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Abstract Mafic intrusions and dykes are well preserved in
the Yinmin and Lanniping districts, located within the
western margin of the Yangtze Block, SW China. Although
these mafic rocks from the two areas formed during different
periods, they share similar ranges of PGE concentration.
Most of the Yinmin gabbroic dykes contain relatively high
PGE concentrations (PGEs = 13.9-87.0 ppb) and low S
contents (0.003 %-0.020 %), higher than the maximum
PGE concentrations of mafic magmas melting from the
mantle. Two exceptional Yinmin samples are characterized
by relatively low PGE (PGEs = 0.31-0.37 ppb) and high S
(0.114 %—0.257 %) contents. In contrast, most samples
from the Lanniping gabbroic intrusion have low PGE con-
centrations (PGEs = 0.12-1.02 ppb) and high S contents
(0.130 %-0.360 %), except that the three samples exhibit
relatively high PGE (PGEs = 16.3-34.8 ppb) and low S
concentrations (0.014 %-0.070 %). All the Yinmin and
Lanniping samples are characterized by the enrichment of
PPGE relative to IPGE in the primitive-mantle normalized
diagrams, and the high-PGE samples exhibit obvious Ru
anomalies. This study suggests that during the ascent of the
parental magma, removal of Os—Ir—Ru alloys and/or chro-
mite/spinel leads to high Pd/Ir ratios and Ru anomalies for
the Yinmin high-PGE samples and relatively lower Pd/Ir
ratios and Ru anomalies for the Lanniping low-PGE samples.
We propose that the magmas parental to the Yinmin gabbroic
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dykes are initially S-unsaturated, and subsequently, minor
evolved magma reached sulfur saturation and led to sulfide
segregation. Although the Lanniping parental magmas are
originally not saturated in S, the high Cu/Pd ratios
(3.8 x 10*t03.2 x 10°) for most of the Lanniping samples
indicate the S-saturated state and sulfide segregation. A
calculation shows that the PGE-poor magmas might have
experienced 0.01 %-0.1 % sulfide segregation in the magma
chamber. Therefore, our study provides a possible opportu-
nity to discover PGE-enriched sulfide mineralization some-
where near or within the Lanniping mafic intrusion.

Keywords Mafic intrusions and dykes - Platinum-group
element - Sulfide saturation - Dongchuan area

1 Introduction

The platinum-group elements (PGE) form a coherent group
of siderophile and chalcophile elements that are sensitive to
reveal aspects of such processes as partial melting in the
mantle, crystal fractionation and S-saturation of magmas
(Barnes et al. 1993). It is well documented that S-unsatu-
rated melts may have relatively high PGEs, especially
PPGE (Pd-group PGEs, including Rh, Pt, Pd) (Keays 1995;
Seitz and Keays 1997). Examples of rocks formed from
such S-unsaturated magmas are komatiites, boninites and
high-Mg tholeiites with high PGE contents (Hamlyn et al.
1985; Zhou 1994; Seitz and Keays 1997). S-saturated melts
may have relatively low PGEs due to the high partition
coefficient of PGEs between the sulfide melts and the sil-
icate magmas.

The Dongchuan deposits have been mined and studied for
several decades. However, the genesis of the Dongchuan-
type copper deposits has long been debated and several
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genetic models have been proposed. Some researchers
invoked an epigenetic model in which copper sulfides were
precipitated from magmatic-hydrothermal fluids (Meng
et al. 1948; Li et al. 1953). Some researchers advocated a
syn-sedimentary, exhalative model based on the strata-
bound nature of orebodies (Gong and Wang 1981; Gong et al.
1996). A composite diagenetic model was proposed, wherein
metals were derived from continental red beds and precipi-
tated in reduced sulfur-bearing dolostones during diagenetic
or Late metamorphic events (Ran 1983; Hua 1990). Lately,
these deposits were originally considered to be volcanogenic
and similar to volcanogenic massive sulfide (VMS) deposits
elsewhere (Qian and Shen 1990; Sun et al. 1991a, b). How-
ever, some researchers suggested that these deposits may be
epithermal and linked to Neoproterozoic magmatism (Li
etal.2003a, b; Ye etal. 2004). Recent research has identified
that these deposits are similar to iron oxide—copper—gold
(IOCG) deposits or sedimentary rock-hosted strata-bound
copper (SSC) deposits located elsewhere (Zhao et al. 2011;
Hou et al. 2014).

