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Permian A-type granitoids of the Emeishan large igneous province (ELIP) in the Panxi region, SW China,
are predominantly peralkaline and metaluminous in composition. In situ zircon Hf isotopic compositions
along with whole rock trace element and Nd isotopic data are used to examine the probable source char-
acteristics of these A-type granitic plutons. Zircons from the Baima and Taihe peralkaline plutons have
weighted average eHf(r) values of +8.7 £ 0.4 and +9.2 + 1.0, whereas the Woshui and Huangcao metalumi-
nous plutons have differing eHfr) values (+8.6 £ 0.2 and +5.8 + 0.3, respectively). Previous studies have
suggested that the plutons were derived by differentiation (e.g. fractionation or partial melting) of mafic
magmas from an enriched mantle source similar to oceanic island basalt with little or no contribution
from the crust (eNd(r)=+1.3 to +3.2, Zr/Nb = 0.9-14.4, Rb/Nb = 0.1-8.4 and Th/Ta = <4.0). Therefore, we
interpret the Hf isotopic data of the Baima, Taihe, Woshui and Huangcao plutons to be indicative of
the Emeishan mantle plume. The similar zircon eHf;r) values of the Woshui and Baima plutons indicates
that spatially and temporally associated peralkaline and metaluminous A-type granitic rocks can origi-
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nate from the same mantle source without crustal assimilation.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The petrogenesis of A-type granitoids is controversial (Collins
et al., 1982; Eby, 1992; Frost and Frost, 1997; Goodge and Vervoort,
2006; Bonin, 2007). Peralkaline granitoids are almost synonymous
with A-type characteristics, whereas metaluminous and peralumi-
nous are less likely to be so (King et al., 1997). Temporally and spa-
tially associated peralkaline and metaluminous A-type granitic
plutons are common within the continental crust although the
individual rock types usually have mutually exclusive petrogenetic
histories (Poitrasson et al., 1995; Frost and Frost, 1997; Shellnutt
and Zhou, 2007). Spatial, temporal and geochemical evidence sug-
gest that some peralkaline granitic rocks can form by fractionation
of mantle-derived mafic parental rocks (Bonin, 2007; Shellnutt
et al, in press). However, peralkaline rocks may have chemical
characteristics (e.g. negative Nb anomaly and elevated 87Sr/%6Sr)
indicative of metasomatized lithospheric mantle or continental
crust (Turner et al.,, 1992; Kemp et al., 2005; Yang et al., 2006).
On the other hand, metaluminous granitic rocks are commonly
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thought to be derived from a mixed (crust+ mantle) source
(Poitrasson et al., 1995; Schmitt et al., 2000; Kemp et al., 2005;
Bonin, 2007).

The Late (260 Ma) Permian Emeishan large igneous province
(ELIP) in SW China contains numerous A-type granitic plutons
associated with layered mafic intrusions which host magmatic
Fe-Ti-V oxide deposits (Zhou et al., 2002; Shellnutt and Zhou,
2007; Zhong et al., 2007). The plutons in the ELIP mainly occur in
the Panxi region and are mostly peralkaline and metaluminous in
composition. The peralkaline plutons contain hypersolvus feldspar,
Fe-Na-rich pyroxene and amphibole, have high Ga/Al ratios and
high field strength elements and negative Eu/Eu” values, all of
which are characteristic of A-type granitic rocks (Loiselle and
Wones, 1979; Whalen et al., 1987; Bonin, 2007). The metalumi-
nous plutons are similar to the peralkaline plutons in having
hypersolvus feldspar and high Ga/Al ratios, but they are poor in
Th, U, Zr and Hf and have positive Eu/Eu’ values. Previous Sr-Nd
isotopic studies of the ELIP granitoids have suggested that the
two types of plutons originated from the same mantle source
(Shellnutt and Zhou, 2007, 2008). However, granitic rocks, espe-
cially peralkaline rocks, may be susceptible to isotopic disturbance
and thus the Rb-Sr and Sm-Nd isotopic system may not be well
suited for characterizing their sources (Vervoort et al., 1996;
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Nowell et al., 1998; Poitrasson et al., 1998; Kempton et al., 2000).
In contrast, the zircon Lu-Hf isotopic system is resistant to element
mobility and preserves the original '”®Hf/!””Hf ratio of the parental
melt and is therefore very useful for constraining the composition
of the magma source from which the zircon crystallized (Salters,
1996; Vervoort et al., 1996; Poitrasson et al., 1998; Salters and
White, 1998; Schmitt et al.,, 2000; Chauvel and Blichert-Toft,
2001; Kinny and Maas, 2003; Kemp et al., 2005, 2007).

Previous zircon Hf isotopic studies of contemporaneous peral-
kaline and metaluminous granitic plutons indicate that they origi-
nate from depleted mantle and mixed (e.g. crust+ depleted
mantle) sources, respectively (Wu et al., 2002; Kemp et al., 2005;
Xu et al.,, 2008). In this study, we present zircon Hf isotope data
for peralkaline and metaluminous A-type granitic plutons (i.e.
Baima, Taihe, Woshui and Huangcao) of the ELIP from the Panxi
region, SW China. This new dataset, together with available whole
rock trace elemental and Nd isotopic data, enable us to better
constrain and characterize their source composition.

2. Panxi A-type granitoids of the ELIP

The ELIP is located in a region covering an area of
~0.3 x 10° km? in the western part of the Yangtze Block, eastern
part of the Tibetan Plateau (i.e. Songpan-Ganze terrane) and north-
ern Vietnam, and has been modified by Mesozoic and Cenozoic
faulting associated with the eastward extrusion of the Tibetan Pla-
teau during the Indo-Eurasian collision (Fig. 1). The ELIP consists of
high- and low-Ti flood basalts, felsic plutons and mafic-ultramafic

intrusions which host either Ni-Cu—(PGE) sulfide deposits or giant
Fe-Ti-V oxide deposits (Ali et al., 2005; Zhou et al., 2008). The ELIP
is geologically and geochronologically constrained to the Late
Permian with radiometric ages ranging from ~260 to ~251 Ma
(Shellnutt et al., 2008). Previous studies of the flood basalts suggest
that the ELIP was mantle plume-derived (Chung and Jahn, 1995;
Chung et al., 1998; Xu et al., 2001).

A-type granitic plutons of the ELIP primarily occur in the Panxi
region, SW China (Shellnutt and Zhou, 2007; Zhong et al., 2007)
(Fig. 1). They are distributed at intervals of tens of kilometers along
a narrow belt ~50 km wide and ~200 km long. The regional distri-
bution trend of the plutons changes from northeast-southwest to
north-south near the town of Miyi at the central part of the Panxi
region (Fig. 1). The plutons are of peralkaline, peraluminous and
metaluminous compositions and are spatially and temporally asso-
ciated with Fe-Ti oxide ore-bearing layered gabbroic intrusions
(Shellnutt and Zhou, 2007; Zhong et al., 2007). The Baima and Tai-
he peralkaline plutons are spatially and genetically associated with
Fe-Ti oxide bearing layered gabbroic intrusions and were em-
placed at ~260 Ma (Xu et al., 2008; Shellnutt et al., in press). These
two peralkaline plutons are located ~100 km apart in the central
and northern part of the Panxi region (Fig. 1). The Baima peralka-
line pluton and layered gabbroic intrusion are comagmatic and
cogenetic and form the Baima igneous complex (BIC) (Shellnutt
et al,, in press). Surrounding the BIC are the Woshui and Huangcao
metaluminous plutons. The ~260 Ma Woshui pluton is to the east
of the BIC and intrudes the lower part of the layered gabbroic unit
(Fig. 1), indicating that the Woshui pluton is slightly younger than
the BIC (Shellnutt and Zhou, 2007). The fayalite- and quartz-bear-
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Fig. 1. Simplified geological map of the Panxi region showing the locations of the Baima, Huangcao, Woshui, Taihe and Ailanghe plutons.
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ing Huangcao pluton intrudes the western portion of the BIC and is
~252 Ma (Fig. 1) (Shellnutt and Zhou, 2008).

