Contrib Mineral Petrol (2007) 153:321-337
DOI 10.1007/s00410-006-0149-5

ORIGINAL PAPER

Petrogenesis of the Pt—-Pd mineralized Jinbaoshan ultramafic
intrusion in the Permian Emeishan Large Igneous Province,

SW China

Yan Tao - Chusi Li - Ruizhong Hu -
Edward M. Ripley - Andao Du - Hong Zhong

Received: 13 January 2006/ Accepted: 4 October 2006/ Published online: 3 November 2006

© Springer-Verlag 2006

Abstract The Jinbaoshan ultramafic intrusion is a
sheet-like body with a thick wehrlite unit in the center
and thin pyroxenite units at the margins. PGE are
enriched in several disseminated sulfide zones in the
intrusion. Olivine from the intrusion has low Fo and
depleted Ni contents compared to olivine from coeval
Emeishan picrites. Whole rock major and trace ele-
ment concentrations suggest that the Jinbaoshan
wehrlites originally contained <30% trapped liquid.
The total amount of sulfide in the rocks exceeds that
which could have been dissolved in the trapped liquid.
The Jinbaoshan wehrlites are interpreted to represent
residual assemblages formed by dissolution of plagio-
clase by passing magma. No clear evidence of crustal
contamination is indicated by S, Nd and Os isotopes.
We envision that sulfide saturation occurred at depth
due to olivine and chromite crystallization. Immiscible
sulfide droplets were transported to the Jinbaoshan
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conduit where they accumulated and reacted with
magma successively passing through the conduit to
achieve high PGE concentrations.
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Introduction

The Emeishan Large Igneous Province (ELIP) in
southwest China is currently attracting considerable
attention from several international mining companies
who are looking for Pt-Pd deposits. In this region
(Fig. 1), numerous mafic-ultramafic intrusions are
spatially and temporally associated with the Permian
Emeishan continental flood basalts that cover an area
>3 x 10° km? (Chung and Jahn 1995; Song et al. 2001;
Xu et al. 2001, 2004; Xiao et al. 2004). Two types of
mineral deposits are associated with the intrusions: Ni—
Cu-PGE sulfide deposits in relatively small intrusions
of broadly ultramafic composition, and Fe-Ti—V oxide
deposits in relatively large intrusions of broadly mafic
composition. The association of different types of
mineralization with different types of rock is similar to
that in the Bushveld Complex in South Africa. How-
ever, the field relations in these two magmatic systems
are different. In the Bushveld Complex the two types
of mineralization occur at different stratigraphic levels
whereas in the ELIP they are hosted by separate
intrusions. This difference suggests the presence of
magma pluming systems composed of staging cham-
bers and dynamic conduits in the ELIP. The Jinbao-
shan ultamafic intrusion hosts the only known
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Fig. 1 Distribution of the
Emeishan continental flood
basalts and contemporaneous
mafic-ultramfic intrusions in
SW China (modified from
Song et al. 2001)
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economic Pt-Pd deposit in the province. It provides a
window to study the evolution of magma and the
processes of Pt—Pd enrichment in dynamic conduits. A
better understanding of ore genesis in the Jinbaoshan
intrusion is important for the on-going mineral explo-
ration in the region.

Geological background

The Jinbaoshan intrusion is one of numerous mafic-
ultramafic intrusions that are spatially and temporally
associated with the late Permian Emeishan continental
flood basalts in southwest China (Fig. 1). The Emei-
shan volcanic succession ranges from several hundred
meters to 5 km in thickness. It unconformably overlies
an early Late Permian carbonate formation and is
covered by Triassic sedimentary sequences. The com-
position of the Emeishan volcanic succession varies
from picrites and theoleiitic basalts to basaltic ande-
sites (Chung and Jahn 1995; Song et al. 2001; Xu et al.
2001, 2004; Xiao et al. 2004). Geological relations
indicate that the eruption of the Emeishan flood
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basalts took place at the end of the Guadalupian
(~260 Ma) (Yin et al. 1992; Jin and Shang 2000). Due
to post-eruption alteration and metamorphism of
greenschist grade, Ar—Ar dating of whole rock samples
of the Emeishan basalts (Boven et al. 2002; Ali et al.
2004; Fan et al. 2004) gives ages that are younger than
the zircon U-Pb SHRIMP ages of 259-260 Ma for
several coeval intrusions (Zhou et al. 2002a, 2005; Guo
et al. 2004; Wang et al. 2006).

The Emeishan basalts and associated mafic-ultra-
mafic intrusions together are referred to as the Emei-
shan Large Igneous Province (ELIP). The ELIP
straddles the ~810 Ma subduction zone (Zhou et al.
2002b, 2006), which separates the Yangtze block to the
east and the Songpan-Ganze Terrance to the west
(Fig. 1). The Songpan-Ganze Terrance was part of the
subducting oceanic lithosphere and the Yantze Block
was the margin of the overriding supercontinent during
Neoproterozoic time (Zhou et al. 2006). The eastern-
most part of the Songpan-Ganze Terrance is covered
by a Late Triassic deep marine sedimentary sequence
up to 10 km or more in thickness in many places
(Burchfiel et al. 1995). The Yangtze Block comprises a
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lower sequence of Late Mesoproterozoic to Triassic
marine sediments, and an upper sequence of Jurassic
and younger terrestrial basin deposits.

Significant uplift and erosion in the ELIP as a result
of the Cenozoic India—Eurasia collision exposed
numerous mafic-ultramafic intrusions that intruded in
Precambrian basement. Some of these intrusions host
important Fe-Ti—-V oxide, Ni-Cu sulfide or Pt-Pd
deposits (Fig. 1). Three largest Fe-Ti—V oxide deposits
in the region are the Hongge (4572 Mt ore reserves),
Baima (1,497 Mt ore reserves) and Panzhihua
(1,333 Mt ore reserves) (Ma et al. 2003). These
deposits are hosted by gabbroic intrusions. The Hon-
gege and Panzhihua deposits were studied by Zhong
et al. (2002, 2003) and Zhou et al. (2005), respectively.
Three most important Ni—Cu sulfide deposits in the
region are Limahe, Baimazhai and Yangliuping. They
are hosted by mafic-ultramafic intrusions. The Yan-
gliuping and Baimazhai deposits were described by
Song et al. (2003) and Wang et al. (2006), respectively.
Small scale mining activity ceased in 1992 at Limahe
but is still active at Baimazhai. Pt-Pd mineralization
has been found in several mafic-ultramafic intrusions
including the Jinbaoshan and Zhubu intrusions, but the
Jinbaoshan intrusion is the only one that contains
economic Pt-Pd ore. Except a report on chromite
chemistry by Wang et al. (2005), no publications in
English have been given for the Jinbaoshan deposit.

