) values be-
tween +6.0 and +7.7 (table 4). The (¥Sr/®¢Sr), ratios
of the mafic volcanic rocks correlate negatively
with the eNd(T) values. The mafic volcanic rocks
plot far from depleted mantle (DM) compositions
and show a trend toward Enriched Mantle II (EM
II; Zindler and Hart 1986; fig. 8). However, the felsic
volcanic rocks have high positive eNd(T) values rel-
ative to the mafic volcanic rocks and show a trend
toward DM (fig. 8), indicating that the rhyolitic
magmas formed by partial melting of mafic rocks
from a depleted source rather than from anatexis
of continental crust.

Discussion

Arc-Related Origin of the Baiyin Volcanic Rocks.
Unlike basalts in continental rifts, which often
show tholeiitic or alkaline trends with high Ti
(TiO, >2 wt%), enrichment of HFSE and strongly
differentiated LREE/heavy rare earth element
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Figure 8. Initial Sr-Nd isotopic compositions of the Bai-

yin volcanic rocks, NW China.
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Figure 9. Plot of Nb/Yb versus Th/Yb for the Baiyin

mafic volcanic rocks, NW China (reference fields are af-
ter Dunphy and Ludden 1998). Normal mid-ocean ridge
basalt (N-MORB) and enriched mid-ocean ridge basalt (E-
MORB) values after Sun and McDonough (1989).

(HREE) patterns (Hildreth et al. 1991), the Baiyin
mafic volcanic rocks have low Ti, high Al, and
moderate LREE enrichment. All of the analyzed
samples show pronounced negative Nb anomalies,
which is inconsistent with a continental rift. Much
has been made of Zr/Nb in basic rocks from dif-
ferent tectonic settings (Pearce and Norry 1979).
The ratio changes from 40 in N-MORB, to 10 in
enriched-MORB (E-MORB), to <10 in oceanic is-
land basalt (OIB) rocks and rift-related settings (Af-
rica’s Western Rift; ~2; Pearce and Norry 1979).
Therefore, the Baiyin mafic volcanic rocks are not
related to a rift setting. Moreover, the Baiyin mafic
volcanic rocks have eNd(T) values less than +4 and
Yb, between 7 and 10, indicating a weakly depleted
mantle source. Initial Sr and Nd isotopic compo-
sitions further indicate that the mantle source is
mixed with EM IT material (fig. 8). Such an enriched
component with an EM II isotopic composition
could represent subducted pelagic sediments, slab-
derived fluids, subcontinental lithosphere, conti-
nental crust, or a combination of any of these ma-
terials (Hofmann and White 1982; Cousens et al.
1994). However, the Baiyin mafic volcanic rocks
display higher Th/ND ratios (average 1.1) than con-
tinental crust (0.44; Weaver 1991), but close to the
global subducting sediment composition (GLOSS;
0.77; after Plank and Langmuir 1998). Thus, the Th
enrichment and Nb depletion of the Baiyin mafic
volcanic rocks are interpreted as features associated
with slab-derived fluids or sediments rather than
continental crustal contamination. Relatively, en-

richment of Th, enrichment or depletion of Sr, and
depletion of HFSE (fig. 6b) are characteristic of su-
prasubduction zone magmas.

Subduction-related environments can be intra-
oceanic arcs, incipient back-arc basins, mature arcs,
or active continental margins. Basalts in intra-
oceanic arcs are often low-K tholeiites with chon-
drite-normalized LREE patterns that range from
strongly depleted to slightly enriched. Compared
with MORB, low-K tholeiites are enriched in large
ion lithophile elements (LILE) and depleted in HFSE
with high and variable eNd(T) values (e.g., +4.6 to
+8.0; Brouxel et al. 1987). The Baiyin mafic vol-
canic rocks have relatively enriched LREE and low
eNd(T) wvalues, distinctly different from those
formed in intraoceanic arcs.

Basalts in incipient back-arc basins have geo-
chemical signatures between N-MORB and intra-
oceanic arcs. For instance, back-arc basin mafic vol-
canic rocks in the Sumisu area, middle Izu arc
(Hochstaedter et al. 19904, 1990b), are enriched in
alkaline and alkaline-earth metals, and slightly de-
pleted in HFSE and REE, with *Sr/®*Sr ratios of
0.703 and high positive eNd(T) values ranging from
6.2 to 9.4. These rocks are also significantly differ-
ent from the Baiyin mafic volcanic rocks, which
have high (¥Sr/%¢Sr), ratios but lower eNd(T) values.