3. Analytical method and results

Zircons were separated from five samples of the Woshui pluton,
three samples from the Huangcao pluton and one sample each
from the Taihe and Baima plutons. The zircons are typically frag-
mented and show diffuse and metamict oscillatory zonation (Grif-
fin et al., 2006). Lu-Hf isotope compositions of zircon grains were
analyzed in situ using a Geolas-193 laser-ablation microprobe, at-
tached to a Neptune multi-collector ICP-MS, at the Institute of
Geology and Geophysics, Chinese Academy of Sciences, Beijing.
More detail experimental conditions and data collection were de-
scribed by Wu et al. (2006). The results are listed in Table 1. Abla-
tion time for each analysis is about 30s for 200 cycles of each
measurement, with a 10 Hz repetition rate and 100 mJ/pulse laser
power. During the analyses, a stationary spot was used with a
beam diameter of about 63 pm. Isobaric interference of 17°Lu on
176Hf was corrected by measuring the intensity of the interfer-
ence-free '”’Lu isotope associated with the recommended
176 u/17>Lu ratio of 0.02655 (Machado and Simonetti, 2001). Isoto-
pic interference of 17°Yb on '7®Hf was corrected in a similar man-
ner as '"Lu on '®Hf, using the interference-free 17?Yb isotope
and the recommended 76Yb/'”2Yb of 0.5886 (Chu et al., 2002). Zir-
con 91500 was used as a reference standard with a recommended
176Hf/177Hf ratio of 0.282306 (Woodhead et al., 2004). One-stage
model ages (Tpy.1) Were calculated relative to the depleted mantle
with a present-day ('7%Lu/!”"Hf)py = 0.0384 and (17CHf/'""Hf)py =
0.28325 (Griffin et al., 2000). Two-stage model ages (Tpy.2) are
calculated forcing a growth-curve through zircon initial ratio with
an assumed ('7Lu/'”7Hf)¢ ratio of 0.015 corresponding to the
average continental crust (Griffin et al., 2000). Analytical results
of the Lu-Hf isotopic compositions for all zircons are available in
Table 1.

Totally 20 spot analyses for one sample from the ~260 Ma Bai-
ma pluton yielded relatively uniform Hf; (0.282807-0.282897) and
eHf 1) (+7.2 to +10.3) values. Ten zircons from one sample of the
Taihe pluton have isotopic compositions (Hf;=0.282798-
0.282915; €Hf(r) = +6.8 to +11.0) nearly identical to that of the Bai-
ma pluton (Fig. 2).

Zircon Hf isotopic compositions of the two metaluminous plu-
tons are slightly different from each other with a significant over-
lap in eHf(t) values (Fig. 2). Zircons from the ~260 Ma Woshui
pluton have Hf isotopic compositions similar to those from the Bai-
ma and Taihe peralkaline plutons, with gHf(r) values between +6.1
and +13.4 and Hf; between 0.282776 and 0.282984. Zircons from
the ~252 Ma Huangcao pluton on the other hand have lower Hf;
(0.282798-0.282915) and eHf(r) (+1.5 to +8.5) values.

4. Discussion

4.1. Nature of magma source of the A-type granitic plutons in the
Panxi region

A-type granitic rocks are ultimately the products of differentia-
tion of mafic parental magmas (Turner et al., 1992; Frost and Frost,
1997; Bonin, 2007). The parental magmas may originate from dif-
ferent sources such as metasomatized lithospheric mantle, the
lower crust, depleted mantle or enriched mantle (Eby, 1992;
Poitrasson et al., 1995; Kemp et al., 2005). The metaluminous
and peralkaline plutons of the Panxi region are derived from man-
tle rocks (Shellnutt and Zhou, 2007, 2008). The peralkaline plutons
likely formed by fractional crystallization of high-Ti Emeishan
flood basalts whereas the metaluminous plutons were derived by

partial melting of underplated Emeishan mafic rocks which resem-
bled an Fe- and Al-rich gabbro (Shellnutt and Zhou, 2008; Shellnutt
et al., in press). The Emeishan flood basalts are subdivided into
high- and low-Ti varieties and are considered to have distinct man-
tle sources. Although there are debates about the source of the
low-Ti basalts, the high-Ti basalts are believed to be derived from
an enriched mantle source (Xu et al., 2001, 2004; Xiao et al., 2004;
Wang et al., 2007; Song et al., 2008; Zhou et al., 2008). Therefore
the mantle source of the plutons is expected to be the same as
the high-Ti flood basalts and thus an enriched mantle source
(Zhong et al., 2005; Wang et al., 2007; Zhou et al., 2008). However,
Xu et al. (2008) suggest the peralkaline plutons were derived from
a hybrid source consisting of juvenile crust and Neoproterozoic
basement rocks.

The zircon Hf isotopic compositions show that the Baima, Taihe
and Woshui plutons have very similar eHfry (~+8.8) which sug-
gests they originated from the same source (Fig. 2). The Huangcao
pluton on the other hand is slightly different from the other plu-
tons (eHfit)=+5.8 £0.3) (Fig. 2). The whole rock Sr-Nd isotopic
compositions of all the plutons have a narrow range of eNdt
(+1.3 to +3.2), variable &7Sr/®Sr; ratios (0.7031-0.7099) with Sm-
Nd and Rb-Sr model ages between 200 and 300 Ma (Fig. 3). The
Sr-Nd compositions of the plutons fall along the mantle array
and are significantly different from the basement rocks of the Yan-
gtze Block (eNd(ry <—8.0 and #7Sr/®¢Sr; >0.7090) and show no indi-
cation of crustal assimilation (Wang et al., 2007). The positive
€Hf(r) values (<+14) of the plutons are lower than mid-ocean ridge
basalts (MORB, eHfit)=+20) but higher than the crust (Fig. 4)
(Patchett and Tatsumoto, 1980; Salters, 1996; Nowell et al.,
1998; Chauvel and Blichert-Toft, 2001). Likewise, the low positive
eNd(y values (+1.3 to +3.2) contrast with the high positive eNdr)
(+10) values of MORB (i.e. depleted mantle) or negative values
for the crust. The zircon Hf and whole rock Nd isotopic results sug-
gest a source different from either the depleted mantle or the crust
and indicate that the plutons had either a mixed source (e.g. de-
pleted mantle + crust) or a homogenized enriched mantle source
similar to ocean-island basalt (OIB).

Trace element ratios, such as Zr/Nb, La/Nb, Ba/Nb, Rb/Nb, Ba/La,
Th/Ta and La/Yby ratios, do not change during differentiation and
reflect the source characteristic from which the rocks were derived.
The trace element ratios of the plutons are very similar to the Emei-
shan high-Ti basalts and overlap with enriched mantle composi-
tions (Fig. 5) (Weaver, 1991; Xu et al, 2001; Xiao et al., 2004;
Wang et al., 2007). The Th/Ta ratio is an important indicator of mag-
ma-crust interaction because mantle-derived rocks should have Th/
Ta ratios of ~2, lower than the lower continental crust (Th/Ta = 7.9)
or upper continental crust (Th/Ta = 6.9). The plutons in the Panxi re-
gion have a large range of Th/Ta ratios mostly falling between 0.5
and 3.0 (Fig. 5e). The metaluminous plutons however, show higher
Ba/Nb and Ba/La ratios than the high-Ti basaltic rocks which may be
due to either low degrees of partial melting or melting from Ba-rich
rocks (Fig. 5b and d) (Shellnutt and Zhou, 2007, 2008). In any case
the trace elements ratios of the A-type granitic plutons of the Panxi
region do not show evidence for significant crustal assimilation.

