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Cenozoic lamprophyres are widespread along the Ailaoshan suture, SW Yunnan, SW China, where there are also
many important gold deposits, especially the Zhenyuandeposit.Wehave carried out a geochemical investigation
of the Zhenyuan lamprophyres in terms of major and trace elements, platinum-group elements (PGE), and Os
isotopes. The Zhenyuan lamprophyres can be classified into groups with high or low Os concentrations. The
187Os/188Os ratios, corrected for in situ growth, are highly variable in both types of lamprophyre, ranging from
mantle values up to 1.13. The highly radiogenic Os isotopic signatures are interpreted as being due to long-
term accumulation of elevated Re/Os in the lithosphericmantle, as a result of subduction-relatedmetasomatism.
The highly variable 187Os/188Os ratios of the low-Os lamprophyresmight also have resulted frommetasomatism of
a deeply derived carbonate melt, which did not elevate Os concentrations significantly. The Zhenyuan
lamprophyres feature low PGE contents and can be classified into two groups: A and B, based on their primitive-
mantle-normalized PGE patterns. Group A is characterized by strongly negative Ru anomalies, while Group B is
characterized by slightly negative Ru anomalies and low total PGE contents. The PGE characteristics may be
explained by a two-stage model of magma evolution. Very high Cu/Pd and low Pt/Y ratios indicate the first stage
involved sulfur saturation and sulfide removal, producing variable total-PGE concentrations, especially in Group
B. The second stage involved S-undersaturation and the early crystallization of silicate minerals (e.g., olivine)
along with laurite and/or Ru-Ir-Os alloy, fractionating PGEs and producing marked negative Eu anomalies.

© 2017 Published by Elsevier B.V.
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1. Introduction

The Sanjiang region in southwestern Yunnan Province, SW China,
hosts many importantmineral deposits of diverse genetic types, includ-
ing porphyry–skarn Cu-Au-(Mo) and orogenic Au deposits, making this
region one of the most widely prospected and metal-productive in
China. The Ailaoshan-Red River (ASRR) shear zone is an important
feature of the Sanjiang region, and contains one of the most important
gold deposits in China (and is thus also called the “Ailaoshan gold
belt”). Eocene mantle-derived lamprophyres and potassic volcanic
complexes are widespread in the belt (Chung et al., 1998; Guo et al.,
2005; Liang and Zhang, 2007; Lu et al., 2015). The Zhenyuan gold
deposit, located in the northern section of the Ailaoshan gold belt, is
typical of the deposits in this region (Huang et al., 1999, 2002), with
widespread Cenozoic lamprophyre dike intrusions occurring across
the ore field.

Lamprophyres are generally thought to form from mantle-derived
magmas (Foley, 1992; Rock, 1987), and the WNW-trending (ultra)-
g).
potassic lamprophyres in the Sanjiang region therefore can provide
significant insight into the composition of the continental lithospheric
mantle (CLM) and itsmetasomatic history beneath thewesternYangtze
Craton margin. It has previously been suggested that these
lamprophyres are calc-alkaline and were derived from low degrees of
partial melting of enriched phlogopite harzburgite (Foley, 1992). How-
ever, their petrogenesis and the evolution of their lithospheric mantle
source are still far from being understood (Chung et al., 1998; Guo
et al., 2005; Huang et al., 2010; Li et al., 2002; Wang et al., 2001a; Xu
et al., 2001). Two earlier hypotheses considered that lamprophyres in
this region originated from partial melting of a metasomatized mantle,
and that this metasomatism was induced by oceanic-plate subduction
(Guo et al., 2005; Zhou et al., 2002), either due to slab subduction in
response to formation of the Panxi-Hannan arc at ca. 1100–900 Ma
(Zhou et al., 2002, 2006) or by late Devonian eastward subduction of
the paleo-Tethyan oceanic slab (Guo et al., 2005). Contrasting with
these subduction-related models, it has been proposed that the
enriched lithospheric mantle source was the exotic Tibetan lithosphere,
which extruded eastward beneath the Yangtze Craton during Indo-Asia
collision at ca. 55Ma (Xu et al., 2001). A fourth hypothesis suggests that
the lithosphere was metasomatized locally by carbonatitic melts from
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the seismic low-velocity zone in the upper mantle, since 250 Ma
(Huang et al., 2010).

Platinum-group elements (PGEs; Os, Ir, Ru, Rh, Pt, and Pd) and Re,
unlike lithophile elements in mantle peridotites, are chalcophilic and
partition strongly into sulfides rather than silicates. Iridium-group
PGEs (IPGEs: Os, Ir, and Ru), however, are also compatible with some
oxide minerals (e.g., chromite) during the early crystallization of
S-undersaturated magmas (Capobianco and Drake, 1990; Capobianco
et al., 1994; Keays, 1995). In addition, the behavior of PGEs during
magmatic evolution can be influenced by both sulfur and oxygen fugac-
ities ( fS2 and fO2, respectively) (Keays and Crocket, 1970; Ringwood,
1955). Research into PGE systematics in mantle-derived magmas is
thus important in unraveling the petrogenesis of mafic and ultramafic
magmas, and to trace deep mantle and geodynamic processes (Barnes
et al., 1985; Greenough and Owen, 1992; Maier et al., 2003a, 2003b;
Momme et al., 2006; Puchtel et al., 2009; Vogel and Keays, 1997). The
Re-Os isotopic system is a powerful tracer of recycled crust or litho-
sphere in the mantle because Re behaves as a moderately incompatible
element and prefers to enter melt, while Os is highly compatible during
melting and remains in the mantle (Shirey and Walker, 1998).
b

Fig. 1. (a) Simplified tectonic map of Asia showing the Sanjiang region in SW China. (b) Simplifi
Honghe, Ailaoshan, Jiujia-Anding, and Amojiang fault, respectively. (c) Geologic map of the Zh
Consequently, continental and oceanic crust both possess high Re/Os ra-
tios and develop a range of radiogenic Os isotopic signatures over time,
allowing the tracing of recycled materials mixed back into the mantle.

In this study, major- and trace-element and PGE geochemical
analyses, and Re-Os isotopic studies, were conducted on the Zhenyuan
lamprophyres. The resulting data are used to reconstruct the evolution
of lamprophyres during magmatic differentiation, and to identify the
mechanism of mantle enrichment.

2. Geological setting and petrology

The Zhenyuan gold deposit is situated in the northern ASRR shear
zone, located at the boundary between the Yangtze Craton and the
Indochina block (Fig. 1b). The deposit is dominated by the Laowangzhai
andDonggualin ore bodies and several other smaller ore segments, such
as the Daqiaoqing, Kudumu, and Langnitang segments (Fig. 1c).
Lamprophyre dikes occur mainly along NW-trending faults and subsid-
iary structures, intruding the local stratigraphy and other magmatic
rocks, and are spatially related to both the Laowangzhai andDonggualin
ore bodies (Fig. 2). Phlogopite 40Ar/39Ar ages, Rb-Sr ages, and apatite
a

c

ed geologic map of the Ailaoshan fold belt. The major faults F1, F2, F3, and F4 represent the
enyuan gold deposit, showing the distribution of lamprophyres.



Fig. 2. Geological profiles of the Donggualin and Laowangzhai ore bodies at Zhenyuan, showing the close spatial relationship between the ore bodies and lamprophyres.
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fission-track ages of the lamprophyres are 30.8–34.3 Ma (Wang et al.,
2001b), 28.8–49.0 Ma (Hu et al., 1995), and 22.7–27.2 Ma (Huang
et al., 1997), respectively, consistent with the timing of the Himalayan
orogeny. Over 300 dikes make up a magmatic dike belt measuring
~5 km long and ~100–500 m wide, with single dikes being ~5–500 m
long and ~0.3 − 3 m wide. The igneous rocks examined in the present
study display petrographic characteristics that are typical of
lamprophyres, including porphyritic textures, the presence of castellated
phlogopite phenocrysts, and the absence of orthopyroxene, quartz, and
feldspar phenocrysts. The phenocrysts comprise clinopyroxene (~10%),
phlogopite (~10%), and minor olivine (0%–5%). The groundmass
includes feldspar (~40%), mica (~15%), clinopyroxene (~10%), plagio-
clase (~5%),minor quartz (~1%), and carbonate (~1%; likely secondary).
Accessory minerals in the groundmass include apatite, magnetite, and
zircon. The rocks are dominated by minettes, which contain
clinopyroxene (~20%), mica (~25%; mainly phlogopite and minor Mg-
rich biotite), and K-feldspar (~40%). A few kersantites contain mainly
clinopyroxene (~20%), mica (~25%), and plagioclase (~35%). Composi-
tional zoning is common in the phlogopite phenocrysts (Fig. 3). The
rocks have undergone varying degrees of carbonate, sericite, serpen-
tine, and chlorite alteration, and some sulfurmineralization (producing,
for example, pyrite, stibnite, and arsenopyrite).

