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A B S T R A C T

Mesozoic subduction of Neo-Tethyan oceanic crust caused magmatism that formed numerous Jurassic and
Cretaceous intrusions within the southern Gangdese belt of Tibet. These intrusions are associated with the
formation of giant Jurassic Xiongcun porphyry Cu deposits, but the prospectivity of other Cretaceous intrusions
in this area remains unclear. This study presents new molybdenite Re–Os ages for the Kelu and Sangbujiala
Cu–Au skarn deposits within the southern Gangdese belt as well as new geochemical, zircon U–Pb geochrono-
logical, and Sr–Nd–Hf isotopic data for the intrusions associated with these deposits. These new data indicate
that (1) the Kelu deposit formed at ca. 92 Ma, coeval with emplacement of the diorite and biotite granodiorite
intrusions (ca. 92–90 Ma) in this area, and (2) the Sangbujiala deposit formed at ca. 95 Ma, contemporaneous
with emplacement of the mineralized biotite granodiorite (ca. 95–92 Ma) in this area. These data suggest that the
skarn Cu–Au mineralization in this area formed as a result of Cretaceous magmatism in the southern Gangdese
belt. The intrusions associated with the Kelu and Sangbujiala deposits have adakitic affinities with low contents
of Y and heavy rare-earth elements and high Sr/Y ratios (22.4–123). These intrusions also have more primitive
Sr–Nd isotopic compositions (εNd(t) = 3.99–4.81, (87Sr/86Sr)i = 0.7040–0.7044), lower εHf(t) values
(8.0–13.18), and higher zircon EuN/Eu* values (mean of 0.50) than those of contemporaneous but barren
adakitic intrusions in this region. This suggests that the mineralization-related intrusions were oxidized and
formed from magmas that were generated predominantly by partial melting of subducted Neo-Tethyan slab
material without any significant crustal contamination or assimilation of sedimentary material. However, these
intrusions contain elevated Th, Ni, and Cr contents, and have high Mg# ratios (43.4–56.9), suggesting that they
formed from magmas that interacted with metasomatized mantle wedge peridotite material. Combining our new
data with the results of previous research suggests that the southern Gangdese belt records two stages of Cu–Au
mineralization related to Neo-Tethyan subduction. The first stage generated the large Xiongcun porphyry Cu–Au
deposit and was associated with normal subduction during the Jurassic, whereas the second stage was associated
with the formation of the Kelu and Sangbujiala skarn deposits during Cretaceous slab rollback.

1. Introduction

The southern Gangdese belt records the northward-directed
Mesozoic subduction of Neo-Tethyan oceanic crust and the Cenozoic
collision of India with Eurasia (Yin and Harrison, 2000). The latter
event was associated with the formation of numerous Miocene (ca.

18–10 Ma) porphyry Cu–(Mo) deposits (Hou et al., 2004, 2009, 2015b;
Huang et al., 2013; Li et al., 2011; Qu et al., 2004; Wang et al., 2014a,b,
2017) that delineate a porphyry deposit belt within the southern
Gangdese region. Neo-Tethyan subduction also generated numerous
Cretaceous and lesser amounts of Jurassic intrusions in this region
(Chung et al., 2005; Ji et al., 2009a; Ma et al., 2013a, 2013b, 2013c;
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Sun et al., 2019; Wen et al., 2008b; Zhu et al., 2011; Zou et al., 2017).
These include an Early–Middle Jurassic belt of highly oxidized mag-
matism that is associated with the large Xiongcun porphyry Cu–Au
deposit as well as a number of other mineralized occurrences (Chen
et al., 2019a; Tafti et al., 2009; Wang et al., 2017; Xie et al., 2018; Zou
et al., 2015, 2017). This ggests that the Jurassic subduction event in this
region caused widespread magmatism that led to the formation of as-
sociated porphyry Cu mineralization. However, little is known about
mineralization associated with the Cretaceous magmatism in this area.

For example, Jiang et al. (2012) reported that the Kelu skarn Cu–Au
deposit was associated with Cretaceous felsic igneous rocks in the
southern Gangdese belt. However, the timing of formation of this de-
posit and the geochemistry of the associated intrusions remain un-
known, hindering our understanding of the processes that formed the
Cretaceous mineralization-related magmas within the southern
Gangdese belt.

This study presents new molybdenite Re–Os ages for the Kelu and
Sangbujiala skarn-type Cu–Au deposits of the southern Gangdese belt as

Fig. 1. (A) Simplified geological map showing the distribution of Cretaceous intrusions in the Gangdese belt of southern Tibet (modified after Zhu et al., 2011). (B)
Geological map of the Kelu skarn Cu–Au deposit. (C) Geological map of the Sangbujiala skarn Cu–Au deposit.
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well as geochemical, zircon U–Pb geochronological, and Sr–Nd–Hf
isotopic data for the intrusions associated with these deposits. These
new data provide insights into mineralization associated with subduc-
tion of Neo-Tethyan oceanic crust as well as the timing of mineraliza-
tion within the entire Gangdese belt.

2. Regional geology

The Tibetan plateau is divided from north to south into the
Songpan–Ganze, Yidun, Qiangtang, Lhasa, and Tethyan Himalayan
terranes, which are separated by the Jinshajing, Bangong–Nujiang, and
Yarlung–Tsangpo sutures, respectively (Yin and Harrison, 2000). The
Lhasa terrane is bounded by the Yarlung–Tsangpo suture to the south
and the Bangong–Nuijiang suture to the north and has a southern
margin that contains a series of Mesozoic–Cenozoic magmatic rocks
that define the Gangdese magmatic belt. The magmatic rocks within
this belt formed as a result of Jurassic–Cretaceous subduction of Neo-
Tethyan oceanic crust and the subsequent collision of India with Eur-
asia during the early Tertiary (Chung et al., 2009; Yin and Harrison,
2000). The sedimentary rocks within the Gangdese belt include Meso-
zoic volcanic–sedimentary rocks of the Bima and Sangri formations and
Paleogene–Eocene volcanic–sedimentary rocks of the Linzizong Group,
as well as small amounts of Permian limestone and Carboniferous

sedimentary units (Kang et al., 2014). The intrusions in this region are
dominated by Cenozoic granitoids and Cretaceous–Jurassic arc-type
granites, as well as relatively minor volumes of Triassic–Jurassic
granitic intrusions (Chen et al., 2019a,b; Chu et al., 2006; Hou et al.,
2015b; Ji et al., 2009b; Zhu et al., 2017; Zou et al., 2017).

The exposed Jurassic intrusions within the Gangdese belt define an
E–W-oriented ~150-km-long belt located between Xietongmen and
Nanmling. The majority of these plutons are small (< 2 km2) and are
dominated by granodiorite, diorite, granite, quartz monzonite, tonalite,
and gabbro phases. Early–Middle Jurassic (ca. 185–165 Ma) porphyritic
granodiorite intrusions within the Xietongmen district are genetically
associated with the giant Xiongcun porphyry Cu–Au deposit (Tang
et al., 2015; Zou et al., 2015; Chen et al., 2019a).

