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ABSTRACT

Nickel-, copper-, and platinum group element (PGE)-enriched sulphide mineralization in large igneous
provinces has attracted numerous PGE studies. However, the distribution and behavior of PGEs as well
as the history of sulphide saturation are less clear in oxide-dominated mineralization. Platinum group
elements of oxide-bearing layered mafic intrusions from the Emeishan large igneous province are exam-
ined in this study. Samples collected from the Baima and Taihe oxide-bearing layered gabbroic intrusions
reveal contrasting results. The samples from Baima gabbroic rocks have low total PGE abundances
(XPGE <4 ppb) whereas the Taihe gabbroic rocks, on average, have more than double the concentration
but are variable ranging from XPGE <2 ppb to XPGE ~300 ppb. The Baima gabbro is platinum-subgroup
PGE (PPGE=Rh, Pt and Pd) enriched and iridium-subgroup PGE (IPGE=0s, Ir and Ru) depleted, with
a distinct positive Ru anomaly on a primitive mantle normalized multi-element plot. The Taihe gab-
bros are also PPGE enriched but with negative Ru and Pd anomalies on a primitive mantle normalized
multi-element plot. The PGE concentrations of Baima rocks are indicative of fractionation of a relatively
evolved, mafic, S-undersaturated parental magma that was affected by earlier sulphide segregation. In
contrast, the Taihe rocks record evidence of both S-saturated and S-undersaturated conditions and that
the parental magma was likely emplaced very close to S-saturation. Comparisons of the platinum group
element contents in the Emeishan flood basalts and the Emeishan oxide-bearing intrusions suggest that
the PGE budget in a magma is not controlled by magma series (high-Ti vs. low-Ti), but very much by crustal
contamination. The unlikelihood of substantial crustal contamination in the Taihe magma allowed the
magma to remain S-undersaturated for a longer duration. PGE and sulphide mineralization was not iden-
tified in the Taihe intrusion but the presence of one PGE-enriched sample (Pt+Pd=~300 ppb) suggests
that the parental magma likely did not experience sulphide segregation and is a potential target for
further prospecting.

© 2014 Elsevier GmbH. All rights reserved.

1. Introduction

basalt) and the subsequent processes (i.e. fractional crystalliza-
tion and sulfur segregation) which allowed for metal enrichment

The Late Permian Emeishan large igneous province (ELIP) of
SW China is host to magmatic Ni-Cu—(PGE) sulphide and Fe-Ti-V
oxide deposits which contain economic to subeconomic concen-
trations of metals (Zhou et al., 2008). The formation of a given
deposit-type (i.e. sulphide vs. oxide) is thought to be related
to the type of parental magma (i.e. high-Ti basalt vs. low-Ti
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(Zhong et al., 2002, 2003, 2004; Song et al., 2003, 2008; Wang
et al., 2006, 2007, 2010; Zhou et al., 2008; Shellnutt et al., 2011;
Shellnutt and Wang, 2014). There are at least five (e.g. Baima,
Hongge, Panzhihua, Taihe and Xinjie) mafic-ultramafic intrusions
located within the central part of the inner zone of the ELIP
which contain significant oxide and to a lesser extent sulphide
deposits. The Panzhihua, Baima and Taihe deposits are hosted
within evolved layered gabbroic intrusions which are primarily
oxide-rich whereas the Hongge and Xinjie deposits are hosted
within layered mafic-ultramafic intrusions which are sulphide and
oxide-rich.
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The enrichment of metals within the Panzhihua, Baima and
Taihe oxide-bearing intrusions is debated and is thought to be
due to a number of factors including: 1) Fe-rich picritic parental
magmas (Zhang et al., 2009; Hou et al., 2012), 2) silicate liquid
immiscibility (Zhou et al., 2005, 2013), 3) assimilation of carbonate
rocks (Ganino et al., 2008) or 4) fractional crystallization (Shellnutt
et al.,, 2009, 2011; Shellnutt and Jahn, 2010). As a consequence
of their oxide-rich nature, the Panzhihua, Baima and Taihe intru-
sions have not been considered to be primary targets for platinum
group element prospecting. However, Maier et al. (2003) docu-
mented PGE-rich horizons within the oxide-rich Stella intrusion
of South Africa and suggested that some oxide-rich deposits may
indeed contain economic concentrations of PGEs. As well, in other
mafic-ultramafic intrusions, such as the Lac des Iles Intrusive Com-
plex, Canada, migration of deuteric fluids has been considered as
an important process contributing to PGE, particularly Pd, miner-
alization within the intrusion. Furthermore, the behavior of PGEs
provides valuable insight for the effects of crystal fractionation
of sulphides and silicate minerals within a magma system. Chal-
cophile elements, such as the PGEs, Ni and Cu, have extremely high
sulphide-silicate partition coefficients, of which those for the PGEs
are at least an order of magnitude higher than for Ni or Cu, making
the chalcophile elements useful proxies for sulphide fractionation
in the parental magma (Keays, 1995; Maier and Barnes, 1999; Maier
etal., 2003; Crocket and Paul, 2004; Lightfoot and Keays, 2005). For
instance, a magma undergone sulphide fractionation is expected to
be highly depleted in PGEs relative to Ni and Cu, thus high in Cu/Pd
and Ni/Ir.

In order to understand the behavior of sulfur and to deter-
mine the likely S-conditions of their parental magmas in the Baima
and Taihe magmatic systems, we present platinum group element
analyses of these rocks. We also compare our new results with
previously published work from the other PGE-bearing cumulate
rocks (i.e. Xinjie, Hongge) of the ELIP in order to determine if there
are similarities between the two different types of magmatic oxide
deposits in the Panxi region.

2. General geology

The Emeishan large igneous province (ELIP) covers an area of
0.3 x 105 km? within southwestern China and northern Vietnam
and consists of flood basalts, spatially associated felsic plutons
and layered mafic-ultramafic intrusions, some of which host giant
Fe-Ti-V oxide or Ni-Cu sulphide deposits (Fig. 1a; Chung and Jahn,
1995; Ali et al., 2005; Wang et al., 2007; Zhou et al., 2008; Shellnutt,
2014). The ELIP is located along the western edge of the Proterozoic
Yangtze Block near the boundary with the Early Triassic Songpan-
Ganze terrane and was subsequently dismembered during the
Mesozoic and Cenozoic by post-emplacement faulting associated
with the collision of the North China Block and South China Block
and the Indo-Eurasian collision (Chung and Jahn, 1995; Liu et al.,
2006). The volcanic succession includes picrites, basaltic andesites,
rhyolites, trachytes and basalts which range in composition from
tholeiitic to transitional (Xu et al., 2001; Xiao et al., 2004; Wang
et al., 2007; Fan et al., 2008; Shellnutt and Jahn, 2011). The basalts
form the most voluminous rock type and range in thickness from
1.0 to 5.0 km in the western part and 0.2 to 2.6 km in the eastern
part. A mantle-plume model is ascribed to explain the geological
features of the ELIP such as the extensive flood basalts, ultramafic
lavas, short eruptive duration (260-257 Ma), structural doming and
lower crustal seismic velocity layers and is considered to have con-
tributed to the decline in biota during the end-Guadeloupian mass
extinction (Xu et al., 2004; Ali et al., 2005; He et al., 2007; Shellnutt
et al.,, 2012; Shellnutt, 2014). Although ELIP magmatism was short
lived, Emeishan-related underplated mafic rocks probably served

as a source for mafic and felsic magmas after emplacement (Xu
et al., 2008; Shellnutt et al., 2008, 2012).