Mineralization ages of the Cu-Fe deposits in the
Dongchuan region were poorly constrained, largely due to
the lack of minerals that are suitable for the isotopic dating
method. Previous geochronological studies, mostly using
sulfide Pb—Pb dating, yielded ages spanning from 1.7 to
0.7 Ga (e.g., Gong et al. 1996). Some researchers attemp-
ted to date the mineralization using the “’Ar/*’Ar analysis
of inclusion fluids extracted from quartz, yielding ages
mostly between 780 and 700 Ma (Qiu et al. 2002; Ye et al.
2004). Recent research has identified that sulfide Re-Os
ages thus constrain the timing of the mineralization at
~ 1700 Ma (Zhao et al. 2013). The mineralization age of
these deposits has thus been debated. However, these
deposits are generally, temporally and spatially, related to
igneous intrusions and the role of magmatism in the gen-
esis of the Dongchuan deposits needs more research.

The Dongchuan gabbroic dykes and intrusions in the
western Yangtze Block are spatially related to the Cu—Fe
ore deposits (Fig. 1b). Therefore, one of the points of view
is that the mafic intrusions controlled the formation of these
deposits from the material source and the heat source (Liu
et al. 2011; Hou et al. 2015). However, the opinion needs
more evidence to support it. The PGEs, in combination
with Ni and Cu contents, could provide valuable infor-
mation on the petrogenesis of mafic—ultramafic rocks (e.g.,
Lightfoot and Keays 2005; Maier 2005). Moreover, partial
melting in the mantle, crystal fractionation and sulfide
saturation of magmas could directly indicate the charac-
teristic of source region and evolution of magmas. From
another point of view, the relationship between the gab-
broic dykes and intrusions and Cu—Fe ore deposits could be
indirectly enlightened through a discussion about the PGE
behaviors of the Dongchuan gabbroic intrusive rocks.

In this study, the geochemical compositions of the
Yinmin gabbroic dykes and Lanniping gabbroic intrusions
will be discussed and compared to each other. Some geo-
chemical data (Gong et al. 1996; Chen 1998; Liu et al.
2011; Zhao et al. 2010, 2013) of gabbroic rocks in these
areas have previously been reported, except the PGE
compositions. As these gabbroic intrusive rocks may
undergo the same or different evolutionary processes, it is
more appropriate to discuss them separately. The PGE
behaviors of the Early Proterozoic and Neoproterozoic
gabbroic dykes and intrusions in Dongchuan might provide
new constraints on the processes that resulted in the unique
PGE features of these rocks, and thus be used to elucidate
their petrogenesis and to evaluate whether they have the
potential for economic PGE mineralization.

2 Geological background and petrography

The South China Block consists of two major Precambrian
blocks: the Yangtze Block to the northwest and the Cath-
aysia Block to the southeast (present coordinates), with the
Late-Mesoproterozoic to Earliest Neoproterozoic Sibao
Orogen situated between them. The Kangdian area is
located near the western margin of the Yangtze Block,
South China (Fig. 1a). The oldest supracrustal rocks in this
area are the Late Paleo- to Meso-proterozoic meta-volcanic
and sedimentary rocks of the Dahongshan Group (Green-
tree and Li 2008), the Hekou Group (He 2009; Zhao and
Zhou 2011), and the Kunyang Group (Yin et al. 2011),
occurring along the Luzhijiang fault and a series of related
NNE-trending faults (Fig. 1b). The Dahongshan Group is a
sequence of meta-volcanic rocks, and is generally consid-
ered to be the equivalent of the Hekou Group (e.g., Zhao
et al. 2010), as confirmed by the zircon U-Pb ages for
meta-clastic and meta-carbonate rocks from the Hekou
Group (Greentree and Li 2008; Zhao and Zhou 2011).
The Kunyang Group in the study region was divided
into the Upper and Lower Kunyang groups (e.g., Zhao and
Zhou 2011; Zhao et al. 2010). Zhao et al. (2010) inter-
preted the Lower Kunyang groups, Dahongshan groups and
Hekou groups as stratigraphically correlatable units. The
Lower Kunyang Group, from the base upward, includes the
Yinmin, Luoxue, E’touchang, and Luzhijiang formations,
whereas the Upper Kunyang Group consists of the
Huangcaoling, Heishantou, Dalongkou, and Meidang for-
mations. The Lower Kunyang Group likely formed
between ~ 1.7 and ~ 1.5 Ga by the ages of detrital zircons
(Sun et al. 2009; Zhao et al. 2010). Several meta-volcanic
layers in the Upper Kunyang groups have zircon U-Pb ages
of ~1.0 Ga (Mou et al. 2003; Greentree et al. 2006; Geng
et al. 2007; Zhang et al. 2007). These rocks are overlain by
a thick sequence (maximum >9 km) of Neoproterozoic
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(850-540 Ma) to Permian strata composed of clastic, car-
bonate and volcanic rocks.

