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Abstract

Three suites of Neoproterozoic igneous rocks (the Xixiang arc volcanic rocks, the Tiechuanshan bimodal basalt-rhyolite
succession and the Wangjiangshan Gabbro) along the northwestern margin of the Yangtze craton in the Hannan area have beel
investigated. Single-grain zircon U-Pb TIMS dating of dacite and rhyolite indicates that the lower and upper units of the Xixiang
Group erupted at 95@ 4 and 895+ 3 Ma, respectively, whereas the Tiechuanshan Formation was extruded-atB¥a. A
set of radiometric constraints suggest that the Wangjiangshan Gabbro was formed at ca. 820 Ma.

The lower Xixiang unit is dominated by high-Mg andesite and low-Ti tholeiite. These rocks are characterized by high Mg
numbers (69—73), Cr (209-621 ppm) and Ni (98—171 ppm), lows T0C7—0.69 wt.%), depletionin LREE (Lk#Yby = 0.4-11)
and variable negative anomalies of high strength field elements HFSE (Th, Nb, Ta Zr, Hf, P, and Ti). Together with high positive
end (950 Ma) values£6.0 to+8.8), these features show an affinity of boninitic associations, which are usually found in fore-arc
settings. The upper Xixiang unit ranges in lithology from basalt through andesite to dacite—rhyolite with ascending order. The
rocks are characterized by enrichmentin LREE{éby = 1.70-7.75) and large ion lithophile elements and having pronounced
negative Nb, Ta, Ti and Eu anomalies. Thgjj (897 Ma) values range from2.0 to+6.8. These features characterize modern
arc volcanic suites. Rhyolite from the top of the Xixiang Group has a back-arc affinity as indicated by their fiyaitaicO
contents and LILE/HFSE ratio.

The Tiechuanshan Formation consists of bimodal basalt and rhyolite—dacite with a silica gap between 49.8 and 66.3 wt.%. The
basalt shows variable negative Nb and Ta anomalies, and can be divided into tholeiitic and alkaline membgg¢8iithMa)
being+4.6 to+5.3 and+-0.2 to+3.8, respectively. The tholeiites exhibit primitive mantle-normalized incompatible elemental
patterns resembling that of E-MORB along with high Cr (190-291 ppm), Ni (65-93 ppm) and Mg numbers (69-54). The
alkaline basalts, on the other hand, display oceanic island basalt (OIB)-like incompatible elemental distributions characterized
by enrichment in LILE and Ti@ (2.59-1.91 wt.%) together with lower Mg numbers (46-17). The Tiechuanshan rhyolites
and dacites are characterized by remarkable negative EAE(Eu= 0.37-Q73), Nb, Ta and Ti anomalies, high &by
(10.9-16.7), negativeyq (t) values (-2.5 to—4.9) and high initiaf’Sr/8¢Sr (t) ratios (0.7054—0.7106). These characteristics
indicate significant contributions of crustal components. The Tiechuanshan assemblage is similar to volcanic rocks developed
in continental rifts and continental flood basalt (CFB) provinces, which are considered to be plume-related.
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The Wangjiangshan Gabbro is tholeiitic in composition and has low Rb, U, Th, Nb, Ta, Zr and Hf concentrations along with
positiveeng (820 Ma), which implies derivation from a previously depleted mantle source. The less fractionated samples show
high MgO (9.34-8.96 wt.%), Cr (368—312 ppm) and Ni (201-185 ppm) and posifiv¢) values ¢-5.5 to+3.8). They suggest
high degree partial melting of the source mantle under a relatively high geotherm compared to the coeval southeastern Australiar
Gairdner Dyke.

The ca. 80 Ma age difference, contrasting rock associations and distinct geochemical and isotopic compositions of felsic rocks
between the upper Xixiang Group and the Tiechuanshan Formation, suggest their diverse tectonic settings of formation. Itis thus
inferred that the lower and upper units of the Xixiang Group were formed in fore-arc and back-arc settings, respectively, whereas
the Tiechuanshan volcanic suite and the Wangjiangshan Gabbro were developed in a plume-related intra-continental rift setting
Therefore, the Xixiang and Tiechuanshan volcanic suites and the Wangjiangshan Gabbro reflect a tectonic evolution from arc
to intra-continental rift in the Neoproterozoic along the northwestern margin of the Yangtze craton. The transition occurred
at ca. 820 Ma. The Tiechuanshan mafic rocks are geochronologically and geochemically indistinguishable from the Gairdner
Dyke and its volcanic equivalents from southeastern Australia. Coeval mafic-ultramafic and granitic plutons in southern South
China have also been documented, and are interpreted to be plume-related as well. Accordingly, the Neoproterozoic tectonic
evolution in the Hannan area and elsewhere in South China supports a Rodinia Supercontinent reconstruction model, in which ar
ascending superplume centered beneath South Chir&2&tMa triggered the rifting and break-up of the Rodinia Supercontinent,

separating South China from southeastern Australia.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

in the rifting and break-up of Rodinia onseB20 Ma
(Li et al., 1999. It has long been recognized that

There has been increasing evidence for a late the early Neoproterozoic (1000-750 Ma) is a period

Mesoproterozoic Supercontinent, Rodinia, which is

of extensive tectonic and magmatic activities and is

suggested to have assembled through Grenvillian referred to as the Jinningian Movement by Chinese

(1.3-1.0Ga) orogeny and broken up during the Neo-
proterozoic Dalziel, 1991; Hoffman, 1991; Moores,
1991). Although Grenvillian subduction-related and
Neoproterozoic (ca. 0.82—-0.75Ga) rift-related rock
sequences have been identified on individual conti-
nents (e.gZhao et al., 1994Li et al., 1995, 1999
Wingate et al., 1998; Li, 1999; Frimmel et al., 2001;
Keppie et al., 2001; Rickers et al., 2Q0Imodels
for the Rodinia reconstruction both on assembling
configuration and break-up tectonic regime are still
controversial. As the SWEAT (Southwest US—East
Antarctic connectionMoores, 199]) configuration is
difficult to reconcile different ages of the proposed
mafic dykes for a coeval plume genesis in west-
ern North America and southeastern Australia (ca.
780 Ma versus 82% 6 Ma; Wingate et al., 1998 al-
ternative models have been proposeicet al. (1995)
andLi et al. (1996)presented an assembling scenario,
in which the South China block was located between
the Australia—East Antarctica and Laurentia. They

further argued that the impingement of a plume-head,

geologists Chen et al., 1994And references therein).
This is highlighted by recent studies of the Rodinia
Supercontinent. It is considered that the Neoprotero-
zoic tectonic history of South China might provide
vital constraints on the reconstruction of Rodinia (

et al., 1999.

The South China block and the North China cra-
ton are two major tectonic units in eastern China.
They were finally coalesced with the formation of the
Qinling-Dabie-Sulu ultrahigh pressure metamorphic
belt in Triassic Fig. 1, inset a). South China con-
sists of the Yangtze craton in the northwest and the
Cathaysia block in the southeast. They amalgamated
along a Meso- to Neoproterozoic collision belthen
etal., 1991; Li and McCulloch, 1996Geochronolog-
ical and geochemical studies indicate that consider-
able part of the Yangtze basement was formed around
1000-800 Ma I(i, 1999 and references therein). For
example, a Nd isotopic investigation of the Yangtze
Neoproterozoic sedimentary rocks shows that there is
a dramatic decrease in depleted mantle Nd model ages

which centered beneath South China block, resulted (Tpy) from 1.8 to 1.3 Ga in stratigraphic sections of
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Fig. 1. Simplified geological map of the Xixiang region, northeastern Micangshan Mountains. Insets show tectonic location of the study
area (gray box) in China (a) and the northwestern Yangtze craton (b). (1) Huodiya Group; (2) Xixiang Group; (3) Sinian sedimentary
rocks; (4) Phanerozoic sedimentary cover; (5) diorite; (6) granite; (7) Gabbro; (8) ductile shear belt; (9) fault; and (10) sampling profile.

900-770 Ma, indicating a significant incorporation of sure metamorphic belt, which are products of Triassic
juvenile crustal component due to rapid crustal up- continental subduction of the Yangtze craton beneath
lift and erosion (e.gLi and McCulloch, 1995 This the North China craton. The eclogites and gneisses
period is also highlighted by eclogites and their host frequently show zircon U-Pb upper intercept ages of
gneisses from the Qinling-Dabie-Sulu ultrahigh pres- 830-750 Ma, which are interpreted to represent the
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ages of their protolith (e.gAmes et al., 1996; Hacker and 0.8 Ga in age, are well preserved there. They show
et al., 1998; Xie et al., 2001 However, the Meso-  clear evolution in rock association from island arc to
to Neoproterozoic tectonic evolution of the Yangtze intra-continental rifting Gao et al., 1990, 19960n
craton is not well constrained. This is due partly to the other hand, the northwestern margin of the Yangtze
lack of precise age data for associated magmatic rockscraton is regarded as a link between southeastern Aus-
and partly to scarcity of magmatic suites from the tralia and South China in Rodinid.i(et al., 1999.
same area, which record individual episodes of the Therefore, the Neoproterozoic rocks along the north-
Jinningian tectonic evolution. western margin of the Yangtze craton are expected to
Ophiolitic suites of ca. 1.0 Ga have been recog- have recorded accretion and break-up of the eastern
nized along the southeastern margin of the Yangtze China continents in relation to the Rodinia Supercon-
craton ghou et al.,, 1990; Chen et al.,, 1991; Li tinent. The Hannan igneous suites have been studied
et al., 1994; Guan et al., 19p6Accordingly, a model by Gao et al. (1990pmnd Ling (1996) and a gen-
from continental arc to continental collision between eralized Proterozoic tectonic evolution model for the
the Cathaysia block and Yangtze craton has been ad-Qinling orogenic belt and adjacent Yangtze and North
vocated to explain the Neoproterozoic integration of China cratons was propose@do et al., 1996 How-
these two unitsChen et al., 1991; Li, 1997; Li et al.,  ever, timing of individual tectonic stages in the area is
1997. However, these ophiolites are fragmental and not well constrained due to rare precise age data.
difficult to use for studies of possible tectonic evolu- This paper presents new zircon U-Pb ages and
tion through time, which is important for reasonable Sr—Nd isotopic and geochemical data for the associ-
tectonic reconstructions. ated Neoproterozoic volcanic and plutonic rocks in
Mafic to ultramafic dykes with the age of 828 the Hannan area. The data are used to reconstruct the
7 Ma have been recently documented in the southern Neoproterozoic tectonic evolution of the northwestern
Yangtze cratonl(i et al., 1999. Granites associated margin of the Yangtze craton and constrain the amal-
with the dykes were dated at 82610 and 819 9 Ma gamation and break-up of the Rodinia Supercontinent.
(Li, 1999), for which a co-magmatic and plume-related
genesis was proposeti(et al., 1999. The Suxiong
bimodal volcanic rocks (80& 12 Ma) along the west- 2. Geological setting
ern margin of the Yangtze carton have also been argued
to be plume-relatedL{ et al., 2003. These authors Major and trace elemental compositions of the
inferred that both the Gairdner Dyke Swarm of south- Xixiang Group, the Tiechuanshan Formation and the
eastern AustraliaZhao et al., 1994; Wingate et al., Wangjiangshan Gabbro are listedTiables 5, 6 and,7
1998 and the above Yangtze igneous suites might respectively. The Hannan area is situated at the north-
have been generated resulting from the development of eastern Micangshan Mountains of the Shanxi Province
a starting mantle plume within a wide continental rift along the northwestern margin of the Yangtze craton
setting, although the Suxiong Formation is ca. 25Ma (Fig. 1). Pre-Sinian (>750 Ma) rocks are exposed in
younger than the Gairdner Dyke Swarm (82% Ma, an area of about 1200 Kn{Zhang, 199) and can be
Wingate et al., 1998 These studies provide evidence divided into three tectonostratigraphic units. They are
for a configuration of the South China connection be- the Archean-Paleoproterozoic Houhe complex in the
tween eastern Australia—Antarctica and Laurentia (  south and southwest in the Beiba—Goungyan area,
et al., 1995. the Meso- to Neoproterozoic Huodiya Group in the
The Hannan area, the Hanzhong administrative re- southwest in the vicinity of Beiba and in the northern
gion in southern Shanxi Province, is located at the Xixiang area, and the Neoproterozoic Xixiang Group
northeastern Micangshan Mountains along the north- in the northeastKig. 1). They are unconformably
western margin of the Yangtze cratdfid. 1; inset b). overlain by Sinian (750-540Ma) and Phanerozoic
Two facts highlight its tectonic significance in Neo- unmetamorphosed sedimentary rocks.
proterozoic studies of the South China. On the one  The Houhe complex underwent upper amphibolite
hand, volcanic and plutonic rocks, which were formed facies metamorphism and consists of trondhjemitic
in different tectonic settings and span between ca. 1.0 gneisses, amphibolites and migmatites with minor
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marbles. Zircons from the felsic gneiss and migmatite bro (Profile d;Fig. 1) and the Tiechuanshan Forma-
yielded single-grain evaporation Pb—Pb ages of tion (Fig. 2). Of them 70 samples were selected for
2100-2600 Ma, which are similar to the Nd model isotopic and geochemical analysis according to the
age ((pm = 2.2-29 Ga) of the gneiss and migmatite freshness indicated by microscope and major elemen-
(Ling, 1996; Ling et al., 1997; Liu et al., 1997 tal analyses. Zircons were separated from the lower
The Houhe complex is unconformably overlain Xixiang dacite (BMX-Zir), the upper Xixiang rhyo-