Lamprophyre samples were collected from both the Laowangzhai
and Donggualin ore bodies. To minimize later hydrothermal effects,
the collected samples were fresh or weakly altered (grayish-black in
color), with primary igneous textures and minerals preserved. Olivine
and some pyroxene grains in the rocks were, however, altered to
serpentine, chlorite, and carbonate. After detailed petrographic exami-
nation, the 30 least-altered samples were selected for geochemical
and Os isotope analyses.

3. Analytical methods and calculations

Whole-rockmajor-element geochemical analyseswere conducted by
X-ray fluorescence (XRF) spectrometry at the ALS Chemex (Guangzhou,
China), with analytical precision better than ±2%. Ttrace-element
geochemical and isotopic analyses were conducted at the State Key
Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry,
Chinese Academy of Sciences (GIGCAS), Guiyang, China. Whole-rock
trace-element concentrations were measured by inductively coupled
plasma-mass spetrometry (ICP-MS; Perkin-Elmer ELAN DRC-e).
a b

d e

Fig. 3. (a): Field photograph and (b) hand specimen photograph of the lamprophyre dikes at Z
comprising clinopyroxene, plagioclase, and phlogopite. (f) Phlogopite phenocrysts showing co
Powdered samples (50 mg) were dissolved in an HF/HNO3 mixture in
high-pressure Teflon bombs for 48 h at ~190 °C (Qi et al., 2000). An
internal standard of 1 ml of 500 ppb Rh solution was added to monitor
signal drift during analysis.

PGE concentrations were measured by isotope dilution and ICP-MS
after treatment of samples using an improved digestion technique (Qi
et al., 2011), as follows. Rock powder (~3 g) was carefully weighed
into a 120ml PTFE beaker.Water (~5ml)was added towet the powder,
before 15–30 ml HF was added slowly (to avoid boiling due to the
exothermic reaction). The acid was then evaporated to dryness to
remove silicates before an appropriate volume of isotope-spike solution
containing 193Ir, 101Ru, 194Pt, and 105Pd was added, together with 2 ml
HF and 15 ml HNO3. The beaker was sealed in a stainless-steel pressure
bomb, which was heated in an electric oven at 185 °C for 36 h. After
cooling to room temperature, the beaker was opened, and 2.5 ml HCl
added and evaporated to dryness. This acid-evaporation step was
repeated three times to remove residual HF and HNO3. After the final
drying, the residue was washed with water into a 50 ml centrifuge
tube. After centrifuging, the residue was discarded, and PGEs pre-
concentrated by Te-coprecipitation. The main interfering elements,
including Cu, Ni, Zr, and Hf, were removed by ion-exchange chromatog-
raphy, using a mixed-resin column containing Dowex 50WX8 cation-
exchange resin and P507 Levextrel resin. The eluted solution was evap-
orated to a volume of 2–3 ml and transferred to a 15ml centrifuge tube
for ICP-MS analysis. Platinum, Pd, Ru, and Ir were measured by isotope
dilution, while 194Pt was used as an internal standard for determination
of Rh (Qi et al., 2004). Analysis results for standardsWGB-1, TDB-1, and
UMT-1, and blank solutions, are listed in Supplementary Table 1. Results
for the standards were in good agreement with their certified values,
and total procedural Ir blanks ranged from 0.001 to 0.019 ng.

Osmium isotopes weremeasured using the above ICP-MS, following
the procedure of Qi et al. (2007). A carefully weighed powder sample
(~6 g) was loaded in a Carius tube with an appropriate volume of
spike solution, 15 ml HNO3, and 5 ml HCl. The tube was sealed and
heated in a stainless-steel pressure bomb at 140 °C for 12 h, then further
heated to 180 °C for 24 h. After this digestion, the tube was transferred
to a custom-made distillation system to separate the volatile Os, which
was trapped in 5% HCl solution for measurement. The remaining
solution was transferred to a clean beaker for Re separation, as follows.
After drying, 2.5 ml HCl was added and evaporated to dryness. This
procedure was repeated to remove any remaining HNO3, before HCl
c
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henyuan. (c) Altered clinopyroxene phenocryst. (d) and (e) Typical lamprophyric texture,
mposition zoning.
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(7.5ml)was added to the residue and themixture transferred to a 50ml
centrifuge tube. After centrifuging, the solution was passed through an
anion-exchange column (AG 1-X8) for ICP-MS measurement.

Regardless of the melting history of the mantle source of the
Zhenyuan lamprophyres, we can calculate the residence time before a
given lamprophyre source was isolated from the convecting mantle,
based on when its Re/Os ratio became the same as the present-day
ratio. Assuming the age to be 30Ma, the time taken for the development
of present-day 187Os/188Os ratios (by the in situ ingrowth of 187Os) can
be determined by the Re-Os isochron equation (Eq. 1 in Supplementary
Table 2 notes). Assuming also that the 187Os/188Os ratio of the
convecting mantle (0.124; Widom et al., 2003) was the initial ratio,
the residence time can be calculated (Eq. 2 in Supplementary Table 2
notes).
b

Fig. 5. (a) Chondrite-normalized REE patterns and (b) primitive-mantle-normalized
multi-element diagram of the Zhenyuan lamprophyres. Average chondrite and primitive
mantle compositions are from McDonough and Sun (1995); average N-MORB and OIB
compositions are from Sun and McDonough (1989).
4. Results

4.1. Major and trace elements

Results of all elemental and Re-Os isotopic analyses, and calculations
of residence time for the Zhenyuan lamprophyres, are given in Supple-
mentary Table 2. Major-element contents were recalculated on an
anhydrous basis for the discussion below.

The Laowangzhai and Donggualin lamprophyres are classified as
calc-alkaline lamprophyres (Rock, 1987) (Fig. 4). Their major-element
contents are similar to each other, with SiO2 of 41.41–50.13 wt% and
total alkali (Na2O + K2O) of 1.17–7.56 wt%, mainly 3.03–7.56 wt%.
Their REE and trace-element patterns are also similar to each other,
being characterized by strong light rare earth element (LREE) enrich-
ment and a lack of obvious Eu anomalies (Eu/Eu* = 0.78–1.04)
(Fig. 5a), except for one sample, YD-20. Sample YD-20 is LREE-
depleted, and unlike the other lamprophyres, may have been sourced
from depleted mantle. It also displays Nb and P depletion, but no Ta
and Ti depletion as in the other samples. This single sample is not
discussed further. Lamprophyre ∑REE contents range from 111 to
326 ppm, and (La/Yb)N ratios are 7.5–36.5. These rocks also show signif-
icant enrichment in large-ion lithophile elements (LILEs; e.g., Ba and
K) and depletion in high-field-strength elements (HFSEs; e.g., Nb, Ta,
Ti) (Fig. 5b). They have trace-element characteristics that distinguish
them from mid-ocean-ridge basalts (MORB), but there are similarities
with ocean-island basalts (OIB) in terms of strong LREE enrichment,
and with island-arc-related volcanic rocks in terms of LILE enrichment
and HFSE depletion.
Fig. 4. SiO2 vs. K2O classification diagram (after Rock, 1987) for the Zhenyuan
lamprophyres. Green circles: this study; Yellow squares: Huang et al. (2002).
4.2. PGE geochemistry

The PGE contents of the Zhenyuan lamprophyres are as depleted as
those of basalts from the Emeishan Large Igneous Province (ELIP) (Qi
and Zhou, 2008; Song et al., 2009) (Supplementary Table 2).
Primitive-mantle-normalized PGE patterns are presented in Fig. 6. Ac-
cording to these patterns, the Zhenyuan lamprophyres can be divided
into two groups: Group A and Group B. Group A is characterized by
strongly negative Ru anomalies and shows similar PGE patterns to
many mafic rocks, the ELIP low-Ti basalts (Qi and Zhou, 2008; Song
et al., 2009),mafic lavas from the Tonga arc (Dale et al., 2012), and spes-
sartite (shoshonitic lamprophyre) from Weekend Dykes, Canada
(Greenough et al., 1993). Group A samples have low IPGE and relatively
high platinum-group PGE (PPGE; Rh, Pt, and Pd) contents, except for
two samples that have relatively low PGE contents (YD-15 and YD-
20). Group B displays slightly negative Ru anomalies and contains
lower total PGE contents than Group A. In both groups the Pd, Pt, and
Rh contents decrease rapidly with decreasing Ir (Fig. 7a−c).
4.3. Re-Os isotopic compositions

The Zhenyuan lamprophyres exhibit extremely variable Os and Re
concentrations, and can be classified into high- and low-Os types. The
high-Os type contains Os concentrations of 0.030–1.8 ppb, and the
low-Os type contains b0.030 ppb. Re/Os ratios of the low-Os type are
higher (159–496) than those of the high-Os type (2.8–121). For the
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Fig. 6. Primitive-mantle-normalized PGE patterns of the two groups of Zhenyuan
lamprophyres. Primitive mantle normalization values are from McDonough and Sun
(1995). Green circles represent Group A in Fig. 6a, and yellow squares represent Group
B in Fig. 6b.

