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It is generally believed that andesite–dacite–rhyolite suites and contemporary porphyry Cu deposits are
related to subduction in active continental margin settings. However, it is still unclear which tectonic
events result in the generation of porphyry Cu deposits and whether asthenospheric mantle material
is involved in this process. Widespread andesitic–dacitic felsic intrusions associated with porphyry Cu
deposits and rarer basalts have been identified in the Late Triassic southern Yidun arc (SYA) of eastern
Tibet. However, few geochronological and geochemical data are available for these basalts, thereby ham-
pering the development of geodynamic models for this magmatic event and the formation of related por-
phyry Cu deposits in the region. Here we present the first geochemical and SIMS (secondary ion mass
spectrometry) zircon U–Pb data of Xiaxiaoliu basalts in the SYA. The age of the Late Triassic Xiaxiaoliu
basalts (216.1 ± 2.8 Ma) is consistent with the timing of emplacement of voluminous porphyritic intru-
sions and the formation of Cu deposits within the SYA (peaking at 215–217 Ma). The Xiaxiaoliu basalts
have E-MORB-like trace element patterns that are free of negative Nb–Ta anomalies, and have high
143Nd/144Nd(t) values, suggesting they were sourced from asthenospheric mantle without any arc-type
influence. These observations, combined with the fact that some Late Triassic mineralized porphyritic
intrusions within the SYA have adakitic affinities, suggest that the basalts and other igneous rocks and
associated porphyry Cu deposits within the SYA were produced by tearing of a westward-dipping slab,
triggering the upwelling of asthenospheric mantle material during subduction of the Garze–Litang
Ocean crust.

� 2016 Published by Elsevier B.V.
1. Introduction

Andesite–dacite–rhyolite suites and porphyry Cu deposits often
occur in active continental margin settings (e.g., the Andes in South
America) and are thought to relate to thermal-perturbation-
induced melting of lithospheric mantle material (e.g., Houseman
et al., 1981; Davies and von Blankenburg, 1995). However, the gen-
eration of porphyry Cu deposits only occurs during a few specific
and ephemeral tectonic events during subduction (e.g., Kay and
Mpodozis, 2001). In addition, it is unusual to find
asthenospheric-mantle-derived basaltic magmas in continental
arc settings. Here, we present new geochemical and SIMS U–Pb
zircon age data for E-MORB-like basalts that were most likely
derived from asthenospheric mantle within the southern Yidun
arc (SYA) of the eastern Tibetan Plateau. This area contains wide-
spread Late Triassic arc-related igneous rocks and porphyry Cu
deposits (Deng et al., 2014; Wang et al., 2014; Hou and Zhang,
2015; Zu et al., 2016), as exemplified by the Pulang Cu deposit,
one of the largest porphyry Cu deposits in China. We suggest the
E-MORB-like basalts and associated porphyry Cu deposits in SYA
were produced by slab-tear during subduction.
2. Geological background

The north–south trending Yidun continental arc (or Yidun arc)
is located in eastern Tibet, and is separated from the Yangtze Cra-
ton to the east by the Garze–Litang suture, and from the Zhongza
block to the west by the Xiangcheng–Geza Fault (Roger et al.,
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2010; Yang et al., 2012; Fig. 1A and B). It is generally believed that
the Garze–Litang suture formed at the end of the Triassic (Reid
et al., 2005), and the Yidun arc resulted from westward subduction
of Garze–Litang ocean crust in the Late Triassic (Yang et al., 2012).
The arc is dominated by Upper Triassic volcanic–sedimentary suc-
cessions that contain flysch-like sediments and mafic–silicic vol-
canic arc rocks (BGMRSP, 1991). The subduction-related volcanic
rocks in the Yidun arc formed between 245 and 210 Ma (e.g.,
Wang et al., 2011, 2013; Yang et al., 2012; Chen et al., 2014). The
volcanic rocks within the southern part of the Yidun arc (SYA, also
called the Zhongdian arc; Fig. 1C) are dominantly sub-alkaline
basalts, andesites, and dacites that occur as interlayers within
the Qugasi and Tumugou groups. The andesites and basalts in this
area are also associated with Late Triassic quartz diorite and quartz
monzonite dominated porphyritic intrusions and Cu deposits (e.g.,
the Pulang porphyry Cu deposits) (Deng et al., 2014; Hou and
Zhang, 2015; Zu et al., 2016).

