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ABSTRACT

We present here new geochronological and whole-rock geochemical data for the Donggiao intrusive rocks. Six samples
yield zircon U-Pb ages of 111-115 Ma, indicating that the Donggqiao granitic rocks are contemporaneous with an Early
Cretaceous (115-110 Ma) magmatic flare-up event in central Tibet. On the basis of geochemical data, granitic rocks
from the Donggiao area can be divided into I- and A-type granites. The A-type granites contain higher Na,O + K,O, Zr,
Hf, and Zr + Ce + Nb + Y contents than the I-type granites. The results indicate that I-type granites were formed by
partial melting of a juvenile mafic lower-crustal source, while A-type granites were derived from a middle-crustal
source, followed by fractional crystallization. The formation of A-type granites requires broad thermal anomalies, in-
dicating that Early Cretaceous magmatism occurred in a postcollision extensional setting, likely related to the up-
welling of hot asthenospheric mantle triggered by detachment and sinking of the Bangong-Nujiang oceanic lithosphere.

Online enhancements: supplemental tables.

Introduction
The tectonic evolution of continent-continent col- Collision of the Lhasa and Qiangtang terranes,
lision zones involves a cycle of oceanic openingand  which occurred during closure of the Bangong-
closing followed by collision of continents, conti-  Nujiang Ocean (now represented by the Bangong-
nental fragments, slab breakoff, crustal thickening, = Nujiang suture zone [BNSZ]; fig. 1a, 1b), was an
and subsequent lithospheric delamination (cf. Lus-  important phase in the geologic evolution of the

trino 2005). Although it is generally agreed that the  Tibetan plateau (Dewey et al. 1988; Yin and Har-
Tibetan Plateau was formed by a sequence of oce-  rison 2000; Kapp et al. 2005, 2007; Leier et al. 20074,
anic subduction and continental collision processes ~ 2007b). However, details of the evolution of the
(e.g., Dewey et al. 1988; Yin and Harrison 2000;  Bangong-Nujiang Ocean remain debated, including
Ding et al. 2003; Chung et al. 2005; Pan et al. 2012;  the Early Cretaceous tectonic setting of central
Wu et al. 20164, 2016b), the details of its evolution =~ Tibet. Some workers suggested that the Early Creta-
are still widely debated (e.g., Pan et al. 2012; Zhuetal.  ceous magmatism formed during the subduction of
2013, 2016). the Bangong-Nujiang Ocean lithosphere, such as the
slab rollback or northward subduction of the ocean

ridge (Wu et al. 20154; Xu et al. 2017). Others believed

Manuscript received March 27, 2017; accepted September 14, that the magmaFlsm erupted u.nder a postcolhs}onal
2017; electronically published January 18, 2018. extensional environment, which were most likely
* Author for correspondence; e-mail: wuhaojlu@126.com. triggered by slab breakoff associated with the south-
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Figure 1. Geographical and geological setting of the Donggiao area. a, Simplified geological map of the Tibetan
Plateau showing the major blocks (ovals with numerals). b, Simplified geological map showing the Early Cretaceous
magmatism in the Lhasa-Qiangtang collision zone (Zhu et al. 2009). ¢, Geological map of the Donggiao area.
Abbreviations: JSSZ = Jinsha Suture Zone; BNSZ = Bangong-Nujiang Suture Zone; SNMZ = Shiquan River—
NamTso Mélange Zone; IYZSZ = Indus-Yarlung Zangbo Suture Zone; NQ = Northern Qiangtang terrane; SQ =
Southern Qiangtang terrane; NL = Northern Lhasa subterrane; CL = Central Lhasa subterrane; SL = Southern Lhasa
subterrane. Age data sources: Liu et al. 2015; Qiangba et al. 2016.

ward subduction of the ocean lithosphere or detach- Characteristics of large-scale Early Cretaceous
ment of the ocean lithosphere after the bidirectional =~ magmatism recorded on both sides of the BNSZ
subduction (e.g., Zhu et al. 2009, 2011, 2016; Suietal.  may help to resolve these controversies. To further
2013; Wu et al. 2015b). understand the evolution of the Bangong-Nujiang
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continent-continent collision zone and to con-
strain the petrogenesis and tectonic setting of the
Early Cretaceous magmatic rocks, we conducted
detailed geological fieldwork and sampling in the
Dongqiao area. Here we present new geochrono-
logical and whole-rock geochemical data for the
Early Cretaceous granitic rocks of the Dongqiao
area. These new data—in combination with our
field observations and other recent research on the
central Tibet—provide important new insights
into magmatic processes operating in continent-
continent collision zones in Tibet and worldwide.