by the greenschist-facies Huodiya Group, which can lite (SJH-02) and the Tiechuanshan rhyolite (XG-02)
be divided into three units. The lower Mawozi and by gravitational and magnetic techniques followed by
the middle Shangliang Formations are sequences ofhand picking. Under the SEM examination, no inher-
metasedimentary rocks. The upper Tiechuanshan For-ited core was found in the zircons. U-Pb isotopic anal-
mation, which unconformably overlies the former two ysis was conducted at the Tianjin Institute of Geology
units (showing a fault contact in the Beiba area) and and Mineral Resources. For each of the three samples,
underlies the Sinian sedimentary rocks, is a bimodal a set of four analyses were made. Each analysis in-
basalt—dacite/rhyolite sequence with tuff and brec- cludes one to five zircon grains based on their length
cia in the upper part. The Tiechuanshan Formation to width ratio. The analytical procedure is similar to

shows a lot of similarity in petrological association
with those of the Suxiong alkaline basaltic—rhyolitic
suite Li et al., 2003, which is located in the Sichuan

that of Krogh (1973)and described in details H.-M.
Li et al. (1995)
Major elements were analyzed at Northwest Uni-

Province, the west margin of the Yangtze craton and versity in Xi'an by XRF using glass disks and by

is some 700 km southwest of the Hannan area.

The Xixiang Group is a metavolcano-sedimentary
succession and can be divided into two uni®&a¢
et al., 1990. The lower unit consists of submarine

traditional wet chemistry at the Analytical Center of
Hubei Bureau of Geology and Mineral Resources
in Wuhan. Analysis of international rock standards
(BCR-2, GSR-1 and GSR-3) indicates analytical

low-K tholeiite and basaltic andesite and interbedded precision and accuracy both better than 5%.
metasedimentary rocks. The upper unit is dominated Trace elements were analyzed using a Perkin-Elmer

by subaerial calc-alkaline to alkaline basaltic andesite,

dacite, rhyolite with minor alkali basalt, which is over-
lain by a molasse sequendsgd. 1). Zhang et al. (1997)
reported a single-grain zircon evaporatf§fPb/2%5Pb
age of 896+ 13 Ma for an upper Xixiang rhyolite.
Voluminous contemporaneous ultramafic to felsic
plutons were emplaced into the Xixiangi¢. 1) and
Huodiya GroupsKig. 2). In the Hannan area, the Han-
nan Intrusive Complex consists of pyroxenite, Gab-
bro and norite (Wangjiangshan and Bijigou Gabbros),
tonalite, trondhjemite, granodiorite and grani@ap
et al., 1990. Biotite from the Wangjiangshan Gabbro
was dated at 1121 Ma by th&Ar /4%Ar method Kia
et al., 1988, while the granitoids give an age range of
1100-750 Ma by various isotopic metho@a0 et al.,
1990, 1996; Ling, 1996; Zhang et al., 2000

3. Analytical methods
About 120 samples of volcanic and plutonic rocks

were taken from type sections of the Xixiang Group
(Profiles a, b and drig. 1), the Wangjiangshan Gab-

Sciex ELAN 6000 ICP-MS at the Guangzhou Insti-
tute of Geochemistry, Chinese Academy of Sciences
and a POEMS Il ICP-MS at China University of
Geosciences in Wuhan. About 50 mg of sample pow-
ders were dissolved using a HFHNO3 mixture in

a screw-top Savillék Teflon beaker at-100°C for

7 days or in a home-made Teflon bomb~at90°C

for 48 h. Analysis of USGS rock standards BCR-1,
BCR-2, BHVO-1, and G-2 indicates precision and ac-
curacy better than 2 and 10%, respectively, for most of
the trace elements except transition metals. Detailed
procedures for trace element analysis were described
by Li et al. (1997)andHu et al. (2000)

Sm-Nd isotopic compositions were determined us-
ing the ID-TIMS method by a multi-collector Finni-
gan MAT-261 mass spectrometer operated in static
multi-collector mode at the Isotope Laboratory of the
China University of Geosciences. Two aliquots of
sample powder (200 meshes),l00 mg each, were
weighted. A mixture solution of4°Sm and!*°Nd
isotope spikes was weighted and added to one of the
aliquots. Samples were digested in a Teflon bomb with
a mixture of 1.5, 1 ml and five drops of concentrated
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Fig. 2. Geological map of the Beiba area (modified after number 2 Team of the Geological Survey, Sichuan Bureau of Geology and Mineral
Resources, 1970, unpublished). (1) Archean-Paleoproterozoic Houhe gneiss complex; (2) Meso-Neoproterozoic Mawozi and Shangliang
Formations, lower and middle Huodiya Group; (3) Tiechuanshan volcanic-sedimentary succession, upper Huodiya Group; (4) Sinian and
Phanerozoic sedimentary rocks; (5) Neoproterozoic Gabbro; (6) granite; (7) diorite; (8) alkaline granite; (9) mafic dike; (10) fault; (11)
unconformity; and (12) sampling profile.

HF, HNO; and HCIQ, respectively. The sealed Formation and the Wangjiangshan Gabbro are listed
bombs were kept in an oven at 185 for 48 h. The in Tables 5, 6 and,respectively.

decomposed samples were then dried on a hot plate,

and converted into chlorides by adding concentrated

HCIO4 and HCI in sequence. The re-dried salts of 4. U-Pb and Sm-Nd ages

samples were dissolved again in 5JMHCI and then

loaded onto columns of AG50W-X8 and HDEHP Zircons from the lower Xixiang dacite (BMX-Zir),
resins sequentially for separation and purification of the upper Xixiang rhyolite (SJH-02) and the Tiechuan-
REE, and finally for separation of Nd and Sm by HCI shan rhyolite (XG-02) are generally homogeneous in
eluant. The measuretf>Nd/144Nd ratios were nor-  color and morphology. They are light reddish, translu-
malized to1#®Nd/1**Nd = 0.721900.143Nd/14Nd cent, euhedral and elongated to short (length:width ra-
ratio of the La Jolla standard measured during the run tio is 2:5 for SJH-02 and XG-02 and 1:2 for BMX-Zir)
has an average of 811862+ 5 (20, n = 15). Anal- with intact prisms and pyramids which are indicative
ysis of BCR-2 gives'*3Nd/1**Nd = 0.512635+ 4, of magmatic zirconsKig. 3). Most of them range in
1475m/144Nd = 0.1369, Nd= 29.10 ppm, and Sra= size from 80 to 15@m.

6.591 ppm, which agree well with recommended val-  U—Pb isotopic compositions of the zircons are pre-
ues for BCR-1 within analytical errors. Nd-Sr isotopic ~ sented iflable 1and plotted in th&€°’Pby/23%U versus
compositions of the Xixiang Group, the Tiechuanshan 206pp/238y concordia diagrams iffig. 4. As shown
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Fig. 3. SEM microphotograph of zircons.

in Fig. 4, zircons from the three samples are con-
cordant or near-concordarf®®Phy238y, 207ppy/235y
and 2°7Pby/?%6pp ratios of BMX-Zir from the lower
Xixiang Group have statistically indistinguishable
weighted average ages of 94618, 949+ 10 and
950 + 12 Ma, respectively, yielding a concordant
U-Pb age of 95& 4 Ma (2Z). Sample SJH-02 from
the upper Xixiang Group gives weighted average
206Pb/238U, 207Pb/235u and 207Pb/206pb ages of
904 + 18, 900+ 12 and 895+ 8 Ma, respectively,
giving a concordant U-Pb age of 8973 Ma ().
Therefore, a~53 Ma interval between the lower and
upper units of the Xixiang Group is considered to
reflect the approximate duration of the volcanism
(Tables 2 and B

XG-02 from the Tiechuanshan Formation yields
weighted average ages of 8217, 817+ 6 and
806+ 14 Ma, respectively, giving a concordant U-Pb
age of 817+ 5Ma (2). This age is significantly
younger than the ages of both BMX-Zir and SJH-02.