Fig. 8. 187Os/188Os vs. 187Re/188Osdiagram for theZhenyuan lamprophyres. One pointwith
the lowest Os concentration andwith 187Re/188Os= 977 seems to be due to an inaccurate
Os concentration and is ignored.
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low-Os lamprophyres, there is a positive linear correlation between
187Re/188Os and 187Os/188Os (Fig. 8). The relation is likely due to mixing
or contamination or metasomatism; if it were interpreted to be
isochron, the age would be about 2.1 Ga. For the high-Os type, there is
a positive correlation between Os content and calculated residence
a

c

Fig. 7. Binary plots for PGEs of th
time (Fig. 9), with results displaying two distinct peaks: one in the
Precambrian and another in the Triassic − Cretaceous.

5. Discussion

5.1. Mechanism of mantle metasomatism

The Zhenyuan lamprophyres have undergone serpentinization and
other hydrothermal alteration. Wang et al. (2008) considered that
hydrothermal fluids were also responsible for the release of PGEs from
sulfides to precipitate platinum group minerals (PGMs) at low temper-
ature. This is unlikely to be applicable to the Zhenyuan lamprophyres,
however, because Ir does not readily leach from the source rocks and is
not readily transported by hydrothermal fluids (Keays, 1982). In addi-
tion, the good correlations of Pt and Pd with Ir (Fig. 7a, b) indicate that
the PGEswere originally concentrated bymagmatic processes. In general,
Pd is preferentially mobilized relative to other PGEs by hydrothermal
alteration, leading to curve-flattening from Pt to Pd in primitive-
mantle-normalized PGE patterns (Fig. 6) (Barnes et al., 1985). Most of
the Zhenyuan samples display steep slopes from Pt to Pd, a narrow
b

d

e Zhenyuan lamprophyres.



Fig. 9.Plot of Os vs calculated residence time of sourcemantle isolated from the convecting
mantle, regardless of metasomatism history.
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Pd/Pt range (0.70–1.25), and a positive Pt vs Pd correlation (Fig. 7d),
indicating the coherent behavior of PGEs during magma evolution. PGE
and Os isotope compositions of the Zhenyuan lamprophyres were thus
controlled mainly by magmatic processes and the influence of post-
magmatic hydrothermal alteration was minimal.

Lamprophyres in the western Yangtze Craton contain high concen-
trations of highly incompatible elements and volatile elements (Tuner
et al., 1996), suggested by Lu et al. (2015) to indicate partial melting
of metasomatized upper mantle. The presence of Nb-Ta and Ti anoma-
lies (Fig. 4b) suggests an affinity with subduction processes (Sun and
Kerrichz, 1995; Thirlwall et al., 1994). The initial 187Os/188Os ratios of
most samples, ranging from typical values of mantle to 1.1294, are
much more radiogenic than that of upper mantle, with a γOs range of
10–787 (average 369).

5.1.1. Crustal contamination
The Os isotopic composition of continental crust is highly radiogenic

due to Os compatibility and Re incompatibility during partial melting
(Shirey and Walker, 1998). Crustal contamination has been commonly
cited as amechanism for producinghigh initial Os isotopic compositions
in arc lavas (Shirey and Walker, 1998; Woodhead and Brauns, 2004).
The lack of correlations between 187Os/188Os and MgO or SiO2 rules
out significant influence by assimilation-fractional crystallization
(AFC) processes (Alves et al., 1999). Compared with the average conti-
nental crust (Hofmann et al., 1986; Rudnick and Fountain, 1995), the
Zhenyuan lamprophyres have much higher Ba (up to 2410 ppm) and
Sr (up to 2310 ppm) concentrations, but much lower Nb/U ratios
(1.4–2.3), suggesting their trace-element compositions were not
obviously affected by crustal contamination. These rocks have high
initial 87Sr/88Sr ratios (0.707–0.709), negative εNd(t) (−3.07 to−1.43),
and radiogenic lead ratios of 207Pb/204Pb = 15.57–15.70 and 208Pb/
204Pb = 38.70–39.06 (Huang et al., 1999; Lu et al., 2015). The effect of
crustal contamination on the magma evolution of the lamprophyres is
therefore likely to have been limited. The petrogenetic modeling of Lu
et al. (2015) also indicates that contamination by the upper or lower
crust did not produce the enriched trace-element and isotopic signatures
of Yunnan lamprophyres. Furthermore, the Os concentration in the crust
is too low to significantly affect the 187Os/188Os ratio in high-Os
lamprophyres (although low-Os samples could have been affected).

5.1.2. Subduction-related metasomatism of the mantle source
It has been suggested that Os is more mobile than Sr in slab-derived

fluids (Widom et al., 2003). Terrigenous and pelagic sediments are gen-
erally characterized by highly radiogenic Os signatures (187Os/188Os
≈ 1.0) (Burton et al., 1999; Esser and Turekian, 1993; Sharma et al.,
1999). The altered oceanic lithosphere can also be highly radiogenic in
Os, due to both the aging of high-Re/Os basaltic and gabbroic rocks,
and interactions between seawater and crust (with the uppermost oce-
anic mantle) (Hart et al., 1999). Osmium isotopes in Java subduction-
zone lavas may comprise a mixture of mantle-derived non-radiogenic
Os and coexisting slab-derived radiogenic Os, with 187Os/188Os ratios
as high as 3.704 (Alves et al., 1999). It has been suggested that Os
mobility in slab-derived fluids depends on oxygen fugacity and chlorine
content (Brandon et al., 1996), and that significant Re-influx into the
sub-arc mantle occurs, as indicated by studies of the Zermatt-Saas
ophiolitic basalts in Switzerland (Dale et al., 2009). The positive correla-
tion between 187Os/188Os and 187Re/188Os for low-Os lamprophyres
(Fig. 8) implies that some Re entered the mantle wedge during slab-
fluid metasomatism. Terrigenous and pelagic sediments and oceanic
basaltsmay have high 187Os/188Os ratios, but given their lowOs concen-
trations compared with mantle rocks they are unlikely to raise mantle-
source 187Os/188Os ratios to ~10 times the normal mantle value, as
observed here. Owing to the large partition coefficients for Os in sulfides
(Hart and Ravizza, 1996), the formation ofmetasomatic sulfidemelt is a
potential mechanism for radiogenic slab-derived Os enrichment in the
sub-arc mantle (Borg et al., 2000), especially if an eclogitic sulfide
melt with 187Os/188Os as high as 50 (Luguet et al., 2008) were involved.
Another consequence of sulfide melt metasomatism and infiltration
would be to raise the concentrations of chalcophile elements, consistent
with the high-Os lamprophyres observed in this study. It is thus possible
that the highly radiogenic signatures of the Zhenyuan lamprophyres
were due mainly to subduction-related metasomatism, which also
resulted in their depletion in Nb, Ta, and Hf (relative to U, La, and Sm,
respectively) (Ayers, 1998; Hofmann et al., 1986; Ma et al., 2014a;
Rudnick and Gao, 2003). The occurrence of such subduction-related
metasomatism is further supported by the presence of phlogopite,
which is a hydrous mineral phase (Beccaluva et al., 2004; Ionov et al.,
1997).

5.1.3. Carbonate metasomatism
Previous studies of carbonatites (both oceanic and continental)

indicated that they are characterized by low Os and relatively high Re
concentrations (Pearson et al., 1995; Widom et al., 1999). Yaxley and
Green (1996) inferred that deep slab-derived carbonate melts may be
relatively evolvedmelts that have suffered Os loss through fractionation
processes. In addition, PGE studies of some continental xenolithic suites
(assumed to be carbonatite metasomatized) indicate that PGEs and Re
are not significantlymobilizedduring subcontinental carbonatiticmeta-
somatism (Handler et al., 1997; Hart et al., 1999; Lorand and Alard,
2001). Wood (1987) suggested, however, that in high-fO2 and Cl-rich
H-O-C fluids, decreasing fH2O (and thus increasing CO2) would increase
the solubility of PGEs. A combination of metasomatism and oxidation of
the mantle wedge by carbonate-rich melts could thus provide an alter-
native explanation for the radiogenic 187Os/188Os ratios in low-Os
lamprophyres. Concomitant isotopic exchange with, and scavenging of
Os by, radiogenic and high-fO2 carbonate-rich melts would produce
both the radiogenic Os and relatively low Os abundances observed in
the low-Os group. This is consistent with deeply derived carbonate-
rich slab melts imparting stronger metasomatic signatures in the
Re-Os isotope system than either hydrous slab fluids or adakitic slab
melts (Widom et al., 2003).