Cretaceous mafic–felsic magmatic rocks are widely distributed
along the southern margin of the Gangdese belt. These units formed as a
result of a Cretaceous (ca. 100–80 Ma) magmatic ‘flare-up’ within the
southern Gangdese belt (e.g., Wen et al., 2008a, 2008b; Zhu et al.,
2009). A large number of these intrusions (e.g., those within the Milin,
Langxian, Linnong, Mamen, and Nuri areas) have adakitic affinities
(Wen et al., 2008a; Zhu et al., 2009; Zhang et al., 2010; Ma et al.,
2013a; Zheng et al., 2014; Xu et al., 2015), although comparatively few
are associated with mineralization, with one key exception being the
skarn-type Kelu Cu–Au deposit (Jiang et al., 2012).

Fig. 2. Representative photographs and photomicrographs of samples from the Kelu (A–E) and Sangbujiala (F–H) Cu–Au deposits. (A) Contact between diorite and
skarn. (B) Skarn, sulfides, and marble within the outer contact zone. (C) Representative ore hand specimen. (D–E) Photomicrographs taken under transmitted (D) and
reflected (E) light showing garnet-dominated skarn and Cu mineralization. (F) Representative hand specimen showing a Cu-rich mineralized vein. (G–H)
Photomicrographs taken under transmitted (G) and reflected (H) light showing biotite-dominated potassic alteration and Cu mineralization.
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3. Deposit geology

The Kelu–Sangbujiala area is located within the southern edge of
the Gangdese belt (Fig. 1) and contains Jurassic volcanic–sedimentary,
Cretaceous sedimentary, and Paleocene volcanic–sedimentary units.
The Jurassic volcanic–sedimentary rocks are dominated by units con-
taining tuffaceous andesite, rhyolite, quartz sandstone, and tuffs inter-
calated with sandstone and limestone, all of which form part of the
Jurassic Bima Group (BGMRXAR, 1993). Cretaceous sedimentary rocks
are dominated by slate, coarse-grained quartz sandstone, shale, mud-
stone, and marlstone units (BGMRXAR, 1993). The Paleocene volca-
nic–sedimentary rocks consist of Cenozoic andesite, dacite, volcanic
breccia, and tuff units (BGMRXAR, 1993). The area also contains vo-
luminous granitoid intrusions that were emplaced predominantly
during the Cenozoic, with comparatively few intrusions forming during
the Mesozoic (Jiang et al., 2012).

The Kelu skarn Cu–Au deposit is located in the western part of the
Kelu–Sangbujiala region (Fig. 1) and contains reserves of 17.77 t of Au
at grades of 2.4–4.2 g/t and 144.4 thousand tons of Cu at an average
grade of 3.2%. The area around the deposit contains units of the Jur-
assic Bima Group as well as a Cenozoic biotite granite intrusion
(Fig. 1B). The Cu–Au mineralization is hosted within an E–W-striking
skarn vein that cross-cuts Birma Group limestone units. Underground
observations indicate that the skarn in this area formed along a contact
between marble units and concealed diorite and biotite granodiorite
dikes (Fig. 2A). The diorite contains plagioclase (40 vol%–45 vol%),
amphibole (35 vol%–40 vol%), K-feldspar (10 vol%–15 vol%), quartz
(~5 vol%), and minor amounts of biotite (< vol.5%; Fig. 3A) whereas
the biotite granodiorite contains plagioclase (40 vol%–45 vol%), quartz
(~vol.20%), K-feldspar (15 vol%–20 vol%), biotite (10 vol%–15 vol%),
and minor amounts of amphibole (< 5 vol%; Fig. 3B). Both diorite and
biotite granodiorite units are spatially associated with skarn develop-
ment and Cu–Au mineralization. These dikes are associated with al-
teration zones that change from proximal anhydrous skarn (e.g., garnet
and magnetite) to hydrous skarn (e.g., epidote and actinolite), sulfide,
and distal marble assemblages (Fig. 2B), suggesting that the dikes are
genetically related to the skarn mineralization. The ore mineralogy of
the deposit is dominated by chalcopyrite, bornite, tetrahedrite, pyrite,
magnetite, sphalerite, galena, and minor amounts of molybdenite, all of
which are hosted by a garnet, actinolite, epidote, calcite, quartz, and
chlorite gangue (Fig. 2C–E).

The small Sangbujiala skarn-type Cu–(Au) deposit is located within
the eastern part of the Kelu–Sangbujiala area (Fig. 1) and contains low-
grade gold mineralization. This area contains the Chemen granodiorite,
units of the Bima Group, and Quaternary sediments (BGMRXAR, 1993).
The Chemen intrusion crops out over an area of ~20 km2 and is
dominated by a biotite granodiorite phase that contains plagioclase
(40 vol%–45 vol%), quartz (20 vol%–25 vol%), K-feldspar (~15 vol%),
biotite (~15 vol%), and minor amounts of amphibole (< 5 vol%;
Fig. 3C), with accessory zircon, apatite, and titanite. The mineralization

in this area is hosted by a skarn located between the Chemen biotite
granodiorite and Bima Group limestones in the northwestern part of the
area. Some mineralization is present as veins within the Chemen in-
trusion (Fig. 2F; Internal Report of Mining Company, 2014). This mi-
neralization is associated with skarn and carbonate alteration along the
contact between the intrusion and the limestone as well as proximal
silicification and potassic, chlorite, and epidote alteration located near
the vein-hosted mineralization (Fig. 2G). The main ore minerals are
chalcopyrite, bornite, magnetite, and pyrite, all of which are hosted by
a garnet, quartz, actinolite, calcite, biotite, chlorite, epidote, and ser-
icite gangue assemblage (Fig. 2F–H).

4. Samples and analytical techniques

4.1. Zircon trace-element and U–Pb analyses

A single biotite granodiorite sample (14SN-1-3) from the Kelu de-
posit and two Chemen diorite granodiorite samples (SN18-3 and 14CM-
3) from the Sangbujiala deposit (Sangbujiala biotite granodiorite
hereafter) were analyzed during this study. Prior to analysis, zircons
were separated by conventional standard density and magnetic tech-
niques from ~1 kg rock samples before > 100 individual zircons were
handpicked and mounted in an epoxy resin disc. The discs were then
polished and imaged using cathodoluminescence (CL) prior to analysis.

Zircons were analyzed at the State Key Laboratory of Isotope
Geochemistry (SKLIG) Guangzhou Institute of Geochemistry, Chinese
Academy of Science (GIGCAS), Guangzhou, China. Single-zircon trace-
element analysis and U–Pb dating was undertaken using inductively
coupled plasma–mass spectrometry (ICP–MS) employing an Agilent
7500a quadrupole instrument and multi-collector (MC)–ICP–MS em-
ploying a Neptune instrument, both of which were coupled with a
193 nm excimer ArF laser ablation (LA) system. Analyses used round
spots with a diameter of 25 μm, an output energy of ~80 mJ, and a
repetition rate of 8 Hz (Tu et al., 2011). External calibration was un-
dertaken using NIST SRM 610 glass (Pearce et al., 1997) and TEMORA
zircon (Black et al., 2003) standards. The off-line inspection and in-
tegration of background and analytical signals, time drift corrections,
and quantitative calibrations were all undertaken using the ICPMSDa-
taCal software package (Liu et al., 2010), and concordia diagram con-
struction and weighted mean age calculations were undertaken using
the Isoplot/Ex_ver3 software package (Ludwig, 2003). Data with ob-
served-error/expected-error ratios of> 2 or that had<90% con-
cordance between 207Pb/235U (or 208Pb/232Th) and 206Pb/238U were
discarded. Cumulative probability plots were used to identify lead in-
heritance and/or loss. Uncertainties on single age determinations are
reported as 1σ values in Table 1 with weighted mean 206Pb/238U ages
reported with 2σ uncertainties.