No zircon ages are available for the Wangjiang-
shan Gabbro. A linear trend of clinopyroxere
plagioclase+ whole rock Sm—-Nd isotopic compo-
sition, corresponding to an age of 78588 Ma
(MSWD = 0.08) for sample WJS-1 was obtained by

as part of the Hannan Intrusive Complex consist-
ing of pyroxenite, Gabbro (Wangjiangshan), norite,
tonalite, trondhjemite, granodiorite and granféang

et al. (2000)documented a Gabbro—tonalite—granite
Sm—-Nd isochron age of 83# 26 Ma for the Hannan
Complex. Although within analytical errors this age
is indistinguishable from the age of 78588 Ma by
this study, the whole rock age is evidently more pre-
cise. Along with a consideration of the Tiechuanshan
zircon U-Pb age, we suggest that the Wangjiangshan
Gabbro is generated at or close to the timing of the
Tiechuanshan Formation, i.e. ca. 820 Ma. This inter-
pretation supports an Rb—Sr age of 825 Ma for
the Hannan granitoid batholitizljang et al., 2000

5. Geochemistry
5.1. Xixiang volcanic rocks

Samples labeled with 55, 54 and BMX were col-
lected from the lower Xixiang Group, while those with
52, 50 and SGH from the upper Xixiang Group. In
SiO, versus NaO + K,O and Nb/Y versus Zr/Ti@
classification diagrams for volcanic rocksq. 5a and

this study. However, this line seems to represent an b; Winchester and Floyd, 1976; Middlemost, 1994
errochron. The Wangjiangshan Gabbro is regarded the Xixiang volcanic rocks range from basalt through
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Table 1
U-Pb isotopic compositions of zircons from Xixiang Group and Tiechuanshan Formation
Grain  Weight U Pb* Comm. 205pp/  208ph  Radiogenic ratios Apparent age (Ma) =
number  (1g) (ppm) (ppm) Pb (ng) **Pb  2%Pb 206pp 238y  207pp 23T 207pp206py  206pp 238y 207ppy 23T 207ppy206pp g
BMX-Zir 1 ~15 308 57 0.068 682  0.1602 0.1602 (16) 1.563 (21)  0.07073 (55) 958 (9) 955 (8) 950 (16) &
2 ~15 156 29 0.037 629  0.1706 0.1590 (30) 1.552 (41)  0.07082 (118) 951 (17) 951 (16) 952 (34) =
3 ~15 220 40  0.056 758  0.1590 0.1569 (23) 1.522 (37)  0.07035 (132) 940 (13) 939 (15) 939 (38) ¥
4 ~15 141 24 0009 2362  0.1645 0.1551 (34) 1523 (47) 0.07120 (138) 930 (19) 940 (19) 963 (40)
946 (189 949 (10 950 (12 )
SJH-02 1 ~10 908 146  0.046 1836  0.1429 0.1493 (8) 1.420 (11)  0.06897 (32) 897 (5) 897 (5) 898 (10) &
2 ~10 538 94 0.094 537  0.1581 0.1495 (13) 1.413 (19) 0.06857 (60) 898 (7) 894 (8) 886 (18)
3 ~10 267 44 0.009 2649 0.1686  0.1498 (27) 1.420 (33) 0.06876 (91) 900 (15) 898 (14) 891 (27) g
4 ~10 237 40 0020 1109  0.1574 0.1538 (21) 1.459 (28)  0.06880 (85) 922 (12) 913 (12) 893 (26) 5
904 (189 900 (12% 895 (8f -
XG-02 1 ~10 263 44 0.057 407 01846 0.1367 (26) 1241 (32) 0.06582 (100) 826 (15) 819 (14) 801 (32) N
2 ~10 224 33 0008 2456  0.1828 0.1350 (23) 1.232 (27) 0.06618 (81) 816 (13) 815 (12) 812 (26) B
3 ~10 376 58  0.027 1186  0.1822 0.1360 (19) 1.237 (23) 0.06595 (71) 822 (11) 817 (10) 805 (22)
4 ~15 86 15 0.030 375  0.1812 0.1352 (54) 1.228 (65) 0.06590 (210) 817 (31) 814 (30) 803 (67) =
821 (7§ 817 (6f 806 (14 lﬁ
(R
208ppy204p ratios are corrected for whole procedure blanks=Rb050 ng; U= 0.002 ng) and spikes. Numbers in parentheses are errors reportedvat@ to last digit(s). &

a Weighted average at 95% confidence level.
b Weighted average of individual grains.
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Fig. 4. U-Pb concordia diagrams for zircons of dacite BMX-Zir (a) and rhyolite SJH-02 (b) from the lower and upper units of the Xixiang Group aedTiG$el2
(c) from the Tiechuanshan Formation. Because of the concordant nature of the data, the concordant ages calédfatgd?®p and2°’Pb/2%ph ratios using software
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ISOPLOT (udwig, 1999 are adopted to represent the ages of volcanic eruption.
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Table 2

Chemical compositions of the Xixiang Group

OVT—TTT (€002) 22T Yosessay ueliquieasid/ fe ® Buim m

Sample 5002 RL 5006 RL 5008 BAD 5109 AD 5112 AD SGH1 AD SGH2 RL 5201 BT 5204 DC 5208 RL 5211 RL 5212 BAD 5215 TDC K

lithology e

In wt.%
SiO, 69.16 69.92 54.79 58.58 59.49 61.59 74.28 48.81 66.82 74.22 74.20 52.77 64.79
TiO, 0.40 0.40 1.37 0.97 1.05 0.70 0.22 2.49 0.91 0.25 0.22 121 0.83
Al,03 15.47 15.93 17.60 16.91 15.52 16.73 12.75 14.67 15.21 12.69 13.54 17.77 16.07
FeOs 2.67 2.26 7.99 6.09 4.24 2.37 1.10 8.19 1.37 3.05 1.60 3.95 1.27
FeO 0.25 0.13 0.91 1.18 2.53 3.33 1.38 5.50 2.86 0.34 0.18 4.36 2.86
MnO 0.04 0.03 0.15 0.12 0.14 0.11 0.04 0.23 0.12 0.13 0.03 0.16 0.11
MgO 0.30 0.43 3.13 4.24 5.60 2.01 0.21 4.65 1.25 0.10 0.10 3.41 1.28
CaO 0.25 0.43 5.39 1.84 1.35 351 0.47 7.77 1.84 0.24 0.24 7.22 2.33
NaO 3.60 4.84 3.29 3.04 4.16 5.66 4.20 2.50 5.76 3.73 4.06 4.53 4.84
K20 6.41 4.38 1.49 2.66 2.36 1.39 3.97 1.65 1.65 4.38 4.51 0.59 3.03
P>0s 0.09 0.08 0.26 0.20 0.23 0.17 0.02 0.22 0.28 0.02 0.01 0.43 0.28
CO, - - - - - 0.02 0.15 - - - - - -
H,O" 1.04 0.86 3.29 3.86 3.33 2.20 0.96 2.95 1.59 0.92 0.75 3.27 1.60
Total 99.68 99.69 99.66 99.69 100.00 99.79 99.75 99.63 99.66 100.07 99.44 99.67 99.29
Mg numbers 20 31 46 59 66 45 16 45 40 7 12 49 42

In ppm
Cr 2.71 0.79 113 102 83.6 27.0 4.44 131 7.23 2.02 231 64.5 4.34
Ni - - 56.7 47.8 375 15.4 - 19.2 0.94 - - 26.9 -
Rb 170 131 31.3 105 52.1 36.6 104 69.8 73.5 106 152 27.1 84.9
Sr 201 175 361 158 148 373 105 384 414 48.7 40.3 751 461
Y 294 24.5 28.2 20.6 334 20.7 88.3 40.3 34.1 100 82.6 27.6 28.9
Zr 241 274 155 128 190 127 380 125 234 383 427 148 190
Nb 8.13 9.33 5.82 4.45 7.59 5.40 18.9 3.07 7.59 19.4 19.6 6.91 6.83
Cs 2.83 2.83 3.10 4.98 2.65 0.42 1.16 2.27 1.47 111 1.31 0.89 1.08
Ba 815 888 464 433 573 411 934 420 1300 763 751 497 1351
La 34.8 29.9 18.9 14.8 20.8 21.8 52.5 9.56 36.9 53.1 37.9 28.5 29.7
Ce 61.2 55.8 40.7 32.8 42.1 45.2 110 24.8 76.5 113 90.1 60.6 62.5
Pr 7.79 6.51 5.41 4.31 5.53 5.66 14.9 3.76 9.85 141 11.0 7.83 8.29
Nd 27.0 23.6 21.8 17.3 22.2 23.2 57.2 17.6 37.2 56.6 42.6 31.6 32.8
Sm 5.52 4.40 5.04 4.13 5.57 491 14.2 5.16 8.18 12.7 10.3 7.06 7.02
Eu 1.13 1.14 1.52 1.24 1.63 1.46 2.28 2.04 2.11 2.25 1.64 2.08 1.92
Gd 5.78 4.85 5.54 4.34 5.93 4.50 15.33 6.66 8.13 15.4 11.5 6.71 6.77
Tb 0.86 0.75 0.88 0.67 0.96 0.67 2.57 1.16 1.15 2.69 2.22 0.94 0.98
Dy 5.08 4.38 5.24 3.92 5.86 3.85 16.6 7.45 6.48 17.6 15.0 4.95 5.46
Ho 1.03 0.87 1.01 0.74 1.09 0.71 3.45 1.45 1.28 3.53 2.99 0.94 1.09
Er 3.09 2.56 291 2.22 3.22 2.10 10.34 4.16 3.77 10.6 9.41 2.71 3.08
Tm 0.47 0.41 0.43 0.31 0.49 0.32 1.53 0.59 0.56 1.60 1.52 0.38 0.46
Yb 3.34 2.78 2.82 2.05 3.15 2.00 10.38 3.79 3.74 10.2 10.3 2.49 3.06
Lu 0.50 0.44 0.42 0.33 0.46 0.31 1.59 0.58 0.56 1.53 1.63 0.40 0.49
Hf 6.91 7.56 4.24 3.42 4.91 3.48 12.5 3.62 6.61 11.8 13.8 351 5.72
Ta 0.78 0.84 0.42 0.34 0.53 0.34 1.39 0.25 0.49 1.34 1.46 0.40 0.43
Th 15.9 18.2 4.67 4.21 6.01 4.36 14.2 1.45 9.28 13.7 14.7 4.73 6.97
U 2.12 3.89 1.12 1.01 1.47 1.15 3.86 0.45 2.44 3.59 3.96 1.17 1.76



5216 DC 5220 RL 5408 BT 5410 BAD 5413 AD 5414 BT 5415 DC 5503 BAD 5509 BAD 5516 BAD 5519 BT 5520 BAD BMX1 BT BMX2 BT

In wt.%
SiO,
TiO»
Al,O3
FeOs3
FeO
MnO
MgO
CaO
Nap,O
K20
P,Osg
CO,
H,Ot

Total

68.46
0.78
15.74
2.25
1.24
0.09
0.98
0.98
5.00
2.46
0.18

1.69
99.85

Mg numbers 40

In ppm
Cr
Ni
Rb
Sr
Y
Zr
Nb
Cs
Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta
Th
U

5.40
81.1
209
35.3
270
8.44
2.04
999
311
77.9
8.53
33.4
7.30
1.77
7.41
1.13
6.69
1.28
4.02
0.59
3.89
0.62
7.79
0.55
10.3
2.70

74.82
0.21
13.05
2.06
0.31
0.07
0.73
0.43
4.90
1.90
0.05

1.15
99.68
43

15.5
2.99
97.8
125
64.7
160
16.4
2.36
440
37.0
78.4
10.8
41.8
10.2
1.13
11.2
1.83
11.8
231
7.15
1.12
7.35
1.07
6.23
1.30
16.9
3.97

50.35
0.65
14.78
2.94
7.03
0.36
9.63
6.85
3.09
0.10
0.05

4.08
99.91
69

271
111
0.90
217

16.7

17.5
1.15
0.10

45.4
1.76
4.62
0.77
4.16
1.50
0.46
2.12
0.42
2.88
0.61
181
0.28
1.82
0.28
0.68
0.08
0.12
0.08

56.37
0.47
12.82
3.82
511
0.19
8.65
5.39
3.19
0.20
0.05

3.44
99.70
69

209
97.8
3.21
92.0
15.6
13.4
0.63
0.11
48.1
0.98
2.92
0.51
2.96
121
0.41
1.84
0.37
2.63
0.55
1.66
0.24
1.66
0.26
0.56
0.05
0.06
0.03

57.65
1.07
13.67
6.09

4.15
0.15
3.82
4.81
4.35
0.26
0.12
1.09
2.52

99.75
47

621
145
8.36
82.3
32.9
47.0
2.77
0.52
76
4.07
10.8
1.72
9.11
2.95
11
4.21
0.80
5.43
1.12
3.11
0.49
2.99
0.46
1.34
0.18
0.27
0.06

48.93
1.41
16.53
6.41

5.02
0.18
4.21
8.79
3.49
0.14
0.14
1.16
3.37

99.78
47

506
171
4.28
101
30.3
67.9
3.62
0.19
35.2
4.54
12.7
1.99
10.1
3.33
1.38
4.32
0.79
4.87
1.03
2.97
0.45
2.88
0.43
2.07
0.24
0.31
0.08