The eHf(ry and eNdr) values of the A-type granitic plutons fall
along the mantle array and are very similar to Hawaiian volcanic
rocks (eHf(r) = 4.4-14.4) and ocean-island basalt (Fig. 4) (Blichert-
Toft et al., 1999; Kempton et al., 2000; Chauvel et al., 2008). Be-
cause there is little or no evidence for crustal assimilation and
the fact that the trace element ratios eliminate the possibility of
a pure depleted mantle source, we are left to conclude that the
€Hf(ry values of all the plutons are indicative of the original source
magma and thus enriched mantle. Enriched mantle implies that
there is subducted material or a ‘recycled component’ in the
source, however this does not mean that there was late stage
assimilation of Yangtze Block material (Chauvel et al., 2008).
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Table 1

Zircon Hf isotopic results.

Sample Pluton 176HE/17THE 20 176 u/177Hf 176yh/ 77 Hf Hfinitial eHfr) 1o Tom-1 (Ga) Tpm-2 (Ga)
GS05-062-1 Huangcao 0.282727 0.00002 0.0025 0.0918 0.28272 +3.7 0.4 0.75 1.02
GS05-062-2 Huangcao 0.282797 0.00002 0.0005 0.0181 0.28280 +6.5 0.3 0.62 0.84
GS05-062-3 Huangcao 0.282757 0.00002 0.0022 0.0852 0.28275 +4.8 0.3 0.70 0.95
GS05-062-4 Huangcao 0.282781 0.00002 0.0011 0.0395 0.28278 +5.9 0.4 0.65 0.89
GS05-062-5 Huangcao 0.282796 0.00002 0.0006 0.0224 0.28279 +6.5 0.3 0.62 0.85
GS05-062-6 Huangcao 0.282744 0.00003 0.0005 0.0210 0.28274 +4.6 0.6 0.69 0.96
GS05-062-7 Huangcao 0.282837 0.00003 0.0009 0.0375 0.28283 +7.9 0.5 0.57 0.76
GS05-062-8 Huangcao 0.282792 0.00002 0.0003 0.0122 0.28279 +6.4 0.4 0.62 0.85
GS05-062-9 Huangcao 0.282764 0.00002 0.0021 0.0848 0.28275 +5.1 0.4 0.69 0.94
GS05-062-10 Huangcao 0.282775 0.00002 0.0004 0.0185 0.28277 +5.8 0.3 0.64 0.89
GS05-062-11 Huangcao 0.282754 0.00002 0.0012 0.0508 0.28275 +4.9 0.4 0.69 0.95
GS05-062-12 Huangcao 0.282819 0.00002 0.0011 0.0481 0.28281 +7.2 0.3 0.60 0.80
GS05-062-13 Huangcao 0.282774 0.00002 0.0008 0.0374 0.28277 +5.6 0.4 0.65 0.90
GS05-062-14 Huangcao 0.282827 0.00003 0.0003 0.0117 0.28283 +7.6 0.5 0.57 0.78
GS05-062-15 Huangcao 0.282806 0.00003 0.0018 0.0743 0.28280 +6.6 0.4 0.62 0.84
GS05-062-16 Huangcao 0.282770 0.00003 0.0028 0.1029 0.28276 +5.2 0.5 0.69 0.93
GS05-062-17 Huangcao 0.282787 0.00002 0.0025 0.1096 0.28278 +5.8 0.4 0.66 0.89
GS05-062-18 Huangcao 0.282775 0.00002 0.0007 0.0296 0.28277 +5.7 0.3 0.65 0.89
GS05-062-19 Huangcao 0.282792 0.00002 0.0009 0.0341 0.28279 +6.3 0.4 0.63 0.86
GS05-062-20 Huangcao 0.282802 0.00003 0.0007 0.0286 0.28280 +6.7 0.5 0.61 0.83
GS05-062-21 Huangcao 0.282768 0.00003 0.0002 0.0079 0.28277 +5.5 0.5 0.65 0.91
GS05-062-22 Huangcao 0.282784 0.00003 0.0004 0.0186 0.28278 +6.1 0.5 0.63 0.87
GS05-062-23 Huangcao 0.282831 0.00003 0.0012 0.0531 0.28283 +7.6 0.4 0.58 0.78
GS05-062-24 Huangcao 0.282764 0.00002 0.0006 0.0230 0.28276 +5.3 0.4 0.66 0.92
GS05-062-25 Huangcao 0.282810 0.00003 0.0015 0.0697 0.28280 +6.8 0.5 0.62 0.83
GS05-060-1 Huangcao 0.282770 0.00002 0.0010 0.0372 0.28277 +5.5 0.3 0.66 0.91
GS05-060-2 Huangcao 0.282784 0.00002 0.0015 0.0551 0.28278 +5.9 0.4 0.65 0.88
GS05-060-3 Huangcao 0.282770 0.00002 0.0009 0.0296 0.28277 +5.5 0.3 0.66 0.91
GS05-060-4 Huangcao 0.282747 0.00002 0.0027 0.1298 0.28273 +4.4 0.4 0.72 0.98
GS05-060-5 Huangcao 0.282784 0.00002 0.0010 0.0382 0.28278 +6.0 0.3 0.64 0.88
GS05-060-6 Huangcao 0.282771 0.00002 0.0008 0.0317 0.28277 +5.6 0.3 0.66 0.90
GS05-060-7 Huangcao 0.282841 0.00002 0.0017 0.0660 0.28283 +7.9 0.4 0.57 0.76
GS05-060-8 Huangcao 0.282773 0.00002 0.0016 0.0840 0.28277 +5.5 0.3 0.67 0.91
GS05-060-9 Huangcao 0.282779 0.00002 0.0008 0.0334 0.28278 +5.8 0.3 0.64 0.89
GS05-060-10 Huangcao 0.282781 0.00003 0.0005 0.0203 0.28278 +6.0 0.4 0.64 0.88
GS05-060-11 Huangcao 0.282845 0.00003 0.0017 0.0769 0.28284 +8.0 0.5 0.57 0.75
GS05-060-12 Huangcao 0.282754 0.00002 0.0014 0.0584 0.28275 +4.9 0.4 0.69 0.95
GS05-060-13 Huangcao 0.282759 0.00003 0.0008 0.0334 0.28276 +5.1 0.5 0.67 0.93
GS05-060-14 Huangcao 0.282745 0.00002 0.0008 0.0332 0.28274 +4.7 0.4 0.69 0.96
GS05-060-15 Huangcao 0.282771 0.00002 0.0010 0.0473 0.28277 +5.5 0.4 0.66 0.91
GS05-060-16 Huangcao 0.282769 0.00003 0.0008 0.0373 0.28277 +5.5 0.6 0.66 0.91
GS05-060-17 Huangcao 0.282824 0.00002 0.0013 0.0728 0.28282 +7.3 0.4 0.59 0.80
GS05-060-18 Huangcao 0.282778 0.00003 0.0004 0.0194 0.28278 +5.9 0.5 0.64 0.89
GS05-060-19 Huangcao 0.282773 0.00003 0.0008 0.0360 0.28277 +5.6 0.4 0.65 0.90
GS05-060-20 Huangcao 0.282730 0.00003 0.0017 0.0964 0.28272 +3.9 0.4 0.73 1.01
GS05-060-21 Huangcao 0.282766 0.00002 0.0009 0.0533 0.28276 +5.3 0.3 0.67 0.92
GS05-060-22 Huangcao 0.282836 0.00002 0.0012 0.0512 0.28283 +7.8 0.4 0.57 0.77
GS05-060-23 Huangcao 0.282658 0.00003 0.0014 0.0424 0.28265 +1.5 0.6 0.82 1.16
GS05-060-24 Huangcao 0.282750 0.00003 0.0023 0.1139 0.28274 +4.5 0.5 0.71 0.97
GS05-060-25 Huangcao 0.282764 0.00003 0.0011 0.0488 0.28276 +5.3 0.5 0.67 0.92
GS05-059-1 Huangcao 0.282864 0.00002 0.0029 0.1212 0.28285 +8.5 0.4 0.56 0.72
GS05-059-2 Huangcao 0.282809 0.00002 0.0010 0.0368 0.28280 +6.9 0.4 0.61 0.82
GS05-059-3 Huangcao 0.282785 0.00003 0.0024 0.0842 0.28277 +5.8 0.4 0.66 0.89
GS05-059-4 Huangcao 0.282850 0.00003 0.0041 0.1501 0.28283 +7.8 0.4 0.60 0.77
GS05-059-5 Huangcao 0.282828 0.00003 0.0028 0.1005 0.28281 +7.2 0.5 0.61 0.80
GS05-059-6 Huangcao 0.282770 0.00002 0.0029 0.0923 0.28276 +5.2 0.4 0.69 0.93
GS05-059-7 Huangcao 0.282798 0.00003 0.0019 0.0732 0.28279 +6.3 0.5 0.64 0.86
GS05-059-8 Huangcao 0.282789 0.00002 0.0006 0.0216 0.28279 +6.2 0.4 0.63 0.86
GS05-059-9 Huangcao 0.282844 0.00003 0.0010 0.0409 0.28284 +8.1 0.4 0.56 0.75
GS05-059-10 Huangcao 0.282848 0.00003 0.0005 0.0184 0.28285 +8.3 0.5 0.55 0.73
GS05-059-11 Huangcao 0.282815 0.00002 0.0009 0.0366 0.28281 +7.1 0.4 0.60 0.81
GS05-059-12 Huangcao 0.282779 0.00003 0.0029 0.1106 0.28277 +5.5 0.5 0.68 0.91
GS05-059-13 Huangcao 0.282730 0.00003 0.0008 0.0301 0.28273 +4.1 0.5 0.71 0.99
GS05-059-14 Huangcao 0.282830 0.00002 0.0027 0.1146 0.28282 +7.3 0.4 0.61 0.80
GS05-059-15 Huangcao 0.282806 0.00003 0.0034 0.1520 0.28279 +6.3 0.4 0.65 0.86
GS05-059-16 Huangcao 0.282793 0.00002 0.0016 0.0633 0.28279 +6.2 0.4 0.64 0.87
GS05-059-17 Huangcao 0.282828 0.00002 0.0018 0.0705 0.28282 +7.4 0.4 0.59 0.79
GS05-059-18 Huangcao 0.282826 0.00003 0.0026 0.1092 0.28281 +7.2 0.5 0.61 0.80
GS05-059-19 Huangcao 0.282753 0.00002 0.0025 0.1063 0.28274 +4.6 0.4 0.71 0.96
GS05-059-20 Huangcao 0.282802 0.00002 0.0022 0.0915 0.28279 +6.4 0.4 0.64 0.85
GS05-059-21 Huangcao 0.282831 0.00003 0.0017 0.0664 0.28282 +7.5 0.5 0.59 0.78
GS05-059-22 Huangcao 0.282780 0.00002 0.0006 0.0222 0.28278 +5.9 0.3 0.64 0.88
GS05-059-23 Huangcao 0.282800 0.00002 0.0014 0.0550 0.28279 +6.5 0.4 0.63 0.85
GS05-059-24 Huangcao 0.282748 0.00002 0.0019 0.0639 0.28274 +4.5 0.4 0.71 0.97
GS05-059-25 Huangcao 0.282784 0.00002 0.0005 0.0206 0.28278 +6.1 0.3 0.63 0.87
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Table 1 (continued)