5.1.4. Evolution of lithospheric mantle beneath the western Yangtze Craton
The late Permian (ca. 260–250 Ma) Emeishan continental flood

basalts are grouped as having either high or low Ti contents, and
previous studies suggest these groups were generated from the mantle
plume and continental lithospheric mantle, respectively (Xiao et al.,
2004). Based on major- and trace-element geochemical characteristics,
and Sr, Nb, and Pb isotopes, Lu et al. (2015) suggested that
lamprophyres in the western Yangtze Craton were derived from the
same metasomatized mantle source as the ELIP low-Ti basalts. We pro-
pose here that there may have been two metasomatism events along
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Fig. 10. Schematic diagram showing the petrogenesis of the post-collisional Zhenyuan
lamprophyre and the evolution of mantle lithosphere beneath the western Yangtze
Craton (modified from Deng et al., 2014). (a) Metasomatism of the lower lithospheric
mantle at ca. 1100–900 Ma. (b) In the late Permian (ca. 260–250 Ma) the Emeishan
mantle plume ascended beneath the western Yangtze Craton, carrying small amounts of
carbonates from the lower mantle. This resulted in the production of high-Ti and low-Ti
basalts from the plume and continental lithospheric mantle, respectively (Xiao et al.,
2004). (c) In the Paleogene the lithospheric mantle beneath the western Yangtze Craton
was thickened during Indo-Asia collision, and the mantle eventually became delaminated
at ca. 37–32 Ma. The ensuing asthenospheric upwelling may have caused the regional
lamprophyres and eruption of mafic lava.
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the western Yangtze Craton margin. The lithospheric mantle may first
have been enriched during Proterozoic subduction (pre-900 Ma),
followed by carbonate metasomatism during the ca. 260–250 Ma ELIP
event. Residual metasomatic mantle domains were preserved and
tapped by delamination of the over-thickened CLM (formed during
the Paleogene Himalayan orogeny), forming the lamprophyres and
(ultra)-potassic rocks in western Yunnan. This inference is supported
by several lines of evidence, as outlined below.

The Zhenyuan lamprophyres have 187Os/188Os signatures that are
significantly more radiogenic than those of any continental mantle.
Their mantle source would have had to evolve with a long history of
suprachondritic Re/Os ratios in order to generate the observed
187Os/188Os signatures (through the in situ ingrowth of 187Os), without
taking account of mantle melting history. Calculations using the
lamprophyres with the most radiogenic 187Os/188Os (1.283) and
187Re/188Os (496) ratios indicate that this mantle would have been
isolated from the convectingmantle for ~142Myr. Sample YD-11, how-
ever, with an 187Os/188Os ratio of 0.957 and 187Re/188Os ratio of 5.2,
would require an ingrowth period of ~8900 Myr, which is not possible
(as it exceeds the age of the Earth). The observed Os-isotope signatures
could be accounted for by mantle metasomatism and later Re loss
and radiogenic ingrowth, following Precambrian metasomatism. The
Zhenyuan lamprophyres are characterized by high initial 87Sr/86Sr and
low initial 143Nd/144Nd, as well as high 206Pb/204Pb, 207Pb/204Pb, and
187Os/188Os ratios, compared with MORB (Lu et al., 2015; this study).
This suggests long-term enrichment of Rb, LREEs, U, and Re in the
subcontinental lithospheric mantle (Guo et al., 2005; this study). The
enriched Sr, Nd, Pb, and Os isotopic compositions of the Zhenyuan
lamprophyres thus reflect the time-integrated effect of LREE, Rb, U,
and Re enrichment during Proterozoic subduction (Fig. 10a).

As mentioned above, the Zhenyuan lamprophyres exhibit both high
and low Os contents. They may also be sorted into two distinct groups
based on calculated residence times, as indicated in Fig. 9. In addition
to the mantle metasomatism events discussed above, we suggest that
all the Zhenyuan samples experienced Precambrian subduction-
related metasomatism, consistent with previous studies of regional
mantle-metasomatism (Zhou et al., 2002, 2006). We suggest that
carbonate metasomatism was related to the late Permian ELIP mantle-
plume event (Fig. 10b), during which high-Ti basaltic magma ascent
and emplacement may have influenced the mantle source by
carbonatitic metasomatism, leaving residual carbonate globules
(Fig. 10b). As in the case of the Jiaodong Peninsula in the North China
Craton, two lamprophyre types (low-Ti and high-Ti) have been recog-
nized (Ma et al., 2014a, 2014b, 2016). Furthermore, a mantle plume
would have carried more radiogenic Os isotopes through entrainment
of the lower mantle. Huang et al. (1999) reported the presence of
carbonate globules in some Zhenyuan lamprophyres and suggested
that fluids were derived from the dehydration of altered MORB, and
deeply derived carbonates both being the most important materials
in re-fertilizing the local lithospheric mantle. We therefore suggest
that the Zhenyuan lamprophyre dikes may also have experienced
carbonatitic metasomatism.

5.2. Crystal fractionation of lamprophyre

In mafic magma fractionation, PGEs may be considered as compati-
ble IPGEs (Os, Ir, and Ru) or incompatible PPGEs (Rh, Pt, and Pd), based
on melting points (Barnes et al., 1985; Naldrett et al., 1979). IPGEs are
compatible during fractional crystallization (Barnes et al., 1985) as
they mainly exist in mafic minerals and alloys in S-undersaturated
magmas. The most distinctive PGE features of the Zhenyuan
lamprophyres include: (1) low PGE contents compared with MORB;
(2) fractionation of IPGEs and PPGEs; and (3) negative Ru anomalies.
Several mechanisms may have led to such fractionation, including:
(1) sulfide segregation (Amosse et al., 1990; Bockrath et al., 2004a;
Handler et al., 1999); (2) separation of an Ir- and Ru-rich alloy (Fleet
et al., 1996; Maier and Barnes, 1999; Peck et al., 1992; Tredoux et al.,
1995); and (3) removal of Os, Ir, and Ru in, or with, early crystallized
magmatic minerals such as olivine, pyroxene, and Cr-spinel (Barnes
and Picard, 1993; Hart and Ravizza, 1996; Keays, 1982, 1995; Peach
and Mathez, 1996). It seems, therefore, that both sulfide segregation
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and mineral fractional crystallization occurred during the magmatic
evolution of the Zhenyuan lamprophyres.

5.2.1. Sulfide precipitation
Sulfur and copper behave similarly duringmagmatic differentiation,

meaning that Cu can serve as a proxy for sulfur. In addition, the sulfide-
liquid/silicate partition coefficient of Pd is much greater than that of Cu
(Dsulfide/melt = 3.5 × 104 for Pd, and ~103 for Cu) (Barnes and Picard,
1993; Fleet et al., 1996; Peach et al., 1990). Sulfide precipitation would
therefore significantly increase the Cu/Pd ratio (Qi and Zhou, 2008;
Saha et al., 2015; Song et al., 2009), making this ratio a useful indicator
of S-saturation (Vogel and Keays, 1997; Woodland et al., 2002).
Platinum becomes incompatible when olivine and clinopyroxene are
fractionated (Capobianco and Drake, 1990; Capobianco et al., 1991,
1994; Puchtel and Humayun, 2001; Righter et al., 2004), meaning that
Pt/HFSE ratios would decrease during the fractional crystallization
of S-undersaturated magmas, and be significantly lowered at S-
saturation due to sulfide removal.

The Zhenyuan lamprophyres exhibit Pd depletion, reduced Pd/Cr
and Pt/Y ratios, and significantly increased Cu/Pd ratios compared
with the primitive mantle (Fig. 11), suggesting that the low PGE
contents are due to sulfide segregation. There is also depletion in Ir, Pt,
Pd, and Rh (Fig. 7a–c), possibly due to sulfide precipitation. These
features are most evident with Group B lamprophyres dominate the
trend in these figures, which may thus have experienced more sulfide
removal than the Group A type, thereby explaining their relatively low
total-PGE content.

5.2.2. Early mineral crystallization
Previous studies indicate that distribution coefficients for IPGEs

between olivine and silicate fluid (Dolivine/melt ~ 2) are considerably
higher than for PPGEs (Dolivine/melt ≤ 0.01; Brenan et al., 2005). During
a

b

Fig. 11. Plots of (a) Pd × 106/Cr vs Pt × 106/Y and (b) Pd vs Cu/Pd, indicating that low PGE
contents of the Zhenyuan lamprophyres may have resulted from sulfide removal. Data of
low- and high-Ti basalts from the ELIP are from Song et al. (2009). Range of Cu/Pd ratios of
the primitive mantle is from Taylor and McLennan (1985) and Barnes and Maier (1999).
early fractional crystallization, IPGEs may form laurite and Os-Ir-Ru
alloy (Amosse et al., 1990; Capobianco and Drake, 1990; Peck and
Keays, 1990), which may occur as fine inclusions in early fractioning
phases; e.g., in chromite and olivine (Stockman and Hlava, 1984;
Tredoux et al., 1995; Zhou, 1994). Laurite typically contains more Ru
and Os than Ir, and it (and other PGMs in general) is more refractory
than base-metal sulfides (Bockrath et al., 2004b; Brenan and Andrews,
2001). Laurite is therefore more likely to be retained in the mantle
during melting. Laurite-rich PGM assemblages have been observed in
Cr-spinel-rich rocks from sub-arc ophiolitic mantle (Garuti et al., 1999;
González-Jiménez et al., 2011), and in highly depleted harzburgite and
lherzolite of the Lherz massif (French Pyrenees) (Lorand et al., 2010;
Luguet et al., 2007). Fractionation of IPGEs andPPGEsmay thus be attrib-
uted to early olivine fractionation, through the formation of laurite and/
or Ru-Os-Ir alloy (Qi and Zhou, 2008). It has been found that Pt, Pd, and
Re are depleted relative toOs, Ir, andRu in subduction-relatedmetamor-
phosed mafic oceanic crust, suggesting these elements may be trans-
ferred to the mantle wedge by slab-derived fluids (Dale et al., 2007,
2009), increasing the concentration of PPGEs relative to IPGEs. Fluid
fluxes into the arc mantle may therefore have been important for PGE
fractionation and may also explain the negative Ru anomalies.