Geological Background and Field Observations

The Tibetan Plateau, from north to south, consists
of the Kunlun-Qaidam and Songpan-Ganze blocks,
northern Qiangtang terrane, southern Qiangtang ter-
rane, Lhasa terrane, and Himalaya terrane. These
terranes are separated by a series of suture zones,
termed Jinsha, Longmu Tso-Shuanghu, Bangong-
Nujiang, and Indus-Yarlung Zangbo suture zones.
On the basis of the distribution of various sedimen-
tary units and ophiolite sequences, the Lhasa terrane
can be further divided into northern, central, and
southern subterranes, with the Shiquan River-Nam
Tso Mélange Zone separating the northern and cen-
tral subterranes and the Luobadui-Milashan Fault
separating the central and southern subterranes (Zhu
et al. 2011; fig. 1a).

The Donggiao area is located on the southern
margin of the southern Qiangtang terrane, central
Tibet (fig. 1b). The regional tectonic evolution of this
area was primarily affected by the evolution of the
Bangong-Nujiang Ocean lithosphere in the Meso-
zoic. Stratigraphic units in the study area are com-
plex and diverse. Magmatic rocks are widely dis-
tributed in the Donggiao area and include Early
Jurassic ophiolites and Early Cretaceous intrusive
and volcanic rocks (fig. 1¢). The Donggiao intrusives
are typically composed of monzonitic granite, grano-
diorites, and granites (fig. 2a, 2b). These intrusive
rocks are in intrusive contact with surrounding lime-
stone and sandstone units of Devonian and Jurassic
strata and also unconformably overlain by Cenozoic
sedimentary rocks.

For this study, we collected samples of Early Cre-
taceous intrusive rocks from extensive exposures in
the Donggiao area to constrain the age and geo-
chemical nature of these rocks. Six samples were
selected for zircon U-Pb dating, and 45 samples were
collected for geochemical analyses. The samples
were generally fresh and with different petrographic
characteristics. The granodiorites have a porphyritic
texture and consist primarily of quartz (25 vol%),

Figure 2. Photomicrographs of the Donggiao granitic
rocks (cross-polarized light). a, b, Close-up photograph of
the intrusive rocks. ¢, d, Photomicrographs (cross-polarized
light) showing the textures of granodiorites and granites.
Abbreviations: Qtz = quartz; Pl = plagioclase; Bt = bio-
tite.
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plagioclase (25 vol%), K-feldspar (10 vol%), biotite
(5 vol%), and amphibole (15 vol%; fig. 2¢). The
granites are fine grained and have a mineral assem-
blage of quartz (55 vol %), zoned plagioclase (20 vol %),
and biotite (15 vol %), with accessory zircon, apatite,
and Fe-Ti oxides (fig. 2d).

Age Constraints

U-Pb Zircon Geochronological Data. Six intrusive
rock samples were collected for zircon U-Pb age dat-
ing using laser ablation inductively coupled plasma
mass spectrometry. Descriptions of the analytical
methods used in the study are given in the appendix,
and the results are listed in table S1 (tables S1 and S2
are available online).