The Jinbaoshan ultramafic intrusion is located in the
western margin of the Yangtze Block (Fig. 1). The
intrusion is a sheet-like body intruded into the Devonian
dolomite that unconformably overlies the Proterozoic
metamorphic rocks. The Jinbaoshan intrusion is exposed
in an area measuring ~5 km long and ~1 km wide
(Fig. 2a). The southern and northern parts of the Jin-
baoshan intrusion were partially eroded prior to the
Triassic era and were then covered by Triassic sedi-
ments. The middle part of the intrusion was eroded by
the Lishe River. The thickness of the intrusion varies
from 20 to 150 m (Fig. 2b, c¢). The Jinbaoshan ultramafic
intrusion is essentially a wehrlite body. Minor horn-
blende pyroxenite (<10%) is present in the margins of
the intrusion in some places. The intrusive relation be-
tween the Jinbaoshan werhlite and associated gabbroic
rocks is indicated in cross sections (Fig. 2c). Wang et al.
(2005) excluded the gabbroic rocks from the Jinbaoshan
ultramafic intrusion. However, Yang (1989) thought that
the gabbroic rocks are parts of the Jinbaoshan intrusion.
In this paper we will evaluate the contradictory inter-
pretations using mineral and chemical analyses.

The textures and modal compositions of silicate
minerals in the Jinbaoshan wehrlites are generally
homogeneous. A sub-horizontal layer containing

5-12 vol% chromite with a thickness ranging from 5 to
15 m occurs in the middle part of the wehrlite unit.
Except for the chromite layer and disseminated sulfide
zones within the wehrlite unit there is no visible igne-
ous layering in the intrusion. Marble hornfels (<0.5 m
thick) occur in the contact with dolomites in some
places.

On-going exploration at Jinbaoshan has delineated
ores containing ~45 tons of Pt + Pd. The concentra-
tions of Pt + Pd in the ores vary mostly from 1 to
5 ppm and rarely up to 17 ppm. The enrichment of Pt
and Pd is spatially associated with disseminated sulfide
(<3 vol%) that occurs as discontinuous layers within
the wehrlite unit. The thickness of an individual dis-
seminated sulfide layer varies from several centimeters
to a couple of meters.

Petrography

A total of 25 samples from the Jinbaoshan ultramafic
intrusion and associated gabbroic rocks were collected
from outcrops and adits. The relative positions of the
samples are shown in Fig. 3.

Typical gabbro from Jinbaoshan comprises
>60 vol% tabular plagioclase and ~30 vol% granular
augite and minor hornblende, biotite and magnetite.
Plagioclase has a tabular shape averaging ~ 1 X 3 mm.
Augite crystals are mostly <1 mm across. Most augite
crystals are altered to tremolite and talc whereas most
plagioclase crystals are altered to chlorite plus Fe-rich
epidote containing up to 13 wt% Fe. Small calcite
veins are present in microfractures in the rocks.

Chromite in the chromite-rich layer in the werhlite
unit is characterized by a ring shape formed by several
connected subhedral chromite crystals surrounding an
olivine crystal. The diameters of individual chromite
rings vary from several millimeters to several centi-
meters in thin sections. The margins of chromite grains
are altered to an Fe-rich variety. Secondary magnetite
veins are present in microfractures in chromites.

Wehrlite contains 40-70 vol% olivine, 10-20 vol%
clinopyroxene and minor chromite, plagioclase and
primary hornblende and phlogopite. Olivine crystals
are euhedral to subhedral and vary in size from 0.5 to
3 mm in diameter. Olivine inclusions in clinopyroxene
tend to be smaller than isolated grains and are com-
monly characterized by a rounded shape (Fig. 4a).
Clinopyroxene commonly occurs as large poikilitic
crystals (up to 1 cm in diameter) containing olivine and
chromite inclusions. Hornblende commonly forms a
reaction rim surrounding clinopyroxene. Phlogopite
and plagioclase occur in the interstitial spaces. Most
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Fig. 2 Geological map and
sections of the Jinbaoshan
intrusion (modified from
Yang 1989)
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olivine crystals in the rocks are completely altered to
serpentine plus magnetite.

Hornblende pyroxenite contains >50 vol% augite,
10-30 vol% hornblende and minor biotite and mag-
netite. Augite occurs as euhedral crystals 3-8 mm
across. Smaller augite grains occur as inclusions in
poikilitic hornblende. Most augite crysals are altered to
actinolite and talc.

Primary sulfide minerals are pyrrhotite, pentlandite
and chalcopyrite. They occur in the interstitial spaces
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in wehrlites. The primary sulfide assemblages are
commonly altered to magnetite, pyrite and millerite
(Fig. 4b). Local redistribution of sulfides is indicated
by the presence of calcite—sulfide veins (chalcopyrite,
pyrite and millerite) in microfractures in the rocks.
Platinum-group minerals (PGM) are present in sul-
fide-mineralized wehrlites. They include moncheite
(PtTe,) (10 grains), sperrylite (PtAs,) (3 grains), a
Pt-Fe alloy with composition close to tetraferroplati-
num (PtFe) and a rustenburgite (Pt;Sn). Four grains of
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Fig. 3 A composite stratigraphic column showing sample loca-
tions

native gold are also found in the samples. The sizes of
the PGM vary between 10 and 20 pm. They are closely
associated with altered sulfide assemblages (Fig. 4b, c).