Mafic rocks in mature island arcs and/or active
continental margins are generally calc-alkaline in
character, enriched in LILE, Th, and LREE, depleted
in Nb and Ti, and with variable eNd(T) values (Pin
and Paquette 1997). The Baiyin mafic volcanic
rocks are similar to these in many respects, but on
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Figure 10. Comparison of the Baiyin mafic rocks, island

arc calc-alkaline basalts (CAB) of Chile, and normal mid-
ocean ridge basalt (N-MORB) in terms of chondrite-
normalized trace element patterns.
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a Nb/Yb versus Th/YDb diagram, they all plot in the
calc-alkaline continental arc field (fig. 9).

The closest modern analogue for the Baiyin mafic
volcanic rocks is the Laguna del Maule volcanic
rocks of the southern Chilean Andes, which are
relatively enriched in Th, Nb, Sr, and LREE, de-
pleted in Ti and HREE, and show negative Nb, Zr,
and Ti anomalies with high Th/Nb ratios (0.9-1.3;
Frey et al. 1984). The Chilean and Baiyin rocks have
similar chondrite-normalized trace element pat-
terns (fig. 10). Based on this comparison, we suggest
that Baiyin mafic volcanic rocks formed in a ma-
ture island arc or volcanic arc built on young or
thin crust on an active continental margin.

The Baiyin felsic volcanic rocks have a calc-
alkaline affinity and are characterized by low Y, YD,
K, Ti, Nb, St, and Th, relatively high Th/NDb ratios
(0.8-1.6), low but constant (*Sr/**Sr), (0.7046—
0.7061) and high positive eNd(T) values (+4.4 to
+7.7). Rhyolites formed by anatexis of continental
crust would have a tholeiitic to alkaline affinity,
LREE and HFSE enrichment, high Th (e.g., 38 ppm
for the Naivasha rhyolites in central Kenya; Davies
and MacDonald 1987) and variably negative eNd(T)
values (Lightfoot et al. 1987). Both the Zheyaoshan
and Xiaotieshan felsic volcanic rocks have negative
Ti, Nb, Sr anomalies (fig. 6b) and plot in the vol-
canic arc field (fig. 11). Thus, the Baiyin felsic vol-
canic rocks also probably formed in a volcanic arc
environment rather than from the anatexis of con-
tinental crust. On the other hand, the Zheyaoshan
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and Xiaotieshan felsic volcanic rocks have much
lower LREE and HFSE contents and higher positive
eNd(T) values than the Baiyin mafic volcanic rocks.
These differences between the Baiyin mafic and fel-
sic volcanic rocks suggest that the felsic volcanic
rocks were not derived by fractionation of the mafic
magmas. The low Yb contents of the felsic volcanic
rocks (Yby = 5.7-8.2 in Zheyaoshan and 16-26 in
Xiaotieshan) suggest even lower Yb contents in the
parental sources. Thus, if the Baiyin felsic volcanic
rocks were derived from mafic melts, these melts
would have been much more depleted than those
that formed the Baiyin mafic volcanic rocks. How-
ever, the lack of intermediate compositions in this
area argues against formation of the felsic volcanic
rocks by fractional crystallization from a mafic
source. We suggest instead that the Baiyin felsic
volcanic rocks formed in a volcanic arc setting by
partial melting of a mafic parental source of un-
known origin.