64.24
0.69
16.76
4.37
0.97
0.10
1.70
1.59
4.84
1.74
0.18

2.46
99.64
44

46.3
13.4
52.3
249
22.0
111
6.79
2.12
599
20.1
39.6
4.81
19.0
4.03
1.30
4.32
0.65
3.99
0.76
2.34
0.37
2.47
0.40
3.48
0.44
4.28
1.12

53.54
1.70
13.24
6.88
7.35
0.18
4.59
5.26
3.04
0.39
0.25

3.34
99.76
43

0.18
12.3
3.41
175
47.9
151
134
0.12
91.9
13.7
32.0
4.55
20.3
541
1.59
6.91
1.20
8.03
1.64
5.10
0.76
5.23
0.78
4.06
0.94
1.64
0.53

56.65
1.67

13.63
11.35
1.85
0.07
4.90
1.86
0.48
3.35
0.05

0.04

3.93

99.83
48

26.2
16.1
66.9
57.3
28.5
123
6.13
2.15
178
10.8
26.7
4.04
18.5
5.07
1.81
6.15
0.98
6.07
1.16
3.30
0.48
3.06
0.45
3.41
0.37
1.17
0.17

52.12
1.37
16.69
4.24
5.52
0.15
6.78
3.30
3.98
0.60
0.16
0.04

4.84

99.79
62

208
55.5
13.6
202
31.0
126
4.18
0.58
112
12.1
27.2
4.04
17.7
4.94
1.50
5.59
0.93
6.06
1.18
3.34
0.51
3.34
0.49
3.63
0.31
2.48
0.71

49.00
0.64

12.67
5.82
4.35
0.14
11.73
8.00
1.52
0.45
0.24

0.04

5.07

99.67
73

862
222
8.19
565
13.3
39.6
2.61
0.19
173
6.73
15.8
2.15
9.42
2.30
0.71
2.47
0.38
2.27
0.44
1.30
0.20
131
0.21
1.19
0.15
1.04
0.47

53.07
0.58
13.08
4.59
4.24
0.16
8.20
7.59
1.85
2.75
0.24

3.28

99.63

69

553
152
52.4
436
12.7
42.2
2.49
0.71
1859
8.91
19.4
2.70
11.1
3.12
1.01
2.83
0.41
2.39
0.46
1.37
0.21
1.38
0.21
1.28
0.15
1.19
0.43

48.54
0.69
17.36
6.77
4.18
0.15
5.35
10.17
2.44
0.04
0.19
0.04
3.85

99.77
54

33.2
25.2
0.91
680
13.31
41.0
2.54
0.03
116
16.6
31.6
4.03
16.1
3.36
1.08
3.23
0.46
2.36
0.47
1.39
0.20
1.29
0.20
111
0.13
2.72
0.54

50.94
0.56
15.59
3.01
7.22
0.12
6.58
3.71
4.29
0.86
0.23
2.12

4.61

99.84
60

127
52.6
11.6
68.7
13.0
39.9
2.00
0.36
99.8
6.93
14.5
2.03
8.81
2.33
0.77
2.29
0.36
2.27
0.47
1.37
0.21
1.44
0.22
1.00
0.11
0.76
0.38

AD: andesite; BAD: basaltic andesite; BT: basalt; DC: dacite; RL: rhyolite; TDC: trachytic dacite. Mg numbér: fMg2* + Fe*")] x 100, assuming 80% of total Fe as
Fe?+. —below detection limits.
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Table 3
Chemical compositions of the Tiechuanshan Formation

Sample lithology =~ 4007 BT 4008 BT 4009 DC 4010 BT 4011 RL 4012 DC 4014 TDC 4015RL XG-01 RL  XG-02 RL  XG-03 TDC

In wt.%
SiO, 48.75 49.45 63.18 49.34 69.35 66.25 68.04 75.57 71.57 69.75 67.50
TiO, 1.18 1.47 1.09 2.16 0.21 0.29 0.28 0.25 0.24 0.33 0.33
Al,03 16.44 15.74 14.83 17.24 14.37 16.39 15.48 11.78 13.56 15.22 15.42
FeOg; nd nd 6.43 12.49 nd 2.65 nd 4.79 nd nd nd
Fe03 1.90 3.22 nd nd 2.65 nd 3.67 nd 3.37 2.29 1.67
FeO 6.93 7.00 4.18 8.35 1.85 1.38 0.65 1.12 0.78 0.58 2.42
MnO 0.17 0.23 0.14 0.19 0.12 0.06 0.10 0.02 0.15 0.11 0.14
MgO 7.63 6.63 1.83 2.84 0.50 0.13 0.10 0.08 0.18 0.15 0.33
CaO 10.64 9.59 4.69 6.71 0.95 1.31 0.77 0.29 2.42 0.88 0.95 E
Na,O 2.84 3.46 3.47 4.61 3.48 3.75 4.15 411 4.69 4.48 4.84 é‘
K20 0.75 1.00 2.10 1.36 5.15 6.13 5.46 2.96 1.72 5.24 4.84 @
P,0s5 0.16 0.18 0.52 0.63 0.03 0.06 0.05 0.01 0.06 0.05 0.06 @
CO, - - nd nd - nd - nd 0.43 0.02 0.30 '%
H,O" 2.69 2.15 nd nd 0.86 nd 0.54 nd 0.62 0.53 0.83 §
LOI nd nd 1.27 2.00 nd 1.00 nd 0.37 nd nd nd %_
Total 100.08 100.12 99.55 99.57 99.52 100.16 99.29 99.97 99.79 99.63 99.63 o
=}
Mg numbers 66 60 41 36 21 11 5 4 10 11 16 o)
In ppm g
Cr 291 270 26.7 46.1 1.68 1.56 4.26 5.08 6.86 8.27 7.51 £
Ni 88.3 79.9 25.4 34.0 0.86 1.64 0.94 241 1.44 1.37 1.23 §
Rb 32.1 35.8 35.3 25.0 150 102 170 54.5 73.0 162 149 S
Sr 235 270 246 144 142 37.4 88.8 12.5 108 112 97.2 S
Y 22.3 28.9 42.2 44.8 60.2 53.0 50.3 69.9 48.7 47.5 59.2 =
Zr 80.0 66.6 254 293 539 446 473 1466 382 468 482 E
Nb 2.86 455 18.7 16.8 329 30.3 33.3 45.6 33.0 31.6 34.7 iR
Cs 1.26 0.62 0.75 0.67 0.82 0.92 2.54 0.25 1.33 2.43 1.08 8
Ba 130 359 738 813 833 1117 1559 62.0 758 2005 1642
La 6.87 8.49 39.0 40.9 109 135 140 62.0 94.2 130 155
Ce 15.6 20.6 78.9 84.9 196 266 242 129 173 231 284
Pr 2.29 291 10.1 10.9 21.4 28.1 26.4 15.1 19.1 24.5 29.5
Nd 10.3 12.9 42.7 45.1 74.0 93.6 87.8 55.2 60.8 81.0 95.8
Sm 2.98 3.73 9.01 9.13 13.2 13.9 13.4 10.2 111 13.0 15.7
Eu 1.21 1.33 2.16 2.45 1.58 1.95 2.14 0.33 1.72 2.26 2.61
Gd 3.45 4.43 8.91 9.26 12.3 11.3 13.1 10.0 10.7 12.5 15.1
Tb 0.63 0.80 1.39 1.48 1.82 1.81 1.75 1.90 1.55 1.66 2.02
Dy 3.98 5.00 7.91 8.74 10.5 10.4 9.59 12.4 8.57 8.88 10.8
Ho 0.84 1.04 1.62 1.77 2.14 2.07 1.94 2.67 1.77 1.73 2.2

Er 2.20 2.81 4.78 5.14 6.37 6.20 5.75 8.35 5.20 5.24 6.65



m 0.33 0.43 0.71 0.75 0.99 0.92 0.82 1.32 0.79 0.79 0.94
Yb 2.09 2.78 4.68 4.86 6.75 6.14 5.65 8.82 5.34 5.36 6.37
Lu 0.32 0.40 0.74 0.76 1.08 0.98 0.88 1.38 0.87 0.90 1.00
Hf 2.06 1.64 6.49 6.67 13.0 114 11.6 21.5 9.65 11.8 125
Ta 0.18 0.29 1.27 1.13 2.15 2.07 2.08 3.01 2.13 2.13 2.19
Th 0.91 0.83 5.84 5.26 18.4 20.7 19.7 28.5 16.4 19.1 19.3
U 0.26 0.21 1.91 1.52 4.14 3.51 2.89 3.49 3.28 3.49 4.28
XG-04 BT XG-05BT XG-06 BT XG-7BT XG-8BT XG-9BT XG-10BT XG-11 BT XG-12 BT XG-13 BT XG-14 TDC
In wt.%
SiO, 48.92 49.80 49.35 48.48 50.31 49.78 49.35 48.83 56.87 48.37 57.92
TiO, 2.45 2.34 1.57 1.07 1.56 1.66 1.57 1.55 1.91 2.59 0.84
Al,03 15.09 16.23 15.50 16.50 15.16 15.85 15.42 14.96 14.66 13.78 15.90
FeOst nd nd nd 9.01 11.77 12.14 11.58 11.70 10.62 15.55 12.93
FeO3 2.84 4.35 1.82 nd nd nd nd nd nd nd nd
FeO 9.48 8.75 9.68 6.25 7.70 7.75 7.70 7.25 6.70 10.95 5.82
MnO 0.26 0.18 0.27 0.13 0.23 0.26 0.22 0.24 0.23 0.28 0.13
MgO 2.89 3.31 6.37 8.10 5.93 5.67 6.67 6.77 2.92 5.44 1.06
CaO 9.12 6.93 8.82 10.51 9.28 9.33 9.03 10.00 5.58 7.79 3.30
NaO 3.80 4.24 3.47 2.58 3.47 3.04 3.45 3.21 4.63 3.39 4.07
K20 1.92 1.58 0.72 0.76 0.48 0.87 0.78 0.74 0.87 1.19 2.60
P>0O5 0.75 0.41 0.20 0.13 0.19 0.21 0.19 0.18 0.93 0.42 0.25
CO 0.35 0.02 0.02 nd nd nd nd nd nd nd nd
H,Ot 1.85 1.60 1.97 nd nd nd nd nd nd nd nd
LOI nd nd nd 2.30 1.23 1.38 1.27 1.36 1.44 1.17 1.23
Total 99.72 99.74 99.76 99.57 99.61 100.19 99.53 99.54 100.66 99.97 100.23
Mg numbers 35 37 56 69 56 54 59 59 41 46 17
In ppm
Cr 8.44 5.03 219 271 229 190 222 234 6.04 44.4 5.18
Ni 13.5 6.69 77.2 92.7 85.2 65.3 87.2 89.2 4,52 32.6 5.87
Rb 65.3 50.0 23.6 31.0 15.2 31.2 26.1 23.7 23.9 35.3 36.2
Sr 344 365 334 222 318 399 273 312 247 267 251
Y 56.3 31.3 27.3 22.3 33.0 34.5 34.1 32.4 57.0 52.9 162
Zr 284 154 99.6 72.5 112 120 115 112 217 212 1036
Nb 22.6 14.5 4.97 2.68 5.01 5.50 4.93 4.79 11.3 13.3 72.5
Cs 0.55 1.96 0.48 1.38 0.34 0.38 0.45 0.43 0.39 0.44 0.51
Ba 1048 608 434 149 142 452 254 322 355 549 916
La 48.9 23.2 8.41 6.21 9.71 10.5 9.42 9.83 25.4 21.5 108
Ce 97.5 47.4 20.6 14.8 23.8 24.6 22.2 22.9 60.8 49.3 218
Pr 131 6.08 2.78 2.07 3.18 3.39 3.11 3.23 7.97 6.64 26.0
Nd 50.5 23.9 13.0 10.1 15.6 16.1 14.8 15.3 36.5 29.2 99.5
Sm 10.7 5.46 3.85 2.99 4.58 4.34 4.34 4.41 9.49 7.81 21.9
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Table 3 Continued)