Sample Pluton 176Hf/177THE 20 176 u/ 77Hf 176yp/177Hf Hfinitial eHfr 1o Tom-1 (Ga) Tom-2 (Ga)
GS05-047-1 Woshui 0.282843 0.00002 0.0018 0.0724 0.28283 +8.1 0.4 0.57 0.75
GS05-047-2 Woshui 0.282822 0.00002 0.0006 0.0235 0.28282 7.6 0.3 0.58 0.79
GS05-047-3 Woshui 0.282890 0.00003 0.0038 0.1627 0.28287 +9.4 0.5 0.53 0.67
GS05-047-4 Woshui 0.282870 0.00002 0.0008 0.0330 0.28287 +9.2 0.4 0.52 0.68
GS05-047-5 Woshui 0.282890 0.00002 0.0020 0.0857 0.28288 +9.7 0.4 0.51 0.65
GS05-047-6 Woshui 0.282830 0.00002 0.0021 0.0957 0.28282 +7.6 04 0.60 0.78
GS05-047-7 Woshui 0.282881 0.00002 0.0014 0.0602 0.28287 +9.5 0.4 0.51 0.67
GS05-047-8 Woshui 0.282812 0.00002 0.0024 0.0837 0.28280 +6.9 0.4 0.63 0.83
GS05-047-9 Woshui 0.282801 0.00003 0.0023 0.0782 0.28279 +6.5 0.5 0.64 0.85
GS05-047-10 Woshui 0.282887 0.00002 0.0021 0.1047 0.28288 +9.6 04 0.52 0.66
GS05-047-11 Woshui 0.282787 0.00002 0.0021 0.0997 0.28278 +6.1 0.4 0.66 0.88
GS05-047-12 Woshui 0.282882 0.00002 0.0015 0.0713 0.28287 +9.5 0.4 0.51 0.66
GS05-047-13 Woshui 0.282838 0.00002 0.0006 0.0288 0.28284 +8.1 0.3 0.56 0.75
GS05-047-14 Woshui 0.282864 0.00002 0.0007 0.0311 0.28286 +9.1 0.4 0.53 0.69
GS05-047-15 Woshui 0.282833 0.00002 0.0006 0.0296 0.28283 +8.0 0.4 0.57 0.76
GS05-047-16 Woshui 0.282873 0.00003 0.0016 0.0519 0.28287 +9.2 0.5 0.53 0.69
GS05-047-17 Woshui 0.282849 0.00003 0.0010 0.0427 0.28284 +8.5 0.4 0.55 0.73
GS05-047-18 Woshui 0.282838 0.00003 0.0015 0.0652 0.28283 +8.0 0.5 0.57 0.76
GS05-047-19 Woshui 0.282903 0.00003 0.0041 0.1642 0.28288 +9.8 0.5 0.52 0.65
GS05-047-20 Woshui 0.282849 0.00003 0.0018 0.0595 0.28284 +8.3 0.5 0.56 0.74
GS05-047-21 Woshui 0.282967 0.00004 0.0026 0.1054 0.28295 +12.4 0.6 0.41 0.49
GS05-047-22 Woshui 0.282847 0.00002 0.0009 0.0459 0.28284 +8.4 0.4 0.55 0.74
GS05-047-23 Woshui 0.282899 0.00003 0.0026 0.1201 0.28289 +9.9 0.4 0.51 0.64
GS05-047-24 Woshui 0.282891 0.00003 0.0009 0.0383 0.28289 +10.0 0.5 0.49 0.64
GS05-047-25 Woshui 0.282859 0.00002 0.0008 0.0349 0.28286 +8.8 0.4 0.54 0.71
GS05-049-1 Woshui 0.282828 0.00002 0.0029 0.1133 0.28281 +7.4 0.4 0.61 0.80
GS05-049-2 Woshui 0.282851 0.00002 0.0008 0.0336 0.28285 +8.6 0.3 0.55 0.73
GS05-049-3 Woshui 0.282865 0.00002 0.0009 0.0367 0.28286 +9.0 0.4 0.53 0.70
GS05-049-4 Woshui 0.282783 0.00002 0.0011 0.0464 0.28278 +6.1 0.3 0.64 0.88
GS05-049-5 Woshui 0.282851 0.00002 0.0007 0.0291 0.28285 +8.6 04 0.55 0.72
GS05-049-6 Woshui 0.282886 0.00002 0.0017 0.0749 0.28288 +9.6 0.4 0.51 0.66
GS05-049-7 Woshui 0.282862 0.00002 0.0018 0.0719 0.28285 +8.8 0.4 0.55 0.71
GS05-049-8 Woshui 0.282815 0.00002 0.0003 0.0084 0.28281 +7.4 0.3 0.59 0.80
GS05-049-9 Woshui 0.282849 0.00002 0.0008 0.0360 0.28284 +8.5 04 0.55 0.73
GS05-049-10 Woshui 0.282878 0.00002 0.0009 0.0390 0.28287 +9.5 0.4 0.51 0.67
GS05-049-11 Woshui 0.282835 0.00002 0.0019 0.0877 0.28283 +7.8 0.4 0.59 0.77
GS05-049-12 Woshui 0.282846 0.00002 0.0023 0.1026 0.28283 +8.1 04 0.58 0.75
GS05-049-13 Woshui 0.282867 0.00002 0.0011 0.0417 0.28286 +9.1 0.3 0.53 0.69
GS05-049-14 Woshui 0.282891 0.00002 0.0016 0.0708 0.28288 +9.8 0.4 0.50 0.65
GS05-049-15 Woshui 0.282870 0.00003 0.0015 0.0636 0.28286 +9.1 04 0.53 0.69
GS05-049-16 Woshui 0.282803 0.00003 0.0014 0.0635 0.28280 +6.7 04 0.62 0.84
GS05-049-17 Woshui 0.282878 0.00002 0.0007 0.0334 0.28287 +9.5 0.4 0.51 0.66
GS05-049-18 Woshui 0.282887 0.00002 0.0011 0.0466 0.28288 +9.8 0.4 0.50 0.65
GS05-049-19 Woshui 0.282854 0.00003 0.0023 0.1051 0.28284 +8.4 0.5 0.57 0.73
GS05-049-20 Woshui 0.282849 0.00002 0.0004 0.0168 0.28285 +8.5 0.4 0.54 0.72
GS05-049-21 Woshui 0.282896 0.00003 0.0007 0.0312 0.28289 +10.2 0.4 0.48 0.62
GS05-049-22 Woshui 0.282815 0.00002 0.0011 0.0415 0.28281 +7.3 0.3 0.60 0.81
GS05-049-23 Woshui 0.282855 0.00002 0.0011 0.0485 0.28285 +8.6 0.3 0.55 0.72
GS05-049-24 Woshui 0.282853 0.00002 0.0009 0.0428 0.28285 +8.6 0.4 0.55 0.72
GS05-049-25 Woshui 0.282827 0.00002 0.0024 0.1204 0.28282 +7.4 0.4 0.60 0.79
GS05-064-1 Woshui 0.282860 0.00002 0.0012 0.0595 0.28285 +8.8 0.4 0.54 0.71
GS05-064-2 Woshui 0.282900 0.00002 0.0020 0.0723 0.28289 +10.1 0.4 0.50 0.63
GS05-064-3 Woshui 0.282835 0.00002 0.0012 0.0434 0.28283 +7.9 0.3 0.58 0.77
GS05-064-4 Woshui 0.282873 0.00002 0.0020 0.0786 0.28286 +9.1 0.4 0.53 0.69
GS05-064-5 Woshui 0.282867 0.00003 0.0010 0.0379 0.28286 +9.1 0.4 0.53 0.69
GS05-064-6 Woshui 0.282920 0.00003 0.0009 0.0317 0.28292 +11.0 0.4 0.45 0.57
GS05-064-7 Woshui 0.282846 0.00003 0.0014 0.0508 0.28284 +8.3 0.5 0.56 0.74
GS05-064-8 Woshui 0.282864 0.00003 0.0012 0.0430 0.28286 +9.0 0.4 0.53 0.70
GS05-064-9 Woshui 0.282896 0.00002 0.0015 0.0582 0.28289 +10.0 0.4 0.49 0.63
GS05-064-10 Woshui 0.282886 0.00003 0.0014 0.0476 0.28288 +9.7 0.5 0.51 0.65
GS05-064-11 Woshui 0.282858 0.00002 0.0008 0.0453 0.28285 +8.8 0.3 0.54 0.71
GS05-064-12 Woshui 0.282822 0.00003 0.0008 0.0265 0.28282 +7.5 0.5 0.59 0.79
GS05-064-13 Woshui 0.282829 0.00003 0.0009 0.0298 0.28283 +7.8 0.4 0.58 0.77
GS05-064-14 Woshui 0.282887 0.00003 0.0014 0.0496 0.28288 +9.7 0.5 0.51 0.65
GS05-064-15 Woshui 0.282897 0.00003 0.0014 0.0478 0.28289 +10.1 0.4 0.49 0.63
GS05-064-16 Woshui 0.282852 0.00002 0.0014 0.0489 0.28285 +8.5 0.4 0.55 0.73
GS05-064-17 Woshui 0.282935 0.00004 0.0018 0.0704 0.28293 +11.3 0.7 0.44 0.55
GS05-064-18 Woshui 0.282861 0.00002 0.0016 0.0600 0.28285 +8.8 04 0.54 0.71
GS05-064-19 Woshui 0.282826 0.00002 0.0013 0.0495 0.28282 +7.6 04 0.59 0.78
GS05-064-20 Woshui 0.282863 0.00003 0.0018 0.0664 0.28285 +8.8 0.4 0.54 0.71
GS05-064-21 Woshui 0.282853 0.00002 0.0011 0.0372 0.28285 +8.6 0.5 0.55 0.72
GS05-067-1 Woshui 0.282856 0.00003 0.0014 0.0498 0.28285 +8.6 0.6 0.55 0.72
GS05-067-2 Woshui 0.282889 0.00003 0.0005 0.0187 0.28289 +9.9 0.5 0.49 0.64
GS05-067-3 Woshui 0.282888 0.00003 0.0013 0.0478 0.28288 +9.8 0.6 0.50 0.65
GS05-067-4 Woshui 0.282879 0.00002 0.0013 0.0526 0.28287 +9.5 04 0.52 0.67
GS05-067-5 Woshui 0.282912 0.00002 0.0017 0.0622 0.28290 +10.6 04 047 0.60

