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The Bainiuchang silver-polymetallic ore deposit is a super-large deposit in the western part of the South
China tungsten–tin province (or the Nanling tungsten–tin province). The deposit is spatially and tempo-
rally associated with the Bozhushan granite pluton. Our new data indicate that the Bozhushan granitoids
formed at 86–87 Ma. The granitoids are geochemically consistent with A-type granite. The Bozhushan
pluton consists predominantly of biotite granite that is characterized by weakly peraluminous to meta-
luminous compositions and high alkali contents (Na2O + K2O = 7.51–9.06 wt.%). The granitic rocks are
enriched in large-ion lithophile elements (LILE) Rb, Th, U, and K, but relatively depleted in Ba and Sr.
In addition, they have high Zr + Nb + Ce + Y contents (310–478 ppm) and high 10,000� Ga/Al ratios
(2.7–3.1). The temperatures of the parental magmas for the Bozhushan granites are estimated to be
790–842 �C based on the zircon saturation thermometer. Isotopically, the Bozhushan granites are char-
acterized by elevated initial 87Sr/86Sr ratios (0.7126–0.7257) and low eNd values (�11.2 to �12.4), and
high d18O values (7.91–9.58‰) and low eHf values (�9.5 to �6.1) for zircon crystals, which indicate a
dominant continental crustal source. The two-stage Hf model ages vary from 1.53 to 1.86 Ga. The isotopic
compositions support the interpretation that the granitic rocks formed by melting of the Meso- and Neo-
proterozoic metasedimentary basements of the Cathaysia block. These results, together with geological
records in the other parts of the western Cathaysia block, suggest that the formation of the Bozhushan
A-type granites is related to lithospheric extension and asthenospheric upwelling that are associated
with the change of plate motion in Late-Cretaceous.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

South China is well-known for large-scale magmatism and min-
eralization in the Mesozoic. More than 50% of the world’s tungsten
and antimony resources, and 20% of the world’s tin resources are
present in South China. The South China block consists of the Yan-
gtze craton in the north and the Cathaysia block in the south
(Fig. 1A). The Nanling tungsten–tin province, which contains hun-
dreds of W–Sn deposits associated with granitic plutons with ages
varying from Jurassic to Late Cretaceous, occurs within the Cathay-
sia block (Hua et al., 2007; Mao et al., 2013, 2007; Pei et al., 2009;
Sun et al., 2012) (Fig. 1A). The important tin-polymetallic deposits
associated with Cretaceous granitoids are widespread in the wes-
tern part of the Cathaysia block (Cheng and Mao, 2010; Gu et al.,
2009; Liu et al., 2007b; Luo, 1995). The tin-mineralization and
associated magmatism are believed to have formed in the geody-
namic environment of lithospheric extension and thinning
(Cheng et al., 2013b; Feng et al., 2013; Liu et al., 2007b; Yan
et al., 2005).

The Bainiuchang silver-polymetallic ore deposit is located in the
western part of the Nanling tungsten–tin province, southeastern
Yunnan. The genesis of the Bainiuchang deposit has been debated.
Some researchers believe that this deposit is a SEDEX-type deposit
(Chen et al., 1998; Zhou et al., 1998). Other researchers argue that
it is not a typical SEFDEX-type deposit but is significantly modified
by the Yanshanian granitic magmatism (Chen et al., 2000; Deng
et al., 2004; Zhu et al., 2010). The role of the granite magmatism
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Fig. 1. (A) Distribution of tin deposits in the Cathaysia block (Mao et al., 2007) and (B) sketch showing the distribution of magmatic rocks and tin-polymetallic deposits in
southeastern Yunnan province (Zhang et al., 2006).
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in the formation of the deposit has been investigated by many
researchers recently (Li et al., 2011; Liu et al., 2007a; Zhang
et al., 2006, 2011). Spatially, the Bainiuchang deposit and the
Bozhushan granite are closely related. Direct LA-MC-ICP-MS U–
Pb dating of cassiterite (Li et al., 2013) has established a temporal
link between the deposit and the granite pluton. The genetic rela-
tionship between the deposit and the pluton is still not clear. Thus,
a systematic study of the granite pluton is important.

Previous studies obtained the whole-rock Rb–Sr isochron ages
ranging from 96 to 116 Ma (Zhang and Chen, 1997), and zircon
U–Pb ages of 85–88 Ma for the Bozhushan granite pluton
(Cheng et al., 2010). More precise ages are required to resolve
these discrepancies. Moreover, owing to the lack of isotopic data
and systematic geochemical data, the petrogenesis and tectonic
setting of the granitoids are poorly understood. In this paper,
we report major and trace element compositions and Sr–Nd iso-
topes for whole rock samples and U–Pb ages and Hf–O isotopes
for zircon crystals from the Bozhushan granite pluton. We use
these data to constrain the petrogenesis and tectonic setting of
the pluton.



Fig. 2. Simplified geological maps of (A) Bozhushan granitic intrusion (Zhang and Chen, 1997) and (B) Bainiuchang tin-polymetallic deposit.
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2. Tectonic and geological background

The South China Block formed by the amalgamation of the Yan-
gtze Craton and the Cathaysia Block in the Early Neoproterozoic.
Many researchers believed that the Yangtze Craton and the Cat-
haysia Block initially collided in the Early Neoproterozoic, sepa-
rated from each other in the Late Neoproterozoic, and merged
again in the Caledonian (Li et al., 2009a, 2003, 2010; Yan et al.,
2005).

The Bainiuchang tin-polymetallic deposit is a member of the
southeast Yunnan tin-polymetallic metallogenic belt in the wes-
tern part of the Cathaysia block (Fig. 1A). This deposit is located
in the southeastern part of Yunnan province. Three granitic intru-
sions, named Gejiu, Bozhushan, and Laojunshan, host three super-
large tin-polymetallic deposits (i.e., Gejiu, Bainiuchang, and
Dulong, respectively), which form equidistant outcrops in the
southeast Yunnan tin-polymetallic metallogenic belt (Fig. 1B).
These intrusions and tin-mineralization events are considered to
have formed in a lithospheric extension and thinning setting dur-
ing the Late Cretaceous (Cheng et al., 2013a; Liu et al., 2007b;
Zhang et al., 2006, 2011).

The Bainiuchang–Bozhushan area is an important tin-polyme-
tallic ore district in the southeastern Yunnan tin-polymetallic met-
allogenic belt. Granites and spatially related tin mineralizations are
extensively developed in the Bainiuchang–Bozhushan area
(Fig. 1B). The major sedimentary strata in this area are the Cam-
brian (Æ), Ordovician (O), Devonian (D), Carbonic (C), Permian
(P), and Triassic (T) carbonate rocks. The most prominent struc-
tures are the NE-trending regional tectonic terranes, the NE- to
EW-trending regional faults and the NWW- to NS-trending local
faults. These structures appear to have controlled the distribution
of granitic intrusions and associated ore deposits (Fig. 2A and B).
The Bainiuchang silver-polymetallic ore deposit was discovered
in the 1980s. It contains Ag (6470 t), Zn (172 Mt), Pb (110 Mt),
and Sn (7 Mt) (Luo, 1995). The deposit consists of five clusters of
ore bodies, namely the Baiyang, Duimenshan, Miwei,
Chuanxindong and Awei that are distributed along the same struc-
tural lineament as the Bozhushan granite. Recent drilling has inter-
cepted granite at depths from 1250 to 1420 m in the southern part
and the northern part of the ore deposit (Liu et al., 2007a). Numer-
ous granitic porphyry bodies and monzonite veins have been found
at depth in the Chuanxindong and Duimenshan ore clusters. The
Bozhushan granite, which is located 7 km southeast of the Bainiu-
chang deposit, may be connected to the concealed granite bodies
(Zhang et al., 2006, 2009). Systematic studies of the Bozhushan
granite will significantly promote an understanding of the genesis
of the Bainiuchang silver-polymetallic ore deposit. Furthermore,
the granitic porphyry occured at depth in ore clusters is also pre-
pared for our study, for this could offer a better genetic link
between the ore deposit and the granite.
3. Granite petrography and sample description