All of the zircons from granitic rocks (samples
TW38221, TW38222, 11DGQ, PM00114, PM00120,
and PMO086) have relatively high Th/U ratios of
0.49-1.72 (i.e., >0.1). Calculated 2°Pb/***U ages of
111-121 Ma (TW38221), 107-115 Ma (TW38222),
111-121 Ma (11DGQ), 109-118 Ma (PM00114], 110~
118 Ma (PMO00120), and 107-116 Ma (PMO008G6) are
nearly concordant, with weighted-mean ages of
114.7 + 1.0 Ma (n = 28, MSWD = 8.8, fig. 34,
110.5 + 1.1 Ma(n = 20, MSWD = 11, fig. 3b), 114.5 +
1.7Ma(n = 17, MSWD = 12; fig. 3¢), 113.1 + 1.0 Ma
(n = 23; MSWD = 7.8, fig. 3d), 114.0 + 0.8 Ma (n =
24; MSWD = 4.7; fig. 3e),and 112.4 = 0.9 Ma (n = 20;
MSWD = 5.5; fig. 3f), respectively.

Age around Donggqiao Area. Our new results show
that the granitic rocks from the Donggiao area can be
dated to 115-111 Ma. This date is also coeval with
the ages of magmatic rocks that have been studied
along both sides of the BNSZ, including the Xainza
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volcanicrocks (111-114 Ma: Zhu et al. 2011; ca. 114 Ma:
Kang et al. 2008; ca. 116 Ma: Chen et al. 2014), the
Xainza host granodiorite and mafic enclaves (111-
113 Ma: Zhu et al. 2009; Zhang et al. 2011), the Da-
guo volcanic rocks (ca. 116 Ma: Kang et al. 2009; ca.
114 Ma: Zhu et al. 2011), the Xainza A2-type granites
(ca. 112 Ma: Qu et al. 2012), the Yanhu bimodal
volcanic rocks (ca. 112 Ma: Sui et al. 2013), the Da-
chagou adakitic granodiorite (ca. 117 Ma: Wu et al.
2015a), and the Renaco bimodal volcanic rocks (ca.
110 Ma: Chang 2012). Those age data indicate that an
extensive magmatic event erupted at 115-110 Ma,
with significant compositional diversity around the
Donggiao area in central Tibet (fig. 1b).

Geochemical Composition and Classification

Geochemistry. 'Whole-rock major and trace ele-
ment analyses were collected from 45 samples from
the Donggiao area. The descriptions of the analytical
methods used are given in the appendix, and the re-
sults are listed in table S2.

Both petrographic observations and the range in
loss on ignition values (0.53-3.08 wt %) indicate that
all of the samples from the Donggiao area have
undergone weak alteration. The samples from the
Donggiao are characterized by high SiO, content and
are classed as granitic rocks. These granitic samples
are characterized by variable SiO, (62.2-74.2 wt%),
ALO; (10.5-16.6 wt%), K,O (2.33-5.07 wt%]), Na,O
(2.23-4.70 wt%), and MgO (0.35-4.50 wt%). Mg
number values are 25-57, and FeO"/MgO ratios are
1.61-6.45. On the basis of the total alkali-silica
classification diagram (Middlemost 1994), the gra-
nitic rocks can be classified as granodiorites, quartz
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Figure 3. U-Pb concordia diagrams of zircons from Donggiao granitic rocks.
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monzonites, and granites (fig. 4a). All the samples
exhibit high potassium contents, which is a feature
of high-K calc-alkaline series rocks (fig. 4b). In ad-
dition, all samples show high-K calc-alkaline and
shoshonite series characteristics on the Th versus
Co plot (fig. 4¢; Hastie et al. 2007). On the A/NK
versus A/CNK diagram, most of these granitic rocks
show metaluminous to slightly peraluminous fea-
tures with A/CNK ratios of 0.88-1.08, except one
sample with A/CNK ratios of 1.22 (fig. 4d; Maniar
and Piccoli 1989).

Whole-rock analyses of the granitic rocks yield
chondrite-normalized rare earth element (REE) pat-
terns (fig. 5a) and show that the rocks are enriched
in light REEs ((La/YDb)y = 6.32-23.6) and contain mod-
erately negative Eu anomalies (Eu/Eu* = 0.54-1.01).
When plotted on a primitive mantle-normalized var-
iation diagram (fig. 5b), samples are enriched in large
ion lithophile elements (e.g., Rb, Th) and depleted in
high field strength elements (e.g., Nb, Ta).