Fresh to moderately altered basalt samples were collected from
the Xiaxiaoliu area (28�0104500–28�0201100N, 99�5400500–99�5004700E)
of the SYA during this study (Figs. 1C, 2A and B). These basalts dis-
continuously crop out over a total area of �2 km2. All samples
obtained during this study are massive, dark gray to gray–green,
Fig. 1. A) and B) Geological map of the Yidun Block. C) Geological map of the southern Yid
as follows: JS = Jinsha suture, GLS = Garze–Litang suture, BNS = Bangong–Nujiang suture
and are generally porphyritic, containing euhedral–subhedral pla-
gioclase, pyroxene, and amphibole phenocrysts that form <10 vol.%
of the rocks and are hosted by microcrystalline matrix material
(Fig. 2B and C). Plagioclase within these units is elongate and
columnar, and has undergone partial alteration to sericite and epi-
dote (Fig. 2B and C). The granular pyroxene within these basalts is
fractured and has undergone post-magmatic alteration to carbon-
ate and chlorite.
3. Analytical techniques

All samples were cleaned of weathered surfaces prior to being
powdered in an agate ring mill for subsequent major and trace ele-
ment and Sr–Nd isotopic analyses at the Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences (GIGCAS), Guangzhou,
China.

Major elements were measured by X-ray fluorescence (XRF)
spectrometry using fused glass disks and following the analytical
procedures described by Goto and Tatsumi (1996). Pre-ignition at
900 �C was used to determine loss on ignition (LOI) values prior
to major element analyses. The analysis of Chinese standard refer-
un arc region, adapted from Huang (2013) and Chen et al. (2014). Abbreviations are
, IYS = Indus–Yalu sutures, F. Geza = Xiangcheng–Geza Fault.



Fig. 2. (A–B) Field photographs of basalt from the Xiaxiaoliu area of the southern Yidun arc. (C–D) Photomicrographs showing representative examples of the Xiaxiaoliu
basalts within the southern Yidun arc. Abbreviations are as follows: Pl = plagioclase.

1056 J. Chen et al. / Ore Geology Reviews 90 (2017) 1054–1062
ence materials GSR-1, GSR-2, and GSR-3 yielded major element
analytical uncertainties that were generally better than 5%. Trace
element compositions were determined using inductively coupled
plasma–mass spectrometry (ICP–MS), following the analytical pro-
cedures described by Chen et al. (2010). The precision of the rare
earth element (REE) and high field strength element (HFSE) analy-
ses study is estimated to be 5%.

Sr and Nd isotopic compositions were measured using thermal
ionization mass spectrometry (TIMS) employing a Triton instru-
ment at GIGCAS and following the analytical procedures described
in detail by Li et al. (2004), Wei et al. (2002), and Chen et al. (2010).
The method of chemical separation of Sr and Nd was similar to that
described by Li and McCulloch (1998), Xu et al. (2002), and Chen
et al. (2010). The 87Sr/86Sr value of the NBS987 standard and the
143Nd/144Nd value of the JNdi-1 standard were 0.710288 ± 28
(2r) and 0.512109 ± 12 (2r), respectively, with fractionation cor-
rections of 146Nd/144Nd = 0.7219 and 86Sr/88Sr = 0.1194 applied to
all measured 143Nd/144Nd and 86Sr/88Sr values, respectively.