The surface exposure of the Bozhushan granitic pluton has a
fusiform shape with NW-trending. It is approximately 18 km long
and 10 km wide, with a total surface exposure of ca. 120 km2. The
granite pluton intruded the Cambrian (Æ) to Devonian (D) carbon-
ate and clastic rocks. Contact metamorphism is present in many
places (Fig. 2A). It was previously divided into two intrusive
phases: an Early Cretaceous intrusive phase and a later Late Creta-
ceous intrusive phase (Fig. 2A) (Zhang and Chen, 1997). A total of
10 samples were collected from the Bozhushan granitic pluton.
Samples BZS-1 and BZS-5, which are collected from the two intru-
sive phases respectively, were used for zircon U–Pb dating. The
major rock types of the Bozhushan granitic pluton are medium-
to coarse-grained biotite granites. Its main minerals are K-feldspar
(25–35 vol.%), plagioclase (22–30 vol.%), quartz (25–31 vol.%) and
biotite (6–10 vol.%). Twin texture of plagioclase is common in the
samples (Fig. 3, samples BZS-1 and BZS-5). The main ferromagne-
sian mineral is biotite. Accessory minerals include apatite, allanite,
zircon and ilmenite.



Fig. 3. Photographs and photomicrographs of granitic samples from the Bozhushan granitic intrusion (samples BZS-1 and BZS-5) and granite porphyry veins occurring in the
Duimenshan ore block of the Bainiuchang ore district (DMS). BZS-1 and BZS-5 are coarse-grained granites; DMS is fine-grained granite porphyry.

Fig. 4. Cathodoluminescence (CL) images of zircon grains (BZS-1 and BZS-5 obtained from the Bozhushan granitic intrusion; DMS from the Duimenshan ore block of the
Bainiuchang ore district). Large white ellipses delineate the LA-MC-ICP-MS analyzing spots for U–Pb dating; small white circles denote the analyzing spots for O isotopes;
black circles mark the analyzing spots for Hf isotopes.
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The sample with an abbreviation of DMS was collected from
small granitic porphyry dykes underground in the Duimenshan
ore cluster of the Bainiuchang ore deposit. The granitic porphyry
sample contains fine-grained K-feldspar (38 vol.%), plagioclase
(32 vol.%), quartz (20–30 vol.%) and biotite (5 vol.%). The texture
of this sample is illustrated in Fig. 3. This sample was also used
for zircon U–Pb dating as well as chemical analysis.
4. Analytical methods

Zircon grains in the samples from the Bozhushan granite pluton
(sample BZS-1 and BZS-5) and the associated granitic porphyry
dyke (sample DMS) in the Bainiuchang ore district were separated
using conventional technique including heavy liquid and magnetic
separation. Transparent and euhedral zircon crystals were selected



Fig. 5. U–Pb concordia diagram and weighted average 206Pb/238U ages of zircons
from the three samples (BZS-1, BZS-5, and DMS).
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under a binocular microscope. The selected zircon crystals were
mounted on an epoxy resin disk, polished and then coated with
gold. The textures and morphologies of the zircon grains were doc-
umented using optical microphotographs and cathodolumines-
cence (CL) images. The CL images were obtained using a
LEO1450VP scanning electron microscope at the Institute of Geol-
ogy and Geophysics, Chinese Academy of Sciences (IGGCAS), Bei-
jing. The U–Pb isotopic analyses were performed at the State Key
Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences. Laser sampling was performed on a
GeoLas 2005 System. The ion signal intensities of samples were
acquired using an Agilent 7500a ICP-MS instrument. The 91500
zircon standard was used as standard. Helium and argon were used
as carrier and make-up gas, respectively. The gas flows were opti-
mized using the NIST SRM 610 standard to obtain maximum signal
intensity. The analytical procedures were the same as those used
for zircon U–Pb dating in the same laboratory (Liu et al., 2010b).

Zircon oxygen isotopes were measured using the Cameca IMS-
1280 SIMS at the IGGCAS. The analytical procedures were
described in detail by Li et al. (2009b). Following U–Pb analysis,
the sample mount was re-ground to ca. 5 lm to ensure that any
oxygen implanted on the zircon surface was completely removed.
The ion source was a Cs+ primary ion beam. Oxygen isotopes were
measured in multi-collector mode using two off-axis Faraday cups.
The laser was focused to produce an ablation pit with an approxi-
mate diameter of 20 lm, with one analysis taking ca. 3 min. The
instrumental mass fractionation factor was corrected using the zir-
con 91500 standard which has a d18O value of 9.9‰.The measured
18O/16O ratios were normalized to the value of Vienna Standard
Mean Ocean Water (VSMOW, 18O/16O = 0.0020052) (Li et al.,
2009b).

Lu–Hf isotopic analysis was performed on a Nu plasma multi-
collector ICP-MS equipped with a UP-213 laser ablation system
(LA-MC-ICP-MS) at the IGGCAS. The Lu–Hf isotopic measurements
were performed on the zircon grains that were previously analyzed
for U–Pb and O isotopes. The diameters of the ablation pits are 40–
80 lm. The laser beam had an energy density of 10 J/cm2, a repeti-
tion rate of 8–10 Hz and ablation time of 26 s. The analytical pro-
cedures were similar to those given in Wu et al. (2006).

Major elements in whole rocks were analyzed using the Axios
PW4400 X-ray fluorescence spectrometer (XRF) at the State Key
Laboratory of Ore Deposit Geochemistry (SKLODG), Institute of
Geochemistry, Chinese Academy of Sciences, in Guiyang, On fused
lithium-tetraborate glass pellets. The analytical precision was bet-
ter than 5%. Trace elements in whole rocks were analyzed using a
PE DRC-e ICP-MS at the SKLODG. About 50 mg of sample powder
was dissolved in high-pressure Teflon bombs. Rh was used as an
internal standard to monitor signal drift during analysis. The ana-
lytical procedures were similar to those given in Qi et al. (2000).