Fig. 3. Representative transmitted light photomicrographs showing the (A) diorite and (B) biotite granodiorite intrusions associated with the Kelu deposit and the (C)
biotite granodiorite associated with the Sangbujiala deposit. Abbreviations: Amp = amphibole; Q = quartz; Bt = biotite; Kfs = K-feldspar; Pl = plagioclase.
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4.2. Molybdenite Re–Os isotopic compositions

A total of five samples from the Sangbujiala deposit and six samples
from the Kelu deposit were dated using the molybdenite Re–Os method
during this study. Molybdenite Re–Os isotopic analyses were performed

using a Thermo X Series 2 ICP–MS instrument at SKLIG, GIGCAS,
Guangzhou, China. Prior to analysis, molybdenite samples were di-
gested using concentrated HNO3 using a Carius tube approach and the
analytical procedures outlined in Sun et al. (2010). Model Re–Os ages
were calculated using ln (187Os/187Re + 1)/λ and a decay constant (λ)
of 1.666e−11 yr−1 (Smoliar et al., 1996). Isochron and weighted mean
ages were calculated using the Isoplot/Ex_ver3 software package
(Ludwig, 2003), and all uncertainties are reported as 2σ values.

4.3. Whole-rock geochemistry

The whole-rock geochemical compositions of two biotite grano-
diorite (14SN-1-2 and 14SN-1-3) and two diorite (14SN-3-2 and 14SN-
3-6) samples from the Kelu deposit and a further three biotite grano-
diorite samples (14CM-2, 14CM-3, and 14CM-5) from the Sangbujiala
deposit were determined during this study, with all analyses being
undertaken at SKLIG, GIGCAS, Guangzhou, China. Prior to analysis,
samples were crushed to pass a 200 mesh. Major-element contents were
determined using a Rigaku RIX 2000 X-ray fluorescence spectrometer
employing the techniques outlined in Li et al. (2005), yielding analy-
tical uncertainties of 1%–5%. Trace-element contents were determined
by ICP–MS employing a Perkin-Elmer Sciex ELAN 6000 instrument and
the analytical approaches outlined in Li et al. (2002). Rhodium was
used as an internal standard to monitor signal drift during counting,
and the BHVO-2, GSR-1, GSR-2, GSR-3, AGV-2, W-2, and SARM-4
standards were used for calibration. The analytical precision for the
majority of elements analyzed by ICP–MS is better than 3% in terms of
relative standard deviation (RSD).

4.4. Whole-rock Sr–Nd isotopic analysis

The whole-rock Sr–Nd isotopic analysis undertaken during this
study used the same samples as used for whole-rock geochemical ana-
lysis. This analysis was undertaken at the SKLIG, GIGCAS, Guangzhou,
China. Sample solutions were prepared by dissolving whole-rock pow-
ders in a mixture of HF + HNO3, with Sr and rare-earth elements
(REEs) being separated from the resulting solutions using cation col-
umns (Wei et al., 2002). Isotopic measurements were performed on a
Neptune Plus MC–ICP–MS instrument equipped with nine Faraday cup
collectors and eight ion counters (Li et al., 2002). Measured 87Sr/86Sr
and 143Nd/144Nd ratios were normalized to 86Sr/88Sr = 0.1194 and
146Nd/144Nd = 0.7219, respectively. Repeat analysis of the NIST SRM
987 and Shin Etsu JNdi-1 standards yielded 87Sr/86Sr values of 0.71028
and 143Nd/144Nd values of 0.51209, respectively.

4.5. Zircon Hf isotopic analysis

The Lu–Hf isotopic compositions of zircons from one biotite gran-
odiorite sample (14SN-1-3) from the Kelu deposit and one biotite
granodiorite sample (SN-18-3) from the Sangbujiala deposit were de-
termined during this study. This analysis was undertaken using a
Thermo Finnigan Neptune MC–ICP–MS instrument coupled with a
Resolution M50 LA system at the SKLIG, GIGCAS, Guangzhou, China.
This analysis used 40-μm-diameter laser pits and an ablation time of
60 s with an energy of 15–20 J/cm2 and a rate of 8 Hz. Details of the
procedures used are given in Wu and Yang (2006). Measured
176Hf/177Hf values were normalized to 179Hf/177Hf = 0.7325,
176Lu/175Lu = 0.02655, and 176Yb/172Yb = 0.5887 (Chu et al., 2006;
Wu et al., 2006). Repeat analysis of the Penglai standard zircon yielded
a mean 176Hf/177Hf ratio of 0.282915 ± 0.000042 (2σ, n = 60),
consistent with the recommended 176Hf/177Hf value for this standard
(0.282906 ± 0.000010, 2σ; Li et al., 2010).

Fig. 4. Zircon LA–ICP–MS U–Pb concordia diagrams and associated CL images
of representative zircons showing data for Kelu (A) and Sangbujiala (B–C)
biotite granodiorite samples.
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5. Results

5.1. Zircon trace-element and U–Pb geochronological data

The zircons analyzed during this study appear homogeneous and
show oscillatory zoning during CL imaging (Fig. 4). Their trace-element
and U–Pb isotopic compositions are given in Supplemental Table 1 and
Table 1, respectively.

The 30 analyzed zircons from Kelu biotite granodiorite sample SN-
1-3 contain 188–1181 ppm U and have Th/U ratios of 0.64–2.23
(Table 1). Eight analyses with<90% concordance were excluded from
further consideration, with the remaining 22 zircons yielding U–Pb ages
ranging from 88.60 ± 1.81 to 102.53 ± 2.40 Ma and a mean U–Pb
age of 90.3 ± 1.3 Ma (MSWD = 3.6).

Thirty zircons from Sangbujiala biotite granodiorite sample SN-18
contain 68–165 ppm U and have Th/U ratios of 0.50–1.10 (Table 1).
Twenty-six of these zircons have>90% concordance and yield U–Pb
ages ranging from 84.40 ± 1.09 to 97.27 ± 2.36 Ma and a weighted
mean age of 94.5 ± 1.3 Ma (MSWD = 3.1).

A total of 30 zircons from Sangbujiala biotite granodiorite sample
14CM-3 included one zircon with< 90% concordance and one in-
herited zircon with an age of 96.07 ± 2.07 Ma, both of which were
excluded from further consideration. The remaining 28 zircons contain
73–372 ppm U and have Th/U ratios of 0.51–1.17. They yield U–Pb
ages from 87.18 ± 1.60 to 96.07 ± 2.07 Ma and a weighted mean
age of 92.4 ± 0.8 Ma (MSWD = 1.2).

5.2. Molybdenite Re–Os isotopic data

The molybdenite Re–Os isotopic compositions of six samples from

the Kelu deposit and five samples from the Sangbujiala deposit are
given in Table 2 and are shown in Fig. 5. The six samples from the Kelu
deposit contain 63,514–88,339 ppb 187Re and 100.6–144.8 ppb 187Os.
They yield model ages that range from 94.9 ± 1.1 to 99.4 ± 1.4 Ma
and a weighted mean age of 97.1 ± 1.3 Ma (MSWD = 3.0). These
samples also yield an isochron age of 92 ± 11 Ma (MSWD= 1.07) that
is within uncertainty of the weighted mean model age (Fig. 5A), sug-
gesting that this molybdenite formed at ca. 92 Ma.