Numerous Cu-Fe deposits are hosted in the Kunyang
Groups. Parts of the Cu—Fe deposits consist of the strati-
form and disseminated Cu-sulfide and Fe-oxide ores in the
dolostone. The other Cu—Fe deposits are hosted in meta-
volcanic or distributed around the dykes and intrusions.
Both types of deposits were traditionally considered to be
syngenetic in origin. The deposits related to igneous
intrusions are mainly discussed in this paper. The Cu-sul-
fide ores occur as disseminations, veinlets, and to a lesser
extent, stockwork structures and the sulfides are preferen-
tially concentrated within or at the peripheries of dykes and
intrusions. The Fe-oxide ores are roughly concordant and
disseminated in the dykes and intrusions. From the above
description, there are some relationships between the mafic
intrusions and these deposits.

This paper focuses on two areas, viz., the Lanniping
district and the Yinmin district in the Dongchuan area. A
number of mafic intrusions, dominantly composed of
gabbroic rocks, are distributed as dykes in the Yinmin area
and irregular small intrusions in the Lanniping area
(Fig. 2). The Yinmin and Lanniping gabbroic rocks are
bounded by a series of faults in the northeast of the
Dongchuan area (Fig. 1b). The distribution area of exposed
Yinmin mafic dykes are up to 6 km long and commonly
9 km wide, striking NW 307°-349° and the distribution
range of exposed Lanniping intrusion is relatively limited
to an area of 3 km wide and 1.8 km long. The majority of
gabbros are mainly hosted in the Yinmin and Luoxue
Formations of the Kunyang Group. The group units cover

the Early Paleoproterozoic formation of the Caiyuanwan
group and are overlain by the Heishantou, Qinglongshan
and Dengying Formations, from the base to the top
(Fig. 2). The relationship between the succession of strata
and emplacement of gabbros is also accordant with the
dating results. The gabbroic intrusion in Lanniping was
dated at 1088 £ 5.6 Ma (our unpublished data), obviously
younger than the zircon U-Pb age of 1695 + 16 Ma (Zhao
and Zhou 2011) for the gabbroic dyke intruding the
sequence in the Yinmin area.

The Yinmin Formation is mainly composed of hematite-
bearing purplish-red siltstone and sandstone, with basal
conglomerate in places (Wu et al. 1990). These rocks are
thought to be the oldest continental red-bed units in the
Yangtze Block (Hua 1990; Wu et al. 1990; Zhao et al.
2010). The uppermost part of the Yinmin Formation con-
sists of intercalated siltstone and dolostone that are tran-
sitional to the thick-layered basal dolostone of the Luoxue
Formation. Conformably overlying the Yinmin Formation,
the Luoxue Formation consists of thick layers of grayish-
white dolostone and argillo-arenaceous dolostone. The
contact between the Yinmin and Luoxue Formations is
generally the main copper-rich matrix.