(continued on next page)
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Table 1 (continued)
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Sample Pluton 176Hf/ 77Hf 20 176 u/ 77 Hf 176yp/177Hf Hfinitial eHf(r 1o Tpm-1 (Ga) Thsn (GA)
GS05-067-6 Woshui 0.282867 0.00002 0.0013 0.0481 0.28286 +9.1 0.4 0.53 0.69
GS05-067-7 Woshui 0.282916 0.00003 0.0013 0.0466 0.28291 10.8 0.5 0.46 0.59
GS05-067-8 Woshui 0.282865 0.00002 0.0009 0.0355 0.28286 +9.0 0.4 0.53 0.70
GS05-067-9 Woshui 0.282895 0.00003 0.0013 0.0463 0.28289 +10.0 0.5 0.49 0.63
GS05-067-10 Woshui 0.282853 0.00003 0.0006 0.0226 0.28285 +8.7 0.5 0.54 0.72
GS05-067-11 Woshui 0.282845 0.00004 0.0013 0.0447 0.28284 +8.3 0.7 0.56 0.74
GS05-067-12 Woshui 0.282892 0.00003 0.0004 0.0120 0.28289 +10.1 0.5 0.49 0.63
GS05-067-13 Woshui 0.282829 0.00003 0.0015 0.0541 0.28282 +7.7 0.5 0.59 0.78
GS05-067-14 Woshui 0.282842 0.00002 0.0013 0.0551 0.28284 +8.1 0.4 0.57 0.75
GS05-067-15 Woshui 0.282879 0.00003 0.0017 0.0594 0.28287 +9.4 0.5 0.52 0.67
GS05-067-16 Woshui 0.282855 0.00002 0.0009 0.0322 0.28285 +8.7 0.4 0.54 0.72
GS05-067-17 Woshui 0.282927 0.00003 0.0017 0.0606 0.28292 +11.1 0.5 0.45 0.57
GS05-067-18 Woshui 0.282884 0.00002 0.0013 0.0487 0.28288 +9.6 0.4 0.51 0.66
GS05-067-19 Woshui 0.282889 0.00003 0.0015 0.0563 0.28288 +9.8 0.5 0.50 0.65
GS05-067-20 Woshui 0.282814 0.00003 0.0007 0.0244 0.28281 +7.3 0.5 0.60 0.80
GS05-067-21 Woshui 0.282855 0.00002 0.0009 0.0298 0.28285 +8.7 0.4 0.54 0.72
GS03-120-1 Woshui 0.282837 0.00003 0.0010 0.0338 0.28283 +8.0 0.5 0.57 0.76
GS03-120-2 Woshui 0.282927 0.00003 0.0012 0.0403 0.28292 +11.2 0.5 0.45 0.56
GS03-120-3 Woshui 0.282912 0.00002 0.0007 0.0234 0.28291 +10.7 0.4 0.46 0.59
GS03-120-4 Woshui 0.282870 0.00003 0.0013 0.0489 0.28286 +9.2 0.4 0.53 0.69
GS03-120-5 Woshui 0.282895 0.00003 0.0018 0.0619 0.28289 +9.9 0.5 0.50 0.64
GS03-120-6 Woshui 0.282872 0.00002 0.0006 0.0214 0.28287 +9.3 0.4 0.52 0.68
GS03-120-7 Woshui 0.282865 0.00003 0.0007 0.0243 0.28286 +9.1 0.5 0.53 0.69
GS03-120-8 Woshui 0.282867 0.00003 0.0021 0.0743 0.28286 +8.9 0.5 0.54 0.70
GS03-120-9 Woshui 0.282860 0.00003 0.0009 0.0394 0.28286 +8.9 0.4 0.54 0.71
GS03-120-10 Woshui 0.282902 0.00003 0.0004 0.0135 0.28290 +10.5 0.5 0.47 0.61
GS03-120-11 Woshui 0.282851 0.00002 0.0006 0.0214 0.28285 +8.6 0.4 0.54 0.72
GS03-120-12 Woshui 0.282886 0.00004 0.0011 0.0430 0.28288 +9.8 0.7 0.50 0.65
GS03-120-13 Woshui 0.282844 0.00003 0.0014 0.0556 0.28284 +8.2 0.5 0.56 0.75
GS03-120-14 Woshui 0.282855 0.00003 0.0013 0.0525 0.28285 8.6 0.5 0.55 0.72
GS03-120-15 Woshui 0.282853 0.00003 0.0013 0.0543 0.28285 +8.6 0.5 0.55 0.73
GS03-120-16 Woshui 0.282857 0.00003 0.0005 0.0191 0.28285 +8.8 0.5 0.54 0.71
GS03-120-17 Woshui 0.282908 0.00003 0.0004 0.0171 0.28291 +10.6 0.5 0.46 0.60
GS03-120-18 Woshui 0.282886 0.00003 0.0004 0.0154 0.28288 +9.9 0.5 0.49 0.64
GS03-120-19 Woshui 0.282986 0.00005 0.0006 0.0200 0.28298 13.4 0.9 0.36 0.42
GS03-120-20 Woshui 0.282861 0.00002 0.0005 0.0209 0.28286 +9.0 0.4 0.53 0.70
GS03-120-21 Woshui 0.282861 0.00003 0.0008 0.0311 0.28286 +8.9 0.5 0.53 0.70
GS03-120-22 Woshui 0.282822 0.00003 0.0005 0.0203 0.28282 +7.6 0.5 0.58 0.78
GS03-120-23 Woshui 0.282881 0.00003 0.0015 0.0603 0.28287 +9.5 0.5 0.52 0.67
GS05-004-1 Baima 0.282924 0.00003 0.0055 0.2910 0.28290 +10.3 0.4 0.51 0.62
GS05-004-2 Baima 0.282854 0.00002 0.0007 0.0315 0.28285 +8.7 0.4 0.54 0.72
GS05-004-3 Baima 0.282810 0.00002 0.0006 0.0266 0.28281 +7.2 0.3 0.60 0.81
GS05-004-4 Baima 0.282867 0.00002 0.0009 0.0400 0.28286 +9.1 0.3 0.53 0.69
GS05-004-5 Baima 0.282891 0.00003 0.0015 0.0710 0.28288 +9.9 0.5 0.50 0.64
GS05-004-6 Baima 0.282854 0.00002 0.0010 0.0448 0.28285 +8.6 0.4 0.55 0.72
GS05-004-7 Baima 0.282886 0.00002 0.0007 0.0335 0.28288 +9.8 0.4 0.50 0.65
GS05-004-8 Baima 0.282878 0.00002 0.0015 0.0706 0.28287 +9.4 0.4 0.52 0.67
GS05-004-9 Baima 0.282851 0.00002 0.0008 0.0433 0.28285 +8.5 0.3 0.55 0.73
GS05-004-10 Baima 0.282852 0.00002 0.0005 0.0255 0.28285 +8.6 0.4 0.54 0.72
GS05-004-11 Baima 0.282888 0.00002 0.0018 0.0916 0.28288 +9.7 0.4 0.51 0.66
GS05-004-12 Baima 0.282860 0.00002 0.0013 0.0667 0.28285 +8.8 0.4 0.54 0.71
GS05-004-13 Baima 0.282850 0.00003 0.0011 0.0554 0.28284 +8.5 0.4 0.55 0.73
GS05-004-14 Baima 0.282835 0.00002 0.0011 0.0522 0.28283 +7.9 0.4 0.57 0.76
GS05-004-15 Baima 0.282858 0.00002 0.0006 0.0284 0.28285 +8.8 0.4 0.54 0.71
GS05-004-16 Baima 0.282861 0.00002 0.0008 0.0322 0.28286 +8.9 0.4 0.53 0.70
GS05-004-17 Baima 0.282869 0.00003 0.0008 0.0351 0.28287 +9.2 0.4 0.52 0.69
GS05-004-18 Baima 0.282861 0.00002 0.0010 0.0434 0.28286 +8.9 0.4 0.54 0.71
GS05-004-19 Baima 0.282903 0.00003 0.0012 0.0555 0.28290 +10.3 0.5 0.48 0.62
GS05-004-20 Baima 0.282862 0.00002 0.0019 0.0791 0.28285 +8.8 0.4 0.55 0.71
GS04-155-1 Taihe 0.282871 0.00003 0.0012 0.0573 0.28287 +9.2 0.6 0.52 0.68
GS04-155-2 Taihe 0.282928 0.00003 0.0026 0.1097 0.28292 +11.0 0.5 0.46 0.57
GS04-155-3 Taihe 0.282889 0.00003 0.0025 0.1199 0.28288 +9.6 0.5 0.52 0.66
GS04-155-4 Taihe 0.282843 0.00003 0.0019 0.1018 0.28283 +8.1 0.4 0.57 0.76
GS04-155-5 Taihe 0.282813 0.00003 0.0031 0.1516 0.28280 +6.8 0.5 0.64 0.83
GS04-155-6 Taihe 0.282849 0.00002 0.0016 0.0836 0.28284 +8.4 0.4 0.56 0.74
GS04-155-7 Taihe 0.282915 0.00002 0.0015 0.0694 0.28291 +10.7 0.4 0.47 0.59
GS04-155-8 Taihe 0.282911 0.00002 0.0015 0.0725 0.28290 +10.6 0.4 0.47 0.60
GS04-155-9 Taihe 0.282916 0.00003 0.0010 0.0506 0.28291 +10.8 0.4 0.46 0.58
GS04-155-10 Taihe 0.282845 0.00002 0.0010 0.0499 0.28284 +8.3 0.4 0.56 0.74
91500 Standard 0.282292 0.0003 0.0120 0.28229 —11.1 0.7 1.29 1.93
91500 Standard 0.282301 0.0003 0.0110 0.28230 -10.8 0.6 1.27 191
91500 Standard 0.282303 0.0003 0.0100 0.28230 -10.7 0.7 1.27 1.91
91500 Standard 0.282298 0.0003 0.0100 0.28230 -10.9 0.7 1.28 1.92
91500 Standard 0.282364 0.0003 0.0100 0.28236 -8.6 0.7 1.19 1.78
91500 Standard 0.282315 0.0003 0.0110 0.28231 -10.3 0.8 1.26 1.88
91500 Standard 0.282258 0.0003 0.0110 0.28226 —-12.3 0.8 1.33 2.00
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Table 1 (continued)