Samples for U–Pb analysis were processed by conventional
magnetic and density techniques to concentrate the non-
magnetic heavy fraction. The resulting zircon separates were
mounted with a 91500 standard zircon in epoxy mounts that were
then polished to expose zircon cross-sections for analysis. All zir-
cons were examined under transmitted and reflected light as well
by cathodoluminescence (CL) imaging to examine morphology and
internal structures. The grain mounts were then vacuum-coated
with high-purity gold prior to analysis by secondary ion mass spec-
trometry (SIMS), where U, Th, and Pb measurements were under-
taken using a Cameca IMS-1280 SIMS instrument at the Institute
of Geology and Geophysics, Chinese Academy of Sciences, Beijing,
China. U–Th–Pb ratios and absolute abundances were determined
relative to those of a 91500 standard zircon (Wiedenbeck et al.,
1995), which was analyzed intermittently during analysis of the
unknown zircons. These analyses used operating and data process-
ing procedures similar to those described by Li et al. (2009),
employing a mass resolution of 5400 to measure Pb/Pb and Pb/U
ratios. A long-term uncertainly of 1.5% (1 RSD) for the 206Pb/238U
measurements of the standard zircons was propagated to the
unknowns (Li et al., 2010) despite the fact that the measured
206Pb/238U error during a specific session was generally around
1% (i.e., 1 RSD) or less. The measured compositions were corrected
for common Pb using non-radiogenic common Pb and non-
radiogenic 204Pb. These corrections were sufficiently small to be
sensitive to the choice of common Pb composition, meaning that
an average present-day crustal composition (Stacey and Kramers,
1975) was used for common Pb, assuming that the common Pb
encountered during analysis was generally surface contamination
introduced during sample preparation. Uncertainties on individual
analysis are reported at the 1r level, with mean ages for pooled U/
Pb (and Pb/Pb) analyses quoted at the 95% confidence level. Reduc-
tion of the SIMS data was undertaken using the program Isoplot/E
v. 2.49 (Ludwig, 2001).
4. Age data and geochemistry

The results of the SIMS zircon U–Pb, major and trace element
geochemical, and Nd–Sr isotopic analyses are given in Tables 1
and 2. The basalts were collected from the Xiaxiaoliu area (Fig. 1C),
and their age of formation was unknown prior to this study. The
results of SIMS zircon U–Pb dating are summarized in Table 1.
All analyses yielding a weighted mean 206Pb/208Pb age of



Table 1
Results of Secondary Ion Mass Spectrometry (SIMS) analysis of zircons in basalts from Xiaxiaoliu area in southern Yidun arc, eastern Tibet.

Sample spots U ppm Th ppm Th/U 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r

11XXL-01-1 548 487 1.12 0.05036 9.43 0.23985 9.59 0.0345 1.73 211.6 205.1 218.3 19.0 218.9 3.7
11XXL-01-2 1088 972 1.12 0.05054 1.64 0.23328 2.33 0.0335 1.66 219.8 37.4 212.9 4.5 212.3 3.5
11XXL-01-3 405 368 1.10 0.05034 1.86 0.22909 2.50 0.0330 1.68 210.6 42.5 209.4 4.7 209.3 3.5
11XXL-01-4 256 381 0.67 0.05063 14.2 0.24241 14.3 0.0347 1.88 224.0 299.1 220.4 28.8 220.0 4.1
11XXL-01-5 781 705 1.11 0.05129 5.91 0.24834 6.14 0.0351 1.67 253.9 130.5 225.2 12.5 222.5 3.7
11XXL-01-6 478 477 1.00 0.04946 2.07 0.23414 2.65 0.0343 1.65 169.5 47.6 213.6 5.1 217.6 3.5
11XXL-01-7 295 376 0.79 0.04999 3.02 0.23277 3.49 0.0338 1.76 194.4 68.7 212.5 6.7 214.1 3.7

Table 2
Geochemical and Sr–Nd isotopic data of basalts from Xiaxiaoliu area in southern Yidun arc, eastern Tibet.