Analytical methods

Mineral chemical compositions were determined by
wavelength-dispersive X-ray analysis at 15 kV using a

200 um PD1309-2A

100 um 145-4A

20 um 145-4A

Fig. 4 Back scattered electron images showing a olivine inclu-
sions in clinopyroxene in wehrlite, b a Pt telluride associated with
altered sulfide assemblage in wehrlite, and ¢ a Pt arsenide
associated with secondary magnetite in wehrlite. O/ olivine, Cpx
clinopyroxene, Chr chromite, Serp serpentine, Mt magnetite, Cp
chalcopyrite, Py pyrite

CAMECA SX50 electron microprobe at Indiana Uni-
versity. Major elements in minerals were analyzed
using a 1 um beam with a beam current of 20 nA and a
counting time of 20 s. Trace elements (Ni and Ti in
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silicates, and Pd in pentlandite) were analyzed using a
beam current of 100 nA and a peak counting time of
50 s. The detection limits for these elements under
such conditions are 120 ppm Ni, 70 ppm Ti and
200 ppm Pd. Raw data were corrected using the PAP
program supplied by CAMECA. Analytical repro-
ducibility was within 2%. The accuracy of the analyses
was monitored using reference materials.

Whole rock major element compositions were ana-
lyzed by wet chemistry. The concentrations of S in the
samples were determined by the Leco induction fur-
nace-titration technique. Whole rock trace element
compositions (including Ni and Cu) were analyzed by
ICP-MS. The analytical procedures, detection limits
and precision are given in Qi and Grégoire (2000). The
concentrations of PGE in whole rock samples were
determined by the combination of NiS bead pre-con-
centration, Te co-precipitation and ICP-MS analysis.
The analytical procedures, detection limits and preci-
sion are given in Qi et al. (2003). All of the whole rock
chemical analyses were carried out in the Institute of
Geochemistry, Chinese Academy of Sciences, Guiy-
ang, China.

The concentrations of Sm and Nd and their isotope
ratios were determined using a VG-354 thermal ioni-
zation magnetic sector mass spectrometer in the Insti-
tute of Geology and Geophysics, Chinese Academy of
Sciences, Beijing. The details of the method are given
in Zhang et al. (2001). Mass fractionation correction
for Nd isotopic ratios was based on '“°Nd/***/Nd of
0.7219. Uncertainties in Sm/Nd ratio is less than +0.5%
relative. The concentrations of Re and Os and their
isotopic ratios were determined using a VG Plasma
Quad ICP-MS in the National Research Center of
Geoanalysis in Beijing. The analytical procedures are
similar to those of Shirey and Walker (1995) and Du
et al. (2004).

Sulfide mineral separates were analyzed for S iso-
topic compositions using elemental analyzer-continu-
ous flow isotope ratio mass spectrometry (Studley et al.
2002) at Indiana University. Sample powders were
placed in tin cups with 1-1.5 mg of V,05 and combu-
sted at ~1,800°C, with a reactor column temperature of
1,010°C. Analyses of SO, were made using a Finnigan
MAT 252 stable isotope ratio mass spectrometer, with
results reported in standard delta notation relative to
V-CDT. Analytical uncertainty was less than +0.05%,,
and sample reproducibility was within +0.39,. Sulfide
standards utilized included IAEA S-1 (with a defined
value of -0.3%, V-CDT), IAEA S-2 (21.7%,), IAEA
S-3 (-31.3%,) and several Indiana University labora-
tory standards.

Results
Mineral chemistry

The compositions of the PGM are listed in Table 1.
The compositions of chromites from the Jinbaoshan
ultramafic intrusion are given in Wang et al. (2005).
Representative analyses of olivine and augite from the
Jinbaoshan ultramafic intrusion are listed in Table 2.
Olivine has restricted Fo contents ranging between
82.6 and 83.6 mole%. The concentrations of Ni in
olivine vary between 1,600 and 2,000 ppm. Olivine
from the Jinbaoshan ultramafic intrusion is depleted in
Ni compared to olivine with similar Fo contents from
the Emeishan picrites given by Xu and Chung (2001)
(<2,000 vs. ~2,500 ppm). Most olivine phenocrysts
from the Emeishan picrites contain higher Fo than
olivine from the Jinbaoshan intrusion.

Augite from the wehrlite unit of the Jinbaoshan
ultramafic intrusion has higher Mg# and higher Cr and

Table 1 Compositions of

platinum-group minerals from Mineral Sperrylite Moncheite Rustenburgite Tetraferroplatinum

the Jinbaoshan deposit Formula PtAs, PtTe, Pt;Sn PtFe
Pt 58.96 38.76 73.57 78.67
Pd 0.03 0.54 6.80 0.06
Fe 1.00 0.28 0.88 14.38
Co 0.04 0.00 0.00 0.03
Ni 0.00 0.06 0.01 1.64
Cu 0.07 0.00 0.17 4.15
As 39.55 0.00 0.00 0.21
S 0.00 0.00 0.04 0.00
Bi 0.00 9.15 0.00 0.00
Sb 0.08 0.42 0.00 0.04
Te 0.01 50.25 0.21 0.00
Sn 0.00 0.00 18.30 0.00
Total (Wt%) 99.74 99.44 99.98 99.17
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Table 2 Representative analyses of olivine and clinopyroxene from the Jinbaoshan intrusion and associated gabbro
Sample Olivine in wehrlite Sample  Cpx in Cpx in
wehrlite gabbro
1309-2 1309-2 1309-2 1309-2 1309-2 JB19 JB19 JB19 JB19 2H22 2H22 JBB-3 JBB-3
SiO, 39.64 3952 3956 3935 3923 3957 3932 3923 39.34 SiO, 51.24 5147 51.64 5343
FeO 1591 1590 1613 16.02 1628 1571 1565 15.60 15.75 TiO, 059 0.63 1.00 1.04
MnO 0.26 0.30 0.21 0.26 0.26 0.22 0.23 0.21 0.25 ALO; 3.01 3.02 212 240
MgO 4387 4396 4378 4387 4400 44.04 4407 4422 4405 Cr,03 096 094 008 029
NiO 0.23 0.23 0.23 0.23 0.23 0.23 0.22 0.23 0.22 FeO 547 523 958  9.04
CaO 0.12 0.14 0.11 0.11 0.11 0.10 0.09 0.09 0.11 MnO 017 015 021 020
Total 100.0  100.0  100.0 99.8  100.1 99.9 99.6 99.6 99.7 MgO 17.17 16.92 15.08 14.99
(Wt%)
Fo 83.0 83.0 82.8 82.9 82.7 83.3 83.3 83.4 832 CaO 20.65 20.76 19.00 17.75
(mole%)
Ni (ppm) 1824 1792 1800 1784 1808 1824 1729 1824 1753 Na,O 032 032 029 026
Total 99.59 99.44 99.00 99.39
(Wto/o)

lower Ti contents than augite from the Jinbaoshan
gabbros (Fig. 5a, b). The Cr,O5 and TiO, contents of
augite from the wehrlite units are from 0.85 to 1 wt%
and from 0.5 to 0.9 wt%, respectively. The Cr,O3 and
TiO, contents of augite from the Jinbaoshan gabbros
are <0.3 wt% and from 0.9 to 1.2 wt%, respectively.
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Fig. 5 Comparison of Mg-number and Cr,O3 and TiO, contents
in clinopyroxenes

Two nickel sulfide minerals, pentlandite (Fe4NisSg)
and millerite (NiS), contain trace amounts of Pd. The
concentrations of Pd in pentlandite and millerite vary
between 500 and 1,700 ppm, and between 1,100 and
1,900 ppm, respectively (Fig. 6).