The five samples from the Sangbujiala deposit contain
9910–35,043 ppb 187Re and 16.4–54.2 ppb 187Os and yield model ages
that range from 92.6 ± 0.6 to 99.4 ± 2.3 Ma with a weighted mean
age of 95.2 ± 2.9 Ma (MSWD = 8.6). They also yield an isochron age
of 94 ± 10 Ma (MSWD = 3.10) that is within uncertainty of the
weighted mean model age (Fig. 5B), suggesting that the molybdenite in
the Sangbujiala deposit formed at ca. 94 Ma.

5.3. Whole-rock major- and trace-element geochemistry

The whole-rock major- and trace-element compositions of the in-
trusions associated with the Kelu and the Sangbujiala deposits are given
in Table 3. Two diorite samples from the Kelu deposit contain elevated
contents of MgO (6.24 and 5.99 wt%) but low contents of SiO2 (55.29
and 54.05 wt%), and K2O (1.42 and 1.44 wt%), indicating that these
samples are compositionally similar to the diorite and monzonite
samples reported previously by Jiang et al. (2012). The biotite grano-
diorite samples contain elevated contents of SiO2 (64.13 to 64.45 wt%)
but low contents of MgO (2.51 to 2.83 wt%) relative to the other in-
trusive rocks within the Kelu district. However, both diorite and biotite
granodiorite samples have high-K calc-alkaline affinities (Fig. 6) and
are metaluminous with molar Al2O3/(CaO + Na2O + K2O) (A/CNK)

Table 2
Re-Os data for the molybdenite from Kelu and Sangbujiala Cu-Au deposits.

Sample No. Concentration (ppb) Model Age(Ma)

Re ± 1σ Common Os ± 1σ 187Re ± 1σ 187Os ± 1σ Age ±1σ

KL-19-1 101,461 3858 0.49 0.03 63,514 2415 100.6 0.8 95.3 0.8
KL-19-2 136,326 2451 0.64 0.02 85,340 1534 138.0 0.5 97.3 0.4
KL-19-3 104,934 1553 2.49 0.06 65,689 972 107.0 0.9 98.1 0.8
KL-19-4 141,116 1568 1.79 0.09 88,339 982 144.8 2.6 98.7 1.8
KL-19-5 110,169 2461 2.37 0.07 68,966 1541 113.8 1.6 99.4 1.4
KL-19-6 138,739 795 1.23 0.09 86,850 497 136.9 1.6 94.9 1.1
SBJL-21-1 49,570 637 1.08 0.08 31,031 399 50.2 0.5 97.4 1.0
SBJL-21-2 21,891 397 0.43 0.03 13,704 249 22.0 0.1 96.6 0.5
SBJL-21-3 15,831 771 0.22 0.01 9910 482 16.4 0.4 99.4 2.3
SBJL-21-4 55,979 926 0.82 0.06 35,043 580 54.2 0.7 93.2 1.1
SBJL-21-5 29,581 273 0.88 0.04 18,518 171 28.5 0.2 92.6 0.6

Fig. 5. Molybdenite Re–Os isochron diagrams for samples from the Kelu (A) and Sangbujiala (B) deposits.
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values of 0.70–0.84 and Mg# (molar Mg2+/(Mg2+ + Fe2+) × 100)
ratios of 43.4–47.1. They also have similar trace-element compositions
characterized by small Eu anomalies (EuN/Eu* = 0.72–0.98), light REE
(LREE) enrichments ([La/Yb]N = 9.4–16.3; Fig. 7B), and positive Sr
and negative Nb, Ta, and Ti anomalies (Fig. 7A). They contain high
contents of Sr (702–817 ppm) and low contents of Y (11.3–21.6 ppm)
and Yb (0.82–1.76 ppm) that yield high Sr/Y ratios (32.5–72.3) similar
to those found in adakitic rocks (Fig. 8A; Defant and Drummond, 1993).

The three Sangbujiala biotite granodiorite samples contain con-
sistent contents of SiO2 (64.78–70.03 wt%) and are classified as calc-
alkaline (Fig. 6). They contain 1.93–2.58 wt% MgO, have Mg# values of
44.3–56.9, contain relatively high contents of Al2O3 (17.53–13.06 wt

%), and have A/CNK values of 0.93–1.16. Their primitive-mantle-nor-
malized multi-element variation diagram patterns show enrichment in
large-ion lithophile elements (LILEs) but depletion in high-field-
strength elements (HFSEs) (Fig. 7A). They have slightly negative to
positive Eu anomalies (EuN/Eu* = 0.80–1.05), are enriched in LREEs
([La/Yb]N = 13.7–23.2; Fig. 7B), are depleted in Nb and Ta, and
contain low contents of Y that yield high Sr/Y ratios (22.4–123) in-
dicative of an adakitic affinity (Fig. 8A).

5.4. Whole-rock Sr–Nd isotopic data

The whole-rock Sr and Nd isotopic compositions of the samples from

Table 3
Major and trace elements compositions of the intrusions in Kelu and Sangbujiala deposits.