Sample 10XXL-01 10XXL-08 10XXL-10 10XXL-11 10XXL-17 10XXL-18 11XXL-03

SiO2 44.53 46.86 47.5 46.31 47.76 45.54 47.25
TiO2 2.57 2.08 2.06 2.36 2.00 2.42 2.16
Al2O3 14.62 14.59 14.39 13.35 14.19 14.13 13.67
Fe2O3 18.06 14.82 12.69 15.76 14.22 14.74 17.05
MnO 0.22 0.21 0.19 0.25 0.15 0.21 0.24
MgO 5.89 5.75 7.52 6.65 3.74 6.96 5.74
CaO 7.06 9.80 7.57 9.33 7.95 10.03 8.14
Na2O 3.25 2.47 4.34 2.91 2.53 2.30 4.28
K2O 0.03 0.04 0.18 0.07 1.70 0.14 0.05
P2O5 0.27 0.25 0.22 0.28 0.24 0.23 0.26
LOI 3.13 2.7 2.93 2.31 5.3 2.89 2.16
Mg# 39 44 54 46 34 49 40
Sc 43.9 34.9 45.1 39.3 39.6 40.5 46.6
V 449 379 361 396 309 394 455
Cr 92.8 115 51.1 116 69.5 62.0 71.6
Co 55.8 48.3 51.0 53.4 43.9 52.3 58.4
Ni 74.0 73.6 62.3 80.2 58.3 60.1 72.2
Cu 232 200 186 62.0 55.0 122 259
Zn 121 103 89.0 133 89.9 104 128
Rb 1.24 0.90 1.95 2.62 33.4 1.73 0.88
Ba 35.5 53.2 135 56.1 290 52.1 67.9
Th 1.52 1.44 0.89 1.72 1.11 1.23 1.73
U 0.36 0.28 0.23 0.27 0.34 0.28 0.35
Nb 14.7 14.0 13.1 16.3 14.4 19.5 14.6
Ta 1.04 0.93 0.83 1.10 0.94 1.27 0.90
Pb 4.56 3.56 1.06 9.84 1.29 1.91 1.08
Sr 462 435 199 653 126 170 402
Zr 154 127 122 143 119 148 157
Hf 4.24 3.41 3.33 3.86 3.27 4.06 4.13
Ti 15,405 12,467 12,348 14,146 11,988 14,505 16,184
La 14.7 14.8 10.9 16.3 11.6 12.0 19.4
Ce 33.6 31.9 25.2 35.9 27.3 28.5 41.1
Pr 4.93 4.49 3.72 5.14 3.90 4.20 5.54
Nd 22.3 19.8 17.4 22.7 17.5 19.6 26.0
Sm 5.95 5.10 4.86 5.83 4.88 5.33 6.38
Eu 2.03 1.76 1.75 1.95 1.81 1.86 2.19
Gd 6.52 5.51 5.47 6.34 5.39 5.98 7.46
Tb 1.12 0.93 0.98 1.10 0.95 1.06 1.22
Dy 6.85 5.76 6.18 6.79 6.01 6.65 7.37
Y 34.5 29.6 31.5 34.0 29.1 34.0 34.6
Ho 1.41 1.20 1.29 1.41 1.25 1.39 1.58
Er 3.72 3.21 3.43 3.77 3.32 3.76 4.01
Tm 0.53 0.45 0.50 0.53 0.48 0.53 0.57
Yb 3.28 2.80 3.08 3.32 3.02 3.30 3.26
Lu 0.49 0.43 0.47 0.51 0.46 0.52 0.55
Zr/Nb 10.5 9.07 9.31 8.77 8.26 7.59 10.75
Y/Nb 2.35 2.11 2.40 2.09 2.02 1.74 2.37
La/Sm 2.49 2.90 2.22 2.81 2.37 2.26 3.03
Sm/Yb 1.80 1.82 1.59 1.75 1.62 1.61 1.96
Nb/U 40.8 50.0 57.0 60.4 42.4 69.6 41.7
Th/Ce 0.045 0.044 0.036 0.047 0.040 0.042 0.041
La/Nb 1.00 1.06 0.83 1.00 0.81 0.62 1.33
Ta/La 0.07 0.06 0.08 0.07 0.08 0.11 0.05
87Sr/86Sr 0.706243 0.704950 0.705604 0.705955 0.706074 0.704596 0.706193
±2r 0.000009 0.000009 0.000005 0.000003 0.000006 0.000006 0.000003
(87Sr/86Sr)i 0.706219 0.704931 0.705517 0.705920 0.703729 0.704505 0.706174
143Nd/144Nd 0.512917 0.512891 0.512951 0.512891 0.512921 0.512873 0.512841
±2r 0.000009 0.000007 0.000009 0.000008 0.000008 0.000007 0.000007
(143Nd/144Nd)t 0.512689 0.512671 0.512712 0.512672 0.512683 0.512640 0.512631
eNd(t) 6.43 6.08 6.87 6.09 6.31 5.47 5.3
TDM(Ga) 0.68 0.68 0.69 0.68 0.78 0.87 0.72
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Fig. 3. Secondary ion mass spectrometry (SIMS) U–Pb zircon concordia diagrams
for the Xiaxiaoliu basalts of the southern Yidun arc. The inset shows a typical CL
image of the zircons analyzed during this study.
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216.1 ± 2.8 Ma (Fig. 3). This Late Triassic age is consistent with the
timing of the extensive porphyritic intrusions within the SYA, the
majority of which formed between 221 and 211 Ma, with peak
magmatism at 217–215 Ma (e.g., Chen et al., 2014).