Qi and Zhou (2008) and Wang et al. (2010) reported negative Ru
anomalies in ELIP basalts from Heishitou and Jinbaoshan, similar to
those found in the Zhenyuan lamprophyres, and such anomalies have
also been observed in subduction-related basalts (e.g., Park et al.,
2012). This is consistent with our inference that the mantle source of
the Zhenyuan lamprophyres has undergone subduction-related meta-
somatism. It is likely that the crystallization of major silicates, such as
olivine, drove the precipitation of PGE-rich accessory phases (Burton
et al., 2002; Zhang, 2015). Relative bulk-rock PGE partition coefficients
decrease in the order: Ru N Ir = Os N Pt N Pd N Re (Dale et al., 2009),
suggesting that Ru is more compatible than Os or Ir in Mg-rich samples
(6–14 wt% MgO). Similar olivine/melt partitioning for Ru and Ir has
been indicated in previous experimental studies (Brenan et al., 2003,
2005). We infer, therefore, that negative Ru anomalies in the Zhenyuan
lamprophyres were caused by the crystallization of olivine.

5.2.3. Magmatic evolution of lamprophyres
Sulfur saturation clearly plays a key role in the evolution of arc rocks.

As discussed above, we suggest that the magma has undergone both
S-saturation and S-undersaturation. A two-stage mantle-evolution
model is therefore proposed, as follows. Stage one involved S-
saturation and sulfide removal, as indicated by increased Cu/Pd ratios.
The reducing Pd/Cr and Pt/Y ratios, and increasing Cu/Pd ratio with
decreasing Pd may have resulted from sulfide precipitation (Fig. 11b).
The decrease in Ir, Rh, Pt, and Pd contents further indicates that
the low PGE concentrations were caused by sulfide precipitation
(Fig. 7a−c). It therefore seems that magmawith a low degree of partial
melting may have become S-saturated in the upper mantle, with the
separation of immiscible sulfides, resulting in PGE depletions in order
of increasing compatibility (Barnes et al., 1985; Keays, 1995; Vogel
and Keays, 1997). With the fractionation of silicates and oxides, the
sulfur content in the residual melt increased, as sulfur solubility
increases with increasing fO2 due to the formation of SO4

2− (Jugo,
2009). Stage two involved decompression during magma intrusion,
possibly leading to S-undersaturation. Hence, the PGEs fractionated
among each other in the Zhenyuan lamprophyres, due to the fraction-
ation of olivine together with laurite and/or a Ru-Ir-Os alloy.

6. Conclusion

This study presents major- and trace-element and PGE concentra-
tions and Os isotopic data of the lamprophyres from the Zhenyuan
gold deposit. The Zhenyuan lamprophyres are calc-alkaline. Os concen-
trations in the lamprophyres range from MORB/OIB values to 1.8 ppb,
and 187Os/188Os ratios range from mantle values to 10 times higher.
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The highly radiogenic Os isotopic signatures suggest that the mantle
source was Re-enriched through either Precambrian subduction-
related metasomatism (during which the oxidized and Cl-rich slab-
derived fluids transported PPGEs and Re from the subducted slab to
the mantle wedge above), or late Permian ELIP mantle-plume activities
(which contaminated the already re-fertilized subcontinental litho-
sphere with deeply derived carbonate, resulting in the lower Os
contents and more radiogenic Os isotopic signatures).

The Zhenyuan lamprophyres can be grouped according to their
mantle-normalized PGE patterns. We propose a two-stage model for
the magma evolution of the Zhenyuan lamprophyres, with the first
stage involving S-saturation and sulfide removal (which generated the
characteristic low total-PGE concentrations), and the second stage
involving S-undersaturation and early crystallization of mafic minerals
(e.g., olivine) togetherwith laurite andRu-Ir-Os alloy,which fractionated
the PGEs.

Acknowledgements

This study was funded by the Natural Science Foundation of China
(No. 41073032). The authors thank Prof. Qi Liang and Yin Yifan (-State
Key Laboratory of Ore Deposit Geochemistry, Chinese Academy of
Science) for the PGE and Re-Os isotopic measurements and data
analysis, and two anonymous reviewers for constructive and insightful
comments. Cenozoic Geoscience Editing & Consultancy and Stallard
Scientific Editing are acknowledged for their scientific and language
editing service.

Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2017.03.018.

References

Alves, S., Schiano, P., Allègre, C.J., 1999. Rhenium-osmium isotopic investigation of Java
subduction zone lavas. Earth and Planetary Science Letters 168, 65–77.

Amosse, J., Allibert, M., Fischer, W., Piboule, M., 1990. Experimental study of the solubility
of platinum and iridium in basic silicate melts – implications for the differentiation of
platinum-group elements during magmatic processes. Chemical Geology 81, 45–53.

Ayers, J., 1998. Trace element modeling of aqueous fluid – peridotite interaction in the
mantle wedge of subduction zones. Contributions to Mineralogy and Petrology 132,
390–404.

Barnes, S.J., Maier, W.D., 1999. The fractionation of Ni, Cu and the noble metals in silicate
and sulfide liquids. Geological Association of Canada Short Course Notes 13, 69–106.

Barnes, S.J., Picard, C.P., 1993. The behaviour of platinum-group elements during partial
melting, crystal fractionation, and sulfide segregation: an example from the Cape
Smith Fold Belt, northern Quebec. Geochimica et Cosmochimica Acta 57, 79–87.

Barnes, S.J., Naldrett, A.J., Gorton, M.P., 1985. The origin of the fractionation of platinum-
group elements in terrestrial magmas. Chemical Geology 53, 303–323.

Beccaluva, L., Bianchini, G., Bonadiman, C., Siena, F., Vaccaro, C., 2004. Coexisting
anorogenic and subduction-related metasomatism in mantle xenoliths from the
Betic Cordillera (southern Spain). Lithos 75, 67–87.

Bockrath, C., Ballhaus, C., Holzheid, A., 2004a. Fractionation of the platinum-group ele-
ments during mantle melting. Science 305, 1951–1953.

Bockrath, C., Ballhaus, C., Holzheid, A., 2004b. Stabilities of laurite RuS2 and monosulfide
liquid solution at magmatic temperature. Chemical Geology 208, 265–271.

Borg, L.E., Brandon, A.D., Clynne, M.A., Walker, R.J., 2000. Re-Os isotopic systematics of
primitive lavas from the Lassen region of the Cascade arc, California. Earth and Plan-
etary Science Letters 177, 301–317.

Brandon, A.D., Creaser, R.A., Shirey, S.B., Carlson, R.W., 1996. Osmium recycling in subduc-
tion zones. Science 272, 861–863.

Brenan, J.M., Andrews, D., 2001. High-temperature stability of laurite and Ru–Os–Ir alloy
and their role in PGE fractionation in mafic magmas. The Canadian Mineralogist 39,
341–360.

Brenan, J.M., McDonough, W.F., Dalpe, C., 2003. Experimental constraints on the
partitioning of rhenium and some platinum-group elements between olivine and sil-
icate melt. Earth and Planetary Science Letters 212, 135–150.

Brenan, J.M., McDonough, W.F., Ash, R., 2005. An experimental study of the solubility and
partitioning of iridium, osmium and gold between olivine and silicate melt. Earth and
Planetary Science Letters 237, 855–872.

Burton, K.W., Bourdon, B., Birck, J.L., Allègre, C.J., Hein, J.R., 1999. Osmium isotope varia-
tions in the oceans recorded by Fe Mn crusts. Earth and Planetary Science Letters
171, 185–197.
Burton, K.W., Gannoun, A., Birck, J.L., Allègre, C.J., Schiano, P., Clocchiatti, R., Alard, O., 2002.
The compatibility of rhenium and osmium in natural olivine and their behaviour dur-
ing mantle melting and basalt genesis. Earth and Planetary Science Letters 198,
63–76.

Capobianco, C.J., Drake, M.J., 1990. Partitioning of ruthenium, rhodium, and palladium be-
tween spinel and silicate melt and implications for platinum group element fraction-
ation trends. Geochimica et Cosmochimica Acta 54, 869–874.

Capobianco, C.J., Drake, M.J., Rogers, P.S.Z., 1991. Crystal/melt partitioning of Ru, Rh and
Pd for silicate and oxide basaltic liquidus phases. Lunar and Planetary Science Confer-
ence, p. 179.