Most of the dykes and intrusions consist of medium- to
coarse-grained gabbroic rocks, and the sizes of the mineral
grains are typically larger in the Lanniping district than the
dykes in the Yinmin area. In addition, there are few sulfides
(chalcopyrite, bornite and chalcocite) in the Lanniping
intrusion. From microscopic studies, plagioclases range
from subhedral to euhedral with small crystals, and were
altered to clay or calcite. Xenomorphic granular pyroxenes
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Fig. 2 Simplified geological map showing the distribution of gabbro intrusions and Proterozoic stratums in the Yinmin distinct (a Hou 2013)

and Lanniping distinct (b Liu et al. 2012)
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were altered to zoisite and hornblende. The dominant
crystallization order for the gabbroic rocks is: plagio-
clase — clinopyroxene — magnetite and ilmenite. The
gabbroic texture in the Lanniping intrusion is more distinct
than in the Yinmin dykes. The Yinmin gabbroic dykes
consist of approximately 40 vol% plagioclase, 40 vol%
clinopyroxene, 5 vol%-10 vol% magnetite and minor
ilmenite, hornblende, and biotite. In contrast, the Lanniping
gabbroic intrusion contain 50 vol% plagioclase, 30 vol%
clinopyroxene, 5 vol%—10 vol% ilmenite and minor mag-
netite, sulfides, apatite and hornblende.

In this study, thirty gabbroic rock samples were collected
in the Yinmin and Lanniping areas around the Cu—Fe ore
deposits. Fifteen samples were collected from open pits and
surface outcrop in the Yinmin area, and all of them are hosted
in the Yinmin or Luoxue Formations. Another fifteen sam-
ples were collected within the Lanniping intrusion. Three
samples (YT-1-1, YT-1-4, YT-1-10) were collected under 3
mines, which were crossed by the gabbroic intrusion, and the
other twelve samples were collected from the outcropped
gabbroic intrusion. The Lanniping samples are also mainly
hosted in the Lower Kunyang group (Fig. 2).

3 Sampling and analytical methods

Major elements of whole rocks were determined at the ALS
laboratory by using ME-XRF 06 with <5 % relative standard
deviation. Trace elements of whole rocks were analyzed by
using inductively coupled plasma mass spectrometry (ICP-
MS) at the State Key Laboratory of Ore Deposit Geochem-
istry, Chinese Academy of Sciences (SKLODG) with an
analytical precision better than 5 %. The detailed procedure
is similar to those described by Qi et al. (2000). The plat-
inum-group elements were determined by isotope dilution
(ID)-ICP-MS (Perkin-Elmer Sciex ELAN DRC-e) using a
PTFE-lined, stainless steel pressure bomb technique (Qi
et al. 2011). The mono-isotope element Rh was measured
with external calibration using a '**Pt spike as the internal
standard (Qi et al. 2004). Ten grams of rock powder and an
appropriate amount of enriched isotope spike solution con-
taining 193Ir, 101Ru, 194Pt, and 'Pd were digested using
~5 ml of HF and ~ 15 ml of HNO;3 in a 120 ml PTFE
beaker placed in a sealed, custom-made, high pressure,
stainless steel (Qi et al. 2011). Total procedural blanks were
lower than 0.002 ppb for Ir and Rh; 0.012 ppb for Ru;
0.040 ppb for Pd; and 0.002 ppb for Pt. As shown in Table 1,
the results of the standard reference material WGB-1 (gab-
bro) agree well with the values reported by Qi et al. (2008).
The accuracies are estimated to be better than 10 % for all
PGEs. Sulfur contents were determined by a C—S analyzer at
the SKLODG.