The Xiaxiaoliu basalts have fairly uniform SiO2 (44.5–47.8 wt%),
Fe2O3 (12.7–18.1 wt%), MgO (3.7–7.5 wt%), and Al2O3 (13.4–
14.62 wt%) concentrations, and contain significant amounts of
TiO2 (2.0–2.6 wt%; Table 2). They are classified as low-K and sub-
alkaline in a Nb/Y vs. Zr/TiO2 diagram (Fig. 4A), and record a dis-
tinct increase in Ti with increasing differentiation, as exemplified
by variations in Zr concentrations, a feature that is indicative of a
tholeiitic affinity. The Xiaxiaoliu basalts are geochemically similar
to typical E-MORB compositions rather than N-MORB or OIB (Sun
and McDonough, 1989); this holds true for the majority of ele-
ments barring the heavy REE (HREE). These samples have
primitive-mantle-normalized multi-element variation patterns
that are free of negative Nb and Ta anomalies and are more frac-
tionated than E-MORB compositions (Fig. 4B). The Xiaxiaoliu
basalts also plot closer to E-MORB compositions than to N-MORB
or OIB in a Th/Yb vs. Nb/Yb diagram (Fig. 5A). In addition, the
low Zr/Nb (7.6–10.8), Y/Nb (1.7–2.4), La/Sm (2.2–3.0), Sm/Yb
(1.8–2.0), and La/Yb (3.5–6.0) ratios of the Xiaxiaoliu basalts are
Fig. 4. A) Nb/Y vs. Zr/TiO2 classification diagram (Winchester and Floyd, 1977) and B) The
basalts and other igneous rocks within the southern Yidun arc. The primitive mantle com
et al. (2011), Chen et al. (2014), and this study.
also similar to those of E-MORB compositions (Sun and
McDonough, 1989; Table 2; Fig. 5B).

The Xiaxiaoliu basalts have distinctly higher eNd(t) values
(5.30–6.87) than the contemporaneous andesite–dacite and felsic
intrusions (�1.4 to �5.4) within the SYA (Table 2; Fig. 6). In addi-
tion, the former have lower Nd model ages (TDM = 0.68–0.87 Ga, av.
0.73 Ga) than the latter (TDM = 0.98–1.30 Ga, av. 1.16 Ga). The ini-
tial Sr isotopic ratios of the Xiaxiaoliu basalts show a wide scatter
(Fig. 6), possibly due to the mobility of Rb resulting from seawater
alteration.
5. Discussion

5.1. Crustal contamination and fractional crystallization

The Xiaxiaoliu basalts have E-MORB-like geochemical features,
such as positive Nb, Ta, P, and Ti anomalies and depleted Nd iso-
topic compositions, both of which are indicative of negligible crus-
tal contamination. This view is supported by the uniformly high
Nb/U (41–70, av. 52) and low Th/Ce (0.036–0.047, av. 0.042) ratios
of these samples (Table 2), suggesting that the magmas that
formed these basalts assimilated only minor amounts of crustal
material prior to emplacement (Condie, 2003).