Sample No. 14CM-2 14CM-3 14CM-5 14SN-1-2 14SN-1-3 14SN-3-2 14SN-3-6-2

Rock type Biotite granite (Sangbujiala) Biotite granodiorite (Kelu) Diorite (Kelu)
Major element (wt. %)
Al2O3 17.53 13.60 14.07 13.63 13.92 13.93 13.64
CaO 3.87 3.51 3.30 3.90 4.23 6.74 6.96
Fe2O3 3.90 4.85 4.27 6.69 7.37 14.00 15.32
K2O 3.29 2.10 2.92 3.09 2.85 1.42 1.44
MgO 2.58 1.93 2.08 2.51 2.83 6.24 5.99
MnO 0.14 0.12 0.11 0.13 0.17 0.19 0.20
Na2O 2.00 2.92 1.36 2.82 2.99 1.81 1.99
P2O5 0.15 0.15 0.15 0.16 0.16 0.13 0.14
SiO2 64.78 69.47 70.03 64.45 64.13 53.01 51.93
TiO2 0.76 0.53 0.58 0.86 0.92 1.21 1.20
L.O.I 0.63 0.57 0.67 1.42 0.24 1.07 0.92
Total 99.63 99.75 99.54 99.67 99.80 99.74 99.73
ACNK 1.16 0.93 1.13 0.84 0.82 0.74 0.70
Mg# 56.92 44.30 49.27 42.86 43.42 47.13 43.87
Trace elements (ppm)
Li 15.4 11.3 21.5 15 14.2 21.4 21.3
Be 1.66 1.07 1.19 1.51 1.38 0.65 1.06
Sc 14.7 13.6 13.3 11.8 12.7 17.4 20.4
V 121 95.3 126 143 162 433 433
Cr 96.7 35.8 50.6 40.6 57.6 52.6 53.9
Co 8.54 11.8 10.5 17.8 20.6 47.2 42.1
Ni 15.6 32.2 32.4 27.8 29.6 95.2 78.2
Cu 11.2 94 13.1 80.3 103 489 126
Zn 64 72.4 53.1 103 90.6 140 126
Ga 17.4 16.6 18.9 18 17.8 19.2 20.2
Rb 149 95.5 158 102 84.6 66.5 62.5
Sr 416 1110 684 729 804 817 702
Y 18.6 9 7.96 16 15.6 11.3 21.6
Zr 117 65.3 94.7 148 92.7 44.9 53
Nb 9.61 4.78 5.49 7.85 7.96 4.2 7.27
Cs 17.4 9.63 13.4 6.96 3.39 5.79 9.78
Ba 443 440 390 442 441 136 125
La 30.1 22.5 26.2 28.4 28.9 12 23
Ce 61.9 40 45.8 56.5 57.1 26.3 52.9
Pr 7.36 4.8 5.22 7.01 6.9 3.45 6.9
Nd 28.3 17.2 20 26.1 25.2 13.6 25.7
Sm 5.23 2.92 3.47 4.97 5.05 3.04 5.51
Eu 1.21 0.89 0.90 1.24 1.26 0.87 1.19
Gd 4.11 2.29 2.36 3.53 3.75 2.46 4.61
Tb 0.61 0.34 0.33 0.5 0.54 0.35 0.67
Dy 3.07 1.58 1.46 2.84 2.93 2.05 3.96
Ho 0.54 0.32 0.28 0.57 0.55 0.39 0.78
Er 1.67 0.88 0.88 1.52 1.5 1.06 2.11
Tm 0.25 0.11 0.13 0.2 0.19 0.14 0.28
Yb 1.58 0.77 0.81 1.25 1.28 0.82 1.76
Lu 0.23 0.12 0.12 0.19 0.19 0.12 0.25
Hf 3.06 1.71 2.32 3.44 2.3 1.33 1.7
Ta 0.61 0.39 0.42 0.47 0.59 0.4 0.83
W 3.63 2.64 7.65 1.35 1.22 2.94 2.24
Tl 0.7 0.62 1.07 0.56 0.41 0.45 0.38
Pb 9.95 13.7 13 13.7 13.5 9.4 8.08
Bi 0.133 0.328 0.219 0.027 0.087 0.043 0.129
Th 12.77 6.01 9.23 10.33 7.37 4.46 4.73
U 3.45 1.91 2.05 2.67 2.19 0.99 3.22
La/YbN 13.67 20.96 23.20 16.30 16.20 10.50 9.37
Sr/Y 22.37 123.33 85.93 45.56 51.54 72.30 32.50
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the Kelu–Sangbujiala area analyzed during this study are given in
Table 4 and are shown in Fig. 9. The diorite and biotite granodiorite
samples associated with the Kelu deposit have similar Sr–Nd isotopic
compositions with consistent (87Sr/86Sr)i ratios (0.7042–0.7044) and
εNd(t) values of 4.41–4.81, yielding two-stage model ages (TDM2) of
530–498 Ma. The biotite granodiorites associated with the Sangbujiala
deposit have (87Sr/86Sr)i ratios of 0.7040–0.7041, εNd(t) ratios of
3.99–4.02, and TDM2 ages of 566–556 Ma.

5.5. Zircon Hf isotopic data

The Hf isotopic data for zircons from the Kelu biotite granodiorite
(14SN-1–3) and the Sangbujiala biotite granodiorite (14CM-3) are
given in Table 5 and are shown in Fig. 9. A total of 15 zircons from the
Kelu biotite granodiorite (14SN-1–3) yielded 176Hf/177Hf ratios of
0.2830–0.2831 and εHf(t) values of 8.02–13.18 calculated using a
weighted mean U–Pb age of 90.3 Ma. These zircons have associated Hf
TDM2 ages of 641–310 Ma. A further 15 zircons from the Sangbujiala
biotite granodiorite (14CM-3) yielded 176Hf/177Hf ratios of
0.282945–0.283018 and εHf(t) values of 8.10–11.50 calculated using a
weighted mean U–Pb age of 92.4 Ma. These zircons have associated Hf
TDM2 ages of 637–419 Ma.

6. Discussion

6.1. Timing of formation of the Kelu Cu–Au and Sangbujiala Cu–Au
deposits

The biotite granodiorite associated with the Kelu Cu–Au deposit
yielded a zircon U–Pb age of 90.3 ± 1.3 Ma that is within uncertainty
of the age of a diorite in this area (90.3 ± 2.1 Ma) and is similar to the
age of a quartz monzonite (93.3 ± 2.0 to 91.3 ± 1.6 Ma) that also
crops out in this area (Jiang et al., 2012). This suggests that the mag-
matism in the Kelu area occurred during the Late Cretaceous. Samples
from the deposit also yield a molybdenite Re–Os isochron age of ca.
92 Ma, which is consistent with the zircon U–Pb ages of the intrusions
in this area. Combining these data with the close spatial association of
the intrusion and skarn mineralization in this area suggests that the
Kelu Cu–Au mineralization formed as a result of the Late Cretaceous
magmatism in this area.

Our zircon U–Pb dating of the biotite granodiorite associated with
the Sangbujiala Cu–Au deposit yielded ages of 94.5 ± 1.3 and
92.4 ± 0.8 Ma that are within uncertainty of each other, suggesting
that this intrusion was emplaced during the Late Cretaceous. The mo-
lybdenite samples from this deposit yielded a weighted mean Re–Os age
of 95.2 ± 2.9 Ma that is similar to the zircon U–Pb ages for the biotite
granodiorite in this area. This suggests that the Cu–Au mineralization in
this area formed at the same time as the emplacement of the biotite
granodiorite, with both occurring at ca. 95 Ma.

Fig. 6. (A) Na2O + K2O vs.SiO2 (wt.%) (Middlemost, 1994) and (B) K2O vs. SiO2 (wt.%) (Peccerillo and Taylor, 1976) diagrams. Data for the Kelu diorites and quartz
monzonites are from Jiang et al. (2012).

Fig. 7. (A) Chondrite-normalized REE and (B) primitive-mantle-normalized
multi-element variation diagrams for intrusions associated with the Kelu and
Sangbujiala Cu–Au deposits. Normalizing values are from Sun and McDonough
(1989), and data sources are as in Fig. 6.
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6.2. Genesis of fertile adakitic rocks associated with the Kelu and
Sangbujiala Cu–Au deposits

6.2.1. Petrogenesis of adakitic rocks in the Kelu and Sangbujiala areas
The Cretaceous diorite, quartz monzonite, and biotite granodiorite

intrusions associated with the Kelu Cu–Au deposit and the biotite

granodiorite associated with the Sangbujiala Cu–Au deposit all contain
high contents of Sr and have high Sr/Y and La/Yb ratios, suggesting
that these units have adakitic affinities (Fig. 8A and B). Previous re-
search has indicated that the magmas that form adakitic rocks can be
generated by (1) partial melting of subducted oceanic slab material
(Defant and Drummond, 1993), (2) fractional crystallization of basaltic

Fig. 8. Diagrams showing variations in (A) Sr/Y vs. Y (Defant and Drummond, 1993), (B) (La/Yb)N vs. YbN, (C) Mg# vs. SiO2, (D) MgO vs. SiO2, (E) Cr vs. Ni, (F) Th/
Yb vs. Th/Sm, (G) Ba vs. Nb/Y, and (H) Th vs. Ni within samples from the study area. Also shown are adakitic rocks from the Langxian (Wen et al., 2008; Zheng et al.,
2014), Milin (Ma et al., 2013a, 2013b), Nimu (Xu et al., 2015), Mamen (Zhu et al., 2009), and Nuri (Zheng et al., 2014) areas.
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Table 4
Bulk Sr-Nd isotopic compositions of the intrusions in Kelu and Sangbujiala Cu-Au deposits.