Capobianco, C.J., Hervig, R.L., Drake, M.J., 1994. Experiments on crystal/liquid partitioning
of Ru, Rh and Pd for magnetite and hematite solid solutions crystallized from silicate
melt. Chemical Geology 113, 23–43.

Chung, S.-L., Lo, C.-H., Lee, T.-Y., Zhang, Y.-Q., Xie, Y.-W., Li, X.-H., Wang, K.-L., Wang, P.-L.,
1998. Diachronous uplift of the Tibetan plateau starting 40 Myr ago. Nature 394,
769–773.

Dale, C.W., Gannoun, A., Burton, K.W., Argles, T.W., Parkinson, I.J., 2007. Rhenium-osmium
isotope and elemental behaviour during subduction of oceanic crust and the implica-
tions for mantle recycling. Earth and Planetary Science Letters 253, 211–225.

Dale, C.W., Burton, K.W., Pearson, D.G., Gannoun, A., Alard, O., Argles, T.W., Parkinson, I.J.,
2009. Highly siderophile element behaviour accompanying subduction of oceanic
crust: whole rock and mineral-scale insights from a high-pressure terrain.
Geochimica et Cosmochimica Acta 73, 1394–1416.

Dale, C.W., Macpherson, C.G., Pearson, D.G., Hammond, S.J., Arculus, R.J., 2012. Inter-
element fractionation of highly siderophile elements in the Tonga Arc due to flux
melting of a depleted source. Geochimica et Cosmochimica Acta 89, 202–225.

Deng, J., Wang, Q.-F., Li, G.-J., Santosh, M., 2014. Cenozoic tectono-magmatic and
metallogenic processes in the Sanjiang region, southwestern China. Earth-Science Re-
views 138, 268–299.

Esser, B.K., Turekian, K.K., 1993. The osmium isotopic composition of the continental
crust. Geochimica et Cosmochimica Acta 57, 3093–3104.

Fleet, M.E., Crocket, J.H., Stone, W.E., 1996. Partitioning of platinum-group elements (OS,
Ir, Ru, Pt, Pd) and gold between sulfide liquid aud basalt melt. Geochimica et
Cosmochimica Acta 60, 2397–2412.

Foley, S., 1992. Vein-plus-wall-rockmelting mechanisms in the lithosphere and the origin
of potassic alkaline magmas. Lithos 28, 435–453.

Garuti, G., Zaccarini, F., Economou-Eliopoulos, M., 1999. Paragenesis and composition of
laurite from chromitites of Othrys (Greece): implications for Os-Ru fractionation in
ophiolitic upper mantle of the Balkan peninsula. Mineralium Deposita 34, 312–319.

González-Jiménez, J.M., Proenza, J.A., Gervilla, F., Melgarejo, J.C., Blanco-Moreno, J.A., Ruiz-
Sánchez, R., Griffin, W.L., 2011. High-Cr and high-Al chromitites from the Sagua de
Tánamo district, Mayarí-Cristal Ophiolitic Massif (eastern Cuba): constraints on
their origin from mineralogy and geochemistry of chromian spinel and platinum-
group elements. Lithos 125, 101–121.

Greenough, J.D., Owen, J.V., 1992. Platinum-group element geochemistry of continental
tholeiites: analysis of the Long Range dyke swarm, Newfoundland, Canada. Chemical
Geology 98, 203–219.

Greenough, J.D., Owen, J.V., Ruffman, A., 1993. Noble metal concentrations in shoshonitic
lamprophyres: analysis of the Weekend dykes, Eastern Shore, Nova Scotia, Canada.
Journal of Petrology 34, 1247–1269.

Guo, Z.-F., Hertogen, J., Liu, J.-Q., Pasteels, P., Boven, A., Punzalan, L., He, H.-Y., Luo, X.-J.,
Zhang, W.-H., 2005. Potassic magmatism in western Sichuan and Yunnan Provinces,
SE Tibet, China: petrological and geochemical constraints on petrogenesis. Journal of
Petrology 46, 33–78.

Handler, M.R., Bennett, V.C., Esat, T.M., 1997. The persistence of off-cratonic lithospheric
mantle: Os isotopic systematics of variably metasomatised southeast Australian xe-
noliths. Earth and Planetary Science Letters 151, 61–75.

Handler, M.R., Bennett, V.C., 1999. Behaviour of platinum-group elements in the subcon-
tinental mantle of eastern Australia during variable metasomatism and melt deple-
tion. Geochimica et Cosmochimica Acta 63, 3597–3618.

Hart, S.R., Ravizza, G.E., 1996. Os partitioning between phases in lherzolite and basalt.
Geophysical Monograph-American Geophysical Union 95, 123–134.

Hart, S.R., Blusztajn, J., Dick, H.J.B., Meyer, P.S., Muehlenbachs, K., 1999. The fingerprint of
seawater circulation in a 500-meter section of ocean crust gabbros. Geochimica et
Cosmochimica Acta 63, 4059–4080.

Hofmann, A.W., Jochum, K.P., Seufert, M.,White,W.M., 1986. Nb and Pb in oceanic basalts:
new constraints on mantle evolution. Earth and Planetary Science Letters 79, 33–45.

Hu, Y.-Z., Tang, S.-C., Wang, H.-P., Yang, Y.-Q., Deng, J., Li, J.-D., 1995. Geology of gold de-
posits in Ailaoshan. Geological Publishing House, Beijing (in Chinese).

Huang, Z.-L., Wang, L.-K., Zhu, C.-M., 1997. Petrology of lamprophyres in Laowangzhai
gold deposits area, Yunnan. Scientia Geologica Sinica 32, 74–87 (in Chinese with En-
glish abstract).

Huang, Z.-L., Liu, C.-Q., Zhu, C.-M., Wang, L.-K., Xiao, H.-Y., 1999. The origin of
lamprophyres in the Laowangzhai gold filed, Yunnan Province and their relations
with gold mineralization. Geological Publishing House, Beijing (in Chinese).

Huang, Z.-L., Liu, C.-Q., Yang, K.-H., Xu, C., Han, R.-S., Xiao, Y.-H., Zhang, B., Li, W.-B., 2002.
The geochemistry of lamprophyres in the Laowangzhai gold deposits, Yunnan Prov-
ince, China: implications for its characteristics of source region. Geochemical Journal
36, 91–112.

Huang, X.-L., Niu, Y.-L., Xu, Y.-G., Chen, L.-L., Yang, Q.-J., 2010. Mineralogical and geochem-
ical constraints on the petrogenesis of post-collisional potassic and ultrapotassic
rocks from western Yunnan, SW China. Journal of Petrology 51, 1617–1654.

Ionov, D.A., Griffin,W.L., O'Reilly, S.Y., 1997. Volatile-bearing minerals and lithophile trace
elements in the upper mantle. Chemical Geology 141, 153–184.

Jugo, P.J., 2009. Sulfur content at sulfide saturation in oxidized magmas. Geology 37 (5),
415–418.

http://dx.doi.org/10.1016/j.lithos.2017.03.018
http://dx.doi.org/10.1016/j.lithos.2017.03.018
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0005
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0005
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0010
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0010
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0010
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0015
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0015
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0015
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0020
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0020
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0025
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0025
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0025
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0030
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0030
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0035
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0035
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0035
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0040
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0040
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0045
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0045
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0045
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0050
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0050
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0050
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0055
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0055
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0060
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0060
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0060
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0065
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0065
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0065
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0070
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0070
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0070
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0075
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0075
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0075
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0080
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0080
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0080
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0085
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0085
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0085
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0090
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0090
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0090
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0095
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0095
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0095
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0100
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0100
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0105
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0105
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0105
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0110
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0110
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0110
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0115
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0115
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0115
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0120
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0120
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0120
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0125
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0125
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0130
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0130
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0130
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0140
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0140
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0145
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0145
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0145
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0150
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0150
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0150
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0150
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0155
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0155
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0155
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0160
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0160
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0160
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0165
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0165
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0165
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0170
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0170
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0170
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf9000
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf9000
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf9000
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0175
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0175
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0180
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0180
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0180
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0185
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0185
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0190
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0190
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0195
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0195
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0195
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0200
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0200
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0200
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0205
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0205
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0205
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0210
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0210
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0210
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0215
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0215
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0220
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0220


238 T. Gan, Z. Huang / Lithos 282–283 (2017) 228–239
Keays, R., 1982. Palladium and iridium in komatiites and associated rocks: application to
petrogenetic problems. In: Arndt, N.T., Nisbet, E.G. (Eds.), Komatiites, pp. 435–458.

Keays, R.R., 1995. The role of komatiitic and picritic magmatism and S-saturation in the
formation of ore deposits. Lithos 34, 1–18.

Keays, R.R., Crocket, J.H., 1970. A study of precious metals in the Sudbury nickel irruptive
ores. Economic Geology 65, 438–450.

Li, X.-H., Zhou, H.-W., Chung, S.-L., Lo, C.-H.,Wei, G.-J., Liu, Y., Lee, C.-Y., 2002. Geochemical
and Sr-Nd isotopic characteristics of late Paleogene ultrapotassic magmatism in
southeastern Tibet. International Geology Review 44, 559–574.