Sample Pluton 176Hf/77THE 20 176 u/ 77Hf 176yb /177 Hf Hfinitial eHf(r) 1o Thsneen (GA) Tom-2 (Ga)
91500 Standard 0.282327 0.0003 0.0100 0.28233 -9.9 0.7 1.24 1.86
91500 Standard 0.282270 0.0003 0.0100 0.28227 -11.9 0.7 1.32 1.98
91500 Standard 0.282324 0.0003 0.0090 0.28232 -10.0 0.7 1.25 1.86
91500 Standard 0.282287 0.0003 0.0090 0.28229 —-11.3 0.6 1.29 1.94
91500 Standard 0.282310 0.0003 0.0090 0.28231 -10.5 0.7 1.26 1.89
91500 Standard 0.282290 0.0003 0.0090 0.28229 —-11.2 0.7 1.29 1.94
91500 Standard 0.282403 0.0003 0.0100 0.28240 -7.2 1.6 1.14 1.69
91500 Standard 0.282222 0.0003 0.0100 0.28222 -13.6 1.7 1.38 2.08
91500 Standard 0.282325 0.0003 0.0080 0.28232 -10.0 1.7 1.24 1.86
91500 Standard 0.282279 0.0003 0.0080 0.28228 -11.6 1.7 1.30 1.96
91500 Standard 0.282256 0.0003 0.0080 0.28225 —-12.4 1.6 133 2.01
91500 Standard 0.282278 0.0003 0.0080 0.28228 -11.6 1.8 131 1.96
91500 Standard 0.282373 0.0003 0.0080 0.28237 -83 1.8 1.18 1.76
91500 Standard 0.282329 0.0003 0.0080 0.28233 -9.8 1.7 1.24 1.85