The Panxi region, between the cities of Panzhihua and Xi Chang,
of southern Sichuan province is an important area within the
ELIP because plutonic and hypabyssal rocks are exposed including
mafic-ultramafic intrusions which host substantial orthomagmatic
Fe-Ti-V oxide deposits. The Panzhihua, Baima and Taihe gabbros
are chemically evolved and spatially associated with peralka-
line granitic rocks whereas the Hongge and Xinjie intrusions are
predominantly ultramafic suggesting there are petrogenetic dif-
ferences between the two types of intrusions (Shellnutt and Zhou,
2007; Zhang et al., 2009; Tao et al., 2010; Shellnutt et al., 2011;
Shellnutt and Wang, 2014).

The Baima igneous complex (BIC) is located in the central part of
the Panxiregion (Fig. 1¢), ~100 km northeast of Panzhihua, and con-
sists of gabbroic and syenitic units (Chen, 1990; Yang et al., 1997;
Shellnutt et al., 2009). The layered gabbroic unit lies to the east
of the syenitic unit and is dipping ~25° to the west and contains
cumulus olivine, clinopyroxene and plagioclase with interstitial
oxide minerals (Shellnutt and Pang, 2012). The U/Pb zircon ages
of the two units are within error of ~260 Ma and cover an area of
similar size, but their respective volumes are unknown (Shellnutt
et al., 2009). Samples were collected at surface exposures across
the northern portion of the intrusion (Fig. 1c). The syenitic unit is
structurally above the gabbroic unit and contains abundant ellip-
soidal mafic enclaves varying in size from a few centimeters to tens
of centimeters in length (Shellnutt et al., 2010).

The Taihe layered gabbroic intrusion is located to the west of the
city of Xi Chang and is currently being mined for Fe-Ti-V oxide min-
erals (Fig. 1d). Samples were collected at two localities and the rocks
have similar textures and mineralogy as the Baima rocks (Shellnutt
etal., 2011). The first group of samples (GS04-159 to -165) was col-
lected from the central portion of the open pit whereas the second
group of samples (GS04-170 to -173) was collected ~100 m to the
east. To the east of the gabbroic intrusion is the Taihe peralkaline
granite which is exposed in a series of quarries in the surrounding
highland. The peralkaline granite and layered gabbro have U/Pb zir-
con ages of ~260Ma and the entire complex is fault bound with
basalts (Xu et al., 2008). Similar to the Baima peralkaline syen-
ites, the granitic pluton contains numerous microgranular enclaves
(Shellnutt et al., 2010).

3. Petrography
3.1. Baima gabbros

The Baima layered gabbro consists of four main lithological
zones, with increasing stratigraphic height: the lower cumulate
zone, oxide ore zone, olivine gabbro zone and upper gabbro zone
(Chen, 1990; Shellnutt and Pang, 2012). The gabbros consist of vari-
able proportions of coarse grained cumulate olivine, plagioclase,
clinopyroxene and interstitial Fe-Ti oxide minerals with minor
amounts of sulphide minerals, Fe-Mg spinel and apatite. The olivine
is typically rounded and ranges in size from a few millimeters
(~5mm) to <0.1 mm. It decreases in abundance from ~30% in the
lower cumulate zone to <5% in the upper gabbro zone whereas the
pyroxene makes up a larger portion of the mode toward the upper
parts of the complex. The plagioclase is commonly tabular, euhe-
dral to anhedral in shape and ranges in size from ~5 mm to <0.1 mm
and has alteration rims of brown hornblende or biotite when in con-
tact with oxide minerals. The clinopyroxene appears similar in size
and shape to the plagioclase crystals and is pleochroic with exten-
sive ilmenite exsolution lamellae. The oxide minerals are primarily
made of an interstitial network surrounding the silicate minerals.
The magnetite displays extensive oxidation exsolution lamellae of
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Fig. 1. (a) Location of the Panxi region of the Emeishan large igneous province. (b) Location of Baima and Taihe igneous complexes. (¢) Geological map of the Baima region
surrounding rocks including the sampling localities (modified from Wang et al., 1994). Samples GS04-039 to -043 from the oxide ore zone (OXZ); samples GS04-044 to
-046 from the olivine gabbro zone (OGZ); samples GS04-128 to -135 from the olivine gabbro zone (OGZ); samples GS04-122 to -126 from the upper gabbro zone (UGZ). (d)
Geological map of the Taihe complex including the sampling localities (modified from Wang et al., 1993).
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Fig. 2. Histograms of the elemental and bulk PGE content of the Baima and Taihe gabbroic intrusions.

ilmenite and spinel usually along 120° triple junction grain bound-
aries. The ilmenite becomes the most abundant oxide mineral in
the upper gabbro zone whereas spinel disappears. The apatite is
typically an accessory mineral and rarely exceeds ~0.5 vol.% below
the upper gabbro zone, however within the upper gabbro zone it
can be as much as ~5 vol.%. Sulphide (i.e. pyrite and chalcopyrite)
minerals are generally not that common however they are more
abundant within the olivine gabbro zone and most often associated
as amorphous blebs within the interstitial oxide minerals.

3.2. Taihe gabbros

The gabbroic rocks consist of variable proportions of coarse
grained cumulus olivine, plagioclase, clinopyroxene, interstitial
oxide and sulphide minerals and apatite. The mineral modes for the
olivine gabbros and gabbros are generally defined as olivine <10%,
plagioclase 45% and 55%, clinopyroxene 20 and 35% and oxide min-
erals are <10% in the silicate-rich samples. The Fe-Ti oxide ores
contain <10% silicate minerals and >90% spinels and ilmenite. The
olivine crystals are a few millimeters in size (<2 mm) and tend to
have rounded shapes. The plagioclase typically forms tabular, euhe-
dral to anhedral crystals and tend to have rims of brown hornblende
or biotite when in contact with oxide minerals. The clinopyroxene
crystals are similar in size and shape to the olivine crystals and
many have oxide exsolution lamellae of ilmenite. The oxide miner-
als (i.e. magnetite, ilmenite and spinel) are interstitial to the silicate
minerals and tend to form a net-texture. The principal oxide min-
eral is magnetite followed by ilmenite. Spinel (i.e. pleonaste and
chromite) and ilmenite are commonly present as oxidation exso-
lution lamellae within the magnetite. The sulphide minerals (i.e.
pyrite and chalcopyrite) tend to be included within the interstitial
oxides and apatite is relatively rare and rarely exceeds 0.5%. Scan-
ning electron microprobe (SEM) screening reveals minute grains of
Pt-Te alloys, Ag-Pd alloys, Ag-bearing sulphides, and Se-bearing
sulphides enclosed within silicates or oxides.