Implications for the Tectonic Evolution of the North
Qilian Orogenic Belt. Volcanic rocks in the vol-
canic rock belt of the North Qilian Orogenic Belt
were previously considered to be an Early Paleozoic
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92 C. Y. WANG ET AL.

continental bimodal volcanic suite (Xia et al. 1996).
Thus, Xia et al. (1996) argued that the North Qilian
Orogenic Belt evolved from a continental rift into
an ocean basin, followed by northward subduction.
The belt was therefore considered to have formed
from a small oceanic basin (Xia et al. 1996) or even
an aulacogen (Ge and Liu 1999). However, our new
geochemical data demonstrate that the volcanic
rocks formed in a suprasubduction zone environ-
ment, probably a mature volcanic arc. The new
TIMS and SHRIMP zircon geochronological data
suggest that both the Baiyin mafic and felsic vol-
canic rocks formed in the Ordovician (475-445 Ma),
a conclusion supported by two single grain zircon
U-Pb ages of 481 + 18 Ma and 466 + 9 Ma obtained
by Zhang et al. (1997) from silicic rocks in the cen-
tral part of the volcanic rock belt, about 500 km
west of the Baiyin area. Thus, the Baiyin volcanic
rocks may represent part of a volcanic rock belt
extending 1000 km in a NW-SE direction. Recog-
nition of this belt as an arc complex rather than a
bimodal continental rift assemblage has an impor-
tant bearing on the tectonic evolution of the North
Qilian Orogenic Belt.

We propose a model that involves a volcanic arc
formed by northward subduction and amalgama-
tion of different terranes during the Early Paleozoic
(fig. 12). In this model, there was an ocean sepa-
rating the North China Block and the Central Qil-
ian Block in the Middle Ordovician. Northward
subduction created an arc along the southern mar-
gin of the North China Block, where the Baiyin
mafic volcanic rocks formed at 475 Ma (fig. 12A).
At the same time, an accretionary wedge, including
ophiolites and abyssal sedimentary rocks and len-
soid Precambrian metamorphic blocks, was formed
above the subduction zone. The presence in the
accretionary wedge of eclogites, blueschists, and
phegnite schists suggests exhumation of high-
pressure rocks from depth in the subduction zone.
Continued northward subduction eventually re-
sulted in back-arc spreading and the formation of
a back-arc basin (fig. 12B, 12C). Partial melting of
subducted oceanic rocks in an arc setting produced
silicic magmas that formed the Baiyin felsic vol-
canic rocks at 445 Ma (fig. 12C). The accretionary-
subduction assemblage formed the Southern
terrane, whereas lavas, pyroclastic rocks, clastic
sedimentary rocks, and minor ophiolites in the
back-arc basin environment eventually formed the
Northern terrane. These two terranes were sepa-
rated by the volcanic rock belt. Collision of the
Central Qilian Block and the North China Block
resulted in final amalgamation of the two terranes
in the Silurian (fig. 12D).

Our proposed model for the North Qilian Oro-
genic Belt comprises different tectonic slices juxta-
posed by subduction and is consistent with previous
geochronological data. For example, Xia et al. (1995)
obtained a Sm-Nd isochron age at 454 + 4 Ma for
the mafic lavas of the Laohushan ophiolite in the
Northern terrane, north of Baiyin (fig. 1). In the Qing-
shuigou area of the Southern terrane, where the HP/
LT metamorphic rocks are best preserved, blue-
schists have glaucophane with Ar-Ar ages of
489 + 16 Ma and 423 + 7 Ma (Zhang et al. 1997)
and phengite with an age of 448 + 11 Ma (Liou et
al. 1989), consistent with an age range of 460-440
Ma reported by Wu et al. (1993). Thus, formation
and emplacement of HP/LT metamorphic rocks are
assumed to have occurred at 489-450 Ma and 420
Ma, respectively (Zhang et al. 1997). These ages are
in agreement with the subduction and amalgama-
tion envisaged in our model (fig. 12). However, fur-
ther detailed studies are warranted to fully under-
stand the spatial and temporal relationships between
the volcanic rock belt and adjacent terranes.

Conclusions

1. The Baiyin felsic volcanic rocks formed at 445
Ma, 30 m.yr. younger than the spatially associated
mafic volcanic rocks. Both the Baiyin felsic and
mafic volcanic rocks have chemical signatures of
subduction-related arcs and are not part of a con-
tinental bimodal association.

2. The mafic volcanic rocks may have formed in
a mature island arc or an arc built on thin conti-
nental crust at an active continental margin,
whereas the felsic volcanic rocks formed in a vol-
canic arc setting.

3. The volcanic rock belt defines an Ordovician
volcanic arc. Thus, formation of the North Qilian
Orogenic Belt involved an arc-continent collision.
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