Toner = (1/0.01865) " In((1 + (7HE/177HE — 0.28325)/(75Lu/V77Hf — 0.0384)). Tom-2 = (Age/1000) + ((1/0.01865) " In(1 + (Hf; — Hfpyn)/(0.015 — 0.0384))).

Zircon eHf(t) values of the ~252 Ma Huangcao pluton are gener-
ally lower than those of the Baima, Taihe and Woshui plutons. The
Huangcao pluton has Sr-Nd isotopic values and trace element ra-
tios similar to the other plutons (e.g. low Th/Ta and eNdr)=+1.3
to +1.9). The longer crustal residency time of the Huangcao pluton
source rocks may be the reason for the lower zircon eHf(r) values.
The zircon Hf data of the Huangcao pluton are difficult to interpret
because if they are indicative of a mixed source (e.g. crust + de-
pleted mantle), then why were the bulk rock trace element (e.g.
no negative Nb-Ta anomalies) and Sr-Nd (e.g. positive eNd(r))
composition unaffected by crustal assimilation? It seems very un-
likely that crustal assimilation would only affect the zircon Hf iso-
topic values. The lower ¢Hfir) value may simply be related to
fractionation of Lu relative to Hf. If the source rocks of the Huang-
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cao pluton had experienced a previous melting event then it is con-
ceivable that the lower eHfr) values were a result of preferential
partition of Lu relative to Hf in zircon during the early melting
event (Kinny and Maas, 2003; Shellnutt and Zhou, 2008). Consider-
ing the available evidence, we believe it is doubtful that there was
significant crustal assimilation during the genesis of the Huangcao
pluton and that the zircon Hf isotopic values are characteristic of
the magma source.

Previous zircon Hf isotope studies of ELIP felsic plutonic rocks
(e.g. Maomaogou Miyi, Taihe, Salian and Ailanghe plutons) by Xu
et al. (2008) show variable eHfir) values (eHfr) = —4.4 to +13.4)
and Hf model ages (Tpwm-1 = 440-1790 Ma) which were interpreted
as evidence for a mixed mantle (i.e. juvenile crust) and crust
(Neoproterozoic crust) source. Although the Maomaogou, Miyi
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Fig. 2. Frequency distribution of the zircon eHf(r) values for the Panxi plutons. Weighted mean values and mean square of weighted deviates are reported for each.
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and Salian plutons may be derived from a mixed source, it is not
likely the case for the Taihe pluton. If a rock is derived from a
mixed source, evidence such as negative primitive mantle normal-
ized Nb-Ta anomalies, negative eNdr) values and high Ta/Th ratios
are expected. The Taihe pluton does not have negative primitive
mantle normalized Nb-Ta anomalies, positive €Nd(r) (+1.5 to
+1.9) and the Th/Ta ratios are low (Shellnutt and Zhou, 2007).
Therefore we suggest that the Taihe pluton is not derived from a
mixed source and it likely represents the residual magma after
fractionation of Emeishan high-Ti basalt (c.f. Shellnutt et al., in
press). The two metaluminous (i.e. Woshui and Huangcao) plutons
on the other hand are thought to be derived by partial melting of
underplated mafic magmas and therefore could be considered as
derived from juvenile crust (i.e. underplated Emeishan mafic mag-
mas) however they are inherently products of ELIP magmatism and
do not show evidence for crustal assimilation.