Classification. As mentioned above, samples from
the Donggiao area exhibit variable concentrations of
major and trace elements (fig. 6). The widely used
granite classification scheme of Chappell and White
(1974) subdivides granites into I-, S-, A- and M-type,
according to magma source and tectonic setting. The
granitic samples have relatively low A/CNK ratios
(fig. 4d) with few or no Al-rich minerals (e.g., cordi-
erite or muscovite), indicating that the samples do
not possess the characteristics of S-type granites. Ac-
cording to the Zr + Ce + Nb + Y contents, the gra-
nitic sample could be divided into two groups (fig. 74,
7b). The samples (n = 27)withlowZr + Ce + Nb +Y
contents (<350 ppm) show increases in Th and Y
with increasing Rb, which is typical of I-type granite
(fig. 7a, 7b). Hence, we suggest that the most samples
from the Donggiao area are normal calc-alkaline I-
type granitoids (Whalen et al. 1987; Chappell 1999).

However, the samples (n = 18) with high Zr +
Ce + Nb + Y contents (>350 ppm) from the Donggiao
area are characterized by high contents of Na,O +
K,O, Zr, and Hf (fig. 4a), which distinguishes them
from normal I-type granites and makes them similar
to typical A-type granites (Whalen et al. 1987; Wat-
son et al. 2006). This similarity is further supported
by relatively high zircon saturation temperatures of
792°-878°C (fig. 7b; table S2). Hence, we propose that
the granitic samples from the Donggiao area can be
classified as both I- and A-type granites on the basis of
their major and trace elements.

Petrogenesis

I-Type Granites. Calc-alkaline I-type granites are
generally considered to form by partial melting of
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Figure 5. Chondrite-normalized rare earth element (a)
and primitive mantle-normalized multielement (b) pat-
terns (Sun and McDonough 1989) for Donggiao granitic
rocks.

mafic-intermediate metaigneous lower crust (Petford
and Atherton 1996; Chappell 1999). Our I-type sam-
ples typically plot in the field of amphibolite experi-
mental melts in an ALO;/(FeO, + MgO + TiO,)
versus ALLO; + FeO, + MgO + TiO, diagram (fig. 8).
Experimental studies show that dehydration melting
of low-K basaltic rocks can produce intermediate-
silicic melts that are typically low in K, have Na,O/
K,O ratios of >1, have low contents of heavy REEs,
and are high-Al trondhjemitic in composition (Rush-
mer 1991; Rapp and Watson 1995; Petford and Ath-
erton 1996). In contrast, dehydration melting of
moderately hydrous (1.7%-2.3% H,0) medium- to
high-K basaltic rocks can produce K-rich melts when
Si0, >65 wt% (Sisson et al. 2005). Meanwhile, recent
studies have suggested that a juvenile lower crust
existed under central Tibet, characterized by positive
zircon eHf(t) values and young crustal model ages
(e.g., Zhu et al. 2011; Sui et al. 2013; Wu et al. 2015a).
Liu et al. (2017) presented zircon Hf isotope data from
the Donggiao magmatic rocks, which are dominated
by positive zircon eHf(t) values (—1.3 to + 8.2), indi-
cating that a juvenile lower crust also existed in the
Donggiao area. Therefore, I-type granites from the
Dongqiao area are inferred to have originated from a
juvenile medium- to high-K mafic lower crust.
Furthermore, variations in SiO, content may result
from the fractional crystallization of minerals. For
example, the clear negative Ba, Sr, and Eu anomalies

can be related to the fractionation of plagioclase and/
or K-feldspar. Meanwhile, the relatively high K,O
content indicated that the main residual mineral in
the source was plagioclase (fig. 4c). Moreover, the
strong depletion in Nb, Ta, and Ti (fig. 5a, 5b) sug-
gests the separation of rutile and/or ilmenite. In
summary, I-type granites of the Donggiao area were
generated by partial melting of the juvenile mafic
lower crust, followed by varying degrees of fractional
crystallization.