The low-K Xiaxiaoliu basalts have relatively low MgO (3.7–
7.5 wt%), Cr (51–116 ppm), and Ni (58–80 ppm) concentrations,
and Mg# values (654; Mg# = 100 � (MgO/(MgO + FeOtotal));
Table 2) compared with primitive basaltic magmas (Green,
1976), suggesting that the magmas that formed these basalts
underwent fractional crystallization prior to eruption or emplace-
ment. In addition, the MgO, Fe2O3, TiO2, Cr, Ni, V, and Co concentra-
tions within these basalts negatively correlate with SiO2

concentrations, indicating fractionation of olivine, pyroxene, and
Fe–Ti oxides. These basalts do not have negative Eu anomalies,
suggesting that only minor plagioclase fractionation took place
prior to their eruption or emplacement.
5.2. Magma sourcing and petrogenesis

The Xiaxiaoliu basalts have E-MORB-like trace element charac-
teristics and Nd isotopic compositions that require the presence of
enriched components in the mantle source, either from the recy-
cling of oceanic crust and various associated continental materials
(Schilline, 1973; Willbold and Stracke, 2006; Ulrich et al., 2012;
Hofmann, 2014) or as a result of metasomatism (White and
primitive mantle (PM)-normalized trace element variation diagram for Late Triassic
position is from Sun and McDonough (1989), with data from Ren et al. (2011), Wang



Fig. 5. A) Th/Yb vs. Nb/Yb discrimination diagram for typical oceanic and island arc rocks, showing variations in compositions of samples from the study area (Pearce, 2008).
B) Zr/Nb vs. La/Yb diagram showing variations in samples from the study area. Data sources are as follows: normal MORB (N-MORB), enriched MORB (E-MORB), and oceanic-
island basalt (OIB) data are from Sun and McDonough (1989); upper continental crust (UCC) values are from Rudnick and Gao (2003); Aleutian arc basalts are from Wanke
et al. (2012); basalts and other rocks within the southern Yidun arc are from Wang et al. (2011), Chen et al. (2014), and this study.
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Hofmann, 1982; Zindler and Hart, 1986; Sun and McDonough,
1989).

Although the Xiaxiaoliu basalts are temporally and spatially
associated with arc-affinity andesite–dacite and felsic intrusions
within SYA, a significant amount of evidence suggests they formed
in an intraplate setting, as follows. (1) Compared with typical arc
magmatic rocks with low HFSE contents (e.g., TiO2 < 1 wt% and
Nb < 2 ppm; Martin et al., 2005) and negative Nb–Ta anomalies
(Sun and McDonough, 1989), the Xiaxiaoliu basalts do not have
negative Nb and Ta anomalies, and contain high concentrations
of TiO2 (2.0–2.6 wt%) and Nb (13.1–19.5 ppm). (2) The Xiaxiaoliu
basalts are all classified as intraplate within tectonomagmatic dis-
criminant diagrams, such as Th–Hf/3–Ta ternary (Wood, 1980) and
Zr–Zr/Y (Pearce, 1982) diagrams (Fig. 7). (3) The high Nb/U ratios
(41–70, av. 52) of the Xiaxiaoliu basalts are consistent with average
OIB and MORB compositions (Hofmann, 1997).