Major elements

Whole rock major and trace element compositions
are listed in Table 3. The amounts of total Fe in
whole rocks are reported as FeO*. The samples
analyzed are variably altered and therefore have
variable loss-on-ignition (LOI). For comparison we
have normalized the whole rock raw data to anhy-
drous compositions by correcting for LOI. We use
the normalized values for the discussions below. The
data of Yang (1989) are included in our comparison

5
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Fig. 6 Variations of Pd concentrations in pentlandite and
millerite
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Table 3 Major, trace and chalcophile element concentrations in whole rocks from the Jinbaoshan intrusion and associated gabbro

Sample 2H23 2H28 2H38 1H28 1H20 1H12 322-6R 145-3R  145-4R JB19 19-96 39-82 B2

Rock type PGE-enriched wehrlite Pyroxenite
Oxide (Wt%)

SiO, 3593 3838 3503 3286 3693 3237 3457 39.63 353 39.07 3816  37.54 4378
TiO, 1.14 044 042 049 035 024 047 0.40 0.41 0.55 046 0.42 0.84

AL O3 690  5.07 491 3.06 321 275 448 1.41 425 401 291 2.02 11.32
FeQ'! 1412 1281 16.01 1444 13.66 1513 843 9.98 12.22 10.96 1034 817 8.23

MnO 012  0.17 013 016 017 0.09 0.12 0.11 0.10 016  0.15 0.15 0.13
MgO 25.05 2830 2757 3334 3265 31.05 274 312 31.6 311 3218 3251 1842
CaO 293 4.16 225 248 035 373 538 0.8 0.6 2.0 413 7.4 10.85
Na,O 029  0.19 020 0.08 0.07 0.08 0.12 0.11 0.09 021 0.1 0.035 0.36
K,O 070  0.14 026 012 017 0.09 0.11 0.09 0.06 0.18 0.16 0.071 037
P,0s 0.04  0.03 0.03 0.03 003 0.03 0.15 0.13 0.30 020 0.069 0.072 0.06
Cr,05 433  2.05 051 081  0.66 0.60  0.69 0.90 0.83 077  1.06 0.96 0.18
S 143 020 1.08 1.07 0.0 113 042 0.74 1.79 0.60 0.24 0.76 0.21
LOI 6.89 817 11.54 10.84 1148 12.67 16.92 13.93 11.65 959 1010 9.70 4.74
Total 99.87 100.09 99.94 99.77 100.21 99.98 99.68 99.43 99.21 99.41 100.05 99.81 99.49
Mg# 0.76  0.80 075 0.80 0.1 079  0.85 0.85 0.82 084 0.85 0.88 0.80
Trace element (ppm)

Ni 3079 1559 2396 1659 2344 2745 1344 4570 4555 1332 1912 3329 734
Cu 2123 405 960 3545 767 4341 411 944 5046 9 29 1888 433
Co 178 154 203 151 192 179 143 229 269 196 133 189 103
Rb 285 20 8.1 3.1 43 0.9 4.9 33 1.9 5.9 6.5 34 12.3
Ba 1792 222 595 186 351 6.1 313 22.1 15.5 879 483 19.4 70.6
Th 213 028 093 144 062 046 0.78 0.80 0.60 096  0.95 0.71 1.54
U 048  0.07 035 031 014 023 018 0.20 0.36 022 023 0.19 0.46
Nb 1036 1.21 346 642 288 1.99  3.40 3.51 2.84 506 443 4.07 11.20
Ta 072  0.08 024 038 018 013 021 0.22 0.17 031 030 0.28 0.67
Zr 84.6 135 20.0 557 240 177 267 29.1 22.7 383 376 31.0 89.4
Hf 265 0.85 062 146 078 052 085 0.96 0.58 118 137 1.13 2.60
Sr 60.8  23.6 535 192 67 544  126.0 10.0 7.6 295 157 7.5 134.0
Y 1051 478 540 566 344 279 399 2.98 2.66 577 5.03 4.10 12.68
La 12.68 2.06 6.78 530  4.06 2.86  4.65 4.01 3.22 570  5.06 4.34 11.49
Ce 28.0 5.0 132 11,6 89 6.0 9.7 8.5 6.8 131 125 102 27.5
Pr 349  0.70 155 148 112 073 117 0.98 0.77 1.56  1.36 1.05 3.05
Nd 1430 3.34 6.56 6.65 515 339 432 4.01 3.20 693 514 3.45 12.07
Sm 292 0.99 136 131 095 0.66  0.90 0.82 0.74 1.55  1.40 1.01 2.90
Eu 082 027 042 039 020 019 025 0.13 0.10 040 036 0.23 0.76
Gd 291 1.18 139 139  1.06 0.64 092 0.76 0.64 134 124 0.96 2.84
Tb 041 0.8 022 020 013 010 0.13 0.12 0.09 020 0.19 0.15 0.43
Dy 218 1.04 1.19 116  0.69 0.60 0.72 0.60 0.54 1.06  1.09 0.87 2.54
Ho 043 021 022 024 014 0.10 0.16 0.12 0.10 020 022 0.17 0.49
Er 1.14 055 059 0.60 040 026 0.38 0.28 0.31 059 0.58 0.43 1.36
Tm 0.16  0.06 0.07 0.09 0.06 0.04  0.05 0.04 0.04 0.10  0.07 0.07 0.18
Yb 1.08 049 046 0.8 035 028 044 0.35 0.27 0.58  0.59 0.44 1.22
Lu 0.14  0.07 0.07 0.08 0.05 0.04  0.05 0.05 0.04 0.07  0.08 0.06 0.18
Platinum-group element (ppb)