Sample 87Rb/86Sr 87Sr/86Sr 2 σ (87Sr/86Sr)i 147Sm/144Nd 143Nd/144Nd 2 σ (143Nd/144Nd)CHUR (143Nd/144Nd)i εNd (t) TDM,2(Ma)

Kelu
14SN-1-2 0.404701 0.704406 0.000040 0.703888 0.115127 0.512836 0.000028 0.512522 0.512769 4.81 498
14SN-1-3 0.304348 0.704282 0.000071 0.703893 0.121157 0.512833 0.000027 0.512522 0.512761 4.66 509
14SN-3-2 0.235424 0.704161 0.000059 0.703860 0.135143 0.512828 0.000042 0.512522 0.512748 4.41 530
14SN-3-6 0.257510 0.704159 0.000066 0.703829 0.129621 0.512826 0.000026 0.512522 0.512750 4.44 527
Sangbujiala
14CM-2 1.036064 0.705156 0.000073 0.703802 0.111730 0.512793 0.000019 0.512520 0.512726 4.02 564
14CM-3 0.248852 0.704375 0.000057 0.704050 0.102638 0.512786 0.000030 0.512520 0.512724 3.99 566
14CM-5 0.668162 0.704865 0.000052 0.703992 0.104895 0.512794 0.000030 0.512520 0.512731 4.12 556

Fig. 9. (A) εNd(t) vs. (87Sr/86Sr)i and (B) zircon εHf(t)
vs. εNd(t) diagrams for intrusions associated with the
Kelu and Sangbujiala Cu–Au deposits. Data sources
for (A) include ophiolite data from Mahoney et al.
(1998), Xu and Castillo (2004), and Zhang et al.
(2005), and Indian Ocean pelagic sediment data from
Ben Othman et al. (1989). Data sources for (B) in-
clude Indian MORB from Ingle et al. (2003) and the
mantle array from Chauvel and Blichert-Toft (2001).
The Nd and Hf isotopic data for the Langxian adakitic
rocks are from Wen et al. (2008) and Zheng et al.
(2014). Also shown are data for adakitic and mafic
rocks from the Milin (Ma et al., 2013a, 2013b) and
Nimu (Xu et al., 2015) areas, adakitic rocks from the
Mamen (Zhu et al., 2009) and Nuri (Zheng et al.,
2014) areas, and mafic rocks from the Zhengga area
(Ma et al., 2013c), as well as data fields for the
Xiongcun deposit (Tang et al., 2015), the Bima For-
mation (Chen et al., 2019a), and the Yeba Formation
(Liu et al., 2018).
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magma (e.g., Castillo, 2012; Castillo et al., 1999; Wang et al., 2019; Xu
et al., 2015), (3) partial melting of a thickened or delaminated region of
the lower continental crust (Atherton and Petford, 1993; Kay and Kay,
1993; R. Wang et al., 2014; X. S. Wang et al., 2014), or (4) mixing of
mafic and felsic magmas (Streck et al., 2007).

Mixing models require mantle-derived basaltic and crust-derived
felsic magma end-members. The mantle-derived basaltic end-member is
present in this region in the form of 95–90 Ma mafic rocks (e.g., the
Milin and Zhengga mafic rocks; Fig. 9). However, the adakitic rocks in
the Kelu and Sangbujiala areas have higher εNd(t) (3.99–4.81) and
lower (87Sr/86Sr)i (0.7038–0.7041) values than those of the con-
temporaneous (ca. 94–91 Ma) basaltic rocks in the Zhengga and Milin
areas (εNd(t) = −2.9 to 4.1, (87Sr/86Sr)i = 0.7042–0.7048; Ma et al.,
2013a, 2013b; Table 4; Fig. 9), meaning that they cannot have formed
as a result of magma mixing. Instead, it is likely that the adakitic rocks
in this area formed from mantle-derived basaltic melts that were de-
rived from a source region relatively free of crustal contamination. In
addition, these adakitic rocks have εNd(t) values that do not correlate
with changes in SiO2 content (Fig. 10A), again indicating that they
cannot have formed as a result of magma mixing.

It is also unlikely that the adakitic rocks in the Kelu and Sangbujiala
areas formed from magmas generated by partial melting of a delami-
nated or thickened region of the lower crust. Adakitic rocks formed by
this process usually have relatively low εNd(t) and high (87Sr/86Sr)i
values, contrasting with the compositions of the rocks in the study area
(Fig. 9A). The ca. 82–80 Ma Lilong and Langxian adakitic rocks of the
southern Gangdese belt are thought to have formed as a result of partial
melting of a thickened region of the lower crust within the garnet
stability field, leaving residual garnet (Wen et al., 2008a; Zheng et al.,
2014). Adakitic rocks formed by this process usually contain relatively
low contents of MgO (<1.0 wt%) and have low Mg# values (31–37),
similar to experimental melts derived from metabasalts under high-
pressure and high-temperature (high-P–high-T) conditions (Fig. 8C and
8D, Rapp and Watson, 1995; Rapp et al., 1999). These adakitic rocks

also typically contain low contents of Ni (0.4–5.8 ppm) and Cr
(< 11.4 ppm; Guan et al., 2012; Macpherson et al., 2006) and have
high Sr/Y ratios (Wen et al., 2008a; Zheng et al., 2014), contrasting
with the higher Mg# values (43–61) and Ni (11.0–95.2 ppm) and Cr
(18.0–96.7 ppm) contents of the Kelu and Sangbujiala adakitic rocks.

High-pressure crystallization of basaltic magmas in the garnet sta-
bility field would generate melts with low concentrations of Y and
HREEs but with elevated Sr/Y and (Dy/Yb)N ratios that are positively
correlated with SiO2 concentrations (e.g., Li et al., 2009; Wang et al.,
2014a,b). However, these characteristics are not present within the
adakitic Kelu and Sangbujiala samples (Fig. 7A and 10G). These types
of adakitic rocks are thought to form as a result of fractional crystal-
lization of amphibole combined with removal of plagioclase from a
water-rich magma (e.g., Richards, 2011; Wang et al., 2014a,b). The
adakitic rocks in the Kelu and Sangbujiala areas have MgO, Fe2O3, and
CaO contents that are negatively correlated with SiO2 contents, sug-
gesting that they formed from magmas that fractionated mafic minerals
prior to their emplacement (Fig. 10C and D). These samples also define
positive and flat trends on (Dy/Yb)N and (La/Sm)N vs. SiO2 diagrams,
respectively (Fig. 10G and H), both of which are consistent with am-
phibole fractionation (Tiepolo et al., 2007). The high Sr contents within
these samples (Fig. 10E), combined with an absence of negative Eu
anomalies (Fig. 10F), also reflect removal of plagioclase during the
early stages of the evolution of these magmas. This suggests that frac-
tional crystallization under hydrous conditions can explain at least part
of the adakitic affinities of the Cretaceous intrusions in the Kelu and
Sangbujiala areas. However, it is more likely that the dominant process
that generated the magmas that formed these intrusions was melting of
subducted oceanic slab material. This is consistent with the fact that
these rocks have more primitive Sr and Nd isotopic compositions
compared with contemporaneous mafic or felsic rocks in this area.
These compositions are similar to those of samples from Neo-Tethyan
ophiolites (Fig. 9), suggesting that the intrusions in the study area are
slab-derived adakitic rocks. The adakitic rocks in the Sangbujiala and

Table 5
Zircon Lu-Hf isotopic composition of the intrusions from Kelu and Sangbujiala Cu-Au deposits.