Sample lithology =~ 4007 BT 4008 BT 4009 DC 4010 BT 4011 RL 4012 DC 4014 TDC 4015RL XG-01 RL  XG-02 RL  XG-03 TD
Eu 3.3 1.87 1.32 0.92 1.40 1.43 1.29 1.33 2.84 2.09 2.56
Gd 11.3 5.93 4.40 2.84 4.04 4.28 4.09 4.08 8.08 6.98 19.0
Tb 1.82 0.97 0.76 0.57 0.82 0.81 0.81 0.79 1.47 1.33 3.56
Dy 10.3 5.48 4.81 3.80 5.27 5.35 5.28 5.37 9.01 8.30 24.0
Ho 2.09 1.17 0.99 0.86 1.20 1.24 1.19 1.16 1.96 1.88 5.26
Er 5.78 3.35 2.75 2.20 3.28 3.40 3.33 3.30 5.33 5.14 15.2
m 0.88 0.49 0.40 0.34 0.48 0.47 0.49 0.47 0.71 0.74 2.33
Yb 5.51 3.20 2.51 2.24 3.08 3.24 3.31 3.19 5.03 4.99 17.4
Lu 0.84 0.49 0.4 0.33 0.49 0.52 0.49 0.47 0.74 0.77 2.66
Hf 6.21 3.49 2.45 2.18 3.00 3.29 2.90 3.10 5.58 5.65 255
Ta 1.39 0.96 0.32 0.18 0.28 0.32 0.29 0.29 0.81 0.88 4.45
Th 5.60 3.90 0.83 0.73 0.71 0.99 0.80 0.79 5.10 3.42 24.6
U 1.92 1.03 0.23 0.24 0.26 0.33 0.24 0.26 1.34 1.03 4.36

FeOgz: total iron as FgO3 determined by XRF; LOI: loss on ignition; nd: not determined.
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andesite to rhyolite without a significant gap in $iO
The samples are subalkalic except two rhyolite sam-
ples 5002 and 5006 with the highest Xa+ K20
(9.3-10.2wt.%). The Xixiang Group also shows a
clear lithological evolution from basalt and andesite in
the lower unit to dacite and rhyolite in the upper unit
(Fig. 5).

At given SiQ content, mafic rocks from the lower
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found in subduction- or fore-arc-related settings of
Phanerozoic Koh MassifJameron, 198Q I1zu-Bonin
(Arculus et al., 1992; Pearce et al., 199RMariana
(Hickey-Vargas, 1980 Yukon-TananaWiercey et al.,
2000 and Precambrian Abitibi, Canad&drrich
et al.,, 1998. They are characterized by high Mg
(MgO 8.20-11.73wt.%; Mg numbers 69-73), Cr
(209-862 ppm) and Ni (98—222 ppm) and low %iO
(0.47-0.65wt.%) with a MORB-like REE pattern
(Lan/Yby = 0.40-436). In a Mg number versus
primitive mantle-normalized Nb/La ratio diagram
(Sun and McDonough, 1982he lower Xixiang rocks
fall into the boninite and associated low-Ti tholeiite
fields (Fig. 7; Kerrich et al., 1998

In contrast, basalts and andesites from the upper
Xixiang Group display remarkably higher LILE con-
centrations and higher LILE/HFSE and LILE/HREE
ratios compared to the lower Xixiang rocks. Negative
Nb, Ta, P and Ti anomalies are even more pronounced
(Fig. 6a and b They are also coupled by LREE en-
richment (La;/Ybny = 1.70-7.75) and small negative
Eu anomaly (EYEU* 0.86—091). These mafic
rocks show trace element signatures, which are sim-
ilar to their intercalated felsic volcanic rocks with
enrichment in LILE and LREE and depletion in Nb,
Ta, P, Ti and Eu. These features are typical of island
arc volcanic rocks as shown iRig. 6a and bcom-
parable with Japan Quaternary mafic and felsic arc
volcanic rocks {ogashi et al., 2000

Positiveeng (t) values §-2.0 to+8.8) characterize
all of the Xixiang mafic and felsic rocks. It is impor-
tant to note thatng (t) (+6.0 to+8.8) of the boninites
and associated low-Ti basalts from the lower unit are
comparable with the upper limit{8.0) of the depleted
mantle at 950 MaGoldstein et al., 1984and are sig-
nificantly higher than the values of the mafigZ.0 to
+6.8) and felsic 2.3 to+5.7) rocks from the upper
unit.

and upper units can be distinguished from each other 5.2. Tiechuanshan volcanic suite

in terms of trace element composition, MgO and FiO

Basalts (5408 and 5519) and andesites (5410 and Bimodal volcanic succession characterizes the

5520) from the lower unit are characterized by low
concentrations for nearly all incompatible elements
and variable magnitudes of negative anomalies in
HFSE (Th, Nb, Ta, Zr, Hf, P and Ti) relative to neigh-
boring REE Fig. 6¢c and )l These characteristics
are typical of boninite and associated low-Ti basalt

Tiechuanshan Formation. As shown kg. 8 all
Tiechuanshan samples but 4009, XG-12 and XG-14
fall into the two distinct fields of basalt and dacite—
rhyolite with a large Si@ gap between 50 and
66 wt.%. Moreover half of the samples are alkaline.
The basalts can be further divided into tholeiitic
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rhyolite/dacite, respectively. The primitive mantle values are fum and McDonough (1989fverage compositions of Japan Quaternary
mafic (a) and felsic (b) arc volcanic rocks are fraragashi et al. (200Q)while those of boninites from Izu-Bonin, Yukon-Tanana and
Abitibi (c) are fromArculus et al. (1992)Pearce et al. (1992pPiercey et al. (2001and Kerrich et al. (1998)respectively. Low-Ti basalt

data (d) are fromArculus et al. (1992gand Pearce et al. (1992)

and alkaline members based on)®at+ K,O versus
SiO; plot and the Zr/ROs versus TiQ discrimi-
nation diagram \Winchester and Floyd, 19Y§not
shown). These two subtypes were collected from
the lower and upper units of the Tiechuanshan For-
mation, respectively. The tholeiites (4007, 4008 and
XG-6-11) show smooth chondrite-normalized REE
patterns Fig. 99 with slight enrichment in LREE
(Lan/Ybny = 1.9-23) and insignificant to slightly
positive Eu anomalies (F&Eu* = 1.15-092). In
contrast, the alkaline basalts (XG-4, -5, -12, -13, -14
and 4010) exhibit higher LdYby (2.9-6.0,Fig. 9b
and negligible to prominent negative Eu anomalies
(Eu/Eu* = 1.0-0.38). Lower Ti& (1.07—1.66 wt.%),
higher Mg numbers (54-69), Cr (190-291 ppm) and
Ni (65—93 ppm) as well as highekq (817 Ma) values

(+4.6 to+5.3) of the tholeiites also distinguish them
from the alkaline basalts, having Mg numbers 17-46,
TiO2 2.16-2.59 wt.%, Cr 5-43, Ni 5-33 ppm angy

(t) +0.20 to+3.8. These two types of basalts show
incompatible element distributions similar to tholei-
itic and alkaline basalts in continental riftsig. 10).

In Fig. 103 the Tiechuanshan tholeiites show mod-
erate enrichment in LILE and variable depletion in
Nb, Ta and P, which resemble the Gairdner Dyke
and its tholeiitic volcanic equivalents from southeast-
ern Australia Zhao et al., 1994and tholeiites from
the Siberian TrapsHawkesworth et al., 1995The
tholeiitic rocks display E-MORB-like trace element
distributions except for enrichment in LILE and de-
pletion in Nb, Ta and P. The Tiechuanshan alkaline
basalts Fig. 100, on the other hands, show patterns
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analogous to high-Ti basalts and picrites from the
Karoo (Gibson et al., 2000and the Suxiong alkaline
basalts i et al., 2009 with moderate depletion in
Nb, Ta, Sr and Ti. The alkaline basalts are essentially
similar to oceanic island basalt (OIB) in geochemical
composition.

Negative Nb and Ta anomalies also typify the
Tiechuanshan felsic rockd=ig. 109. Their Sr, Eu
(Eu/Eu* = 0.37-Q73), P and Ti are even more
depleted than the continental crusRudnick and
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Fig. 8. N@O + K0 vs. SiQ plot (Middlemost, 1994 for the
Tiechuanshan volcanic rocks. Filled and open symbols denote
mafic and felsic rocks, respectively.
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Fig. 9. Chondrite-normalized REE patterns for the Tiechuanshan
tholeiites (a), alkaline basalts (b), and rhyolites (c). Chondrite
values are fronSun and McDonough (1989)

Fountain, 199h These features, along with high
Lan/Yby (10.9-16.7,Fig. 99 and LILE, indicate a
highly evolved magma and are indistinguishable from
those of Suxiong alkaline rhyolites.i(et al., 2003.
It should be noted that the Tiechuanshan felsic rocks
have negativeng (t) values 2.5 to—4.9) and high
initial 87Sr/86Sr (t) ratios (0.7054-0.7106). These
are somewhat different from the Suxiong rhyolites,
whose Nd-Sr isotopic compositions are close to the
evolved basaltsl( et al., 2003.

Samples XG-12, XG-14 and 4009 are anomalous.
XG-12 and XG-14 are amygdaloid-bearing basalts,
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in which the trapped felsic magma might account
for their anomalously high Si®and LREE and low
Eu/Eu and eng (t) values 3.8 and+1.4, respec-
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Wangjiangshan Gabbros.

basaltic and felsic magmas as inferred from its high
SiO, and initial 87Sr/8Sr ratio (0.7073) and trace
element composition similar to the other Tiechuan-
shan felsic rocks but with low REE concentration and
positiveeng (+3.0).