A-Type Granites. A- and I-type granites of similar
age coexist in the Donggiao area. All of the samples
have similar geochemical characteristics and evolu-
tionary trends in whole-rock major and trace ele-
ments. Hu et al. (2017) reported geochemical and
isotopic data for granodiorites from the Donggiao
area, which have positive zircon eHf(t) values (+0.9 to
+6.8) and generally show a geochemical affinity with
A-type granites. These similarities in geological, geo-
chemical, and zircon-Hf isotopic characteristics lead
us to propose that the A-type granites of this study
were derived from the same source as the I-type
granites, from juvenile mafic crust.

Creaser et al. (1991) proposed that A-type granites
were generated by partial melting of an undepleted
I-type tonalitic-granodioritic source. Moreover, ex-
perimental studies indicate that high-temperature
and low-pressure (900°C, 4 kbar) dehydration melting
of calc-alkaline granitoids in the middle crust (at
depths of <15 km) would generate A-type magma
(Skjerlie and Johnston 1993; Patifio Douce 1997).
Accordingly, the widely distributed I-type calc-alkaline
granitoids of central Tibet may provide a suitable
protolith for the A-type granites, as supported by their
depletion in some elements (e.g., St, Ba, Nb, Ta, and
Ti; fig. 5d) that was possibly related to fractional
crystallization of plagioclase, rutile, and ilmenite.

In summary, we propose that both I- and A-type
granites were generated from juvenile mafic crust but
at different depths. I-type granites were presumably
formed by partial melting of a mafic lower-crustal
source, while A-type granites were derived from a
middle-crustal source, followed by crystal fraction-
ation.

Tectonic Significance

Tectonic Setting. Diverse views exist on the tim-
ing of closure of the Bangong-Nujiang Ocean, al-
though evidence increasingly suggests that closure
was related to collision between the Lhasa and Qiang-
tang terranes in the early Early Cretaceous (Yin and
Harrison 2000; Kapp et al. 2007; Zhu et al. 2009, 2011,
2013; Pan et al. 2012). As mentioned above, parts of
the samples show the geochemical affinity with the
typical A-type granites. Generally, A-type granites
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Figure 6. Whole-rock composition variation (Harker) diagrams of selected major and trace elements for the

Donggiao granitic rocks.

represent specific tectonic environments and can be
divided into two types: Al-type, generally formed in
a within-plate setting, and A2-type, formed during
the postcollisional stage of orogenesis (Eby 1992,
Bonin 2007). However, previous studies have found
no clear boundary between Al- and A2-type granites
(Eby 1990, 1992), finding instead that variations in
their chemistry define a continuous spectrum. A-
type rocks from the Donggiao area plot at the junc-
tion between the fields of Al- and A2-type rocks on
the discrimination diagrams (fig. 9a, 9b). Previous
studies have reported the presence of coeval A2-type
rocks (116-110 Ma) in the central and northern
Lhasa terranes (Qu et al. 2012; Chen et al. 2014),
indicating that coeval Early Cretaceous magmatic
rocks in central Tibet formed during the postcol-
lisional stage of orogenesis (Whalen et al. 1987; Eby
1992; Bonin 2007). This view is consistent with the
samples plotting within the postcollisional granite
field in Rb versus (Y + Nb) (fig. 9¢; Pearce 1996) and
HIf versus (Rb/30) versus (3Ta) (fig. 9d; Harris et al.
1986) discrimination diagrams. Therefore, we sug-
gest that the Early Cretaceous magmatic flare-up

(115-110 Ma) in the Donggiao area occurred in a
postcollision environment.

Geodynamic Model. 1t is generally considered that
continental crust cannot reach temperatures high
enough for dehydration melting without additional
heat from the mantle (Thompson 2000). The gen-
eration of A-type magma is understood to require a
high melting temperature (Clemens et al. 1986).
Therefore, the widespread Early Cretaceous magma
and A-type granites in central Tibet were probably
associated with broad thermal anomalies linked to
important geodynamic processes during the evolu-
tion of the BNSZ. The necessary mantle heat was
possibly produced by upwelling of the astheno-
sphere or the emplacement of mantle-derived mafic
magma. These developments could have arisen from
various tectonic processes, such as slab breakoff or
the delamination of thickened lithosphere (Whalen
et al. 1996).