Whole-rock Sr–Nd isotopes were analyzed using a Triton ther-
mal ionization mass spectrometer at the SKLODG. The samples
were first dissolved in the mixture of HF, HNO3, and HClO4 in Tef-
lon bombs. Sr, Rb, Sm and Nd were then separated by cation-
exchange in the HDEHP-coated Kef columns. The mass fraction-
ation corrections for Sr and Nd isotopic ratios were based on
86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively. The
87Sr/86Sr ratio of the NBS987 Sr standard was determined to be
0.710258 ± 7 (2rm). The 143Nd/144Nd ratios of the La Jolla and
JNDI-1 Nd standard solutions were determined to be
0.511841 ± 3 (2rm) and 0.512104 ± 5 (2rm), respectively.
5. Results

5.1. Zircon U–Pb ages

Zircon grains from three samples (BZS-1, BZS-5, and DMS) were
selected for U–Pb dating by LA-ICP-MS. The selected zircon crystals
are light pink to colorless and transparent. They are mostly euhe-
dral and 100–300 lm in length, with length-to-width ratios vary-
ing from 2:1 to 3:1. The CL images of the selected grains
commonly show concentric oscillatory zoning (Fig. 4). These fea-
tures are common for magmatic zircon crystals. No inherited zir-
con grains were found in the samples. The average age of zircon
crystals from each sample was calculated based on the error-
weighted mean of the common Pb-corrected 206Pb/238U ages at



Table 1
Major element (in%), trace element (in ppm) contents of the Bozhushan granitic intrusion (BZS) and granite-porphyry veins in Bainiuchang ore district (DMS).

Sample no. DMS BZS-1 BZS-2 BZS-3 BZS-4 BZS-5 BZS-6 BZS-7 BZS-8 BZS-9 BZS-10

SiO2 64.27 68.22 67.43 69.25 67.86 66.05 65.81 71.04 67.33 67.10 66.77
Al2O3 14.70 14.99 14.66 15.08 15.10 14.27 14.41 14.65 14.29 14.53 14.72
Fe2O3 3.16 3.65 3.44 3.46 3.49 2.98 3.30 2.41 3.73 3.62 3.97
MgO 1.19 1.33 1.28 1.28 1.29 1.05 1.35 0.95 1.25 0.86 0.93
CaO 2.70 2.36 2.34 2.35 2.36 2.09 2.67 2.33 3.25 2.08 2.23
Na2O 3.14 2.88 3.40 3.26 3.32 3.13 3.70 3.92 3.50 3.38 3.40
K2O 4.54 4.64 4.60 4.53 4.79 5.16 5.00 5.14 4.63 4.66 4.99
TiO2 0.67 0.63 0.60 0.60 0.60 0.65 0.56 0.40 0.60 0.56 0.56
MnO 0.16 0.06 0.06 0.06 0.06 0.04 0.04 0.04 0.06 0.06 0.05
P2O5 0.30 0.27 0.26 0.26 0.27 0.23 0.24 0.25 0.27 0.27 0.24
LOI 9.53 0.69 0.94 1.07 1.23 1.01 4.36 1.26 1.03 1.37 1.64

Rb 373 291 290 276 271 309 288 313 278 365 309
Sr 332 376 368 361 377 343 360 301 359 361 379
Ba 868 988 925 872 992 970 953 875 879 896 909
Th 30.3 40.2 34.2 41.5 45.5 41.5 28.1 43.1 42.4 35.8 38.7
U 8.8 10.4 14.0 8.5 11.3 10.3 14.6 8.3 15.1 12.6 11.6
Nb 30.2 36.1 34.1 35.4 34.1 37.0 33.9 27.0 30.5 24.0 28.5
Ta 2.0 2.6 2.5 3.4 2.4 2.7 2.6 3.6 2.9 2.7 2.4
Zr 264.0 235.0 230.0 157.0 225.0 227.1 221.0 146.0 182.0 187.0 198.0
Hf 6.9 6.2 6.3 4.2 6.2 6.7 6.0 4.0 5.4 5.2 5.1
Sn 134.2 8.6 5.8 8.4 6.7 10.9 13.0 9.5 3.9 4.2 4.7
Ag 4.8 0.3 0.3 0.3 0.3 0.5 0.4 0.3 0.4 0.3 0.3

Zn 955.0 76.2 63.7 60.3 59.9 20.8 43.8 38.8 57.6 61.0 54.1
Cu 396.0 6.9 6.4 4.8 8.1 8.2 66.4 14.1 6.5 8.2 7.1
La 78.8 81.2 87.6 72.3 77.6 83.1 85.2 54.4 71.6 69.4 69.7
Ce 140.0 142.0 155.0 130.0 137.0 96.0 146.0 98.8 138.0 134.0 134.0
Pr 15.6 15.6 16.8 14.6 15.1 10.8 16.3 10.6 15.5 15.3 15.4
Nd 54.2 52.7 57.3 50.8 52.8 53.1 55.7 35.8 56.1 53.9 52.1
Sm 8.8 8.3 9.5 8.9 8.6 8.9 9.2 6.3 8.7 9.1 8.8
Eu 1.4 1.4 1.5 1.3 1.5 1.1 1.4 1.0 1.5 1.6 1.4
Gd 6.3 5.7 6.5 6.0 5.8 6.9 6.4 5.9 5.7 6.0 5.8
Tb 1.0 0.9 1.0 0.9 0.9 0.8 0.9 0.7 0.9 0.9 0.9
Dy 4.7 3.9 4.5 4.6 4.3 4.4 4.1 3.4 3.9 4.5 3.9
Ho 1.0 0.8 0.9 0.9 0.9 0.8 0.8 0.6 0.9 0.8 0.9
Er 2.6 2.2 2.5 2.4 2.4 2.0 2.2 1.7 2.7 2.5 2.6
Tm 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.3 0.3 0.3
Yb 2.3 2.1 2.3 2.2 2.2 1.8 2.1 1.5 1.9 2.3 1.8
Lu 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2 0.3 0.4 0.3
Y 44.0 51.6 52.6 49.5 49.5 68.4 46.7 38.3 44.9 38.9 41.9
Rb/Sr 1.1 0.8 0.8 0.8 0.7 0.9 0.8 1.0 0.8 1.0 0.8
10,000 Ga/Al 2.97 3.03 3.03 2.76 2.93 3.14 2.81 2.66 2.80 2.90 2.90

T/�C 842.31 853.41 846.72 853.86 850.26 847.24 832.26 846.89 826.29 853.01 849.06

62 X.-C. Chen et al. / Journal of Asian Earth Sciences 99 (2015) 57–71
95% confidence level. These ages are interpreted to represent the
emplacement ages of the granites.

The results of zircon U–Pb dating for all of the samples are given
in Appendix Table A1. The uranium and thorium contents in the zir-
cons vary significantly (U, 655–2745 ppm; Th, 265–1345 ppm). The
Th/U ratios range from 0.19 to 0.77. The 206Pb/238U ages of 19 zircon
grains from sample BZS-1 are 85.7–87.0 Ma, with a weighted aver-
age of 86.3 ± 0.3 Ma (MSWD = 0.21; 2r) (Fig. 5, BZS-1). The
206Pb/238U ages of 17 zircon grains from sample BZS-5 are between
86.8 and 87.9 Ma, with a weighted average of 87.4 ± 0.3 Ma
(MSWD = 0.28; 2r) (Fig. 5, BZS-5). The 206Pb/238U ages of 34 zircon
grains from the DMS sample are between 85.2 and 86.9 Ma, with a
weighted average of 86.0 ± 0.2 Ma (MSWD = 0.42; 2r) (Fig. 5,
DMS). The results show that the granite porphyry dyke (the DMS
sample) and the second intrusive phase of the Bozhushan pluton
in the Bainiuchang ore district have the same age within the analyt-
ical error. The first intrusive phase of the Bozhushan pluton (sample
BZS-5) is slightly older by�1 Ma. All of these three intrusive phases
were emplaced in the Late Cretaceous.