It should be noted that the Huangcao syenites (HC-2) as de-
scribed by Xu et al. (2008) are not the same as the rocks from the
Huangcao pluton initially described by Shellnutt and Zhou (2006)
although the same name was applied. There are many differences

between the two ‘Huangcao’ rocks. The samples described in detail
by Shellnutt and Zhou (2008) are fayalite + quartz-bearing,
~252 Ma, have positive Eu/Eux values (Eu/Eux = 0.9-2.1), positive
eNd(ty values (eNd(r)=+1.3 to +1.9) and have eHf1y=+5.8+0.3.
The samples described by Xu et al. (2008) do not contain fayalite,
are ~260 Ma, in a different location and have variable eHf r).

4.2. Implications for the 252 Ma magmatism in the ELIP

There is a bimodal distribution of ages amongst the intrusive
rocks of the Panxi region at ~260 and ~252 Ma with a minor group
at ~240 Ma (Shellnutt et al., 2008; Xu et al., 2008) (Fig. 6). The per-
alkaline plutons and most of the metaluminous plutons have been
dated at ~260 Ma (e.g. Baima, Taihe, Cida, Woshui, Maomaogou
and Miyi) (Shellnutt and Zhou, 2007; Zhong et al.,, 2007; Xu
et al., 2008; Shellnutt et al., in press). The Huangcao (metalumi-
nous) and Ailanghe (peraluminous) plutons have been dated at
~252 Ma but have distinctly different origins. The Ailanghe pluton
originated by melting of Yangtze Block basement rocks (eNd.
1= —5.7 to —6.7; eHf1y = —1.3 to —4.4) whereas the Huangcao plu-
ton was derived by partial melting of underplated Emeishan mafic
rocks (Xu et al., 2008; Shellnutt and Zhou, 2007, 2008; Zhong et al.,
2007). The magmatic event at ~252 Ma is thought to be related to
either continuous Emeishan plume activity or to passive extension
associated with the collision of the South China Block (i.e. Yangtze
Block + Cathaysia Block) and Indochina Block (Shellnutt et al.,
2008; Xu et al., 2008). It is unlikely that the 252 Ma magmatic
event was a continuation of the 260 Ma magmatism because the
Emeishan flood basalts erupted during one normal magnetic polar-
ity episode and the terminal stage of ELIP magmatism is dated at
257 Ma and thus the heat source likely dissipated at the same time
(Ali et al., 2005; He et al., 2007). Therefore, melting at 252 Ma likely
occurred due to extension in the South China Block just prior to
collision with the Indochina Block. We suggest that slab roll back
may be the mechanism which triggered extension in the South
China Block and induced melting of the underplated Emeishan
material and the lower to middle crust which led to the formation
of the Huangcao and Ailanghe plutons (Shellnutt et al., 2008).

4.3. Implications for metaluminous A-type granitic rocks

Peralkaline and metaluminous plutonic complexes are common
within the continental crust (Poitrasson et al., 1995; Schmitt et al.,
2000; Kemp et al., 2005). Metaluminous A-type granitic rocks are
thought to be derived from a mixture of mantle and crustal compo-
nents whereas peralkaline A-type granitic rocks are less likely to
have a crustal component (Schmitt et al., 2000; Kemp et al.,
2005; Bonin, 2007). Currently, there are few contemporaneous per-
alkaline-metaluminous plutonic complexes which report zircon Hf
isotopic data however the Narraburra complex and Barmedman
granite from Australia show a similar range of zircon Hf composi-
tions as the granitic plutons of Panxi region (Fig. 7). The peralkaline
Narraburra granites formed by fractionation of mantle-derived
magmas whereas the metaluminous Barmedman granites formed
by mixing of crustal rocks and juvenile magmas (Wormald et al.,
2004; Kemp et al., 2005). The peralkaline plutons of the Panxi re-
gion and Narraburra likely formed by a similar process (i.e. frac-
tionation of mantle-derived mafic magmas) and thus have
similar zircon €H(r) values. The metaluminous Barmedman granite
and Huangcao pluton have a similar range of zircon €Hr) whereas
the Woshui pluton has €H(r) values similar to the peralkaline plu-
tons (Fig. 7). There is little evidence for crustal assimilation in the
Woshui or Huangcao pluton which is contrasted with the mixed
crust + juvenile magma origin of the Barmedman granite. The
Ba/Nb, Rb/Nb and Nb/Y ratios of the Barmedman (Ba/Nb = 24.8;
Rb/Nb =9.9; Nb/Y=0.3) are closer to average continental crust
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(upper crust, Ba/Nb =25.7; Rb/Nb=4.2; Nb/Y =1.3; lower crust, matic setting. The Narraburra-Barmedman suites were formed
Ba/Nb =50.3; Rb/Nb =3.6; Nb/Y =0.4) and considerably different by lithospheric extension which exploited crustal-scale faults re-
from the Woshui (Ba/Nb=27.9; Rb/Nb=1.2; Nb/Y=1.4) and lated to previously thinned crust during slab roll back (Wormald
Huangcao plutons (Ba/Nb =43.7; Rb/Nb = 2.6; Nb/Y = 1.5), attest- et al., 2004; Kemp et al., 2005). Thus the Narraburra-Barmedman

ing to their differing origins (Wedepohl, 1995; Wormald et al., suites were produced by melting of lithospheric mantle and assim-
2004). The implication is that the metaluminous plutons ilation of crustal material at various proportions giving rise to a
(i.e. Woshui and Huangcao) may originate from the same source mixed zircon Hf signature. In contrast the metaluminous and per-
as their peralkaline counterparts (i.e. Baima and Taihe) without alkaline plutons of the Panxi region were formed within an intra-
any significant contribution from the crust. plate extensional setting associated with a mantle plume (Xu
An important difference between the plutons of the Panxi re- et al., 2004; He et al., 2007; Shellnutt and Zhou, 2007). The parental
gion and the Narraburra-Barmedman suites is their tectonomag- magmas of the plutons in the Panxi region likely formed at depths
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Fig. 5. Trace element ratio comparison of the Panxi A-type granitoids with the Emeishan flood basalt, upper crust, lower crust, OIB, N-MORB and E-MORB. Emeishan data
from Xu et al. (2001), Xiao et al. (2004), Wang et al. (2007) and Shellnutt and Zhou (2007, 2008). UC, upper crust; LC, lower crust (Wedepohl, 1995). N-MORB, normal mid-
ocean ridge basalt; E-MORB, enriched mid-ocean ridge basalt; OIB, ocean-island basalt data from Sun and McDonough (1989). Data for the Narraburra and Barmedman
granitic rocks from Wormald et al. (2004).
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from Kemp et al. (2005). The data fall between depleted mantle and the chondrite
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of ~200 to 400 km by low degrees of partial melting of enriched
mantle material (Wang et al., 2007). The high-Ti basaltic magmas
were probably volatile-rich, as evidenced by the presence of pri-
mary biotite in these rocks (Xu et al., 2001). The relatively light
and volatile-rich high-Ti magmas could have ascended rapidly to
the surface, such that they escaped crustal contamination.

5. Conclusion

Zircon Hf isotopic values of the Baima, Taihe, Woshui and
Huangcao plutons are indicative of their mantle source. Trace ele-
ment data are consistent with previous interpretations of the en-
riched mantle source for the high-Ti Emeishan basaltic rocks and
show that there is little, if any crustal contamination in the plu-
tons. The important implication of the results is that spatially
and temporally associated peralkaline and metaluminous plutons
(e.g. Baima and Taihe) can originate by different processes from
the same mantle source without crustal assimilation.
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