Sample Age(Ma) 176Lu/177Hf 176Hf/177Hf 2 σ Err. (176Hf/177Hf)i (176Hf/177Hf)CHUR εHf(0) εHf(t) ƒ(Lu/Hf) TDM(Ma) TDM,2(Ma)

Kelu diorite
14SN-1-3-2 90 0.001783 0.283012 0.000010 0.283009 0.282716 8.50 10.37 −0.95 347 490
14SN-1-3-3 90 0.000884 0.283021 0.000009 0.283019 0.282716 8.79 10.72 −0.97 327 468
14SN-1-3-4 90 0.001513 0.283052 0.000010 0.283049 0.282716 9.89 11.78 −0.95 288 400
14SN-1-3-5 90 0.001568 0.283027 0.000009 0.283024 0.282716 9.01 10.89 −0.95 324 457
14SN-1-3-6 90 0.000552 0.282997 0.000012 0.282996 0.282716 7.97 9.91 −0.98 357 520
14SN-1-3-7 90 0.001798 0.283054 0.000011 0.283051 0.282716 9.97 11.84 −0.95 286 396
14SN-1-3-8 90 0.000682 0.282997 0.000011 0.282996 0.282716 7.96 9.90 −0.98 358 521
14SN-1-3-9 90 0.001510 0.283029 0.000009 0.283026 0.282716 9.08 10.97 −0.95 320 452
14SN-1-3-10 90 0.002491 0.283037 0.000010 0.283033 0.282716 9.38 11.21 −0.92 317 436
14SN-1-3-12 90 0.001033 0.283091 0.000008 0.283089 0.282716 11.26 13.18 −0.97 228 310
14SN-1-3-13 90 0.000399 0.282944 0.000013 0.282943 0.282716 6.07 8.02 −0.99 430 641
14SN-1-3-14 90 0.001406 0.283019 0.000009 0.283016 0.282716 8.72 10.62 −0.96 334 474
14SN-1-3-15 90 0.001785 0.282996 0.000010 0.282993 0.282716 7.91 9.78 −0.95 371 528
14SN-1-3-17 90 0.001079 0.283030 0.000010 0.283029 0.282716 9.14 11.05 −0.97 315 447
Sangbujiala biotite granite
SN-18-3-1 92.1 0.000606 0.282952 0.000012 0.282951 0.282715 6.36 8.34 −0.98 421 622
SN-18-3-2 92.1 0.000547 0.283041 0.000010 0.283040 0.282715 9.51 11.50 −0.98 295 419
SN-18-3-3 92.1 0.000776 0.283011 0.000010 0.283009 0.282715 8.44 10.42 −0.98 340 489
SN-18-3-4 92.1 0.000646 0.283015 0.000010 0.283014 0.282715 8.60 10.58 −0.98 333 478
SN-18-3-5 92.1 0.000719 0.283018 0.000010 0.283017 0.282715 8.69 10.67 −0.98 329 473
SN-18-3-6 92.1 0.000467 0.283038 0.000007 0.283037 0.282715 9.40 11.39 −0.99 299 426
SN-18-3-7 92.1 0.000442 0.283036 0.000009 0.283035 0.282715 9.33 11.33 −0.99 302 431
SN-18-3-8 92.1 0.000682 0.282977 0.000009 0.282975 0.282715 7.24 9.22 −0.98 387 566
SN-18-3-9 92.1 0.000443 0.282989 0.000011 0.282988 0.282715 7.68 9.67 −0.99 367 536
SN-18-3-10 92.1 0.000614 0.283018 0.000010 0.283017 0.282715 8.69 10.68 −0.98 329 472
SN-18-3-11 92.1 0.000797 0.282982 0.000012 0.282981 0.282715 7.43 9.41 −0.98 380 553
SN-18-3-12 92.1 0.000811 0.283011 0.000010 0.283010 0.282715 8.46 10.44 −0.98 339 488
SN-18-3-13 92.1 0.000619 0.282945 0.000011 0.282944 0.282715 6.11 8.10 −0.98 431 637
SN-18-3-14 92.1 0.000694 0.282996 0.000010 0.282995 0.282715 7.92 9.90 −0.98 360 522
SN-18-3-15 92.1 0.000766 0.283006 0.000010 0.283005 0.282715 8.29 10.27 −0.98 346 498
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Fig. 10. Diagrams showing variations in (A) Fe2O3 vs. SiO2, (B) La/Sm vs. La, (C) Fe2O3 vs. SiO2, (D) CaO vs. SiO2, (E) Sr vs. SiO2. (F) EuN/Eu* vs. SiO2. (G) (Dy/Yb)N
vs. SiO2, and (H) (La/Sm)N vs. SiO2, with symbols as shown in Fig. 6.
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Kelu areas also have relatively high Mg# values (42.9–61.2, Fig. 8C and
D) compared with slab-derived adakitic melts (generally < 50, Martin
and Moyen, 2002; Shimoda et al., 1998), suggesting that the magmas

that formed these intrusions interacted with mantle wedge peridotites
during their ascent (Rapp et al., 1999).

In summary, the adakitic rocks in the Kelu and Sangbujiala areas
formed from magmas generated by partial melting of Neo-Tethyan
subducted slab material that subsequently interacted with overlying
mantle wedge peridotite material. These magmas were water rich and
fractionated amphibole and plagioclase during the early stages of their
evolution, with the latter mineral being removed from the system.

6.2.2. Geochemical characteristics controlling the fertility of Cretaceous
adakitic rocks

Numerous Cretaceous intrusions within the Gangdese batholith
have adakitic affinity, including adakitic rocks in the Mamen (ca.
136 Ma; Zhu et al., 2009), Sangri (ca. 95 Ma; Zhang et al., 2019), Nuri
(ca. 95 Ma; Zheng et al., 2014), Lilong (ca. 88 Ma; Zhang et al., 2010),
Nimu (ca. 88 Ma; Xu et al., 2015), and Milin (ca. 100–89 Ma; Ma et al.,
2013a, 2013c) areas. However, these intrusions are associated with
very minor amounts of mineralization (Jiang et al., 2012), meaning that
the differences between fertile and barren adakitic rocks (from a me-
tallogenic sense) remain unclear.

The Sangbujiala and Kelu fertile rocks have higher εNd(t) but lower
zircon εHf(t) ratios than those of the barren adakitic rocks mentioned
above, indicating that the former rocks record significant Nd–Hf de-
coupling (Fig. 9B). Previous research indicates that low Lu/Hf zircons
are generally indicative of residual weathered sources that generated
clays containing anomalously radiogenic Hf (Vervoort et al., 1999). The

Fig. 11. Diagram showing variations in zircon Ce4+/Ce3+ vs. EuN/Eu* values,
with data for barren adakitic rocks from Zhang et al. (2010). Symbols are as in
Fig. 9.

Fig. 12. Model depicting the generation of Jurassic and Cretaceous adakitic magmas within the southern Gangdese belt.
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addition of sediment-derived melts to source regions should generate
magmas with lower whole-rock εNd(t) ratios and higher εHf(t) values
(Vervoort and Patchett, 1996). In addition, both Ma et al. (2013a) and
Zheng et al. (2014) have suggested that the barren adakitic rocks of the
Milin and Nuri areas formed from magmas that interacted with sedi-
ment-derived melts or fluids (Ma et al., 2013a, 2013c; Zheng et al.,
2014).