@ Springer

4 Analytical results

Concentrations and variations of PGE and S in the studied
samples are listed in Tables 2 and 3, of which could be
divided into two groups with high and low PGE contents
for the Yinmin and Lanniping samples. The high PGE
contents of the Yinmin samples (except samples YM 1401
and YM1402) are in the same range as the high PGE
contents of the Lanniping gabbroic rocks (LNP1217,
LNP1229 and LNP1230). The samples with low PGE
concentrations in the two districts share similar geochem-
ical characteristics. However, most Yinmin samples have
high PGE contents (PGEs = 13.9-87.0 ppb) and a major-
ity of the Lanniping samples contain low PGE contents
(PGEs = 0.12-1.02 ppb) could represent two groups con-
sidering the PGE concentrations. The samples with high
PGE contents have relatively higher Ir (0.04-0.56 ppb), Ru
(0.04-0.52 ppb), Rh (0.80-2.01 ppb), Pt (5.07-27.3 ppb),
Pd (4.83-69.1 ppb) than the rocks with low PGE contents
of Ir (<0.02 ppb), Ru (<0.02 ppb), Rh (<0.01 ppb), Pt
(0.02-0.19 ppb), Pd (0.05-0.91 ppb) (Figs. 3, 5, 7). In
contrast, the sulfur contents of the high-PGE samples
(0.003-0.020 %) are lower than those of the low-PGE
rocks (0.13-0.36 %). The Pt/Pd ratios of the high-PGE and
low-PGE samples vary from ~0.64 and ~0.24. The Pd/Ir
ratios in the high-PGE samples (55.2-712) are generally
one order of magnitude higher than those of the low-PGE
samples (3-395). Moreover, the PPGE concentrations in
the high-PGE samples are much greater than those of the
IPGE concentrations (Fig. 3). The high-PGE samples are
characterized by lower and variable Cu/Pd ratios
(2.8 x 10%t0 3.5 x 10%*), which are much lower than those
of the low-PGE samples (3.8 x 10% to 3.2 x 10°).

There are positive correlations between MgO, Cr and Ru
for the high-PGE samples, whereas MgO and Cr show poor
relationships with Ru for the low-PGE rocks (Fig. 4).
Binary variation diagrams of the PGE elements show poor
relationships, except Pt vs. Pd for all samples (Fig. 5). The
plots of S versus Ir, Rh, Pd, and Pt exhibit negative cor-
relations for the high-PGE samples. However, there are no
correlations between S and Ru for the high-PGE samples,
or between S and PGEs for the low-PGE rocks (Fig. 7).
There is a positive correlation between copper and sulfur in
the high-PGE rocks, which is more obvious than between
the low-PGE samples. There is a negative correlation
between Pd and Cu/Pd (Fig. 6), and most of the high-PGE
samples fall into the mantle; the enriched mantle areas
indicate that the samples are rich in PGEs. In contrast, most
of the low-PGE rocks fell into the depleted area due to their
low PGE contents. The high-PGE group shared similar
primitive mantle-normalized PGE patterns with the low-
PGE group. The high-PGE samples were depleted in Ru
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Table 1 Blank and detection

Elements Blank WGB-1

limits (DL) of PGE (in ppb) for

reference material WGB-1 Measured DL Measured Qi et al. (2008) Meisel and Certified

Moser (2004)

Ir 0.0017 0.001 0.16 0.16 + 0.02 0.21 0.33
Ru 0.0124 0.001 0.12 0.13 £ 0.01 0.14 0.30
Rh 0.0019 0.001 0.22 0.20 4+ 0.02 0.23 0.32
Pt 0.0015 0.009 5.39 6.34 + 0.61 6.39 6.10
Pd 0.0396 0.015 13.84 13.0 £ 1.1 13.90 13.90

Certified Govindaraju (1994)

relative to Ir and Rh, and showed enrichment of PPGE
relative to IPGE, whereas most samples were significantly
richer in PPGEs compared to the primitive mantle (Barnes
and Maier 1999). Rocks of low PGE contents are distinctly
depleted compared to the primitive mantle (Fig. 3).

5 Discussion
5.1 Controls on PGE fractionation

Most studies have shown that the PGEs are relatively
immobile during seafloor hydrothermal alteration (e.g.,
Rowell and Edgar 1986; Crocket 1990), but their immo-
bility has been debated. For example, hydrothermal PGE
mineralization has been proposed for the Cu-Ni sulfides at
Rathbun Lake, northeastern Ontario (Rowell and Edgar
1986) and for the New Rambler mine in Wyoming
(McCallum et al. 1976). Palladium has been found to be
more mobile than Pt during different types of syn- to post-
magmatic hydrothermal alteration (e.g., Li and Naldrett
1993), lower temperature alteration and serpentinization
(e.g., Prichard et al. 2001; Seabrook et al. 2004) and
weathering (e.g., Fuchs and Rose 1974; Prichard and Lord
1994). The relatively constant Ir and Ru concentrations for
the two types of samples, and the positive correlation
between Pt and Pd indicate that the original PGEs in the
two study areas were not been affected by alteration
(Figs. 3, 5).