5.2. Major and trace element compositions

The major and trace element compositions of 11 samples from
the Bozhushan pluton and the associated granite porphyry dyke in
the Bainiuchang ore district are listed in Table 1. The SiO2 contents
range from 64.27 wt.% (DMS) to 71.04 wt.% (BZS-7). In the whole-
rock SiO2 vs. (K2O + Na2O) classification diagram (Fig. 6A), most of
the samples plot in the alkali field due to relatively high K2O + Na2O
contents. In the K2O vs. SiO2 diagram (Fig. 6B), all of the samples plot
in the high-K and shoshonitic fields. The Al2O3 contents of the sam-
ples range from 14.3 to 15.1 wt.%. Based on the plot of A/NK (molar
ratio of Al2O3/[Na2O + K2O]) vs. A/CNK (molar ratio of Al2O3/
[CaO + K2O + Na2O]), most of the samples are classified as metalumi-
nous to weakly peraluminous granites (Fig. 6C).

All of the samples have element compositions similar to those
of A-type granites. They have high abundances of high field
strength elements such as Zr (146–264 ppm) and Y (38.3–
68.4 ppm). The total amounts of Zr + Nb + Ce + Y in the samples
are 310–478 ppm. The 10,000� Ga/Al ratios of the samples are
2.7–3.1, with an average of 2.9. This value is slightly higher than
the global average of 2.6 for A-type granite (Whalen et al., 1987).
In the primitive mantle-normalized diagram (Fig. 7A), all of the
samples show negative Ba, Sr, Nb, and Ti anomalies and positive
Rb, Th, U, K and Nd anomalies. In the chondrite-normalized dia-
gram, all of the samples show light REE enrichments relative to
heavy REE ((La/Yb)N = 31–46) and negative Eu anomalies (Fig. 7B).

The zircon saturation temperatures (T, �C), calculated from bulk
rock compositions using the equation of Watson and Harrison
(1983), may represent the minimum temperature of the parental
magma. The results of our calculations are listed in Table 1. The



Fig. 6. Classification diagrams of Bozhushan granitic intrusion and granite por-
phyry veins in the Bainiuchang ore district: (A) SiO2 vs. (K2O + K2O), (B) SiO2 vs. K2O,
and (C) A/NK (molar ratio of Al2O3/[Na2O + K2O]) vs. A/CNK (molar ratio of Al2O3/
[CaO + K2O + Na2O]). Fields in diagrams (A) and (B) after Middlemost (1994) and
Rickwood (1989), respectively.
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calculated zircon saturation temperatures are 790–842 �C, with an
average of 819 �C (Fig. 8).

5.3. Zircon Hf–O isotopes

A total of 57 zircon grains from three samples (BZS-1, BZS-5,
and DMS) were analyzed for Hf and O isotopic compositions.
Among them 55 grains were measured for U–Pb ages. The Hf and
O isotopic data are given in Appendix Table A2. The eHf(t) values
and two-stage model ages were calculated using the average zircon
U–Pb ages of the samples. The Hf and O isotopic compositions of
the zircon grains are 176Hf/177Hf = 0.282450–0.282548, eHf(-
t) = �9.5 to �6.1 and d18O = 7.9–9.6‰, with the average values of
eHf(t) = �7.7 and d18O = 8.7‰ (Fig. 9). The calculated two-stage
model ages for the zircon grains are 1534–1749 Ma.

5.4. Sr–Nd isotopes

The whole-rock Sr and Nd isotopic data are given in Table 2. The
initial 87Sr/86Sr ratios and eNd(t) values, calculated using the aver-
age zircon U–Pb ages of the samples, are from 0.7126 to 0.7251
and from �11.2 to �12.0, respectively. This observation, together
with the two-stage model ages of 1802 to 1866 Ma for the zircon
grains, indicates a Proterozoic crustal source for the granites.
6. Discussion

6.1. A-type granite affinity for the Bozhushan pluton

A-type granite was first used to describe a group of granitic
rocks with high alkaline contents and anhydrous compositions in
an anorogenic setting (Loiselle and Wones, 1979). Although there
is still much debate on the origin of A-type granite, its unique min-
eralogical and geochemical characteristics are widely recognized.
A-type granitoids have high K2O, Fe/Mg, and incompatible ele-
ments such as REE (except Eu), Zr and Hf, but low Al2O3, CaO, Ba,
Sr and Eu contents (Collins et al., 1982). They are characterized
by alkali contents (K2O + Na2O > 8.0 wt.%), abundant field strength
elements (Zr + Nb + Ce + Y > 350 ppm) and high Ga/Al ratios
(10,000� Ga/Al > 2.6) (Whalen et al., 1987). A-type granitoids
belong to the alkaline and peralkaline series, containing abundant
Fe–Mg silicate minerals such as Fe-rich biotite and amphibole
(Bonin, 2007). In contrast, S-type granitoids commonly belong to
the calc-alkaline series with ASI > 1.1, containing abundant Al-rich
silicate minerals such as muscovite, garnet, and cordierite
(Chappell and Wyborn, 2012; Clemens, 2003; Ishihara, 2007). A-
type granitoids are commonly more enriched in alkaline and HFSE
elements (Zr, Nb, Y, REE, and Ga) than I-type granitoids. Many
researchers believe that A-type granitoids formed by anhydrous
and high-temperature felsic magmas (Clemens et al., 1986;
Patiño Douce, 1997).

The mineralogical and geochemical characteristics of the
Bozhushan biotite-bearing granitoids are similar to those of A-type
granite. As shown in Fig. 6C, the A/CNK values of the Bozhushan
metaluminous granitoids are <1.1. The Bozhushan samples are also
characterized by relatively high alkali contents and high large-ion
lithophile elements (LILE) abundance including Rb, Th and U, and
depletion in Ba and Sr. In addition, they have comparatively high
Zr + Nb + Ce + Y contents (310–478 ppm), 10,000� Ga/Al ratios
(averaging 2.9), and zircon saturation temperatures (790–842 �C).
In granite discrimination diagrams (Fig. 10), all samples are plotted
in the A-type granite field. These geochemical signatures are
clearly characteristic of A-type granites.

6.2. Petrogenesis

A-type granitoids are widely distributed in time and space glob-
ally, indicating diverse sources and various formation processes.
The major debates include the depths of the crustal sources and
the role of the mantle in terms of source and heat. Several genetic
models have been proposed for A-type granitoids: (1) partial melt-
ing of the residual granulites in the lower crust after melt extrac-



Fig. 7. Primitive mantle-normalized trace element concentrations (A) and chondrite-normalized rare earth element distribution patterns (B) of Bozhushan granitic intrusion
and granite porphyry veins in the Bainiuchang ore district. Primitive mantle-normalized values and chondrite-normalized values are from Sun and McDonough (1989).

Fig. 8. Histogram of saturation temperatures of zircon from the Bozhushan granitic
intrusion and granite porphyry veins in the Bainiuchang ore district.
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tion to form I-type granite previously (Collins et al., 1982; King
et al., 1997; Whalen et al., 1987); (2) partial melting of a newly-
formed crust by underplating of mantle-derived basaltic magmas
(Frost and Frost, 1997; Haapala et al., 2005; Wang et al., 2010;
Wu et al., 2002); (3) fractionation of mantle-derived mafic magmas
(Eby, 1990; Litvinovsky et al., 2002; Turner et al., 1992); (4) hybrid-
ization of mantle-derived mafic magma and crust-derived granitic
melt (Kerr and Fryer, 1993; Yang et al., 2006; Zhao et al., 2012); (5)
low-pressure melting of calc-alkaline rocks at the upper crustal
levels (Anderson, 1983; Patiño Douce, 1997; Skjerlie and
Johnston, 1993).