5.3. Wangjiangshan Gabbro

The Wangjiangshan Gabbros fall into the subalkalic
gabbro field inFig. 11 and display a tholeiitic trend
(Fig. 12. In the spider diagram, they are depleted in
Cs, Rb, Th, Nb, Ta, Zr and Hf and enriched in Sr
and Ba Fig. 13 together with positive Eu anomalies
(Eu/Eu* = 1.21-218), which points to an impor-
tant role of plagioclase accumulation. Depletion in
LILE (Cs, Rb, Th and U), Zr and Hf discriminates
the Wangjiangshan Gabbros from mafic plutons from
the Siberian Trap Hawkesworth et al., 1995and
Gairdner Dyke Zhao et al., 1994 Compared with
the Tiechuanshan tholeiites, these Gabbros display a
wider SiQ range from 43 to 51 wt.%. The less frac-
tionated samples 2KW-25, -26, -22 and -32 with low
SiO; (<49 wt.%) and high MgO (8-9 wt.%) also have
higher Ni and Cr concentrations compared to samples
with SiO; >49wt.% and MgO<8wt.% (Table 4
Fig. 13. In addition, most of the samples except
WJS-3 and WJS-6 show clear co-variations of 7iO
NaO, CaO, MgO and Ni with Si@(Fig. 14). WJS-1
and WJS-2 have significantly loweggq (820 Ma) and
therefore implies involvement of crustal component.
Although WJS-3 and WJS-6 also show lawg (1),

tively). Sample 4009 may represent a mixture between their low SiG and high CaO and Ti@character is



Table 4

W. Ling et al./Precambrian Research 122 (2003) 111-140

Chemical compositions of the Wangjiangshan Gabbro
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Sample KW-19 KW-20 KW-21 KW-22 KW-23 KW-24 KW-25 KW-26 KW-27 KW-28

In wt.%
SiO, 49.25 48.84 48.73 47.11 49.56 48.96 46.37 46.38 51.43 49.21
TiO2 1.14 1.08 0.92 1.38 1.08 0.91 1.93 3.26 0.78 1.31
Al,03 18.83 17.89 17.52 17.06 18.78 17.20 16.25 14.46 18.49 18.26
FeO3; 9.96 10.71 10.88 11.95 9.16 11.08 12.89 13.99 8.16 10.14
FeO3 nd nd nd nd nd nd nd nd nd nd
FeO 6.80 7.72 9.70 8.85 6.42 8.60 9.40 9.82 5.55 6.90
MnO 0.13 0.15 0.18 0.16 0.14 0.18 0.18 0.20 0.17 0.14
MgO 6.61 7.72 7.93 9.34 6.92 8.22 9.12 8.96 7.34 6.62
CaO 10.42 10.17 10.39 10.44 10.48 10.53 10.39 9.92 11.28 10.40
NaO 2.93 2.84 2.77 2.43 3.02 2.72 2.42 2.34 2.67 3.01
K20 0.36 0.27 0.21 0.18 0.30 0.21 0.18 0.26 0.17 0.37
P,O5 0.21 0.15 0.25 0.03 0.16 0.15 0.32 0.32 0.15 0.10
CO, nd nd nd nd nd nd nd nd nd nd
H,OT nd nd nd nd nd nd nd nd nd nd
LOI 0.06 0.11 0.22 0.30 0.11 0.19 0.07 0.32 0.06 0.09
Total 99.90 99.93 100.00 100.38 99.71 100.35 100.12 100.41 100.70 99.65
Mg numbers 62 64 64 66 65 65 64 61 69 62

In ppm
Cr 160 132 301 346 169 313 354 312 288 167
Ni 81.2 176 173 198 53.3 163 202 193 73.5 63.6
Rb 7.68 4.43 2.29 1.49 3.93 1.81 1.31 5.49 1.30 7.46
Sr 406 381 335 282 400 316 275 243 624 397
Y 13.6 11.9 16.2 11.0 12.1 14.6 19.2 22.9 11.4 13.8
Zr 42.9 34.9 32.6 36.3 40.6 32.7 48.8 99.5 20.6 42.5
Nb 2.60 1.95 1.69 2.04 2.6 1.54 3.69 7.43 0.79 2.29
Cs 0.19 0.15 0.22 0.04 0.17 0.21 0.04 0.15 0.08 0.23
Ba 126 111 181 137 121 178 149 165 112 128
La 5.68 4.49 5.05 2.55 5.00 4.25 5.55 6.30 2.74 4.69
Ce 13.1 10.5 12.4 5.97 115 10.4 14.8 16.6 6.80 11.2
Pr 1.84 1.47 1.88 0.89 1.54 1.50 2.19 2.46 1.04 1.55
Nd 8.36 6.78 9.32 4.71 7.30 7.80 11.1 12.7 5.12 7.36
Sm 2.16 1.87 2.73 1.37 2.04 2.24 3.10 3.55 1.67 2.04
Eu 1.02 0.95 1.59 1.03 0.95 1.56 1.50 1.52 1.17 1.03
Gd 2.04 1.74 2.49 1.50 1.84 2.15 2.93 3.25 1.62 1.84
Tb 0.36 0.30 0.44 0.27 0.32 0.39 0.54 0.62 0.30 0.35
Dy 2.36 2.07 2.87 2.01 2.11 2.55 3.32 4.25 1.96 2.48
Ho 0.50 0.40 0.59 0.43 0.45 0.58 0.73 0.95 0.44 0.54
Er 1.39 1.12 1.61 1.15 1.18 1.47 1.90 2.32 1.14 1.49
™m 0.20 0.17 0.22 0.16 0.17 0.22 0.26 0.33 0.16 0.19
Yb 1.29 1.12 1.50 1.14 1.11 1.45 1.64 2.32 1.11 1.43
Lu 0.19 0.16 0.22 0.17 0.17 0.20 0.26 0.33 0.15 0.22
Hf 1.20 0.94 0.87 1.01 1.12 0.89 1.35 2.52 0.59 1.23
Ta 0.19 0.15 0.13 0.15 0.17 0.11 0.28 0.57 0.06 0.16
Th 0.83 0.34 0.14 0.06 0.43 0.09 0.11 0.29 0.08 0.35
U 0.18 0.09 0.05 0.02 0.14 0.03 0.04 0.10 0.03 0.11



130

Table 4 Continued)

W. Ling et al./Precambrian Research 122 (2003) 111-140

KW-29 KW-30 KW-31 KW-32 KW-34 WJs-1 WJs-2 WJS-3 WJs-4 WJS-6
In wt.%
SiO, 47.39 49.17 50.30 47.38 50.22 48.61 49.30 44.34 47.87 43.32
TiO, 1.56 1.38 1.00 1.56 1.00 1.50 1.47 1.99 1.38 2.93
Al2,03 16.53 18.16 18.25 16.39 18.49 18.51 17.43 16.12 17.01 15.75
Fe Ozt 12.68 10.94 8.95 12.74 8.72 nd nd nd nd nd
Fe,O3 nd nd nd nd nd 2.93 2.10 6.98 2.48 6.82
FeO 8.95 6.90 5.80 8.95 5.62 7.08 7.75 9.28 8.32 10.02
MnO 0.18 0.16 0.15 0.18 0.15 0.14 0.16 0.15 0.19 0.15
MgO 8.96 6.51 6.94 9.14 6.82 5.16 6.88 6.07 8.07 5.81
CaO 9.98 10.19 11.09 9.99 11.10 11.59 10.87 11.68 10.42 11.85
NaO 2.46 2.84 2.80 2.38 2.87 2.99 2.87 2.25 2.61 2.19
K20 0.18 0.23 0.19 0.17 0.19 0.26 0.25 0.24 0.19 0.21
P>0s 0.05 0.19 0.07 0.04 0.09 0.37 0.06 0.09 0.30 0.11
CO; nd nd nd nd nd 0.09 0.09 0.04 0.06 0.04
H,O" nd nd nd nd nd 0.56 0.57 0.55 0.89 0.56
LOI 0.27 0.03 0.06 0.35 0.07 nd nd nd nd nd
Total 100.24 99.80 99.80 100.32 99.72 99.79 99.80 99.78 99.79 99.76
Mg numbers 64 60 66 64 66 54 61 47 63 44
In ppm

Cr 368 21.2 277 355 261 215 246 9.9 186 11.6
Ni 186 57.4 47.2 191 38.3 72.4 731 21.6 108 10.5
Rb 1.24 2.24 1.31 1.30 1.58 2.33 2.68 2.63 1.58 3.72
Sr 273 623 631 280 643 404 372 443 393 395
Y 13.3 13.2 11.9 13.6 12.0 16.3 11.8 12.6 20.6 13.6
Zr 39.9 31.7 22.7 43.9 24 33.7 41.0 38.9 43.8 37.6
Nb 221 1.52 1.00 2.42 0.99 1.64 2.80 1.99 3.48 1.70
Cs 0.05 0.12 0.05 0.05 0.04 0.10 0.11 0.08 0.12 0.14
Ba 141 149 109 150 114 191 192 145 170 137
La 3.22 3.69 2.74 3.17 2.93 7.17 4.13 4.88 9.54 3.86
Ce 7.76 8.84 6.84 7.66 7.06 17.47 9.48 11.6 22.7 9.67
Pr 1.14 1.28 1.05 1.16 1.06 231 1.22 1.54 2.94 1.34
Nd 5.82 6.06 5.16 5.95 5.38 11.7 6.22 7.68 145 7.12
Sm 1.86 1.94 1.66 1.81 1.66 2.92 1.70 2.06 3.58 2.07
Eu 1.20 1.30 1.05 1.26 1.10 1.71 1.44 0.91 1.62 1.17
Gd 1.77 1.89 1.73 1.86 1.76 3.60 221 2.53 4.27 2.76
Tb 0.34 0.34 0.30 0.36 0.32 0.53 0.35 0.40 0.67 0.43
Dy 231 2.27 2.22 2.50 1.99 3.04 2.10 2.24 3.80 251
Ho 0.53 0.54 0.48 0.55 0.47 0.65 0.47 0.49 0.83 0.55
Er 1.46 1.34 1.27 1.48 1.24 1.69 1.28 1.31 2.26 1.43
Tm 0.20 0.20 0.19 0.23 0.17 0.24 0.20 0.20 0.33 0.20
Yb 1.39 1.50 1.32 1.44 1.21 1.36 1.18 1.10 1.89 1.20
Lu 0.23 0.20 0.21 0.23 0.18 0.19 0.17 0.16 0.28 0.17
Hf 1.06 0.87 0.72 1.20 0.72 1.05 1.23 1.17 1.46 1.21
Ta 0.18 0.12 0.08 0.19 0.08 0.11 0.18 0.13 0.21 0.13
Th 0.07 0.12 0.07 0.05 0.10 0.35 0.24 0.31 0.26 0.39
U 0.03 0.04 0.02 0.02 0.03 0.09 0.07 0.06 0.06 0.09
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Fig. 12. N&O + K20-FeQua—MgO triangle plot for Wangjiangshan Gabbros, which show a tholeiitic trend.

different form that of WJS-1 and WJS-2. The high low-Ti tholeiitic associations from the lower Xixiang
CaO cannot be explained by involvement of carbonate Group and the LILE-enriched basaltic and andesitic
because of their low C£(0.04 wt.%). Further studies  suite from the upper Xixiang Group. The diversities
are required on resolving the combined leywy (t) infer differences in source composition and/or petro-
and low SiQ character of WJS-3 and WJS-6. Apart genesis. The combined high Mg number, Cr and Ni of
from these four samples, the other samples with high the lower Xixiang mafic rocks imply derivation from
end (t) show no correlation betweetyq (t) and SiG magma with insignificant fractionation of olivine and
(Fig. 141). The above evidence suggests that the high pyroxene §hinjo, 1999. Depletion in Nb and Ta
end (t) samples are co-magmatic without significant suggests involvement of a crustal or slab-related com-
crustal contamination. ponent. However, their highng (t) values similar to
the upper limit of contemporary depleted mantle rule
out a significant role of crustal and/or slab compo-

6. Petrogenesis nent(s). The Xixiang high-Mg andesites may be clas-
sified into Type 2 low-Ca boninite dfrawford et al.
6.1. Xixiang volcanic rocks (1989) which is expected to be derived from melting

of a refractory peridotite source at8—15kbar and
As mentioned above, geochemical and Nd isotopic 1100-1150C. Combination of the LREE-depleted
distinctions are evident between the boninitic and rare earth element pattern, low incompatible element
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Fig. 13. Primitive mantle-normalized incompatible trace element
distributions for Wangjiangshan Gabbros with $i19% and
MgO 8-9% (a) and Si@>49% and MgG:8% (b). Primitive mantle
values are fromSun and McDonough (1989Data for average
Gairdner Dyke and Siberian mafic pluton are frathao et al.
(1994) and Hawkesworth et al. (1995yespectively.

(including K>O) concentrations and highyg (t) val-
ues of the Xixiang boninites and low-Ti tholeiites
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nent in the Xixiang boninitic and high-Mg andesitic
magma. This is also supported by depletion of
LILE.