The adakitic rocks in the Sangbujiala and Kelu areas have less
Nd–Hf decoupling compared with those of the barren adakitic rocks
(Fig. 9B), suggesting that they are derived from sources containing
smaller amounts of sedimentary material compared with the sources of
the barren adakitic rocks in these areas. However, these fertile adakitic
rocks contain relatively high contents of Th (mean Th/Yb = 6.02),
consistent with derivation from melts containing sediment-derived
components (> 2; Ben Othman et al., 1989; Nebel et al., 2007;
Woodhead et al., 2001). This is likely to reflect interaction of the par-
ental magmas for these intrusions with overlying metasomatized
mantle wedge material during their ascent.

Mantle wedge material becomes metasomatized and geochemically
enriched as a result of interaction with slab-derived fluids and partial
melts derived from sediments (Elburg et al., 2002; Guo et al., 2005).
Interaction with the former usually increases the concentrations of
fluid-mobile elements (e.g., Ba, Rb, Sr, U, and Pb) within source re-
gions, whereas the latter commonly generates Th and LREE enrich-
ments (e.g., Plank, 2005). The fertile adakitic rocks within the Sang-
bujiala and Kelu areas have elevated Mg# ratios (Fig. 8C) and Ni and Cr
contents (Fig. 8E) and have the most radiogenic Nd isotopic composi-
tions (Fig. 9A) of all of the contemporaneous intrusions within this
region. This suggests that these intrusions formed from parental
magmas that interacted significantly with mantle wedge peridotite
material prior to emplacement, with the former inheriting high Th
concentrations from the latter, which was previously metasomatized by
interaction with sediment-derived melts generated during earlier sub-
duction.

The zircons within the Sangbujiala and Kelu adakitic rocks have
mean EuN/Eu* ratios of 0.53 and 0.58 (Fig. 11A), respectively, both of
which are much higher than the values obtained from barren adakitic
rocks in the Linong area (average EuN/Eu* = 0.25; Zhang et al., 2010).
This suggests that the fertile adakitic rocks are derived from magmas
formed under higher magmatic oxygen fugacity conditions than those
of the barren adakitic rocks.

In summary, the parental magmas that formed the fertile adakitic
rocks in the study area were water rich, contained more mantle-derived
material, and formed under more oxidizing magmatic conditions
compared with the contemporaneous barren adakitic rocks in this re-
gion. The fact that Au and Cu are relatively enriched in the mantle (e.g.,
Richard, 2011) means that more oxidizing conditions would have
prevented sulfide fractionation (e.g., Liang et al., 2006, 2009; Sun et al.,
2013; Zou et al., 2015; Huang et al., 2017, 2018, 2019; Chen et al.,
2019a,b). The high water contents of the magmas would also have
enhanced volatile exsolution (e.g., Richards et al., 2012), making these
magmas ideal for both the generation of Cu–Au enrichment and the
subsequent formation of associated mineralization.

6.3. Two stages of Neo-Tethyan-related Cu–Au mineralization within the
Gangdese belt

The southern Gangdese belt records the subduction of Neo-Tethyan
oceanic crust during the Mesozoic and the subsequent collision of India
with Eurasia during the Cenozoic (Chen, 2002; Chung et al., 2005; Ji
et al., 2009a; Wen et al., 2008b; Zhu et al., 2011). Two magmatic suites
associated with porphyry-type mineralization have been identified
within the belt, including the Cenozoic post-collisional magmas that
host porphyry Cu–Mo deposits within the south Gangdese porphyry belt
(Hou et al., 2015a, 2015b; Qu et al., 2004) and Jurassic arc magmas
that host the large porphyry-type Xiongcun Cu–Au deposit and a series

of other mineralized occurrences (Chen et al., 2019a, b; Lang et al.,
2014; Tafti et al., 2014; Tang et al., 2015; Zou et al., 2015, 2017).
Previous research has identified an early Late Cretaceous magmatic
‘flare-up’ (ca. 100–80 Ma) within the southern Gangdese belt (Chung
et al., 2005; Ji et al., 2009a; Ma et al., 2013a, 2013b, 2013c; Wen et al.,
2008b; Zhu et al., 2011), but few mineral deposits in this region are
associated with Cretaceous intrusions. Our new geochronological data
indicate that the Kelu and Sangbujiala skarn-type Cu–Au deposits in the
southeast Gangdese belt formed at ca. 93 Ma and ca. 95 Ma, respec-
tively. These new ages indicate that the subduction of Neo-Tethyan
oceanic crust formed two phases of Cu–Au mineralization within the
south Gangdese belt, with these phases occurring during the Jurassic
and the Cretaceous.

The large Jurassic Xiongcun porphyry-type Cu–Au deposit is
thought to have formed as a result of Neo-Tethyan subduction (Lang
et al., 2019; Wang et al., 2017). The early Late Cretaceous mafic and
felsic rocks in regions close to the Kelu–Sangbujiala area (e.g., within
the Zhengga and Milin areas) are thought to have formed as a result of
rollback of the Neo-Tethyan slab (Ma et al., 2013a, 2013c). This sug-
gests that the two stages of Cu–Au mineralization related to Neo-
Tethyan subduction within the southern Gangdese belt formed as a
result of Jurassic subduction (Fig. 12A) and Cretaceous slab rollback
(Fig. 12B) events.

There are certainly fewer Cretaceous than Jurassic subduction-re-
lated Cu–Au deposits known in the southern Gangdese belt, but the
reasons for this difference remain unclear. Previous research has sug-
gested that barren Jurassic magmas were reduced and had lower εNd(t)
and εHf(t) and higher (87Sr/86Sr)i ratios than those of the fertile Jurassic
magmas in this area (Hou et al., 2015b; Wang et al., 2017), implying
that contamination of magmas by reduced crustal material lessened the
fertility of the barren magmas (Chen et al., 2019a,b). Both barren Late
Cretaceous adakitic rocks and contemporaneous mafic rocks in this area
have lower εNd(t) and higher (87Sr/86Sr)i ratios than those of the fertile
adakitic rocks in the Kelu and Sangbujiala areas (Jiang et al., 2012; Ma
et al., 2013a, 2013b, 2013c; Zhang et al., 2010; Zheng et al., 2014; Zhu
et al., 2009) but have values that are similar to those of the barren
Jurassic Yeba Formation (Fig. 9A). This suggests that the majority of the
Cretaceous magmas in this area assimilated more crustal material than
did the contemporaneous fertile magmas in this region. This addition of
reduced crustal material might have made the magma less oxidized,
preventing the magmas from becoming enriched in Cu and Au during
their evolution (Chen et al., 2019a, 2019b; Deng and Wang, 2016). This
can explain the lack of Cretaceous Cu–Au mineralization within the
south Gangdese belt, although this also means that exploration for
Cretaceous intrusion-related Cu–Au deposits in this region should focus
on isotopically primitive intrusions with high whole-rock εNd(t) and low
(87Sr/86Sr)i values.

7. Conclusions

1. The Kelu and Sangbujiala skarn Cu–Au deposits within the south
Gangdese belt formed at ca. 92 Ma and ca. 95 Ma, respectively, and
are both genetically related to Cretaceous intrusions.

2. The magmas that formed the Kelu and Sangbujiala deposits are
adakitic and are likely to have formed as a result of partial melting
of subducted Neo-Tethyan slab material, with the resulting magmas
interacting with mantle peridotite material and fractionating am-
phibole prior to their emplacement.

3. The south Gangdese belt records two stages of Cu–Au mineralization
related to the subduction of Neo-Tethyan oceanic crust.
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