To evaluate the competing models, it is important to identify
different components in the parental magmas. Incompatible trace
element ratios and Sr–Nd–Pb isotopes are useful for this purpose.
However, the interpretations of these data are not always simple,
especially for granitoids with high Rb/Sr ratios due to high degree
of fractionation (Chappell et al., 1987; Chappell and White, 1992;
Kemp et al., 2007; Wu et al., 2002). The oxygen isotopes of zircon
crystals are more effective in identifying the contributions from
the mantle to the parental magmas of granites (Kemp et al.,
2007; King et al., 1998; Li et al., 2009b; Valley et al., 1994) because
mantle-derived magma (d18O value = 5.3 ± 0.3‰; King et al., 1998;
Valley et al., 1998) and crust-derived magma (d18O value = 10–
30‰; Valley et al., 2005) have significantly different O isotopic



Fig. 9. Histogram of eHf(t) and d18O values for the zircons from the Bozhushan
granitic intrusion and granite porphyry veins in the Bainiuchang ore district.
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compositions. In addition, magmatic zircons have high Hf concen-
trations (commonly as high as 1 wt.%) and low Lu/Hf ratios
(mostly < 0.01), and their Hf isotopic compositions are not suscep-
tible to hydrothermal alteration (Goodge and Vervoort, 2006). As a
result, the Hf isotopic compositions of zircon crystals can also be
used to evaluate the sources of the parental magmas for granites
(Li et al., 2009b; Wu et al., 2007). Therefore, the combination of
whole-rock trace element ratios and Sr–Nd–Pb isotopic composi-
tions plus zircon Hf–O isotopes is most effective in deciphering
the involvement of mantle-derived magma in the genesis of
granites.

As shown in Fig. 7, the Bozhushan granitoids exhibit negative
anomalies of HFSEs (Nb, Ta and Ti), possibly due to fractionation
Table 2
Sr–Nd isotopic compositions of the Bozhushan granitic intrusion (BZS) and granite-porphy

Sample no. 87Rb/86Sr 87Sr/86Sr ±1r 147Sm/144Nd 143Nd/144

DMS-1 3.1 0.76479 11 0.10102 0.51201
BZS-1 2.2 0.71535 5 0.09765 0.51197
BZS-2 2.2 0.71535 18 0.10250 0.51199
BZS-3 2.1 0.72835 6 0.10938 0.51201
BZS-4 2.0 0.71557 6 0.10088 0.51198
BZS-5 2.2 0.71756 5 0.10232 0.51198
BZS-6 4.3 0.72200 6 0.10937 0.51197
of Ti-bearing phases such as ilmenite and titanite. The samples also
show slightly negative Eu and Sr anomalies, possibly due to frac-
tionation of plagioclase. The depletion of Ba in the samples could
be due to fractionation of K-feldspar and/or plagioclase. The nega-
tive anomalies of HFSEs (Nb, Ta and Ti) coupled with positive
anomalies of LILEs in the primitive mantle-normalized patterns
of these samples are consistent with their derivation from a conti-
nental crustal source (Rudnick and Fountain, 1995). These granites
have extremely high and variable (87Sr/86Sr)I ratios (0.71257–
0.72505). Their ISr values with very large uncertainties due to high
Rb/Sr ratios indicate their initial 87Sr/8629 Sr ratios should not be
used for the discussion on their source rocks (Jahn et al., 2000;
King et al., 1997; Wu et al., 2000). However, all of the samples have
fairly constant Nd isotopic compositions and low eNd(t) values
(�11.4 to �12.4) plus the two-stage model ages of 1802–
1866 Ma, which support the interpretation that they formed by
partial melting of the Proterozoic metasedimentary basement in
the Cathaysia block (Shen et al., 1995) (Fig. 11A).

As mentioned above, A-type granites commonly formed by low
fH2O and high temperature magma derived from a crustal source
that was dehydrated and melted previously. Granulitic metavolca-
nic rocks or metasedimentary rocks are the common rock types in
this type of crustal source (Collins et al., 1982). However, such a
crustal source cannot produce magmas with high alkaline contents
coupled with intermediate SiO2 concentration such as those of the
Bozhushan granitoids (see Clemens, 2006). The high zircon satura-
tion temperatures of the parental magmas for the Bozhushan
granitoids indicate that underplating of mantle-derived magmas
may probably play a heat role in crustal melting. Assuming the
mantle-derived melt has eHf(t) = 12 and d18O = 5.3‰ (King et al.,
1998; Valley et al., 1998), and the sedimentary source melt has
eHf(t) = �12 and d18O = 10‰ (Kemp et al., 2007; Li et al., 2009b),
our modeling results are illustrated in Fig. 11B. The Bozhushan
granites have low eHf(t) values (�9.5 to �6.1) and relatively high
d18O values (7.9–9.6‰), which are lower than those having a sed-
imentary source but higher than mantle-derived magma. The
results show that their source region might be composed of vari-
able amounts of mafic and sedimentary components. Thus, we
conclude that the Bozhushan granitoids might be derived from
high-temperature melting of the Proterozoic mafic and metasedi-
mentary basements of the Cathaysia block.

A conventional view is that highly fractionated S-type granite or
the granitoids of ilmenite series are most favorable for tin mineral-
ization because their parental magmas can produce copious Sn-rich
fluids (Heinrich, 1990; Stemprok, 1990; Taylor and Wall, 1993).
However, numerous tin deposits have recently been found to be
associated with A-type granitoids in Nigeria, Brazil, America, Sinki-
ang and the Nanling district, China (Bi et al., 1992; Costi et al., 2002;
Haapala and Lukkari, 2005; Jiang et al., 2006; Konopelko et al., 2009;
Moura et al., 2007). The eastern Nanling region hosts many
important tungsten deposits whereas the western Nanling region
hosts many important tungsten deposits (Hua et al., 2010; Mao
et al., 2007). Increasing numbers of granite plutons with tin
ry veins in Bainiuchang ore district (DMS).

Nd ±1r (87Sr/86Sr)i (143Nd/144Nd)i eNd (t) TDM2 (Ma)

3 0.7251 0.51195 �11.2 1802
2 0.7127 0.51191 �12.0 1862
2 0.7126 0.51193 �11.6 1833
1 0.7257 0.51195 �11.3 1810
2 0.7131 0.51192 �11.8 1848
1 0.7148 0.51193 �11.7 1841
2 0.7166 0.51191 �12.0 1866



Fig. 10. K2O vs. Na2O diagram, Zr, Nb, Y, K2O + Na2O vs. 10,000� Ga/Al diagram, and FeO/MgO vs. Zr + Nb + Ce + Y diagram of Whalen et al. (1987) for the Bozhushan granitic
intrusion and granite porphyry veins in the Bainiuchang ore district.
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mineralization have been classified as A-type granite plutons. These
include the Qitianling pluton which hosts the Furong and
Huaxiangling tin deposits, the Qianlishan pluton which hosts the
Dongpo tin deposit, the Jiuyishan–Jinjiling pluton which hosts the
Daao tin deposit, and the Huashan–Guposhan pluton which hosts
the Xinlu tin deposit (Fu et al., 2005; Jiang et al., 2008, 2006; Wang
et al., 2005; Zhao et al., 2012; Zhu et al., 2008). Mantle-derived
materials appear to have played a larger role in the tin-bearing
granite plutons than the tungsten-bearing granite plutons (Hua
et al., 2010, 2007). In the western part of the Cathaysia bock which
contains the Nanling region, Late Cretaceous mafic, ultramafic and
alkaline rocks formed by mantle-derived magmas are widespread
(Cheng and Mao, 2012; Liu et al., 2010a; Yan et al., 2005).