Liang, H.-Y., Zhang, Y.-Q., 2007. The age of the potassic alkaline igneous rocks along
the Ailao Shan-Red River shear zone: implications for the onset age of left-lateral
shearing. Journal of Geology 115, 231–242.

Lorand, J.P., Alard, O., 2001. Platinum-group element abundances in the upper mantle
new constraints from in situ and whole-rock analyses of Massif Central xenoliths
(France). Geochimica et Cosmochimica Acta 65, 2789–2806.

Lorand, J.P., Alard, O., Luguet, A., 2010. Platinum-group element micronuggets and
refertilization process in Lherz orogenic peridotite (northeastern Pyrenees, France).
Earth and Planetary Science Letters 289, 298–310.

Lu, Y.-J., McCuaig, T.C., Li, Z.-X., Jourdan, F., Hart, C.J.R., Hou, Z.-Q., Tang, S.H., 2015. Paleo-
gene post-collisional lamprophyres in western Yunnan, western Yangtze Craton:
mantle source and tectonic implications. Lithos 233, 139–161.

Luguet, A., Shirey, S.B., Lorand, J.P., Horan, M.F., Carlson, R.W., 2007. Residual platinum-
group minerals from highly depleted harzburgites of the Lherz massif (France) and
their role in HSE fractionation of the mantle. Geochimica et Cosmochimica Acta 71,
3082–3097.

Luguet, A., Pearson, D.G., Nowell, G.M., Dreher, S.T., Coggon, J.A., Spetsius, Z.V., Parman,
S.W., 2008. Enriched Pt-Re-Os isotope systematics in plume lavas explained by meta-
somatic sulfides. Science 319, 453–456.

Ma, L., Jiang, S.-Y., Hou, M.-L., Dai, B.-Z., Jiang, Y.-H., Yang, T., Zhao, K.-D., Pu, W., Zhu, Z.-Y.,
Xu, B., 2014a. Geochemistry of early Cretaceous calc-alkaline lamprophyres in the
Jiaodong Peninsula: implication for lithospheric evolution of the eastern North
China Craton. Gondwana Research 25, 859–872.

Ma, L., Jiang, S.-Y., Hofmann, A.W., Dai, B.-Z., Hou, M.-L., Zhao, K.-D., Chen, L.-H., Li, J.-W.,
Jiang, Y.-H., 2014b. Lithospheric and asthenospheric sources of lamprophyres in the
Jiaodong Peninsula: a consequence of rapid lithospheric thinning beneath the
North China Craton? Geochimica et Cosmochimica Acta 124, 250–271.

Ma, L., Jiang, S.-Y., Hofmann, A.W., Xu, Y.-G., Dai, B.-Z., Hou, M.-L., 2016. Rapid lithospheric
thinning of the North China Craton: new evidence from Cretaceousmafic dikes in the
Jiaodong Peninsula. Chemical Geology 432, 1–15.

Maier,W.D., Barnes, S.J., 1999. Platinum-group elements in silicate rocks of the lower, crit-
ical andmain zones at union section, western Bushveld Complex. Journal of Petrology
40, 1647–1671.

Maier, W.D., Roelofse, F., Barnes, S.J., 2003a. The concentration of the platinum-group
elements in South African komatiites: implications for mantle sources, melting regime
and PGE fractionation during crystallization. Journal of Petrology 44, 1787–1804.

Maier, W.D., Barnes, S.J., Marsh, J.S., 2003b. The concentrations of the noble metals in
Southern African flood-type basalts and MORB: implications for petrogenesis and
magmatic sulfide exploration. Contributions toMineralogy and Petrology 146, 44–61.

McDonough, W.F., Sun, S.-S., 1995. The composition of the Earth. Chemical Geology 120,
223–253.

Momme, P., Tegner, C., Brooks, C.K., Keays, R.R., 2006. Twomelting regimes during Paleo-
gene flood basalt generation in East Greenland: combined REE and PGE modelling.
Contributions to Mineralogy and Petrology 151, 88–100.

Naldrett, A.J., Hoffman, E.L., Green, A.H., Chou, C.-L., Naldrett, S.R., 1979. The composition
of Ni-sulfide ores, with particular reference to their content of PGE and Au. Canadian
Mineralogist 17, 403–415.

Park, J.W., Campbell, I.H., Eggins, S.M., 2012. Enrichment of Rh, Ru, Ir and Os in Cr spinels
from oxidized magmas: evidence from the Ambae volcano, Vanuatu. Geochimica et
Cosmochimica Acta 78, 28–50.

Peach, C.L., Mathez, E.A., 1996. Constraints on the formation of platinum-group element
deposits in igneous rocks. Economic Geology 91, 439–450.

Peach, C.L., Mathez, E.A., Keays, R.R., 1990. Sulfide melt-silicate melt distribution coefficients
for noble metals and other chalcophile elements as deduced from MORB: implications
for partial melting. Geochimica et Cosmochimica Acta 54, 3379–3389.

Pearson, D.G., Carlson, R.W., Shirey, S.B., Boyd, F.R., Nixon, P.H., 1995. Stabilisation of
Archaean lithospheric mantle: a Re-Os isotope study of peridotite xenoliths from
the Kaapvaal craton. Earth and Planetary Science Letters 134, 341–357.

Peck, D.C., Keays, R.R., 1990. Geology, geochemistry, and origin of platinum-group
element-chromitite occurrences in the Heazlewood River Complex, Tasmania. Eco-
nomic Geology 85, 765–793.

Peck, D.C., Keays, R.R., Ford, R.J., 1992. Direct crystallization of refractory platinum-group
element alloys from boninitic magmas: evidence from western Tasmania. Australian
Journal of Earth Sciences 39, 373–387.

Puchtel, I.S., Humayun, M., 2001. Platinum group element fractionation in a komatiitic ba-
salt lava lake. Geochimica et Cosmochimica Acta 65, 2979–2993.

Puchtel, I.S., Walker, R.J., Brandon, A.D., Nisbet, E.G., 2009. Pt-Re-Os and Sm-Nd isotope
and HSE and REE systematics of the 2.7Ga Belingwe and Abitibi komatiites.
Geochimica et Cosmochimica Acta 73, 6367–6389.

Qi, L., Zhou,M.-F., 2008. Platinum-group elemental and Sr-Nd-Os isotopic geochemistry of
Permian Emeishan flood basalts in Guizhou Province, SW China. Chemical Geology
248, 83–103.

Qi, L., Hu, J., Gregoire, D.C., 2000. Determination of trace elements in granites by induc-
tively coupled plasma mass spectrometry. Talanta 51, 507–513.

Qi, L., Zhou, M.-F., Wang, C.-Y., 2004. Determination of low concentrations of platinum
group elements in geological samples by ID-ICP-MS. Journal of Analytical Atomic
Spectrometry 19, 1335–1339.
Qi, L., Zhou,M.-F., Wang, C.-Y., Sun,M., 2007. Evaluation of a technique for determining Re
and PGEs in geological samples by ICP-MS coupledwith amodified Carius tube diges-
tion. Geochemical Journal 41, 407–414.

Qi, L., Gao, J.F., Huang, X.-W., Hu, J., Zhou, M.-F., Zhong, H., 2011. An improved digestion
technique for determination of platinum group elements in geological samples. Jour-
nal of Analytical Atomic Spectrometry 26, 1900–1904.

Righter, K., Campbell, A.J., Humayun, M., Hervig, R.L., 2004. Partitioning of Ru, Rh, Pd, Re,
Ir, and Au between Cr-bearing spinel, olivine, pyroxene and silicate melts.
Geochimica et Cosmochimica Acta 68, 867–880.

Ringwood, A.E., 1955. The principles governing trace element distribution during mag-
matic crystallization Part I: The influence of electronegativity. Geochimica et
Cosmochimica Acta 7, 189–202.

Rock, N.M.S., 1987. The nature and origin of lamprophyres: an overview. Geological Soci-
ety, London, Special Publications 30, 191–226.

Rudnick, R.L., Fountain, D.M., 1995. Nature and composition of the continental crust: a
lower crustal perspective. Reviews of Geophysics 33, 267–309.

Rudnick, R.L., Gao, S., 2003. Composition of the continental crust. In: Holland, H.D.,
Turekian, K.K. (Eds.), Treatise on Geochemistry. Elsevier-Pergamon, Oxford, pp. 1–64.

Saha, A., Manikyamba, C., Santosh, M., Ganguly, S., Khelen, A.C., Subramanyam, K.S.V.,
2015. Platinum group elements (PGE) geochemistry of komatiites and boninites
from Dharwar Craton, India: implications for mantle melting processes. Journal of
Asian Earth Sciences 105, 300–319.

Sharma,M.,Wasserburg, G.J., Hofmann,A.W., Chakrapani, G.J., 1999.Himalayanuplift andos-
mium isotopes in oceans and rivers. Geochimica et Cosmochimica Acta 63, 4005–4012.

Shirey, S.B., Walker, R.J., 1998. The Re-Os isotope system in cosmochemistry and high-
temperature geochemistry. Annual Review of Earth and Planetary Sciences 26, 423–500.