4. Methods

Powdered samples, prepared using an agate mill, were digested with aqua regia
in a 75 ml Carius tube. An appropriate amount of enriched isotope spike solution
containing '%4Pt, '95Pd, 191Ru, and '%3Ir were accurately added and mixed with aqua
regia. The sealed Carius tube was placed in a custom-made high-pressure autoclave
filled with water to prevent explosion of the tube when heated to about 300°C
(Qi and Zhou, 2008; Qi et al., 2007). After 10h, the Carius tube was cooled and
the contents were transferred to a 50 ml centrifuge tube. After centrifuging, the
upper solution was transferred to a distillation system (Qi and Zhou, 2008). After
distillation, the solution was used to pre-concentrate PGEs by Te-coprecipitation
and all the interference elements are removed by using a cation exchange resin and
P507 extraction chromatography resin combined in the same column as described
by Qi et al. (2004).

Platinum, Pd, Ru, and Ir were measured by isotope dilution (ID)-inductively
coupled plasma mass spectrometry (ICP-MS). The mono-isotope element Rh was
measured by external calibration using a '94Pt spike as the internal standard (Qi
et al., 2004). The instrument used in this study is an VG PQ ExCell ICP-MS at The
University of Hong Kong. The total procedural blanks were lower than 0.003 ng/g
for Re, Ru, Rh and Ir; 0.020 ng/g for Pd; and 0.011 ng/g for Pt. The results of reference
standards WPR-1 (peridotite) and UMT-1 (ultramafic ore tailings PGE material) are
listed in Table 1. The mass bias effect was externally monitored using a 10 ng/ml
natural Ru, Ir, Pd and Pt standard solution determined during the course of the
measurement and corrected with linear interpolation of the measured ratio of the
standard solution against the reference value (IUPAC, 1991). The results for WPR-1
are in agreement with the certified values.

5. Results

The samples from Baima gabbroic rocks have low total PGE
abundances (XPGE <4 ppb). Palladium and Pt are the most abun-
dant elements which form 71% to 96% of the total PGE abundance
(Figs. 2 and 3, Table 1) whereas concentrations of Ir and Rh are very
low, generally <0.05ppb while Ru is higher (<0.32 ppb). The Ni
(21-333 ppm), Cr (12-130 ppm), Cu (26-579 ppm), Zr (6-16 ppm)
and MgO (4.0-13.4 wt%) contents are variable and reflect relative
proportions of cumulate silicates to oxides. The PGE abundances
are not correlated with Cr, Ni, Cu, Zr (not shown) and MgO (Fig. 4).

The Taihe gabbroic rocks have variable total PGE abundances
ranging from XPGE<2ppb to XPGE ~300ppb however most
samples have XPGE ~10ppb (Fig. 2). The PGE concentrations
of the Taihe gabbros are more than double the concentration
of the Baima gabbros. The samples (e.g. GS04-170, -172, -173)
from the eastern part of the outcrop have similar concentra-
tions with low Pt/Pd ratios (Pt/Pd = 0.4-0.6) whereas the samples
from the western part have variable concentrations and higher
Pt/Pd ratios (Pt/Pd=4.6-16.9) (Fig. 5). The Ni (63-427 ppm), Cr
(32-621 ppm), Cu (129-1255ppm), Zr (11-60ppm) and MgO
(4.0-6.3 wt%) contents are generally similar to the Baima gabbroic
rocks and reflect the difference in the modal proportions of the
constituent cumulus minerals.

The primitive mantle normalized plots show very distinct pat-
terns for the Baima and Taihe gabbros (Fig. 6). The Baima gabbros
show PPGE (PPGE=Rh, Pt and Pd) enrichment over the IPGEs
(IPGE =0s, Ir and Ru) however there are distinct positive anoma-
lies of Ru. The positive Ru anomalies are unusual for mafic rocks
but are reported for ultramafic rocks in particular peridotites (e.g.
dunites and harzburgites; Zhou et al., 1998; Buchl et al., 2004). It is
also possible that positive Ru anomalies are an analytical artifact of
excess Ni argides (1°7Ru=6!Nij+40Ar; e.g. Park et al., 2012a), how-
ever we are more inclined to the geological interpretations of this
feature because (1) such anomalies are not correlated with Ni in the
Baima samples (indeed the positive ones are those characterized by
modest to low Ni abundances), and (2) our analytical method was



Table 1

Whole rock platinum group element chemical analyses of the Taihe and Baima layered gabbros.

Sample Location Ru (ppb) Pd (ppb) Ir (ppb) Pt (ppb) Rh (ppb) YPGE MgO (wt.%)  TiO, (wt.%) Cr (ppm) Ni (ppm) Cu (ppm) Zr (ppm) Y (ppm) Yb (ppm) Th (ppm)
Taihe
GS04-159 Gabbro 0.01 0.62 0.08 10.50 0.11 11.32 5.81 2.73 94 146 244 60 7.7 0.68 1.63
GS04-160 Gabbro 0.01 0.25 0.02 1.15 0.02 1.45 5.38 2.88 32 69 129 30 8.1 0.63 0.77
GS04-161 Gabbro 0.02 0.63 0.06 7.98 0.10 8.79 3.95 291 82 192 441 19 6.4 0.51 0.31
GS04-163 Ore 0.70 31.63 0.80 271.61 6.90 311.64 6.32 2.95 621 427 1255 11 1.1 0.07 0.06
GS04-163? Ore 1.08 39.65 1.66 201.58 5.35 249.32
GS04-164 Gabbro n.d. 0.34 0.04 3.42 0.04 3.84 5.00 2.87 68 102 242 23 5.8 0.40 0.31
GS04-165 Gabbro 0.01 0.52 0.14 5.47 0.10 6.24 4.65 2.92 89 143 247 18 5.5 0.41 0.30
GS04-170 Gabbro 0.20 7.53 0.10 2.87 0.28 10.98 6.14 2.25 122 106 122 13 52 0.40 0.13
GS04-172 Gabbro 0.24 7.16 0.11 4.07 0.25 11.83 5.01 1.29 90 63 47 16 5.6 0.46 0.41
GS04-173 Gabbro 0.16 8.49 0.10 3.19 0.22 12.16 5.51 2.63 111 109 131 13 4.7 0.38 0.15
Baima
GS04-122 uGz 0.19 0.65 n.d. 1.53 0.01 2.38 5.69 4.46 29 31 62 10 6 0.48 0.10
GS04-122? uGz 0.21 1.10 0.02 0.44 0.01. 1.78
GS04-123 uGz 0.24 1.45 0.01 0.75 0.01 2.46 5.58 4.72 31 31 60 11 6 0.52 0.11
GS04-123? uGz 0.21 1.24 0.01 0.16 n.d. 1.62
GS04-124 uGz 0.23 0.55 0.01 0.05 0.01 0.85 5.84 4.44 28 31 54 10 11 0.68 0.21
GS04-125 UGz 0.21 1.59 0.03 1.38 0.04 3.25 3.70 1.45 65 39 26 7 5 0.37 0.07
GS04-126 UGz 0.21 1.42 0.03 0.58 0.02 2.26 3.98 3.48 12 21 42 11 9 0.58 0.27
GS04-128 0GZ 0.32 1.43 0.04 0.44 0.02 2.26 8.21 5.36 86 133 171 7 2 0.15 0.09
GS04-132 0GZ 0.28 1.21 0.02 0.31 0.02 1.84 8.12 3.04 29 91 108 6 3 0.23 0.18
GS04-133 0OBZ 0.28 2.12 0.02 0.60 0.02 3.04 4.14 243 45 70 107 8 4 0.24 0.22
GS04-134 0GZ 0.31 1.26 0.04 0.49 0.03 2.13 7.97 4.44 73 132 183 6 2 0.14 0.09
GS04-135 0OXZ 0.26 0.66 0.02 0.69 0.03 1.66 1343 6.43 109 184 234 8 3 0.26 0.06
GS04-039 0XzZ 0.02 0.40 0.05 0.36 0.02 0.85 10.72 9.22 116 333 579 10 2 0.22 0.03
GS04-041 0XZ 0.25 1.77 0.02 0.44 0.02 2.50 11.14 8.87 116 121 195 12 2 0.19 0.02
GS04-042 0XZ 0.28 2.59 0.03 1.05 0.05 4.00 9.16 8.58 130 178 511 10 1 0.11 0.03
GS04-044 0XzZ n.d. 0.53 0.02 0.30 0.01 0.86 6.19 4.11 27 42 67 12 4 0.25 0.02
GS04-046 0GZ 0.25 1.17 0.03 0.69 0.03 217 4.69 223 62 38 52 16 7 0.47 0.21
UMT-1 11.06 171.98 8.89 124.54 9.22
UMT-1 (r.v.) 109 106 8.8 129 9.5
WPR-1 23.26 24413 12.38 295.85 12.40
WPR-1 (r.v.) 21.6 235 13.5 285 134