6.3. Implications for tectonic setting and mineralization

Previous age data show that the Bozhushan granite pluton was
emplaced in Early-Cretaceous to Late-Eocene (Zhang and Chen,
1997; Cheng et al., 2010). Our new zircon U–Pb ages show that
the pluton formed in a short period of time (85–88 Ma) in Late-Cre-
taceous. The cassiterite U–Pb age of the Bainiuchang silver-poly-
metallic deposits in the region determined by Li et al. (2013)
using LA-ICP-MS is 87 ± 3 Ma is similar to the zircon U–Pb ages
of the Bozhushan granite pluton. This establishes a clear temporal
link between the Bozhushan granitoids and the silver-polymetallic
mineralization in the region.

Late-Cretaceous granitoids (75–100 Ma, mostly 80–95 Ma) are
widespread in the western part of the Cathaysia block including
western Guangxi, southwest Guizhou and southeast Yunan (Cai
et al., 2006; Cheng and Mao, 2010; Cheng et al., 2010, 2013b;
Feng et al., 2013; Liang et al., 2011; Liu et al., 2007b). Important
tin–tungsten deposits are associated with these granitoids (Deng
et al., 2004; Li et al., 2013; Liu et al., 2007b; Mao et al., 2008a,
2007; Zhang et al., 2006; Zhao et al., 2007). Late-Cretaceous gab-
bro, diorite, alkaline rocks and lamprophyres are also common in
the region (Cheng and Mao, 2012; Liu et al., 2010a; Yan et al.,
2005). The occurrence of the bimodal magmatic suites supports
the interpretation that the region was under the condition of litho-
spheric extension in the Late-Cretaceous (Cheng et al., 2013b; Liu
et al., 2010a; Mao et al., 2008c; Suo et al., 1999; Yan et al., 2005).
This indicates that the magmatism and related mineralization
within western Cathaysia were associated to intraplate lithospher-
ic extension. In fact, all Late Cretaceous granitoids in western Cat-
haysia are very similar in geochronology and tectonic background
to the Bozhushan granites.

Recent research reveals that the Paleo-Pacific Plate changed
subduction direction during the Late Cretaceous, resulting in
large-scale continental lithospheric extension accompanied by sig-
nificant volcanism, granite magmatism, and the formation of gran-
ite-related tin–tungsten mineralization in western Cathaysia. The
WNW subduction of the Paleo-Pacific plate began in the Late-
Jurassic (�160 Ma). The polarity of the subduction was switched
to be sub-parallel to the eastern margin of the Eurasian after
135 Ma (Goldfarb et al., 2007; Maruyama et al., 1997; Niu et al.,
2003). It is suggested that the change from lithospheric transpres-
sion to extension in South China at �135 Ma is related to the
change in plate motion at this time (Goldfarb et al., 2007; Mao
et al., 2011, 2008b, 2007, 2006; Nie et al., 2004). Mao et al.
(2008a) further suggested that the change in plate motion also
induced delamination of the subducting slab and asthenospheric



Fig. 11. (A) Diagram of Nd and Sr isotopic variation in the Bozhushan granitic
intrusion and granite porphyry veins in the Bainiuchang ore district. Basement data
are cited from Shen et al. (1995); and (B) diagram of eHf(t) vs. d18O variation in the
Bozhushan granitic intrusion and granite porphyry veins in the Bainiuchang ore
district (after Li et al., 2009b). Hfpm/Hfc is the ratio of Hf concentration in the
parental mantle magma (pm) over crustal (c) melt indicated for each curves, and
the small open circles on the curves represent 10% mixing increments by assuming
the mantle zircon has eHf(t) = 12 and d18O = 5.6‰; the supercrustal zircon has
eHf(t) = �12 and d18O = 10‰.

Table A1
Zircon U–Pb LAICPMS analysis results of the Bozhushan granitic intrusion (BZS-1 and BZS

Spot no. Concentration (ppm) Atomic ratios

U Th Pb 207Pb/206Pb 207Pb/235U

BZS-1 (103�2101700E, 23�2105500N)
1 1576 708 24.2 0.0479 0.0886
2 656 266 10.3 0.0480 0.0886
3 1599 606 24.2 0.0480 0.0891
4 981 186 13.5 0.0481 0.0894
5 1160 444 17.5 0.0489 0.0903
6 1403 811 40.2 0.0499 0.0924
7 1409 772 39.5 0.0485 0.0908
8 1468 384 28.0 0.0491 0.0920
9 2063 670 44.4 0.0462 0.0872

10 1939 720 45.0 0.0450 0.0843
11 1860 1214 57.3 0.0466 0.0884
12 1486 461 31.6 0.0462 0.0865
13 2052 1027 51.9 0.0461 0.0870
14 1104 367 24.6 0.0458 0.0863
15 1485 454 30.8 0.0441 0.0838
16 1589 684 24.7 0.0515 0.0956
17 1245 412 18.1 0.0510 0.0957
18 1209 386 18.5 0.0514 0.0962
19 1267 664 34.7 0.0519 0.0965

BZS-5 (103�2104900E, 23�2105800N)
1 1572 750 42.9 0.0476 0.0903
2 1112 604 30.0 0.0502 0.0952
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upwelling, which in turn cause mantle partial melting and melting
of the lower and/or upper crust due to underplating of the
mantle-derived magma. This could account for the presence of a
range of igneous rocks in this region, with I-type, S-type, and A-
type granites forming during the same magmatic event. The Late-
Cretaceous granitoids and associated tin-polymetallic deposits in
the Bainiuchang–Bozhushan area are thought to be the products
of such tectono-magmatic event.
7. Conclusions

On the basis of zircon U–Pb geochronology and whole-rock geo-
chemistry and isotopic compositions, the following conclusions
can be reached.

(1) LA-MC-ICP-MS zircon U–Pb dating gives the crystallization
ages of 85.97 ± 0.20–87.37 ± 0.32 Ma for the Bozhushan
granite pluton which is located in southeastern Yunnan,
southwest China. The Bozhushan granitoids belong to the
A2-subtype granite based on whole-rock chemical
compositions.

(2) Whole-rock Sr–Nd isotopic data show that the parental
magmas of the Bozhushan granitoids formed partial
melting of the Proterozoic metasedimentary basement
in the Cathaysia Block. The Hf–O isotopic compositions
of zircon crystals from the granitoids indicate a
dominant crustal source with minor contribution from
the mantle for the parental magmas of the Bozhushan
granitoids.

(3) The Bozhushan granite pluton is part of the Late-Cretaceous
bimodal intrusive suites in the western part of the Cathaysia
block stretching from southeastern Yunnan to western
Guangxi. It is deduced that the granitoids and associated
tin-polymetallic deposits formed in an intraplate setting
under the conditions of lithospheric extension. Partial melt-
ing of the continental crust is believed to be related to
asthenospheric upwelling.
-5) and granite-porphyry veins in Bainiuchang ore district (DMS).