Song, X.-Y., Keays, R.R., Xiao, L., Qi, H.-W., Ihlenfeld, C., 2009. Platinum-group element
geochemistry of the continental flood basalts in the central Emeisihan Large Igneous
Province, SW China. Chemical Geology 262, 246–261.

Stockman, H.W., Hlava, P.F., 1984. Platinum-group minerals in Alpine chromitites from
southwestern oregon. Economic Geology 79, 491–508.

Sun, M., Kerrichz, R., 1995. Rare earth element and high field strength element character-
istics of whole rocks andmineral separates of ultramafic nodules in Cenozoic volcanic
vents of southeastern British Columbia, Canada. Geochimica et Cosmochimica Acta
59, 4863–4879.

Sun, S.-S., Mcdonough, W.F., 1989. Chemical and isotopic systematics of oceanic basalts:
implications for mantle composition and processes. Geological Society of London,
Special Publication 42, 313–345.

Taylor, S.R., McLennan, S.M., 1985. The continental crust: its composition and evolution.
Journal of Geology 94.

Thirlwall, M.F., Smith, T.E., Graham, A.M., Theodorou, N., Hollings, P., Davidson, J.P.,
Arculus, R.J., 1994. High field strength element anomalies in arc lavas: source or pro-
cess? Journal of Petrology 35, 819–838.

Tredoux, M., Lindsay, N.M., Davies, G., McDonald, I., 1995. The fractionation of platinum-
group elements in magmatic systems, with the suggestion of a novel causal mecha-
nism. South African Journal of Geology 98, 157–167.

Tuner, S., Arnaud, N., Liu, J., 1996. Post-collisional, shoshonitic volcanism on the Tibetan
plateau: implications for convective thinning of the lithosphere and the source of
ocean island basalts. Journal of Petrology 37, 45–71.

Vogel, D.C., Keays, R.R., 1997. The petrogenesis and platinum-group element geochemistry
of the Newer Volcanic Province, Victoria, Australia. Chemical Geology 136, 181–204.

Wang, J.-H., Yin, A., Harrison, T.M., Grove, M., Zhang, Y.-Q., Xie, G.-H., 2001a. A tectonic
model for Cenozoic igneous activities in the eastern Indo-Asian collision zone. Earth
and Planetary Science Letters 188, 123–133.

Wang, J.-H., Qi, L., Yin, A., Xie, G.-H., 2001b. Emplacement age and PGE geochemistry of
lamprophyres in the Laowangzhai gold deposit, Yunnan, SW China. Science in
China Series D: Earth Sciences 44, 146–154.

Wang, C.-Y., Prichard, H.M., Zhou, M.-F., Fisher, P.C., 2008. Platinum-group minerals from
the Jinbaoshan Pd-Pt deposit, SW China: evidence for magmatic origin and hydro-
thermal alteration. Mineralium Deposita 43, 791–803.

Wang, C.-Y., Zhou, M.-F., Qi, L., 2010. Origin of extremely PGE-rich mafic magma system:
an example from the Jinbaoshan ultramafic sill, Emeishan large igneous province, SW
China. Lithos 119, 147–161.

Widom, E., Hoernle, K.A., Shirey, S.B., Schmincke, H.U., 1999. Os isotope systematics in the
Canary Islands and Madeira: lithospheric contamination and mantle plume signa-
tures. Journal of Petrology 40, 279–296.

Widom, E., Kepezhinskas, P., Defant, M., 2003. The nature of metasomatism in the sub-arc
mantle wedge: evidence from Re-Os isotopes in Kamchatka peridotite xenoliths.
Chemical Geology 196, 283–306.

Wood, S.A., 1987. Thermodynamic calculations of the volatility of the platinum group el-
ements (PGE): the PGE content of fluids at magmatic temperatures. Geochimica et
Cosmochimica Acta 51, 3041–3050.

Woodhead, J., Brauns, M., 2004. Current limitations to the understanding of Re-Os behav-
iour in subduction systems, with an example from New Britain. Earth and Planetary
Science Letters 221, 309–323.

Woodland, S.J., Pearson, D.G., Thirlwall, M.F., 2002. A platinum group element and Re-Os
isotope investigation of siderophile element recycling in subduction zones: compar-
ison of Grenada, Lesser Antilles Arc, and the Izu-Bonin Arc. Journal of Petrology 43,
171–198.

Xiao, L., Xu, Y.-G., Mei, H.-J., Zheng, Y.-F., He, B., Pirajno, F., 2004. Distinctmantle sources of
low-Ti and high-Ti basalts from the western Emeishan large igneous province, SW
China: implications for plume-lithosphere interaction. Earth and Planetary Science
Letters 228, 525–546.

Xu, Y.-G., Chung, S.-L., Jahn, B.M., Wu, G.-Y., 2001. Petrologic and geochemical constraints
on the petrogenesis of Permian-Triassic Emeishan flood basalts in southwestern
China. Lithos 58, 145–168.

http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0225
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0225
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0230
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0230
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0235
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0235
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0240
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0240
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0240
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0245
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0245
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0245
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0255
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0255
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0255
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0260
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0260
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0260
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0270
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0270
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0270
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0275
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0275
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0275
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0275
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0280
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0280
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0285
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0285
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0285
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0290
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0290
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0290
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0295
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0295
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0295
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0300
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0300
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0300
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0305
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0305
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0305
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0310
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0310
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0310
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0315
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0315
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0320
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0320
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0320
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0325
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0325
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0325
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0330
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0330
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0330
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0335
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0335
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0340
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0340
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0340
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0345
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0345
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0345
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0350
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0350
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0350
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0355
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0355
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0355
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0360
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0360
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0365
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0365
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0365
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0370
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0370
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0370
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0375
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0375
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0380
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0380
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0380
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0385
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0385
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0385
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0390
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0390
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0390
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0395
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0395
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0395
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0400
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0400
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0400
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0405
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0405
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0410
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0410
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0415
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0415
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0420
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0420
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0420
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0425
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0425
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0430
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0430
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0435
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0435
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0435
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0440
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0440
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0445
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0445
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0445
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0445
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0450
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0450
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0450
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0455
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0455
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0460
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0460
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0465
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0465
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0465
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0470
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0470
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0470
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0475
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0475
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0480
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0480
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0480
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0485
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0485
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0485
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0490
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0490
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0490
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0495
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0495
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0495
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0500
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0500
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0500
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0505
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0505
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0505
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf9100
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf9100
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf9100
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0510
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0510
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0510
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0515
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0515
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0515
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0515
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0520
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0520
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0520
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0520
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0525
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0525
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0525


239T. Gan, Z. Huang / Lithos 282–283 (2017) 228–239
Yaxley, G.M., Green, D.H., 1996. Experimental reconstruction of sodic dolomitic
carbonatite melts from metasomatised lithosphere. Contributions to Mineralogy
and Petrology 124, 359–369.

Zhang, Y.-X., 2015. Toward a quantitative model for the formation of gravitational mag-
matic sulfide deposits. Chemical Geology 391, 56–73.

Zhou, M.-F., 1994. PGE distribution in 2.7Ga layered komatiite flows from the Belingwe
greenstone belt, Zimbabwe. Chemical Geology 118, 155–172.

Zhou, M.-F., Yan, D.-P., Kennedy, A.K., Li, Y.-Q., Ding, J., 2002. SHRIMP U-Pb zircon geo-
chronological and geochemical evidence for Neoproterozoic arc-magmatism along
the western margin of the Yangtze Block, South China. Earth and Planetary Science
Letters 196, 51–67.

Zhou, M.-F., Ma, Y.-X., Yan, D.-P., Xia, X.-P., Zhao, J.-H., Sun, M., 2006. The Yanbian Terrane
(Southern Sichuan Province, SW China): a Neoproterozoic arc assemblage in the
western margin of the Yangtze Block. Precambrian Research 144, 19–38.

http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0530
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0530
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0530
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0535
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0535
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0540
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0540
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0545
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0545
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0545
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0545
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0550
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0550
http://refhub.elsevier.com/S0024-4937(17)30124-X/rf0550

	Platinum-�group element and Re-�Os geochemistry of lamprophyres in the Zhenyuan gold deposit, Yunnan Province, China: Impli...
	1. Introduction
	2. Geological setting and petrology
	3. Analytical methods and calculations
	4. Results
	4.1. Major and trace elements
	4.2. PGE geochemistry
	4.3. Re-Os isotopic compositions

	5. Discussion
	5.1. Mechanism of mantle metasomatism
	5.1.1. Crustal contamination
	5.1.2. Subduction-related metasomatism of the mantle source
	5.1.3. Carbonate metasomatism
	5.1.4. Evolution of lithospheric mantle beneath the western Yangtze Craton

	5.2. Crystal fractionation of lamprophyre
	5.2.1. Sulfide precipitation
	5.2.2. Early mineral crystallization
	5.2.3. Magmatic evolution of lamprophyres


	6. Conclusion
	Acknowledgements
	Supplementary data
	References