However, geodynamic mechanisms that con-
trolled Early Cretaceous magmatic activity in
central Tibet remain the subject of intense debate
(e.g., Zhu et al. 2011, 2016; Wu et al. 20154, 2015b;
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(Zr + Nb + Ce + Y) (Whalen et al. 1987). b, Temperature
(T; °C) versus (Zr + Nb + Ce + Y. ¢, Y versus Rb. d, Th
versus Rb (Li et al. 2007). Abbreviations: FG = fraction-
ated felsic granites; OGT = unfractionated I-, S-, and M-
type granites.
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Figure 8. Geochemical classification diagrams for the
Donggiao granitic rocks: Al,O;/(FeO, + MgO + TiO,) ver-
sus (ALO; + FeO, + MgO + TiO,) (Patifio Douce 1999).

Xu et al. 2017). Recent new geological, geochro-
nological, and geochemical data indicate that the
Bangong-Nujiang ocean crust was consumed by
divergent double subduction (e.g., Du et al. 2011;
Wu et al. 2016b; Liu et al. 2017). Taking the Jurassic
divergent double subduction into account, a new
dynamic model comprising detaching and subse-
quent sinking of oceanic lithosphere due to gravi-
tational instability has been proposed to explain the
magmatic flare-up across central Tibet (Zhu et al.
2016). At present, we believe that this tectonic
model may be the most reasonable explanation for
the Early Cretaceous magmatism in the Donggiao
area (115-110 Ma)

During divergent double subduction and subse-
quent continent-continent collision between the
Lhasa and Qiangtang terranes, slab rollback occurred,
and the following mantle flow caused retreat of the
hinge, finally resulting in detaching and sinking of the
stagnant slab due to gravitational instability. The de-
taching and sinking of the ocean lithosphere provided
the conditions for upwelling of the hot asthenosphere,
resulting in a thermal anomaly and subsequent partial
melting of the overriding plate. In summary, we sug-
gest that such processes are likely to have caused the
melting of mafic lower crust to generate I-type gran-
ites and of middle crust to generate A-type granites.

Conclusions

We have presented new data relating to the geochro-
nology and geochemistry of the Dongqiao area, which,
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together with data from previous studies, have led to
the following conclusions.

1. New zircon U-Pb data indicate that large
volumes of felsic magma were emplaced synchro-
nously at 115-110 Ma in the Donggiao area.

2. Geochemically, granitic rocks in the study
area are divided into I- and A-type granites, which
were formed by partial melting of juvenile crustal
sources at different depths, following by varying
degrees of fractional crystallization.

3. We consider the Early Cretaceous magma to
have formed through postcollisional magmatism
associated with the detachment and sinking of the
Bangong-Nujiang oceanic lithosphere. During this
process, upwelling of the asthenospheric mantle
caused regional extension and provided a thermal
anomaly that, in turn, caused subsequent partial
melting of the overriding plate.
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Appendix
Descriptions of Analytical Methods

Laser Ablation Inductively Coupled Plasma Mass Spec-
trometry (LA-ICP-MS) Zircon U-Pb Dating. Zircon U-Pb
dating and trace elements were analyzed using the LA-ICP-
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MS system in the State Key Laboratory of Isotope Geochem-
istry, Guangzhou Institute of Geochemistry, Chinese Acad-
emy of Sciences. In this study, an Agilent 7500a ICP-MS
coupled with a Resonetics RESOlution M-50 laser ablation
system was used to analyze the U-Pb and trace elements
of the zircons. The operating conditions for the laser abla-
tion system, the ICP-MS instrument, and the data reduc-
tion methods are identical to those described by Hu et al.
(2015).

Whole-Rock Geochemical Analysis. Whole-rock major
and trace element analyses of the samples from the
Donggiao area were determined at the Sichuan Institute
of Metallurgical Geology and Exploration, Chengdu, China.
The major elemental compositions were analyzed using
X-ray fluorescence spectrometry, and the trace element
analyses were performed using an Agilent-7500a ICP-MS.
Detailed operating conditions and data reduction are de-
scribed by Huang et al. (2011).
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