Ages (Ma)

1r 206Pb/238U 1r 207Pb/235U 206Pb/238U

0.001614 0.0134 0.000093 86.2 86.0
0.002406 0.0135 0.000133 86.2 86.3
0.001483 0.0134 0.000083 86.6 86.0
0.001936 0.0135 0.000106 86.9 86.2
0.001722 0.0134 0.000102 87.8 85.6
0.004249 0.0135 0.000177 89.7 86.4
0.003570 0.0136 0.000154 88.3 87.0
0.003904 0.0135 0.000186 89.3 86.3
0.003577 0.0135 0.000198 84.9 86.6
0.003751 0.0135 0.000193 82.2 86.4
0.003099 0.0136 0.000153 86.0 86.8
0.003510 0.0135 0.000171 84.2 86.7
0.003003 0.0135 0.000138 84.7 86.5
0.003736 0.0135 0.000173 84.0 86.8
0.003540 0.0135 0.000179 81.7 86.6
0.001802 0.0134 0.000098 92.7 86.1
0.004655 0.0135 0.000105 92.8 86.4
0.001777 0.0135 0.000093 93.3 86.4
0.003778 0.0136 0.000167 93.5 86.8

0.003472 0.0136 0.000155 87.8 87.4
0.004602 0.0136 0.000192 92.3 86.9

(continued on next page)



Table A2
Hf and O isotopic compositions of zircons from the Bozhushan granitic intrusion (BZS-1 and BZS-5) and granite-porphyry veins in Bainiuchang ore district (DMS).

Spots T206/238 (Ma) 176Yb/177Hf ±2r 176Lu/177Hf ±2r 176Hf/177Hf ±2r eHf(t) TDM2 (Ma) d18O ±2r

BZS-1
1 86 0.03 0.00017 0.0010 0.0000 0.282519 0.000016 �7.1 1605 8.48 0.35
2 86 0.02 0.00007 0.0008 0.0000 0.282495 0.000015 �8.0 1660 8.17 0.25
3 86 0.02 0.00010 0.0009 0.0000 0.282510 0.000013 �7.4 1625 8.21 0.27
4 86 0.03 0.00007 0.0009 0.0000 0.282486 0.000013 �8.3 1680 9.19 0.23
5 86 0.02 0.00018 0.0009 0.0000 0.282505 0.000015 �7.6 1637 8.98 0.35
6 86 0.03 0.00009 0.0009 0.0000 0.282513 0.000013 �7.3 1618 8.45 0.31
7 86 0.02 0.00104 0.0008 0.0000 0.282514 0.000016 �7.3 1617 8.77 0.39
8 86 0.04 0.00073 0.0013 0.0000 0.282541 0.000014 �6.3 1557 8.12 0.29
9 86 0.03 0.00011 0.0010 0.0000 0.282492 0.000013 �8.1 1666 8.44 0.36

10 86 0.03 0.00006 0.0010 0.0000 0.282480 0.000013 �8.5 1694 7.91 0.28
11 86 0.03 0.00026 0.0011 0.0000 0.282482 0.000013 �8.4 1689 8.23 0.40
12 86 0.03 0.00163 0.0009 0.0001 0.282548 0.000015 �6.1 1539 8.63 0.15
13 86 0.03 0.00045 0.0010 0.0000 0.282478 0.000015 �8.6 1698 8.40 0.35
14 86 0.03 0.00017 0.0011 0.0000 0.282542 0.000015 �6.3 1553 8.59 0.32
15 86 0.03 0.00083 0.0011 0.0000 0.282513 0.000013 �7.4 1620 9.58 0.41

Table A1 (continued)

Spot no. Concentration (ppm) Atomic ratios Ages (Ma)

U Th Pb 207Pb/206Pb 207Pb/235U 1r 206Pb/238U 1r 207Pb/235U 206Pb/238U

3 1255 524 32.0 0.0452 0.0863 0.003356 0.0137 0.000145 84.1 87.9
4 1635 406 33.5 0.0444 0.0871 0.003459 0.0137 0.000182 82.9 87.8
5 1353 559 20.7 0.0474 0.0898 0.001648 0.0137 0.000103 87.4 87.8
6 1163 406 17.4 0.0477 0.0899 0.002105 0.0136 0.000101 87.5 86.8
7 1451 590 22.1 0.0457 0.0863 0.001731 0.0136 0.000096 84.1 87.1
8 971 1166 20.5 0.0528 0.0906 0.002313 0.0136 0.000111 97.3 87.4
9 2295 2346 43.9 0.0476 0.0900 0.001965 0.0136 0.000106 87.5 87.3

10 1470 485 21.8 0.0480 0.0910 0.001962 0.0136 0.000098 88.5 87.0
11 1473 351 20.9 0.0483 0.0920 0.001617 0.0137 0.000098 89.3 87.8
12 1660 1272 28.6 0.0502 0.0944 0.001609 0.0136 0.000083 91.6 86.9
13 1294 674 20.3 0.0478 0.0906 0.001966 0.0136 0.000089 88.0 87.3
14 1358 539 20.3 0.0485 0.0914 0.001538 0.0137 0.000097 88.8 87.7
15 1007 581 16.2 0.0522 0.0926 0.002684 0.0137 0.000102 95.5 87.5
16 1030 426 15.8 0.0477 0.0904 0.001845 0.0137 0.000106 87.9 87.9
17 1365 422 19.4 0.0485 0.0920 0.001603 0.0137 0.000095 89.4 87.4

DMS (Duimenshan ore block of Bainiuchang tin-polymetallic deposit)
1 1645 565 24.3 0.0481 0.0888 0.001540 0.0134 0.000083 86.4 85.6
2 1227 343 17.8 0.0479 0.0887 0.001658 0.0134 0.000093 86.3 86.0
3 2139 910 32.5 0.0472 0.0878 0.001211 0.0134 0.000073 85.5 86.0
4 1442 391 21.2 0.0507 0.0941 0.001390 0.0135 0.000077 91.3 86.2
5 1205 541 18.6 0.0485 0.0903 0.001458 0.0135 0.000081 87.8 86.4
6 1283 475 19.3 0.0479 0.0890 0.001442 0.0134 0.000081 86.5 86.1
7 1423 474 21.3 0.0483 0.0904 0.001684 0.0135 0.000094 87.9 86.5
8 2173 675 31.8 0.0472 0.0869 0.001393 0.0133 0.000075 84.6 85.3
9 1576 454 23.1 0.0467 0.0867 0.001346 0.0134 0.000076 84.5 85.7