The above geochemical features, combined with the low La/Nb
(0.62–1.33, av. 0.95) and high Ta/La (0.05–0.11, av. 0.07) ratios of
the Xiaxiaoliu basalts (Table 2), suggest that the basalts formed
from melts derived from an asthenospheric mantle source
(Thompson and Morrison, 1988; Fitton, 1995). In addition, plotting
these samples on a (Sm/Yb) N vs. (La/Sm)N diagram (Fig. 8) indi-
Fig. 6. Sr–Nd isotope compositions of samples from the study area. Marine
sediment data are from Plank and Langmuir (1998); all other data sources are as
in Fig. 5.
cates that the magmas that formed the Xiaxiaoliu low-K tholeiitic
basalts were generated by variable degrees of batch melting (2%–
10%) of a hypothetical mantle source containing little garnet
(Cpx:Grt = 6:1). In turn, this indicates that the basalts formed at
the depth of the spinel-to-garnet transition (<80 km) along the
peridotite solidus (McKenzie and O’Nions, 1991; Robinson and
Wood, 1998).

The presence of widely distributed Late Triassic andesite–dacite
units (including felsic intrusions) and small volumes of basaltic
lava within the SYA indicate a genetic link between these two
types of magmatism. However, a lack of basaltic andesite in this
area and the clearly different geochemical and Nd isotopic charac-
teristics of the basalts and the andesite–dacite units, including the
felsic intrusions (e.g., the absence of Nb and Ta depletions and the
lower K2O and Th concentrations, lower Th/Yb, La/Sm, and Sm/Yb
ratios, higher eNd(t) values, and lower Nd model ages of the Xiax-
iaoliu E-MORB-like basalts than the andesite–dacite units and the
felsic intrusions) suggests these units were derived from different
sources (Figs. 5 and 6).

Late Triassic Cu-bearing felsic porphyries, some of which have
adakitic affinities, are widely distributed throughout the SYA and
are associated with partial melting of the westward subducting
Garze–Litang oceanic slab (e.g., Wang et al., 2011; Chen et al.,
2014). Slab melting requires anomalously hot slab temperatures
that are associated with (1) the subduction of a young and hot
oceanic plate (Defant and Drummond, 1990), (2) highly oblique
slab subduction (Kelemen et al., 2003), or (3) subduction involving
the edge of a torn slab (Yogodzinski et al., 2001). However, the
magmatism within the SYA did not involve the subduction of a
young oceanic slab, primarily as seafloor spreading within the
Garze–Litang Ocean occurred during the Permian (e.g., Yan et al.,
2005). In addition, Hou et al. (2004) argued that the back-arc
basins and related magmatism within the SYA developed under
compression as a result of the low angle of subduction that pre-
vailed during the Triassic, which suggests that the adakitic rocks
are not related to highly oblique slab subduction. The new data
presented in this study suggest that the adakitic rocks related to
porphyry Cu deposits within the SYA were generated by partial
melting of the edge of a torn slab involved in westward-dipping
subduction of the Garze–Litang Ocean crust. The geochemistry of
the Xiaxiaoliu basalts records a minor subduction influence that,
when combined with derivation from mantle material within the
transitional zone between the stability fields of spinel and garnet,
suggests these basalts formed from magmas generated by partial
melting of an asthenospheric mantle source underlying



Fig. 9. Simple slab-tear model for westward subduction of the Garze–Litang Ocean
and associated Late Triassic magmatism within the southern Yidun arc.

Fig. 7. A) Hf/3–Th–Ta (Wood, 1980) and B) Zr–Zr/Y (Pearce, 1982) tectonomagmatic discriminant diagrams showing variations in the composition of the Xiaxiaoliu basalts.
Abbreviations are as follows: WPT = within-plate tholeiite, WPA = within-plate alkaline basalt, WPB = within-plate basalt, IAB = island arc basalt. Data sources and symbols
are as in Fig. 5.