3 Duplicate samples. UMT-1 and WPR-1 are measure standard reference materials. The MgO, TiO,, Cr, Ni, Cu and Zr data from Shellnutt et al. (2009, 2011). r.v.:

gabbro zone; OXZ: oxide ore zone.

recommended value; UGZ: uppger gabbro zone; OGZ: olivine
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designed such that Ni and other potentially interfering elements feature. Samples collected from the eastern part of the pluton

are filtered out before measurement (see Section 3). are almost identical in concentrations and characterized by a

Perhaps the most striking feature of the Taihe gabbro is smooth pattern with high Pd/Ir (Fig. 6f). Those from the west-
that of its zoned PGE spider patterns observed within a sin- ern part are characterized by an irregular pattern with extreme
gle intrusion, strongly suggesting that the PGE variations in the superchondritic Ir/Ru and Pt/Pd and highly variable concentrations

intrusion are a result of magma evolution, rather than a source (Fig. 6e).
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6. Discussion
6.1. Fractional crystallization and sulfur saturation

Determining the state of S-saturation and whether sulphide
segregation has occurred in a suite of intrusive rocks is crucial to
understanding the distribution of PGEs and formation of layered ore
deposits, owing to the extremely high sulphide liquid-silicate lig-
uid partition coefficients for PGEs and other chalcophile elements
(e.g. Barnes and Maier, 1999; Naldrett, 2010). Direct measure-
ment of S-contents in samples may be insightful, but has in
many cases been considered unreliable because of the volatile and
mobile nature of S which is lost during magma degassing or low-
temperature alteration (Andersen, 2006; Zhong et al., 2011a; Bai
et al.,, 2012; Naldrett et al., 2012). Gauging the state of sulphide
fractionation is possible, nevertheless, by comparing the concen-
trations of PGEs and other chalcophile elements, such as Ni and Cu.
In particular, Ni/Ir, Cu/Pd and Cu/Zr are very useful, because these
element pairs have similar compatibility between silicate liquids
and major rock-forming minerals if sulphides are not present, but Ir,
Pd and Cu are strongly partitioned into sulphide phases compared
to Ni, Cu and Zr, respectively, under S-saturated conditions. If the
sulphides are segregated from the silicate magmas, elevated Ni/Ir,
Cu/Pd and low Cu/Zr would be resulted in the residual chalcophile-
depleted magmas.

6.1.1. Baima gabbros

The Baima gabbros have very high Cu/Zr (3.3-58) and Cu/Y
(5-290) ratios, compared to ~2-3 and 5-7, respectively, in the
primitive mantle (McDonough and Sun, 1995; Palme and O’Neill,
2003). Although they are poor in Zr, the high Cu/Zr ratios may
arguably reflect the partitioning of Zr into the felsic portions of the
igneous complexes (Fig. 7) (Shellnutt et al., 2009, 2011), the high

Cu/Zr and Cu/Y ratios are positively correlated with the Cu content
(26-579 ppm), more likely reflecting accumulation of sulphides in
the gabbros to some degree. In contrast, (Cu/Pd)y (2.3-205; Fig. 8a),
(Ni/Ir)y (1.2-16; Fig. 8f) and HFSE/PPGE [e.g. (Y/Pt)Ny=1.5-352;
Fig. 8k] are high in the Baima gabbros [subscript N denotes normal-
ization by primitive mantle values of Barnes and Maier (1999) and
Y value of McDonough and Sun, 1995)] which also have low XPGE
abundances (0.9-4.0 ppb), suggesting that the accumulated sulp-
hides are of low PGE varieties and that the PGEs must have been
stripped off during an earlier episode of S-saturation or retained
in the mantle as a result of low degrees of partial melting (e.g.
Keays, 1995) or melting under a low fO, condition (Mungall et al.,
2006). The high HFSE/PPGE ratios are considered to indicate the
removal of PPGEs (e.g. Pt), but not HFSEs (e.g. Y), during sulphide
segregation, which otherwise are not significantly different in sil-
icate partitioning in the absence of a sulphide phase (Briigmann
et al, 1993). On the plot of (Cu/Pd)y vs Pd (Fig. 9a; see also
Barnes and Maier, 1999), the Baima gabbros clearly fall into the
“depleted” side of the diagram, with low Pd and high (Cu/Pd)y,
typical of magmas (e.g. the Hongge intrusion; Bai et al., 2012) that
experienced sulphide fractionation. As a sulphide-fractionation vs
-accumulation “discrimination” diagram, it is compelling in that
once a magma has reached sulphide saturation, the PGEs are so
strongly partitioned into the sulphide phase that the magma would
become PGE-barren. If the resultant magma subsequently reaches
S-saturation again and somehow trapped some of such sulphides
in the cumulates, the rock would still fall into the “depleted” side
of the (Cu/Pd)n-Pd diagram, because the cumulus sulphides would
inherit the PGE-poor (high Cu/Pd) nature of the magma from which
they precipitate out, unlike rocks that initially reached sulphide sat-
uration and accumulated the PGE-rich sulphides very early in their
magmatic differentiation (e.g. the Xinjie intrusion; Zhong et al.,
2011a). On the same plot (Fig. 9a), the amount of sulphide frac-
tionation (segregation in the crust or retention in the mantle) can
be gauged from the magnitude of (Cu/Pd)y deviates from a prim-
itive magma, here assumed as the average of Emeishan picrites
(data of Li et al., 2012 and their compilation, with additional data
from Wang et al., 2007). There, most of the Baima samples can
be explained by a small amount of sulphide segregation, <0.01%
sulphide, if Dpdsulphideliq./silicateliq. =25,000 and DcUsulphide lig./silicate
lig. = 1000 (Naldrett, 2010). Two samples with substantially higher
(Cu/Pd)y require segregation of less than 0.02% sulphide. Note that
these values can only be regarded as maximum estimates, because
the gabbros may have been affected by some sulphide accumula-
tion.