10 1595 478 23.5 0.0486 0.0904 0.001477 0.0135 0.000080 87.9 86.2
11 1378 439 20.8 0.0510 0.0951 0.001577 0.0134 0.000078 92.3 86.1
12 2185 841 32.9 0.0472 0.0874 0.001252 0.0134 0.000071 85.1 85.7
13 2845 1067 42.5 0.0476 0.0874 0.001115 0.0133 0.000076 85.1 85.2
14 2499 869 37.4 0.0476 0.0882 0.001165 0.0134 0.000077 85.8 85.9
15 1468 717 23.2 0.0485 0.0902 0.001371 0.0135 0.000083 87.7 86.1
16 1238 500 19.3 0.0499 0.0928 0.001750 0.0134 0.000093 90.1 86.1
17 1697 460 25.3 0.0494 0.0917 0.001467 0.0134 0.000095 89.1 86.1
18 1334 687 20.8 0.0466 0.0862 0.001395 0.0134 0.000083 84.0 85.8
19 1787 427 26.2 0.0484 0.0896 0.001575 0.0134 0.000075 87.1 85.8
20 1513 516 22.8 0.0483 0.0896 0.001452 0.0134 0.000077 87.2 86.0
21 1992 958 31.4 0.0481 0.0892 0.001260 0.0134 0.000079 86.8 86.0
22 919 275 13.5 0.0486 0.0894 0.001910 0.0134 0.000103 87.0 85.8
23 1825 616 27.4 0.0489 0.0902 0.001629 0.0134 0.000080 87.7 85.5
24 1417 685 36.3 0.0482 0.0902 0.003674 0.0135 0.000167 87.7 86.3
25 1290 476 29.5 0.0484 0.0911 0.004023 0.0135 0.000174 88.5 86.7
26 1518 289 28.0 0.0497 0.0933 0.003524 0.0136 0.000145 90.6 86.9
27 1399 453 31.3 0.0479 0.0901 0.003932 0.0136 0.000154 87.6 86.8
28 796 278 17.1 0.0471 0.0866 0.005085 0.0135 0.000187 84.4 86.4
29 1695 553 35.0 0.0503 0.0937 0.003954 0.0135 0.000178 90.9 86.3
30 1498 423 29.5 0.0482 0.0903 0.003631 0.0135 0.000177 87.8 86.7
31 1522 532 33.6 0.0483 0.0899 0.003605 0.0135 0.000165 87.5 86.7
32 1759 527 36.3 0.0490 0.0915 0.003446 0.0135 0.000150 88.9 86.4
33 1568 432 31.6 0.0487 0.0906 0.003702 0.0135 0.000160 88.1 86.3
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Table A2 (continued)

Spots T206/238 (Ma) 176Yb/177Hf ±2r 176Lu/177Hf ±2r 176Hf/177Hf ±2r eHf(t) TDM2 (Ma) d18O ±2r

16 86 0.03 0.00021 0.0010 0.0000 0.282502 0.000013 �7.7 1643 8.15 0.24
17 86 0.03 0.00026 0.0012 0.0000 0.282507 0.000013 �7.5 1633 8.83 0.36
18 86 0.02 0.00008 0.0008 0.0000 0.282492 0.000014 �8.1 1666 8.33 0.38
19 86 0.03 0.00117 0.0010 0.0000 0.282542 0.000015 �6.3 1555 8.29 0.33
20 86 0.02 0.00009 0.0009 0.0000 0.282473 0.000011 �8.7 1708 8.83 0.37

BZS-5
1 87 0.03 0.00002 0.0010 0.0000 0.282483 0.000015 �8.4 1687 8.79 0.29
2 87 0.03 0.00039 0.0011 0.0000 0.282509 0.000014 �7.5 1628 9.21 0.28
3 87 0.02 0.00020 0.0007 0.0000 0.282505 0.000014 �7.6 1636 9.01 0.37
4 87 0.03 0.00028 0.0012 0.0000 0.282492 0.000013 �8.1 1667 9.30 0.38
5 87 0.01 0.00036 0.0005 0.0000 0.282450 0.000013 �9.5 1757 9.54 0.40
6 87 0.02 0.00014 0.0009 0.0000 0.282502 0.000015 �7.7 1613 9.45 0.35
7 87 0.03 0.00018 0.0011 0.0000 0.282507 0.000014 �7.5 1642 8.84 0.33
8 87 0.02 0.00007 0.0009 0.0000 0.282480 0.000013 �8.5 1631 8.65 0.39
9 87 0.03 0.00043 0.0012 0.0000 0.282507 0.000014 �7.5 1693 8.07 0.25

10 87 0.02 0.00009 0.0009 0.0000 0.282524 0.000013 �6.9 1562 8.62 0.34
11 87 0.02 0.00051 0.0007 0.0000 0.282526 0.000014 �6.8 1633 8.91 0.37
12 87 0.02 0.00007 0.0007 0.0000 0.282509 0.000012 �7.5 1592 9.13 0.21
13 87 0.03 0.00083 0.0011 0.0000 0.282525 0.000013 �6.9 1589 8.92 0.28
14 87 0.03 0.00009 0.0010 0.0000 0.282494 0.000014 �8.0 1627 8.89 0.32
15 87 0.03 0.00023 0.0011 0.0000 0.282461 0.000013 �9.2 1592 8.85 0.46
16 87 0.03 0.00029 0.0012 0.0000 0.282528 0.000014 �6.8 1661 8.95 0.31
17 87 0.03 0.00016 0.0011 0.0000 0.282506 0.000015 �7.6 1735 8.97 0.49
18 87 0.03 0.00028 0.0010 0.0000 0.282490 0.000014 �8.1 1585 8.85 0.39

DMS
1 86 0.03 0.00012 0.0010 0.0000 0.282497 0.000019 �7.9 1634 9.17 0.25
2 86 0.03 0.00048 0.0012 0.0000 0.282498 0.000018 �7.9 1670 8.77 0.34
3 86 0.03 0.00036 0.0010 0.0000 0.282509 0.000017 �7.5 1655 8.21 0.23
4 86 0.03 0.00033 0.0010 0.0000 0.282501 0.000015 �7.8 1654 8.75 0.36
5 86 0.03 0.00028 0.0011 0.0000 0.282509 0.000015 �7.5 1629 8.88 0.28
6 86 0.03 0.00013 0.0010 0.0000 0.282504 0.000016 �7.7 1647 8.61 0.29
7 86 0.03 0.00019 0.0011 0.0000 0.282484 0.000013 �8.4 1629 8.44 0.20
8 86 0.03 0.00042 0.0011 0.0000 0.282501 0.000015 �7.8 1640 8.52 0.39
9 86 0.03 0.00012 0.0009 0.0000 0.282491 0.000016 �8.1 1684 8.85 0.38

10 86 0.02 0.00009 0.0008 0.0000 0.282483 0.000015 �8.4 1646 8.66 0.32
11 86 0.03 0.00043 0.0010 0.0000 0.282490 0.000014 �8.1 1668 8.55 0.30
12 86 0.02 0.00022 0.0009 0.0000 0.282503 0.000016 �7.7 1685 8.55 0.35
13 86 0.03 0.00013 0.0011 0.0000 0.282492 0.000017 �8.1 1670 8.44 0.41
14 86 0.02 0.00018 0.0008 0.0000 0.282503 0.000014 �7.7 1641 8.36 0.38
15 86 0.03 0.00036 0.0012 0.0000 0.282484 0.000017 �8.4 1666 8.55 0.31
16 86 0.02 0.00057 0.0007 0.0000 0.282511 0.000015 �7.4 1641 8.59 0.36
17 86 0.04 0.00109 0.0015 0.0000 0.282530 0.000014 �6.8 1685 8.51 0.25
18 86 0.02 0.00055 0.0007 0.0000 0.282538 0.000016 �6.4 1623 8.81 0.29
19 86 0.02 0.00026 0.0007 0.0000 0.282515 0.000015 �7.2 1613 8.85 0.36
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