Fig. 8. (Sm/Yb)N vs. (La/Sm)N diagram for the Xiaxiaoliu basalts, showing batch
melting trends at varying clinopyroxene (Cpx):garnet (Grt) ratios in the residual
solid, based on D’Orazio et al. (2001) and Xu et al. (2008).
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westward-subducted oceanic crustal material, as discussed above.
This inference, combined with the close temporal and spatial links
between the basalts and the widespread Cu-bearing porphyritic
magmatism within the SYA, is also consistent with a slab tear or
break-off model. The Late Triassic geological, geochronological,
and geochemical data for the SYA are also consistent with the slab
tear or breakoff modal outlined by Davies and von Blankenburg
(1995), as follows: (1) the presence of bimodal magmatism (basalts
and andesite–dacite units, including felsic intrusions), and (2) the
presence of a Late Triassic basin in the northern and middle parts
of the Yidun arc. However, the restricted distribution of the E-
MORE-like basaltic magmatism and associated porphyry Cu depos-
its to a narrow region within the SYA instead of the whole Yidun
arc (Hou et al., 2004), as well as the timing of the magmatism
and porphyry Cu formation in the SYA (221–211 Ma), is in keeping
with slab tearing rather than breakoff.
5.3. Implications for the generation of porphyry Cu deposits

The separation of the Garze–Litang oceanic basin from the
western margin of the Yangtze Craton during the Permian caused
spatial changes in the angle of slab subduction beneath the Yidun
arc, including the development of northern high-angle and south-
ern low-angle subduction along the arc (Hou et al., 2004). The for-
mer caused partial melting of an area of mantle wedge that was
metasomatized during interaction with subduction-derived mate-
rial, generating the parental magmas of the Triassic non-porphyry-
related basalts and andesites of the northern Yidun arc (Hou et al.,
2004; Wang et al., 2013). However, low-angle subduction beneath
the SYA led to tearing of the slab during the Late Triassic, causing
an upwelling of asthenospheric material. This in turn generated
the parental magmas of basalts and the formation of associated
porphyry Cu deposits within the SYA, as follows (Fig. 9): (1)
decompression melting of the upwelling asthenospheric mantle
along a tear-related slab window, generating low-K basaltic mag-
mas with E-MORB-like characteristics in the Xiaxiaoliu area and
other parts of the region; (2) partial melting of the edge of the torn
slab, generating melts with adakitic affinities; and (3) the interac-
tion and/or mixing of the upwelling melts with melts derived from
a mantle wedge that was metasomatized during interaction with
subduction-related fluids and sediments. These melts subse-
quently underwent melting–assimilation–storage–homogeniza
tion (MASH) processes beneath the lower crust, forming the paren-
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tal magmas of the andesites and dacites in the study area with arc-
like characteristics such as HFSE depletions (e.g., Nb and Ta), which
in turn formed the parental magmas of the intrusions associated
with porphyry Cu deposits. Thus, the formation of a porphyry Cu
deposit, at least in the case of the SYA, may require slab-tear and
the associated triggered upwelling of asthenospheric mantle mate-
rial during subduction. We conclude that slab-tear and triggered
upwelling of asthenospheric mantle material is one of the most
likely mechanisms to produce a porphyry Cu deposit in an active
continental margin setting. Similar observations in other oceanic
and/or continental lithosphere subduction zones, such as porphyry
Cu mineralization on Java Island (Setijadji et al., 2006), within the
Luzon Arc (Polve et al., 2007; Fan et al., 2015), in the Canadian Cor-
dillera (Logan and Mihalyunk, 2014), in California and Nevada (du
Bray et al., 2014), in the Kerman area of Iran (Shafiei et al., 2009)
and in southern Tibet in China (Hou et al., 2006), all suggest that
slab tearing is an important process in the generation of porphyry
Cu mineralization.

6. Conclusions

(1) The E-MORB-like geochemical characteristics of the Xiaxi-
aoliu basalts suggest they were derived from asthenospheric
mantle at �217 Ma.

(2) The small volumes of basalt lavas, combined with wide-
spread andesitic–dacitic (including felsic intrusions) mag-
matism and associated porphyry Cu deposits within the
SYA, were most likely generated by Late Triassic tearing of
the slab of the westward-dipping Garze–Litang Ocean crust.
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