Os 61 10 15 34 35 54 54 172 13
Ir 134 21 52 79 56 113 185 480 350 20 71 283 2.6
Ru 31 7 10 25 19 30 69 223 162 8 26 87 0.7
Rh 124 18 41 52 33 67 131 332 302 13 45 221 1.6
Pt 2008 190 557 564 795 1683 3672 6383 6430 338 967 3661 20
Pd 3724 351 1216 640 852 1990 6305 10080 10240 462 1089 5836 40
Sample 1H34 1H23 1H3 19-176 13092 B33 BS 19-156 39-80 2H8-2 JBB-3 JBB-5 B103 DMC
Rock unit  Wehrlite Gabbro

Oxide (Wt%)

SiO, 3525 3824 37778 3773 3822 387 3913 3832 38.06 3686 4776 4289 4559 4135
TiO, 034 037 040  0.70 0.62 047 083 053 038 037 2.90 1.67 2.65 240

AL O3 2.46 3.46 337 330 7.55 590 291 2.92 2.39 3.92 16.14 154 16.86 13.74
FeQ''! 1455 1115 11.81 842 11.62 11.71  11.74 13.14 10.67 1295 1388 1126 11.79 7.35
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Table 3 continued

Sample 1H34 1H23 1H3 19-176 1309-2 B33 BS 19-156  39-80 2H8-2 JBB-3 JBB-5 B103 DMC
Rock unit  Wehrlite Gabbro

MnO 0.14 0.13 0.09 0.14 0.18 013 018 0.15 014  0.11 0.15 0.14 0.14  0.19
MgO 3220 3253 3256 326 29 28.6 2874 29.61 307  31.03 495 5.83 5 4.98
CaO 1.63 0.95 115 25 2.6 1.8 526 326 564  1.66 6.04 8.24 8.1 16.57
Na,O 0.08 0.08 013 0.18 0.27 0.18 0.091 0.1 0.065 0.11 3.66 2.09 1.89  2.07
K,O 0.08 0.15 022 0.17 0.32 015 011 0.14 018 021 0.33 0.14 039  0.38
P,0s5 0.03 0.03 0.03 02 0.27 017 015 0.074 0.087 0.03 0.3 0.2 0.063  0.078
Cr,03 0.70 0.72 1.07  0.85 1.03 084 082 099 1.04 074 0.03 0.03 0.02  0.01
S 0.17 016  0.09 0.72 0.30 0.21 0.13 0.11 0.10

LOI 1245 1193 1125 1221 7.90 1053 931  10.01 1031 1194 338 12.02 742 1053
Total 100.06 9991 99.95 99.72  99.88  99.39 99.31 99.38  99.77 100.03 99.52 9991 9991 99.65
Mg# 0.80 084 083 0.87 0.82 081 081 0.80 0.84  0.81 0.39 0.48 043  0.55
Trace element (ppm)

Ni 1514 1382 1354 1545 1295 1306 1135 1470 1337 1371 105 132 52 47
Cu 212 19 8 64 41 9 46 68 12 21 173 67 43 45
Co 404 144 115 134 190 135 136 151 137 148 41 38 63 48
Rb 35 3.8 59 6.8 11.7 6.5 3.8 6.7 5.7 6.6 7.8 3.8 181 175
Ba 27.7 27.0 356 475 105.6 1540 389 561 404 499 5789 2243  146.0 1432
Th 0.65 070  0.67 1.10 0.98 095 058 1.06 0.83  0.70 1.64 4.36 320 293
U 0.15 0.15 015 029 0.20 026 013 0.26 019 021 0.50 1.69 0.80 0.81
Nb 2.78 330 317  6.65 4.94 410 317  5.07 375  3.05 1487 1388  25.04 2225
Ta 0.22 022 021 039 0.32 028 019 032 023  0.20 0.94 0.88 142 124
Zr 25.5 28.6 285 456 42.0 353 267 387 309 266 167.6  139.0 179.5 156.0
Hf 424 082 083 139 1.30 1.09 1.00 1.38 126 092 4.50 3.68 515 439
Sr 223 10.2 183 414 86.9 213 167 213 153 452 5219 3916 4922 5603
Y 2.69 3.63 468 754 5.48 588 546  5.80 502 3.6 31.83 2122 2349 2212
La 4.06 3.85 6.86  6.77 6.35 515 358 552 578 497 11.89 2011  27.11 24.84
Ce 8.0 8.4 141 154 1420 135 91 13.0 13.0 97 30.0 43.0 62.5 549
Pr 0.96 1.10 176  1.84 1.69 1.68 105 147 1.41 1.21 432 529 728  6.35
Nd 4.07 460 689 834 6.96 744 390 521 5.05 4.64 20.74 2319  30.09 2647
Sm 0.77 0.94 133 1.84 1.50 1.65 116 141 1.32 1.02 5.62 4.86 6.56  6.29
Eu 0.17 0.23 059 022 0.41 040 030 0.38 032 051 1.74 1.79 1.79  1.70
Gd 0.77 0.96 133 175 1.26 158 123 134 1.15 0091 6.22 4.58 6.18  5.54
Tb 0.10 0.15 020 0.25 0.20 024 019 022 020 013 0.98 0.71 090 0.82
Dy 0.54 0.76 1.05 158 1.05 126 112 123 1.09 076 6.16 4.09 488  4.59
Ho 0.10 0.15 020 0.28 0.20 027 023 025 022  0.17 1.19 0.80 094 0.83
Er 0.33 042 053 084 0.62 057 062  0.65 0.59 046 3.07 2.16 248 232
Tm 0.05 0.05 0.08  0.10 0.08 0.09 0.08 0.10 0.09  0.05 0.44 0.31 034 029
Yb 0.27 038 051 079 0.52 059 054 059 054 047 2.83 1.94 210  1.96
Lu 0.04 0.06  0.06 0.09 0.08 0.06  0.08  0.09 0.08  0.06 0.41 0.26 029 025
Platinum-group element (ppb)

Os 3.4 3.4 1.5 8.6 3.0 21

Ir 7.6 6.7 35 7.5 7.1 25 8.9 5.0 6.1

Ru 9.4 4.5 4.0 31 4.6 2.4 3.0 1.4 32

Rh 3.8 33 2.6 43 7.1 1.0 5.8 3.8 4.4

Pt 77 55 24 58 56 132 57 37 63

Pd 58 46 31 103 81 221 63 43 76

Trace elements

(Fig. 7a—). The contents of MgO in the Jinbaoshan
wehrlites vary between 27 and 38 wt%. The contents
of MgO in the Jinbaoshan pyroxenites vary between
15 and 22 wt%. In contrast, the contents of MgO in
the Jinbaoshan gabbros are much lower, varying
between 5 and 9 wt%. There are compositional gaps
between the rocks of the Jinbaoshan ultramafic
intrusion and associated gabbros (Fig. 7a—c).