In conjunction with their high mantle-normalized values, Cu/Pd,
Ni/Ir and Y/Pt, despite some scatter, positively correlate with MgO,
Ni, Cu, TiO, and to a lesser extent Cr in the Baima gabbros and
display systematic variations through the stratigraphy (Fig. 8a-o).
For instance, (Cu/Pd)y are highest in the oxide ore zone (16-206),
suggestive of sulphide depletion, and lowest in the upper gabbro
zone (2.3-14), suggestive of sulphide bearing. The samples from
the olivine gabbro zone have a large range [(Cu/Pd)y = 6.3-50] but
are in general intermediate between the oxide ore zone and upper
gabbro zone (Fig. 8a-e). The Pd concentrations do not show a sys-
tematic change from the oxide ore zone to the upper gabbro zone
however the Cu concentration systematically decreases leading to
the change in the Cu/Pd ratios (Figs. 7 and 8a). Likewise, the Pd/Cr
ratios increase from the lower regions (3 x 106 to 2 x 107°) to
the upper parts (2.3 x 1073 to 1.1 x 10~4), and negatively correlate
with MgO, Ni, Cr, Cu and TiO, (Fig. 8p-t). Sulphide fractionation
alone is unlikely to produce these observed variations, because it
would not have affected MgO and TiO,. These variations are more
likely due to concurrent fractionation of silicate minerals and sulp-
hides, and possibly ilmenite, magnetite and chromite, up section
or accumulation down section. Given that the Baima gabbros are
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characterized by positive Ruanomalies and Ru is substantially more
compatible than Ir and Rh in chromites (Puchtel and Humayun,
2001; Brenan et al., 2012; Pagé et al., 2012; Park et al., 2012b), the
Baima gabbros likely reflect accumulation of chromites at least to
some degree. As suggested above, the Baima parental magma had
been saturated with sulfur before the differentiation occurred, and
much of its PGE had been either lost to the segregated sulphides
at depth or retained in the mantle. Perhaps as a result of decom-
pression during upwelling that increased the solubility of sulphide
in the magma (Mavrogenes and O’'Neill, 1999), the magma became
S-undersaturated. However, this would not last long as the magma
continued crystallizing. Sulfur content at sulphide saturation (SCSS)
is controlled by a combination of such factors as temperature, pres-
sure and magma composition, in particular FeO; the higher the FeO
of a magma, the higher the SCSS (O’Neill and Mavrogenes, 2002). In

Baima, the compositional stratigraphy (Cu/Pd and Pd/Cr vs. MgO,
TiO,, Ni, Cr and Cu correlations and decreasing Cu/Pd as well as
increasing Pd/Cr up section from oxide ore zone to the upper gab-
bro zone) strongly suggests that the crystallization of the Fe-oxides
triggered sulphide segregation by reducing the SCSS, and sulphides
are accumulated down section in the oxide ore zone and to a lesser
extent the intermediate olivine gabbro zone.

6.1.2. Taihe gabbros

Samples collected from the eastern part of the pluton have
almost identical PGE concentrations and are characterized by
a smooth pattern with high Pd/Ir (Fig. 6f). The PGEs of those
from the western part are characterized by an irregular pattern
with extreme superchondritic Ir/Ru and Pt/Pd and highly variable
concentrations (Fig. 6e). The smooth PGE pattern of the eastern
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samples in conjunction with their near-unity mantle-normalized
Ni/Ir and Cu/Pd (Fig. 6a-j) suggest that the magma did not undergo
substantial sulphide segregation, neither in the crust nor in the
mantle during partial melting. The sulphides observed under the
microscope occur as an intercumulus phase occupying the inter-
stitial positions among the silicates and oxides, suggesting that
S-saturation occurred late in the differentiation history of the intru-
sion. Accordingly, some of the PGE variations in the eastern gabbros
must be controlled by the early crystallizing silicates, spinels and
Fe-Ti oxides. The fractionated PPGE/IPGE pattern of these samples
is consistent with removal of IPGEs by olivine + chromite + Fe-Ti
oxide fractionation.

In contrast, the western samples exhibit variable and gener-
ally high (Cu/Pd)y (4.5-101), suggestive of prior sulphide removal.
On the (Cu/Pd)N-Pd plot (Fig. 9a), the data cluster in two groups
with one group (the majority of the western samples) having low
Pd and high (Cu/Pd)y which may be explained by segregation
of 0.012-0.015% sulphides and another (the two analyses of the
same oxide-rich sample (GS04-163) having very high Pd and low
(Cu/Pd)y which may suggest sulphide accumulation. However, the
very high Pt/Pd and Ir/Ru in the Taihe gabbros need further explana-
tion. Except that of the PGE-rich sample GS04-163, the Pt/Pd in the
Taihe western gabbros positively correlate with Pt, suggesting that
this ratio may be controlled by selective enrichment of Pt, instead of
depletion had sulphide fractionation occurred. In other words, the
magma from which sulphides have been fractionated would have
had high Pt/Pd and low Pt, possibly due to the slightly higher Pd
partitioning in the sulphide liquids (Fleet and Stone, 1991; Peach
et al., 1994; Vogel and Keays, 1997). Likewise, the very high Pt/Pd
in the sulphide-bearing GS04-163 may also reflect Pt enrichment
because sulphide accumulation would have resulted in low Pt/Pd.