It is well known that high temperatures and/or the
existence of fluids are critical for melting a refractory
peridotite (e.g.Crawford et al., 198p The conver-
gent margin—plume interaction setting offers such an
environment Brown and Jenner, 1983nd is used
to explain volcanic rocks from the Abitibi belFan
and Kerrich, 1997; Kerrich et al., 1998; Wyman,
1999 and the Koh ophiolite Nleffre et al., 1995
This model is also applied to a mantle wedge set-
ting, where refractory peridotite had experienced an
OIB-type enrichment event prior to subduction and
is followed by the modification of hydrous fluids de-
rived from subducted slalBéccaluva and Serri, 1988;
Hickey-Vargas and Reagan, 198%uch a model can
explain close association of boninitic, high-Mg tholei-
itic and other subduction-related lavas in a fore-arc
setting. Therefore, the lower Xixiang volcanic rocks
probably formed in a fore-arc environment.

The upper Xixiang volcanic rocks, regardless of
rock type, show enrichment in LILE, Zr and Hf with
fractionated LREE and variable degrees of negative
Eu anomalies. They display clear arc signatures of de-
pletion in Nb, Ta, Ti and Eu. The similarities between
the mafic and felsic lavas in trace element distribution
(Fig. 6a and b and positiveeng (t) reveal that they
were co-magmatic. An AFC process may explain the
relatively lowereng (t) of the felsic rocks. It should
be noted that dacite and rhyolite samples 5002, 5006,
SGH-2, 5208, 5211 and 5220 from the upper Xixi-
ang Group are highly alkaline, resembling intra-plate

suggest a derivation from a time-integrated depleted granite Pearce et al., 1984 Alkaline rocks are not

mantle source.

uncommon in a back-arc settingdley and Peccerillo,

Two-stage models are advocated to interpret the 1992; Turner et al., 1996so, the occurrence of the
genesis of boninites or high-Mg andesites, where Xixiang alkaline rhyolites may point to the develop-

previously depleted peridotite is fluxed by hydrous
fluid or melt from dehydration of a subducted slab
or by partial melt derived from an OIB-type source
mantle Crawford et al., 198p Interaction between

ment of a back-arc setting.

6.2. Tiechuanshan volcanic suite

ascending melts originated from slab melting and 6.2.1. Basalt

mantle wedge is proposed to account for the gener-

Negative Nb and Ta anomalies suggest involve-

ation of high-Mg andesites and adakites in relation ment of crustal or subcontinental lithosphere mantle

to subduction of oceanic crust (e.¢ogodzinski
et al., 1995; Stern and Kilian, 1996; Shinjo, 1999
Low Al,O3 and Lay/Yby and absence of positive

(SCLM) components in the Tiechuanshan tholeiites.
However, their consistently higbhng (817 Ma) val-
ues (4.6 to +5.3) and low initial®’Sr/8Sr ratios

Sr anomalies negate dominance of a slab compo- (0.7040-0.7049) for all the tholeiites with variable
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Table 5
Sm-Nd and Rb-Sr isotopic compositions of the Xixiang Group
Sample  Nd/*Nd 20, Nd Sm 1475m/14Nd  87Sr/88sr 20, 87Rby88Sr Sr Rb Tom (Ga) eng (t)

Upper Xixiang Group

5002 0.512356 5 26.71 5.178 0.1172 0.731743 45 2.116 198 144 1.25 3.6
5006 0.512367 7 21.48 4,073 0.1146 0.726085 43 2.098 158 115 1.20 4.1
5008 0.512525 5 20.74 4,739 0.1381 0.706188 45 0.238 359 29.5 1.26 4.5
5109 0.512548 8 17.40 3.950 0.1373 0.722285 33 1.721 153 90.6 1.20 5.1
5112 0.512400 5 23.50 5.404 0.1390 0.712360 48 0.952 139 45.8 1.53 2.0
5201 0.512866 5 16.18 4,722 0.1765 0.709263 35 0.462 350 55.8 1.16 6.8
5204 0.512404 5 35.03 7.104 0.1226 0.709360 31 0.470 386 62.7 1.25 3.9
5208 0.512575 5 54.83 13.28 0.1464 0.764902 65 5.955 43.0 88.0 1.30 4.6
5211 0.512572 5 40.35 10.01 0.1500 0.804765 33 9.183 36.7 116 1.38 4.1
5212 0.512491 5 31.43 6.493 0.1249 0.704959 24 0.100 774 26.7 1.13 5.4
5215 0.512372 5 30.25 6.158 0.1231 0.709754 25 0.489 414 69.9 1.31 3.3
5216 0.512370 6 30.59 6.374 0.1260 0.715209 18 1.042 192 69.1 1.35 2.9
5220 0.512447 7 37.80 9.016 0.1442 0.724965 29 2.436 101 84.6 1.54 2.3
SGH-1 0.512435 5 24.62 5.010 0.1230 0.706791 17 0.253 370 32.3 1.20 4.5
SGH-2 0.512595 4 54,18 12.56 0.1401 0.731525 54 2.725 96.5 90.6 1.15 5.7
Lower Xixiang Group

5408 0.513059 7 4.026 1.431 0.2149 0.704393 26 0.009 369 1-1®.2 6.0

5410 0.513192 7 2.960 1.143 0.2336 0.705791 36 0.067 185 4.28 0.32 6.3
5413 0.512997 6 8.724 2.863 0.1984 0.706679 40 0.225 87.6 6.82 1.52 6.8
5414 0.513058 5 10.59 3.360 0.1918 0.704513 19 0.078 139 3.73 0.64 8.8
5415 0.512458 6 17.08 3.524 0.1248 0.709325 23 0.535 246 45.5 1.19 5.3
5416 0.512481 9 19.23 4.409 0.1386 0.729211 27 2.415 108 90.0 1.36 4.0
5503 0.512708 5 19.59 5.173 0.1597 0.704247 20 0.036 228 2.85 1.25 5.9
5509 0.512666 5 17.52 4.650 0.1605 0.733602 33 2.782 58.0 55.6 1.38 5.0
5516 0.512664 5 19.24 4,959 0.1558 0.705101 33 0.155 215 115 1.28 55
5519 0.512533 8 9.049 2.076 0.1387 0.703815 21 0.032 638 6.99 1.25 5.0
5520 0.512519 5 11.78 2.567 0.1318 0.706398 19 0.271 438 41.0 1.17 5.6
BMX-1 0.512398 5 17.26 3.440 0.1205 0.703519 26 0.046 3085 49.2 1.23 4.6
BMX-2 0.512447 8 8.995 2.032 0.1366 0.709246 39 0.654 66.4 15.0 1.39 3.6

Data of#4Nd/**3Nd and®’Sr/86Sr are measured ratiog denotes mean standard deviation reportedrats?uex 10-6. The decay constant

(1) of 47Sm used in model age calculation is 0.00654 &Earhe depleted mantle model agEsf1) assumes a linear evolution of isotopic
composition fromeng (7)) = 0 at 4.56 Ga to approximatel10 at the present time. The notation &fy follows DePaolo and Wasserburg

(1976) and the model agelfwm) is calculated using equatiofibm = 1/ x IN{1+[(*43Nd/***Nd)sample— 0.51315) [ (*4"Smy/24*Nd)sample—

0.2137}. 3Nd/1*Nd (CHUR) = 0.512638 and4’Sm/14*Nd (CHUR) = 0.1967 are used in the calculation of tkevalue, where

t = 950, 897, 817 and 820 Ma are adopted for the lower and upper units of the Xixiang Group, the Tiechuanshan Formation, and the
Wangjiangshan Gabbros in this table afables 6 and ,/respectively (see text for explanation).

SiO; and Nb/La ratio (0.42-0.59) suggest an insignif- et al., 1998; Gibson et al., 20pQFig. 109. Despite

icant crustal contamination. controversy on the role of SCLM in the genesis of con-
High Mg number and compatible elemental con- tinental tholeiites, it is generally agreed that the tholei-
tents, coupled with high positiveng (t) and low itic parental magma has a plume-related derivation

REE and Lg/Yby ratio, imply that the Tiechuanshan (McKenzie and Bickle, 1988; Arndt and Christensen,
tholeiites were derived from a time-integrated depleted 1992; Gallagher and Hawkersworth, 1992; Arndt
mantle source. Tholeiites with similar geochemical et al., 1998. Hawkesworth et al. (1995and Barrat
and isotopic compositions characterize continental et al. (1998)advocate that multiple MORB, OIB and
rift volcanic suites from Siberia, Karoo, Deccan and SCLM sources are needed to account for the geo-
southeastern Australi£éampbell and Griffiths, 1990;  chemical and isotopic compositions of igneous asso-
Zhao et al., 1994; Hawkesworth et al., 1995; Arndt ciations from continental rifts and continental flood
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basalt (CFB) provinces. A dominant time-integrated
depleted mantle may explain the coupled high posi-
tive eng (t) value, low initial8’Sr/86Sr ratio and low
TiO, LILE and LREE contents of the Tiechuanshan
tholeiites.

For a given SiQ content, the Tiechuanshan al-
kaline basalts have significantly lower Mg numbers
(46-17), Cr (43-5.0 ppm) and Ni (33—4.5ppm) con-
centrations compared to the intercalated tholeiitic
basalts. Negative Sr and Eu (HEU* = 0.81-10)
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felsic rocks are weakly peraluminous with molecu-
lar Al203/(CaO+ NapO + K20) ratio = 0.97-112.
Petrogenesis of A-type granitoid magma from simple
anatexis within a stable continental setting with a
normal geotherm is not supported by available evi-
dence (e.gBonin, 199§. Additional heat source and
deep mantle-derived melts are proposed to generate
the A-type granitoids Nlontel and Vielzeuf, 1997,
Mingram et al., 2000 Accordingly, crustal anatexis
facilitated by plume-related heating and fluid fluxing

anomalies suggest plagioclase fractionation for the is invoked to account for the genesis of the Tiechuan-

alkaline basalt Fig. 109. Therefore, the alkaline
basalt is more evolved. Variablgq (t) values ¢-0.2
to 4+3.9) and initial®’Sr/86Sr ratio (0.7030-0.7051)

shan dacites and rhyolites. The Tiechuanshan volcanic
suites may have formed in an intra-continental rift
setting, similar to the bimodal alkaline magmatism

as well as negative Nb and Ta anomalies also suggestformed in continental rift (e.gDavies and Macdonald,
the role of an AFC process. However, the less evolved 1987; Wilson, 1989)

alkaline basalts with low Si® (XG-4 and XG-13)
correspond to high Ti@ (2.59-2.45wt.%) andng

(t) values ¢-2.5 and+3.0) which are very similar
to the primitive Suxiong alkaline basalts from the
Kangdian Rift (i et al., 2003. These rocks are also
characterized by high 4O (XG-4 even has a norma-
tive nepheline) and Ti® contents (2.16—2.59 wt.%).
High-Ti (>1.3wt.%) basalts are often found in ex-
tension settings (e.g. back-arc or intra-continental
rifts; Allen, 2000, and have a deep mantle origin
via low degrees of partial meltingCampbell and
Griffiths, 1990; Albarede, 1992; Arndt et al., 1998

Nepheline-bearing alkaline basalts are considered to

As discussed above, the upper Xixiang Group
is only slightly younger than the lower Xixiang
Group. However, both of them are80 Ma older than
the Tiechuanshan bimodal volcanic suite. Such an age
gap suggests that the Tiechuanshan Formation and
Xixiang Group were formed in different tectonic set-
tings, although the upper Xixiang and Tiechuanshan
felsic volcanic rocks show similar major and trace ele-
ment compositions. This inference is supported by the
contrasting positive 2.3 to +5.7) versus negative
(—2.5 to —4.9) eng values for the upper Xixiang and
Tiechuanshan felsic volcanic rocks, respectively.

be generated at the depths of 50-70 km in lithospheric 6.3. Wangjiangshan Gabbro

thinning settings during the continental extension (e.g.
DePaolo and Daley, 2000The similar isotopic and

As discussed above, the Wangjiangshan Gabbros

geochemical compositions between the Tiechuanshanwith high eng (t) were formed without significant

alkaline and high-Ti basalts and worldwide conti-

crustal contributions. Although they have essentially

nental rift basalts and CFB suites suggest a similar identical eng () values ¢5.5 to +3.8) to the co-

OIB-type or plume-related petrogenedisg. 10h.