The trace element compositions of the Jinbaoshan
ultramafic intrusion and associated gabbros are given
in Table 3. The slopes of trace element patterns of the
intrusive rocks are distinctly different from that of
normal mid-ocean ridge basalts (N-MORB) but are
rather similar to that of typical ocean island basalts
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Fig. 7 Plots of MgO versus SiO; (a), TiO, (b), (Na,O + K,0)
(¢) and FeO"™™! (d) for the Jinbaoshan intrusive rocks and the
Emeishan picrites. Point A is the composition of olivine Fo84.
Point B is the average compositions of wehrlite samples from the
Jinbaoshan intrusion. Line E to F represents the ratio of FeO/

(OIB) (Fig. 8a, b). However, the trace element pat-
terns of the intrusive rocks from the Jinbaoshan
intrusion are not as smooth as those of the basalts.
Several elements such as Rb and Ba in the intrusive
rocks are highly variable, possibly due to alteration. Sr
and Eu show a significant negative anomaly in the
Jinbaoshan wehrlites. No positive anomaly of Sr and
Eu is present in the Jinbaoshan gabbros. The ratios of a
highly incompatible over a less incompatible element
such as Ce/Yb and Nb/Y of the Jinbaoshan wehrlites
are similar to the values of OIB.

Ni, Cu, S and platinum group elements

The concentrations of Ni, Cu, S and PGE in the rocks
of the Jinbaoshan ultramafic intrusion are given in
Table 3. The contents of S in pyroxenite and wehrlites
vary from 0.09 to 0.3 wt%. The contents of S in PGE-
enriched wehrlites are significantly higher, varying
between 0.24 and 1.8 wt%. Pyroxenites and wehrlites
contain 13-77 ppb Pt and 22-103 ppb Pd. PGE-en-
riched wehrlites contain 0.3-6 ppm Pt and 0.5-10 ppm
Pd. Correlations between individual PGE in the sam-
ples are good (Fig. 9a-f).
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MgO = 1.16, which is 3.3 times the ratio of olivine Fo84. Point C
is the estimated composition of trapped liquid for the Jinbaoshan
wehrlites assuming that the rocks were originally mixtures of
olivine Fo84 with coexisting liquid

The primitive mantle-normalized PGE patterns of
the Jinbaoshan wehrlite samples are illustrated in
Fig. 10. Both sulfide-enriched and sulfide-poor wehr-
lites have similar patterns. They show moderate neg-
ative Ru anomaly and depletion in Ir, Ru and Rh
relative to Pt and Pd.

Sulfur isotopes

Values of §°*S for sulfide minerals are listed in Table 4.
Disseminated pyrrhotite and chalcopyrite plus pyrite
and chalcopyrite found as veins in the igneous rocks
have a restricted range in 6°*S values from 0.6 to 2.8%,.
The values are within the range of 0 + 29, considered
to be normal for sulfur of mantle derivation. In con-
trast, pyrite in dolomite footwall rocks and xenoliths,
as well as that present as matrix in breccias composed
of igneous rock fragments, is characterized by highly
variable 5>*S values, ranging from —23 to 199%,.

Neodymium and osmium isotopes

The Nd isotopic compositions of rocks from the Jin-
baoshan ultramafic intrusion and associated gabbro are
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Fig. 8 a Primitive mantle- 100

normalized trace element
patterns for the Jinbaoshan
intrusive rocks. The values for
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Sun and McDonough (1989).
b chondrite-normalized rare
earth element patterns for the
Jinbaoshan intrusive rocks
and the Emeishan picrites.
The chondrite values are from
Anders and Grevesse (1989)
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listed in Table 5. On a Sm-Nd isochron diagram
(Fig. 11), the analyses do not form a 259 Ma isochron
which corresponds to the possible age of the Jinbao-
shan ultramafic intrusion (Zhou et al. 2002c). The
wehrlite and pyroxenite samples cluster with
147Sm/'**Nd values between 0.1231 and 0.1399 along a
chondritic reference isochron. The values of &yg at
259 Ma for these samples range from —0.05 to 0.81,
indicating that they are near chondritic. The gabbro
sample is characterized by a much higher '*’Sm/"**Nd
value (0.171) and plots above the chondritic reference
isochron at 259 Ma (Fig. 11). The value of &ng at
259 Ma for the gabbro sample is 4.2, higher than that
for the wehrlite and pyroxenite samples.

Three sulfide-poor wehrlite samples, two sulfide
veins, and two sulfide-bearing wehrlite samples have
been analyzed for Os isotopic composition (Table 6).
Rhenium and Os are positively correlated (Fig. 12) and
Re/Os values are relatively low, with ratios less than
0.3. On a Re-Os isochron diagram the samples are
suprachondritic and do not form a 259 Ma isochron
(Fig. 13). Values of yos (259 Ma) range from ~22 to 81,
with no distinction between sulfide-rich and sulfide-
poor samples.

Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Discussion
Implications of isotopic data

Neodymium isotopic compositions of wehrlite and
pyroxenite samples are not indicative of significant
crustal contamination. This is consistent with trace
element ratios of these rocks that are similar to that of
OIB. The elevated eng value (>4) of the gabbro sample
may be due to derivation from a mantle source char-
acterized by a modest enrichment in Sm (and elevated
143N d/"**Nd), or possibly from mixing of magma from
sources with variable '*’Nd/'**Nd values. Alternatively,
hydrothermal alteration involving a fluid with an ele-
vated '**Nd/'**Nd ratio could also have lead to a small
increase in the &ng value. Osmium isotopic values also
demand that the Jinbaoshan system was open during
some stages. The elevated yos (259 Ma) values of
wehrlite samples from the Jinbaoshan ultramafic
intrusion could be indicative of crustal contamination
including a contaminant characterized by elevated
1870s/'%80s values but low Re/Os ratios. Most sedi-
mentary sulfides tend to have high Re/Os ratios
(e.g., Lambert et al. 1998), so it is difficult to envision
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contamination related to assimilation of sedimentary
material. This interpretation is also inline with the S
isotopic values of the ores, which are near those con-
sidered to be normal for mantle-derived melts and
which differ strongly from the values of pyrite in
country rocks. Gangopadhyay and Walker (2003) and
Puchtel et al. (2004) suggest that closed system behav-
ior of Re in ultramafic systems is characterized by linear
relations between Re and Al,Oj;, and Re and MgO.
Although we do not have enough analyses of sulfide-
poor samples for such an evaluation, the relatively low
Re/Os ratios of all samples may be a function of the
extensive hydrothermal alteration/serpentinization.
The suprachondritic nature of the samples may be the
result of hydrothermal processes which affected rocks
that were initially chondritic in character. The apparent

@ Springer

decoupling of the Sm—Nd and Re-Os isotopic systems is
most easily explained as a result of extensive Re loss
during hydrothermal alteration.

The large range in the sulfur isotopic values of sec-
ondary pyrite may indicate that sulfur sources distinct
from the mineralized igneous rocks contributed to the
hydrothermal fluid. A more likely alternative is that
local variations in oxidation state and the ratio of sul-
fate to sulfide in the hydrothermal fluid resulted in the
crystallization of pyrite with widely varying 5**S values
(e.g. Ripley et al. 2005).

Trapped liquid content and composition

We have used the concentrations of Ce and Nb in the
Emeishan low-Ti, high-MgO basalts analyzed by Xu
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et al. (2001) to estimate the amounts of trapped liquid
in the wehrlite samples. Our calculations indicate that
most of the wehrlite samples represent mixtures of 20—
40 wt% trapped liquid with 60-80 wt% olivine.

The compositions of trapped liquid in the Jinbao-
shan wehrlites are estimated using the method of Chai
and Naldrett (1992). The results are shown in Fig. 7d.
Line E to F in the figure represents the FeO"**/MgO
ratio of a liquid in equilibrium with olivine Fo84,

Table 4 Sulfur isotopes of sulfides from the Jinbaoshan deposit

Sample  Mineral Rock type 5%

82-2a Pyrrhotite Disseminated ore 1.1
82-2b Pyrrhotite Disseminated ore 1.6
2H22a Pyrrhotite Disseminated ore 1.9
2H22b Pyrrhotite Disseminated ore 2.0
2H22c Pyrrhotite Disseminated ore 2.0
2H22d  Pyrrhotite Disseminated ore 2.0
145-3a Pyrrhotite Disseminated ore 1.2
145-3b Pyrrhotite Disseminated ore 1.9
145-4a Pyrrhotite Disseminated ore 1.7
145-4b Pyrrhotite Disseminated ore 1.5
82-2 Chalcopyrite  Cp vein 0.6
145-4e  Chalcopyrite  Cp vein 2.8
145-3c Chalcopyrite ~ Cp-Py vein 1.6
145-3d  Pyrite Cp-Py vein 21
322-7 Pyrite Disseminated ore 0.6
144a Pyrite Breccia sulfide ore 6.5
144b Pyrite Breccia sulfide ore 54
322-6a  Pyrite Breccia sulfide ore -23.0
322-6b Pyrite Breccia sulfide ore -21.9
176-1 Pyrite dolomite xenolith 18.5
176-3 Pyrite Dolomite xenolith 18.6
39J-2a Pyrite Py vein in dolomite footwall 11.7
39J-2b Pyrite Py vein in dolomite footwall 12.1

Cp chalcopyrite, py pyrite

the most Mg-rich olivine in the Jinbaoshan wehrlites.
The Mg-Fe distribution coefficient (Kp = (FeO/
MgO)°Vine/(FeO/Mg0)"9"4  at% or wt% ratio) of 0.3
from Roeder and Emslie (1970) was used in the cal-
culations. The ratio of FeO/FeO'"' is assumed to be
0.9. This value is reasonable for an oxidation state close
to the QFM buffer. Point A represents the composi-
tions of olivine Fo84. Point B is the average composi-
tions of wehrlites with <0.5 wt% S and <2 wt% Cr,Os.
The average FeO™"! value of the wehrlite samples was
corrected for Fe,Os in the trapped liquid portion using
a FeO/FeO"™ ! ratio of 0.9. The average values of
~70 wt% olivine and ~30 wt% trapped liquid (i.e.,
interstitial phases) in the wehrlites were used in the
calculations. The values are consistent with the con-
centrations of incompatible elements in the samples
(see below). Assuming that the wehrlites represent
mixtures of olivine Fo84 with a coexisting liquid, the
FeO and MgO contents in the liquid can be estimated
by extrapolation of line A to B to intercept line E to F
at point C (Fig. 7d), which gives 14 wt% FeO™" and
11 wt% MgO in the liquid. Compared to this liquid,
the associated gabbroic rocks contain much lower
MgO.

Relations of different rock units

The contrasting mineral and chemical compositions
between the Jinbaoshan ultramafic intrusion and
associated gabbros presented above are consistent with
the interpretation that the gabbroic rocks are early
intrusive phases that have no genetic link to the Jin-
baoshan ultramafic intrusion. Minor pyroxenite in the
margins of the wehrlite unit possibly formed by liquid
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Table S Neodymium isotopic compositions of whole rocks from the Jinbaoshan intrusion and associated gabbro

Sample  Rock unit Sm (ppm)  Nd (ppm)  Sm/'*Nd  'Nd/***Nd BNA/MNd eng (259 Ma)
(259 Ma)
145-3R Mineralized wehrlite ~ 0.783 3.8 0.1232 0.512526 + 15 0.512317 0.24
JB19 Mineralized wehrlite ~ 1.363 6.6 0.1247 0512523 + 11 0.512312 0.14
1309-2 Wehrlite 1.274 6.3 0.1231 0.512554 + 19 0.512346 0.79
B33 Wehrlite 1.648 7.2 0.1394 0.512537 = 11 0.512301 -0.09
B2 Pyroxenite 2.502 12.1 0.1255 0.512514 = 14 0.512301 -0.07
JBB-3 Gabbro 6.203 22.0 0.1710 0.512810 + 12 0.512520 4.19

eng 1S the derivation in parts per 10,000 of the initial ratio from that of a chondritic reservoir at the crystallization age of 259 Ma
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Fig. 11 Plot of "’Sm/'**/Nd versus '**Nd/"**Nd of whole rock
samples from the Jinbaoshan intrusive rocks with a chondritic
259 Ma reference line

expelled from the wehrlite unit in response to flow
differentiation of an olivine-bearing magma or com-
paction during solidification. This interpretation is
consistent with the similar eyg values and trace and
rare earth element patterns between wehrlite and
pyroxenite units.