Among the Taihe western samples, the PGEs are positively cor-
related with each other to some degree (Fig. 3), and with Cr, Cu, Co
and Ni (Fig. 4), consistent with co-precipitation of sulphides with
silicates or oxides. Conversely, no chalcophile elements display
any salient trend with Pt/Pd and Ir/Ru. Empirical and experimen-
tal studies suggest that variation of Pt/Pd ratio may result from,
apart from sulphide fractionation, (1) fractionation/accumulation
of clinopyroxene in which Pt may be moderately compatible
(Righter et al., 2004), (2) selective mobilization of Pd or Pt by
hydrothermal fluids (Barnes et al., 1985; Wood, 1987; Ballhaus
et al., 1994) and (3) fractionation/accumulation of Pt-Ir rich alloys
or minerals (Nixon et al., 1993). The former two models cannot sat-
isfactorily explain the Pt/Pd variations in the Taihe western samples
because Pt/Pd and PGE abundances in the samples do not vary with

MgO (Fig. 5), Ca0, and Sc, and the samples are rather fresh and have
low LOL

Highly fractionated Pt/Pd and Ir/Ru are possible, if Pt-Ir rich
alloys or minerals have co-precipitated with the sulphides and
oxides. The exact cause of alloy or platinum group mineral (PGM)
saturation in a magma is debated, but low fs, seems to be favor-
able (Peck and Keays, 1990; Fleet and Stone, 1991; Tredoux et al.,
1995; Maier and Barnes, 1999), as alloys and PGM are found as
inclusions in olivine and chromite in ophiolites and layered intru-
sions (Amosse et al., 1990; Merkle, 1992; Maier and Barnes, 1999;
Shi et al., 2007; Gonzalez-Jiménez et al., 2009, 2012a,b). How-
ever, in many oxide- and PGE-mineralized intrusions (e.g. Platinova
Reefs, Skaergaard: Andersen et al., 1998; Jinbaoshan, ELIP: Wang
et al.,, 2010), Pt-(Pd)-rich alloys and PGM coexist with sulphides,
casting doubt onto the low-fs, explanation. More interestingly,
the mafic-ultramafic Tulameen Complex in British Columbia com-
prises chromitites whose PGE spider patterns are similar to the
Taihe western gabbros and Fe-Ti ores, albeit at much higher con-
centrations, and that the chromitites’ positive Pt- and Ir-anomalies
have been attributed to the presence of Pt- and Ir-rich alloys (Nixon
et al., 1993). That these nuggets in the Tulameen Complex repre-
sent magmatic products of early, high temperature crystallization
is supported by complete or partial enclosure of euhedral to sub-
hedral cumulus chromite and minor olivine in Pt-Fe alloys (Nixon
etal,, 1993). Likewise, the high Pt/Pd and Ir/Ru in the western Taihe
samples can be rationalized as a result of Pt-Ir rich nugget incor-
poration, regardless of what determined the precipitation of the
nuggets. This model is consistent with our SEM screening where
a Pt-Te nugget was identified. The presence of Ir-rich nuggets has
not been confirmed by SEM, but this may simply reflect sample bias
because only two thin-sections have been scanned but chromite is
known to occur within the Taihe gabbros (Shellnutt et al., 2011).

A generalized picture may be that the eastern part of the Taihe
gabbro did not undergo sulphide segregation and the PGE vari-
ations in the magma were controlled by silicate & spinel & Fe-Ti
oxide fractionation. In the western part of the pluton, S-saturation
seems to be reached and to play an important role in distributing
PGEs in the rocks. It appears that the PGE variations are strongly
governed by the relative proportion of sulphides +Ir-Pt-rich alloys
vs. silicates + oxides accumulated in the rocks. It is convincing that
the apparent negative Ru-anomaly of the western Taihe rocks is
not a Ru depletion owing to chromite or magnetite fractionation
at depth, because the western (negative Ru-anomaly) and east-
ern (no Ru-anomaly) samples have similar Pd/Ru (25-62 vs. 30-53
respectively). Previous geochemical studies of the Taihe gabbros
and associated granitoids favor a relatively closed system for the
Taihe Complex (Shellnutt et al., 2011). The currently available PGE
data do not dispute this hypothesis, but clearly a better understand-
ing of the stratigraphic relationship of the eastern and western
parts of the pluton is needed. This, together with the significant
PGE variations within the Taihe gabbroic intrusion as well as the
fact that one of the samples has Pt+Pd (>300 ppb) approaching
economic grades warrant further studies involving detailed, sys-
tematic sampling through the entire stratigraphic section, which
was not permitted during the field season of this work.

6.2. Potentials of PGE mineralization in the Panxi region

6.2.1. The overreaching high-Ti and low-Ti distinction of the
Emeishan flood basalts

Preceding studies of the Fe-Ti ore-bearing gabbroic and
mafic-ultramafic intrusions and their spatially and temporally
associated flood basalts and granitoids in the Panxi region have
led to the suggestion that these intrusions are genetically related
to the high-Ti Emeishan flood basalts, most likely by fractional
crystallization (e.g. Pang et al,, 2010; Shellnutt and Jahn, 2010;
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Shellnutt et al., 2011), although other opinion exists (e.g. Zhong
et al,, 2011b; Zhou et al,, 2013). In contrast, the Ni-Cu-(PGE) sul-
phide deposits (e.g. Jinbaoshan PGE-rich ultramaficsill; Wanget al.,
2010) within the ELIP has been generally thought to be related to
the low-Ti magma series. The distinction between the two types
of magmas as well as their propensity for certain types of metal
(Fe-Ti-[V] vs. Ni-Cu-(PGE)] deposits lead Zhou et al. (2008) to sug-
gest that the two magma series could have been related to the
same heterogeneous plume by varying degrees of partial melting:
high-Ti series from a Fe-rich, more fertile source accompanied by
smaller degrees of partial melting and low-Ti series from a Fe-poor,
more refractory source through larger degrees of partial melting.
In the model that considers S simply as an incompatible element
(e.g. Keays, 1995), the primitive magma of the high-Ti series is
more likely S-saturated and that of the low-Ti series more likely S-
undersaturated.

Whether the silicate melts are S-saturated or -undersaturated
when they leave the mantle source has a strong implication on their
PGE contents, as PGEs can be strongly buffered by the retained
sulphides in the residual mantle, thereby resulting in PGE-poor
melts (Hamlyn et al., 1985; Keays, 1995; Ma et al., 2013a). Whereas
this model seems to be self-consistent, the available Emeishan