6.2.2. Dacite-rhyolite

The Tiechuanshan dacites and rhyolites are
highly alkaline with NaO 3.47-4.84 and ¥O
1.72—-6.12 wt.%. They fall into the fields of within-plate
or A-type granites on the Ga/Al versus Zr diagram
(Pearce et al., 1984and the Nb-Y—Ce triangle
plot (Whalen et al., 1987 (not shown). Negative
end (1) values (2.5 to —4.9), high and variable
initial 87Sr/86Sr ratios (0.7054-0.7106) and pro-
nounced Nb, Ta, Eu, P and Ti depletions imply a
dominant crustal originKig. 109. In addition, the

eval southeastern Australian Gairdner Dyked(3 to
+3.5;Zhao et al., 1994 their MgO (9.34-8.96 wt.%),

Cr (368-312ppm) and Ni (201-185ppm) contents
are remarkably higher than the Gairdner Dyke (MgO
7.55-4.57 wt.%, Cr 200-60 ppm and Ni 140-66 ppm;
Zhao et al., 1994 This is coupled by consider-
ably lower incompatible element contents, especially
Rb, U, and Th with moderate enrichment in Ti for
the Wangjiangshan Gabbro&ig. 14). These geo-
chemical and isotopic features can be interpreted
in terms of higher degree of partial melting of the
source mantle for the Wangjiangshan Gabbros. This
in turn implies a higher geotherm for the formation
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of the Wangjiangshan Gabbro relative to the Gairdner proterozoic mafic-ultramafic dykes and granitic plu-

Dyke.

7. Tectonic implications

The Grenvillian ¢1.3-1.0 Ga) orogenic belts are
regarded as one of critical links to individual con-
tinents in the configuration of Rodinia (e.Dalziel,
1991; Hoffman, 1991; Moores, 1991; Keppie et al.,
2001), although local younger collision events are also

tons occurred in the Guangxi province along southern
margin of Yangtze craton were dated at 828 and
819+ 9 to 826+ 10 Ma, respectively, and have been
interpreted to be co-magmatic and plume-related in
petrogenesisl( et al., 1999. The consistency in age
and chemical and isotopic compositions between the
Neoproterozoic igneous suites infaround the Yangtze
carton and southeastern Australihéo et al., 1994;
Wingate et al., 1998suggest a genetic link between
them. Distribution of the Neoproterozoic arc volcanic

proposed Yance et al., 1998 However, constraints  rocks along margins of the Yangtze craton can thus be
on the Grenvillian orogeny in South China are limited used to delineate location of its collision with neigh-
due partly to widespread thick Phanerozoic sedimen- boring continents under the overall context of Rodinia.
tary rocks covering the Precambrian basements and The 950-897 Ma Xixiang arc suites show subduc-
partly to the late Paleozoic to early Mesozoic tectonic tion and amalgamation of tectonic blocks along the
reworking along the South China margins. It is argued northwestern margin of the Yangtze craton during the
that the Neoproterozoic collision between the Yangtze early Neoproterozoic, although timing of the events
craton and the Cathaysia block resulted in the unifi- is somewhat younger than the Grenvillian orogeny.
cation of South China, as indicated by occurrences of The younger Tiechuanshan bimodal volcanic suite
arc igneous suites with age of ca. 1000-970 Ma along and the Wangjiangshan Gabbro were formed in an
their connection boundary (e.§hen et al., 1991; Li intra-continental rift setting which is distinct from the
et al., 1994, 1997; Li and McCulloch, 199Neo- upper Xixiang unit. The age gap between the upper

Table 6

Sm-Nd and Rb-Sr isotopic compositions of the Tiechuanshan Formation

Sample “3Nd/Nd 20y, Nd Sm 147Smy  875r/88sr 2y, 87Rb/®8Sr Sr Rb  Tpm (Ga) eng (1)
144Nd

XG-1 0.511965 5 63.01 10.18 0.0976 0.733541 73 2.400 92.6 76.6 155 -2.38

XG-2 0.511904 5 84.22 11.69 0.0839 0.750056 30 3.470 109 130 146 -25

XG-3 0.511881 7 99.79 15.30 0.0926 0.755261 45 3.887 92.1 123 159 -39

XG-4 0.512396 5 49.31 10.43 0.1278 0.708358 15 0.460 337 53.7 1.34 25

XG-5 0.512314 5 27.080 6.023 0.1345 0.709022 19 0.331 444 50.8 1.61 0.2

XG-6 0.512703 6 14.54 3.822 0.1589 0.706924 15 0.172 360 214 1.24 5.2

XG-7 0.512765 4 10.87 3.087 0.1717 0.708861 12 0.425 215 31.6 1.39 51

XG-8 0.512715 4 15.60 4292 0.1663 0.706331 10 0.134 320 14.7 1.40 4.7

XG-9 0.512713 5 16.72 4570 0.1652 0.707154 12 0.226 379 296 1.37 4.8

XG-10 0.512727 4 15.37 4.307 0.1694 0.707179 12 0.274 261 247 145 4.6

XG-11  0.512729 4 16.42 4536 0.1671 0.706924 12 0.229 286 226 137 49

XG-12  0.512591 4 36.77 9.200 0.1513 0.707151 10 0.280 245 23.7 1.36 3.8

XG-13  0.512495 4 30.46 7.120 0.1413 0.709305 11 0.404 253 353 1.38 3.0

XG-14  0.512328 4 104.2 21.62 0.1254 0.710201 10 0.420 240 349 142 1.4

4007 0.512731 5 10.20 2.846 0.1687 0.707938 19 0.248 259 222 142 4.8

4008 0.512734 6 14.39 4.055 0.1704 0.707544 14 0.294 272 27.7 1.46 4.6

4009 0.512442 4 40.57 8.802 0.1312 0.712162 17 0.415 246 353 131 3.0

4010 0.512350 4 41.61 8.873 0.1289 0.710569 22 0.516 140 249 144 1.5

4011 0.511948 6 74.90 12.95 0.1045 0.740008 45 2.801 132 128 1.67 -3.8

4012 0.511869 4 96.59 14.44 0.0903 0.795298 34 7.390 39.0 98.7 158 -39

4014 0.511888 4 87.41 14.39 0.0995 0.764748 66 4.614 86.6 137 1.68 —4.5

4015 0.511968 4 53.52 10.53 0.1189 0.836236 25 10.94 14.1 527 190 -49
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Table 7

Sm-Nd isotopic composition of the Wangjiangshan Gabbro

Sample 143Nd/144Nd 20m Nd Sm 1475my144Nd Tom (Ga) end (t)
KW-19 0.512615 8 8.346 2.157 0.1563 1.42 3.8
KW-20 0.512717 6 6.928 1.820 0.1588 1.20 5.5
KW-21 0.512664 5 10.13 2.727 0.1627 1.45 4.1
KW-22 0.512787 5 4.728 1.446 0.1850 1.92 4.1
KW-23 0.512657 5 7.689 1.989 0.1564 1.31 4.6
KW-24 0.512701 5 8.076 2.256 0.1689 1.52 4.2
KW-25 0.512687 5 11.52 3.181 0.1670 1.51 4.1
KW-26 0.512706 6 12.89 3.587 0.1683 1.49 4.3
KW-27 0.512759 4 5.399 1.606 0.1798 1.76 4.1
KW-28 0.512724 5 7.434 2.021 0.1643 1.31 51
KW-29 0.512777 7 6.104 1.784 0.1767 1.54 4.8
KW-30 0.512698 4 6.248 1.777 0.1720 1.65 3.8
KW-31 0.51277 6 5.280 1.598 0.1830 1.88 4.0
KW-32 0.512763 5 6.252 1.852 0.1790 1.70 4.3
KW-34 0.512777 6 5.473 1.622 0.1791 1.64 4.6
WJs-1 0.512513 5 11.60 2.966 0.1546 1.64 2.0
WJS-1-CPX 0.512668 4 14.84 4.556 0.1856 2.60 1.8
WJS-1-PL 0.512347 6 13.09 2.669 0.1232 1.35 2.0
WJS-2 0.512551 11 6.313 1.695 0.1624 1.77 1.9
WJS-3 0.512556 5 7.576 1.934 0.1543 1.52 2.9
WJSs-4 0.512576 5 14.83 3.641 0.1485 1.34 3.9
WJS-6 0.512711 8 7.266 2.096 0.1744 1.70 3.8

CPX: clinopyroxene; PL: plagioclase.

Xixiang and the Tiechuanshan rocks indicates tectonic 8. Conclusions

transition from subduction to intra-continental rift and

thus from amalgamation to beak-up of the Rodinia in (1) The lower and upper volcanic units of the Xixi-

South China onset at820 Ma.

As discussed above, the remarkably higher MgO,
Cr and Ni and lower incompatible element concentra-
tions of the Wangjiangshan Gabbros compared to co-
eval southeastern Australian Gairdner Dyke imply a (2)
higher degree of partial melting of the source mantle
and accordingly a higher geotherm. If so, the head of
the assumed Neoproterozoic plume, which broke the
Rodinia, should have centered beneath South China

(Li et al., 1999.

The intra-continental rift igneous suites are cov-
ered unconformably by the late Sinian tuff, tillite, car-
bonate, phosphorite and black shale in South China.

The tuff was dated at 74& 12 Ma by the SHRIMP
U—Pb zircon method\a et al., 198. The late Sinian

succession may reflect rapid subsidence and forma- (4)

tion of passive marging3ao et al., 1996 The over-

all Neoproterozoic basin development in South China

is analogous to the Adelaide Geosyncline (&hao
et al., 1994; Barovich and Foden, 2Q000ables 6
and 7).

ang Group are dated at 9504 and 897 3Ma,
respectively, whereas the Tiechuanshan bimodal
volcanic suite is considerably younger dated at
817+ 5Ma.

Boninitic andesites and low-Ti basalts character-
ize the lower Xixiang unit, indicating a fore-arc
setting for their formation. In contrast, basalts
and rhyolites from the upper Xixiang unit dis-
play similar positivesng (t) and arc-geochemical
signatures suggesting a back-arc setting for their
genesis.

The Tiechuanshan Formation is a bimodal basalt
and dacite—rhyolite suite. This formation may be
formed within continental rift caused by plume
activity.

The remarkably higher MgO, Cr and Ni and
lower incompatible element concentrations of
the Wangjiangshan Gabbro compared to coeval
southeastern Australian Gairdner Dyke imply a
higher degree of partial melting of the source
mantle and accordingly a higher geotherm.
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(5) The age and geochemical and isotopic contrasts
between the Xixiang and the Tiechuanshan vol-
canic rocks indicate a tectonic transition from
subduction at 950-900 Ma (thus the amalgama-
tion of Rodinia) to intra-continental rift (thus the
onset of Rodinia break-up) at ca. 820 Ma.
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