Major and trace element compositions suggest that
the Jinbaoshan wehrlites contain 40-60% cumulus
olivine. If the associated pyroxenite unit, which ac-
counts for ~10% of the intrusion, is added as a liquid

component, the intrusion contains 30-50% cumulus
olivine. These values are 10-20% higher than the
abundance of olivine phenocrysts in the associated pi-
crites in the ELIP. It is difficult for a crystal mush
comprising >30% crystals to travel for a long distance
because such a mush would behave like a solid instead
of a liquid (Marsh 1981; Brophy 1991). Therefore, we
suggest that the enrichment of olivine in the Jinbao-
shan intrusion was due to reaction of passing magma
with partially solidified rocks (e.g. Keleman et al. 1992)
during which plagioclase was selectively dissolved by
the passing magma. This is consistent with depletion of
Sr and Eu in the wehrlites that are poor in plagioclase.

Sulfide and PGE enrichment

The average contents of trapped liquids in the Jin-
baoshan wehrlites are estimated to be less than 30%.
The maximum solubility of S in the trapped liquids
estimated using the equation of Li and Ripley (2005) is
<1,200 ppm. If cumulus sulfide is not present, the
amount of S in the Jinbaoshan wehrlites would be less
than 400 ppm. “Normal” wehrlites as well as PGE-
enriched wehrlites of the Jinbaoshan intrusion contain
as least twice this value, indicating the presence of
cumulus sulfide. We propose that the excessive sulfide
in the intrusion was brought in by ascending magma in
the form of immiscible sulfide droplets.

Table 6 Osmium isotopic compositions of whole rocks from the Jinbaoshan intrusion

Sample Rock type Re (ng/g) Os (ng/g) 187R /1805 1870s/1880s 18705/18805 y0s (259 Ma)
(259 Ma)
145-3s Disseminated sulfide 14.25 202.50 0.338 0.1533 + 14 0.1519 20.71
145-3V Sulfide vein 1.91 28.66 0.319 0.1552 + 108 0.1538 22.28
322-6V Sulfide vein 1.05 14.41 0.348 0.2252 + 26 0.2237 77.82
145-3R Disseminated sulfide 7.91 203.40 0.186 0.1542 + 19 0.1534 21.94
322-6R Wehrlite 0.95 3.32 1.369 0.1871 + 32 0.1812 44.02
JB19 Wehrlite 0.34 1.45 1.124 0.2069 + 62 0.2020 60.60
1309-2 Wehrlite 0.38 2.01 0.912 0.2029 + 34 0.1990 58.15
B33 Wehrlite 0.05 1.35 0.186 0.1834 + 84 0.1826 45.15

yos 1S the percent deviation of the initial ratio from that of a chondritic reservoir at the crystallization age of 259 Ma
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Sulfide saturation in mafic magma may be induced by
fractional crystallization, magma mixing and crustal
contamination (see a review by Li and Ripley 2005). No
clear evidence for magma mixing or crustal contami-
nation is found in the Jinbaoshan intrusion. Thus, frac-
tional crystallization is most likely the cause of sulfide
saturation at Jinbaoshan. Textural relations indicate
that chromite and olivine are early phases to crystallize
in the Jinbaoshan intrusion. Crystallization of chromite
and olivine not only increase the content of S but also
reduce the solubility of S in the residual liquid, thereby
trigger sulfide saturation (Li and Ripley 2005). The
Jinbaoshan olivine is moderately fractionated (low Fo)
as compared to most olivine phenocrysts in the Emei-
shan picrites. Depletion of Ni in the Jinbaoshan olivine

is consistent with the interpretation that sulfide segre-
gation took place at depth during early stages of oliv-
ine + chromite crystallization and that the Jinbaoshan
olivine crystallized after initial sulfide segregation. Os
and Ru are highly compatible in chromite (Righter et al.
2004). Ir is compatible in olivine (Brenan et al. 2005).
The depletions of Os—Ir-Ru in the Jinbaoshan wehrlites
are consistent with early olivine + chromite crystalli-
zation before sulfide segregation. We envision that
some small sulfide droplets segregated at depth were
transported by magma to the Jinbaoshan feeder system.
Reaction of the sulfide liquids with new magma passing
through the Jinbaoshan conduit further enriched PGE
in the sulfide liquid.

Effect of hydrothermal alteration on PGE
distribution

Mass balance calculations using mineral compositions
and whole rock analyses indicate that pentlandite and
millerite are the major hosts for Pd in the samples. In
contrast, Pt occurs as discrete minerals with As, Te and
Pd. The spatial association of these minerals with sec-
ondary silicates, magnetite and pyrite (Fig. 4b, ¢) sug-
gest that hydrothermal alteration has affected the final
distribution of Pt and Pd in the samples. Experimental
work (see a review by Wood 2002) indicates that Pd is
more mobile in aqueous fluids than is either Pt or Ir.
Therefore, decoupling of these elements may occur
during fluid-rock interaction.

Conclusions

1. The gabbroic rocks in the Jinbaoshan area are
early intrusive phases that are not genetically re-
lated to the Jinbaoshan ultramafic intrusion.

2. The Jinbaoshan wehrlites represent residual
assemblages formed by dissolution of plagioclase
by passing magma in a dynamic conduit.

3. Sulfide saturation occurred at depth possibly due
to olivine + chromite crystallization.

4. Immiscible sulfide droplets segregated at depth
were transported by ascending magma to accu-
mulate in the Jinbaoshan conduit where they re-
acted with new magma passing through the conduit
to achieve high PGE concentrations.

5. The final distribution of PGE has been affected by
alteration/serpentinization.
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