basalt PGE data argue against its simplicity. On plots of XPGE
vs. Ti/Y and Cu/Pd vs. TifY (Fig. 10a) using the database of Li
et al. (2012), the Emeishan basalts and picrites show no correla-
tions among XPGE, Cu/Pd and Ti/Y, instead of expected negative
trends of XPGE-Ti/Y and Cu/Pd-Ti/Y if there was a simple rela-
tionship among degrees of partial melting, S-saturation and PGE
budgets. The scatter clearly indicates that there is no tendency for
high-Ti or low-Ti rocks to be PGE-rich or poor, or S-saturated or
-undersaturated. Instead, despite some scatter and with the excep-
tion of one low-Ti picrite sample with éNd(r) = -7.8, the ZPGE tends
to be lower and Cu/Pd higher at lower eNdr) (Fig. 10b). This obser-
vation is crucial because variation of éNd(r) is generally regarded
as evidence of source heterogeneity or crustal contamination in
the basaltic system (Shellnutt and Jahn, 2011; Shellnutt, 2014). It is
entirely possible that the EFB tapped a heterogeneous source that
is varying in terms of its éNd(r) and PGE budget. To account for the
scatter in the XPGE-Ti/Y and Cu/Pd-Ti/Y plots, this source must
also have its individual end-members capable of producing both
high-Ti and low-Ti melts. This already argues against the existing
model of Zhou et al. (2008) in which the low-Ti magma was ini-
tially S-undersaturated and driven to S-saturated through crustal
contamination.
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Fig.9. (a)(Cu/Pd)y vs.Pd for the Baima and Taihe oxide-bearing gabbroic intrusions,
compared with Xinjie intrusions, Hongge intrusions, and the average of Emeishan
picrites (Wang et al., 2007; Li et al., 2012) whose standard deviation is shown as
bars. Dashed and solid lines show the models of sulphide removal and accumulation,
respectively, using the modeling approach of Barnes and Maier (1999). Assuming
a magma starting composition as the Emeishan picrite average, a magma under-
gone sulphide removal would be depleted in Pd and lie along the dashed line.
On the other hand, accumulation of a sulphide liquid would produce a cumulate
lying along the mixing lines (solid lines) between the silicates and the sulphide
liquid. This cumulate is modeled as a three-component mixture, containing (1)
a trapped liquid, which is assumed to be 20%, (2) a sulphide liquid, which is the
variable in the model (numbers along the solid lines), and (3) a silicate and oxide
cumulus phase, which is assumed to have no PGEs. In all the models, the partition
coefficients used were DPd sulphide liq./silicate liq. — 25,000 and Dcusulphide]iq./silicate]iq. =1000
(Naldrett, 2010). In each sulphide accumulation model, the metal concentration of
the sulphide (C¢) is calculated using the equation of Campbell and Naldrett (1979),
Cc=C.D(R+1)/(R+D), using different R-factors (R), where C; is the metal concentra-
tion of silicate liquid, D is the partition coefficient of the metal between the sulphide
and silicate liquids, and R is the mass ratio of silicate to sulphide (i.e. R-factor). The
enriched (shaded)and depleted fields are from Barnes and Maier (1999).(b) (Cu/Pd)y
vs. (Ni/Ir)y for the oxide-bearing intrusions in the Panxi district. In both (a) and (b),
data of the Hongge and Xinjie intrusions are from Zhong et al. (2002, 2011a) and
Bai et al. (2012). Primitive mantle normalizing values are from Barnes and Maier
(1999). Duplicate analyses of the same samples from this study are connected by
dashed lines.

Alternatively, S-saturation is controlled largely by crustal con-
tamination regardless of magma series (Keays and Lightfoot, 2010).
This appears to be true at least within the ELIP system. The
X PGE-¢Nd(1y and Cu/Pd-&Ndy variations in Fig. 10c and d can be
interpreted as source heterogeneity that gives rise to some eNdr)
variation (although there is a lack of PGE data from the picrites
with negative éNdr) values) and on top, crustal contamination that
gives rise to additional (lower) ¢éNdr) variation. The crustal con-
tamination may also drive S-saturation and eventually sulphide
segregation, thereby increasing (Cu/Pd)y while reducing £PGE in
the magma. To further justify the crustal contamination argument,
variations of SiO; and trace element ratios such as Th/Nb, which are

useful proxies for crustal contamination, against éNdty are consid-
ered (Fig. 10e and f). In the plots, the EFB data demonstrate their
tendency of having higher SiO; and Th/Nb at low eNdry, consistent
with the crustal contamination model.

In the following, we compare the Baima and Taihe intrusions
with the Xinjie and Hongge intrusions, all of which are thought
to be of the high-Ti series, in the context of crustal contamina-
tion and prospectivity for PGE mineralization. This comparison
is summarized in Table 2. The distinct chalcophile element char-
acteristics of each intrusion as well as the Emeishan basalts are
also summarized in a plot of Cu/Pd vs. Ni/Ir on a primitive mantle
normalized basis (Fig. 9b), which gives a good proxy for sulphide
saturation/segregation.

6.2.2. Xinjie

Among the Panxi Fe-Ti oxide-bearing intrusions, Xinjie is the
only one known to contain economic PGE-rich horizons (Table 2;
Mao and Sun, 1981; Zhong et al., 2011a). Occurring in the lower
part of the intrusion, the PGE-rich horizons have been attributed to
the crystallization of Fe-Ti oxides that reduced the oxygen fugacity
and depleted Fe in the magma, processes that decreased the sulfur
capacity and eventually triggered S-saturation in the Xinjie system
(Zhong et al., 2004), although the greater Fe-Ti oxide ores occur in
stratigraphically higher up positions than the PGE-rich horizons.

Shown in Fig. 9b, the PGE-rich ores as well as their host ultra-
mafic rocks invariably have high Pd, and low (Cu/Pd)y and (Ni/Ir)y,
implying that the PGE budget in these rocks is controlled by
accumulation of a sulphide liquid. Using the approach of Barnes
and Maier (1999), the positions of most of these samples on the
(Cu/Pd)N-Pd plot can be modeled by assuming them to be a cumu-
late mixture containing 20% trapped melt, 10% or less sulphides
formed at R-factors (ratio of silicate to sulphide liquid; see Campbell
and Naldrett, 1979) between 1000 and 10,000, and the rest being
silicate and oxide cumulates.

The Xinjie parental magma is clearly more primitive than the
Baima and Taihe parental magmas, judging from the intrusion’s
mafic-ultramafic nature (vs. gabbroic for Baima and Taihe) and
from the most-forsteritic olivine of Fogg found in the intrusion
(Zhang et al., 2009), an Fo value that would have been equilibrated
with a basaltic liquid with Mg# =69 if Kp°/d is 0.3 (Roeder and
Emslie, 1970). The fact that the intrusion exhibits low and vari-
able eNd (—5.3 to +2.8) and high 880 (up to +8.0) (Zhong et al.,
2004; Zhang et al., 2009), and crust-like trace-element signature,
such as very high primitive mantle-normalized (Th/Yb)y (up to
20) (Zhong et al., 2004, 2011a), argues for a significant role of
crustal contamination during the evolution of the magma, although
available 1870s/1880s data from the ultramafic unit remain largely
chondritic (Zhong et al., 2011a). The latter may reflect Os isotopes
being not a sensitive proxy for crustal contamination (see also
Ma et al., 2013b) in this case because of the extremely high Os
concentration (up to tens to hundreds of ppb) of the ultramafic
rocks compared to the tens-of-ppt levels of continental crust (even
lower if the assimilants were carbonates; e.g. Widom et al., 2004).
Overall, it can be interpreted that the Xinjie primary magma was
initially S-undersaturated and penecontemporaneous with intru-
sion it became S-saturated as assisted by country rock assimilation
which probably provided external S. The segregated sulphides
sequestered the PGEs and eventually accumulated as ores.

6.2.3. Hongge

In Hongge, the ultramafic lower part (lower olivine clinopyrox-
enite zone, LOZ) of the intrusion (Liang et al., 1998) has modest
Pd, and (Cu/Pd)y and (Ni/Ir)y plotted around unity (Fig. 10). The
overlying PGE-depleted pyroxenites and magnetite horizons (mid-
dle clinopyroxenite zone, MCZ) have low Pd, and widely variable
(Cu/Pd)y and (Ni/Ir)y > 1 (Fig. 9b). These suggest that S-saturated
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Fig. 10. Total PGE and (Cu/Pd)y vs. Ti/Y (a, b) and eéNdr) (c and d) and SiO, (wt%) and Th/Nb vs. eNd(r) (e, f) for the Emeishan flood basalts and picrites. Data are from Li et al.
(2012) and the primitive mantle normalizing values from Barnes and Maier (1999). The division of high-Ti and low-Ti basalts at Ti/Y =500 is from Xiao et al. (2004).

fractionation occurred in the MCZ and that the saturated sulphides
may have been accumulated in this LOZ. Alternatively, the near-
unity (Cu/Pd)y and (Ni/Ir)y in the LOZ may be interpreted as the
primary signature of a magma without prior sulphide segregation.
Nevertheless, the positions of the MCZ samples on the (Cu/Pd)y-Pd
plot (Fig. 9a) can be modeled by less than 0.02% sulphide segrega-
tion.

On the basis of the highest-Fo olivine found in the intrusions
(Fogg in Xinjie vs. Fog, in Hongge; data of Zhang et al., 2009), Bai
et al. (2012) postulated that the Hongge parental magma is some-
what more evolved and by the time of emplacement the magma
had lost a significant portion of PGE through sulphide segregation
at depth. Furthermore, the Hongge intrusion carries a less “crust-
like” eNd signature than Xinjie (éNd(ry=-2.7 to +1.0 in Hongge
vs. —5.3 to +2.8 in Xinjie; Zhong et al., 2003, 2004; Zhang et al.,
2009), arguing for a less significant role of crustal contamina-
tion during the evolution of the Hongge magma. This, together
with the more evolved nature of the parental Hongge magma, is

considered as the key preventing the intrusion from being PGE
mineralized.

6.2.4. Baima

Our PGE data from the Baima intrusion provide a simple pic-
ture for the nature of the parental magma and the chalcophile
element evolution of this magma. The data exhibit high and some-
what variable (Cu/Pd)y and (Ni/Ir)y, in conjunction with low and
relatively constant PGE concentrations, implying segregation of
sulphides at depth or retention in the mantle. Compared to Xin-
jie and even Hongge, the Baima parental magma is clearly more
evolved, with the most magnesian olivine in the intrusion being
only ~Fo7¢ (Ma et al., 2003; Shellnutt and Pang, 2012). There is
also little crustal signature in the Baima intrusion (¢Nd=+1.6
to +4.2, (Th/Yb)y =0.8-5.1; Table 2; Shellnutt et al., 2009), imply-
ing minimal crustal contamination. All these features suggest
that the Baima intrusion is unlikely to contain Cu-Ni and PGE
mineralization because using the case of the Xinjie system as
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a model, PGE-mineralization requires a combination of all such
factors as (1) emplacement of unevolved, S-undersaturated PGE-
ang undepleted magma, immediately followed by or accompanied
5 contemporaneously with (2) effective S-saturation driven by selec-
S tive S-assimilation through significant crustal contamination at the
very early stage of the fractionation crystallization (so that large-
scale sulphide segregation may occur almost instantly when some
chalcophile elements are still held in the silicate liquid, not in
crystal lattices), and (3) perhaps in a very dynamic environment
such that the high R-factors can promote effective sequestering of
the chalcophile elements into the sulphides. None of these factors
appears to have been fulfilled in the Baima system.

; Zhang
Bai

2003, 2004
et al. (2009

Liang et al. (
Zhong et al

0.5-5.5in LCZ;
0.4-66 in MCZ

6.2.5. Taihe

The Taihe system is more complicated, as demonstrated by the
fact that the chalcophile element characteristics are systematically
different for samples collected from the eastern and western por-
tions of the intrusion. The samples collected from the east are
characterized by smooth PGE spidergram patterns and unfraction-
ated (Cu/Pd)y and (Ni/Ir)y (Fig. 9b), denoting S-undersaturated
fractionation. In contrast, the samples from the west exhibit
irregular PGE spidergram patterns, with high Pt/Pd, Ir/Ru, and
greater-than-unity (Cu/Pd)y and (Ni/Ir)y (Fig. 9b), the latter indica-
tive of sulphide segregation. One exception of this group is an Fe-Ti
oxide ore (GS04-163) that shows notably higher PGE concentration
(~300 ppb ZPGE) and (Ni/Ir)y = 0.4 and 0.9 for the two analyses of
the same sample, which is the highest concentration of PGEs from
ELIP gabbroic intrusions to date, despite its similar PGE spidergram
pattern with the other samples of this group. The high PGE concen-
tration and low (Ni/Ir)y are attributed to alloy and sulphide liquid
accumulation.

The parental magma of the Taihe intrusion is thought to be sim-
ilarly evolved compared to that of the Baima intrusion, because
the most-magnesian olivines recorded in both cases are ~Foyg
(Shellnutt et al., 2011; Shellnutt and Pang, 2012). Like Baima, the
Taihe intrusion also lacks evidence for significant crustal contam-
ination [eNd()=+2.5 to+3.3, (Th/Yb)y=1.8-13.2 (majority <5);
Shellnutt et al., 2011]. These features, using our crustal contami-
nation model, would suggest no occurrence of PGE mineralization,
which is consistent with the fact that only disseminated sulphides
are found at Taihe to date. Although the absence of significant
crustal contamination may in theory allow the magma to remain S-
undersaturated until a later stage of fractional crystallization, that
the sulphides in the Taihe intrusion occur as a disseminated, inter-
stitial phase implies the lack of a critical event to trigger massive
segregation of sulphides within a short period of time. It is reason-
able to assume that when S-saturation is reached late in the course
of fractional crystallization, the sulphides would have low R-factors
provided that the magmatic system remains largely closed, which
is thought to be the case of Taihe (Shellnutt et al., 2011). Using the
oxide ore sample GS04-163 as an example of relatively PGE-rich,
sulphide-bearing rocks in Taihe, its position on the (Cu/Pd)y-Pd
plot suggests an R-factor lower than 1000, 1-2 orders of magnitude
lower than that modeled for the majority of Xinjie samples.

1.1-7.9in LOZ
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Marginal Unit
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7. Conclusions

The platinum group elemental data from the Baima gabbroic
rocks is consistent with a fractionation model of a relatively
evolved, mafic, S-undersaturated parental magma. The data pre-
sented here indicate that the Baima intrusion was affected by
sulphide segregation and that the probability of economic concen-
trations of PGEs is low. In contrast, Taihe gabbroic rocks reveal a
systematically different system despite the likelihood of a simi-
lar parental magma. The Taihe gabbros show evidence for both

Mafic-ultramafic

Hongge

LOZ: lower olivine clinopyroxene zone; MCZ: middle clinopyroxene zone.
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S-saturated and S-undersaturated samples and that the parental
magma was likely emplaced very close to S-saturation. The lack of
substantial crustal contamination may have allowed the magma to
remain S-undersaturated for a longer duration of magma crystal-
lization. Although PGE and sulphide mineralization has not been
found in the Taihe intrusion, the presence of one sub-economic
PGE-enriched sample (Pt +Pd ~300 ppb) suggests that the parental
magma likely did not experience sulphide segregation and is an
encouraging site for further prospecting.
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