Experiments have confirmed that there is only a slight
difference in the partition coefficients of individual PGEs
between sulfide and silicate melts (Naldrett and Duke
1980; Bezmen et al. 1994; Peach et al. 1994; Fleet et al.
1996). For example, partition coefficients of Ir and Pd
between the sulfide melt and silicate melt are
(1.2-1.6) x 10* and 3.5 x 10%, respectively (Peach et al.
1990). Bezmen et al. (1994), and the experimentally
determined partition coefficients for Pd, Rh and Ir are: Pd
(55+0.7) x 10, Rh (27 +0.6) x 10* and Ir
(3.1 £0.8) x 10*. All these results show that there is little
difference in the partition coefficients of IPGE and PPGE

between the sulfide and the silicate melts. The high-PGE
gabbroic samples exhibit four orders of magnitude higher
PPGE contents relative to the IPGE contents, whereas the
low-PGE samples are one order of magnitude for the PPGE
to IPGE ratios, indicating different fractionation trends in
the two groups (Table 2, 3). Thus, segregation of sulfides
and the different degree of partial melting cannot explain
the steeply positively-sloped primitive mantle-normalized
patterns and the negative Ru anomalies of the samples.
Crystal fractionation is considered important to the PPGE/
IPGE ratios.

Barnes et al. (1985) showed that the high PPGE/IPGE
ratio (e.g., Pd/Ir) might be caused by residual Os—Ir alloys
during early mantle melting. In addition, IPGEs may form
Os—Ir-Ru alloys during the early stages of crystal frac-
tionation (Capobianco and Drake 1990; Amossé et al.
1990), which can be enclosed in the early phases (Stock-
man and Hlava 1984; Zhou 1994), effectively removing the
IPGEs from the melt. Thus, the precipitation of IPGE-
hosting alloys can also produce strong fractionation
between the PPGEs and IPGEs. Negative Ru anomalies are
generally attributed to the removal of Os—Ir-Ru alloys,
together with chromite or olivine, from the parental mag-
mas. Thus, it is suggested that the early removal of Os—Ir—
Ru alloys could be one reason for the negative Ru
anomalies and high PPGE/IPGE ratio in our samples.
Moreover, the effect of the removal of Os—Ir—Ru alloys
would be diluted by the segregation of sulfide phases for
the low-PGE samples. As a result, the PPGE to IPGE ratios
are not prominent, as PPGE contents are one order of
magnitude higher than IPGE contents.

Righter et al. (2004) showed that spinel is particularly
high in IPGEs, with the Ir and Pd partition coefficients in
the range of 5-22,000 and 0.14. However, the Ir and Pd
partition coefficients are 0.77 and 0.03, respectively, in
olivine (Malvin et al. 1986; Ely and Neal 2003), 1.8 and
0.3, respectively, in clinopyroxene and 1.8 and 0.3,
respectively, in orthopyroxene (Puchtel and Humayun
2001; Ely and Neal 2003). Thus, the fractionation of oli-
vine, pyroxene could not significantly influence the PGE
distributions in these rocks, except spinel. The IPGEs
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behave as compatible elements in many mafic magma
systems and it is commonly suggested that they partition
into spinel (e.g., Capobianco et al. 1994; Righter 2001). In
contrast, Pt and Pd are incompatible in the spinel structure
and their abundances increase in the fractionated magma
during spinel crystallization. The solubility of IPGE in
silicate magma is reduced significantly when the oxygen
fugacity (fO,) increases due to chromite precipitation
(Amossé et al. 2000). For the high-PGE samples, PGEs are
positively correlated with Cr (Fig. 4), showing that these
elements are likely mainly controlled by chromite/spinel

during crystal fractionation. The plot of Ni/Cu to Pd/Ir
indicates the spinel trend for the high-PGE samples
(Fig. 8). In addition, Capobianco and Drake (1990) found
that Ru was strongly partitioned into spinel (D = 22-25).
Moreover, early higher-temperature spinel condensates are
likely to be enriched in Ru over Ir (Righter and Downs
2001). For the low-PGE samples, few of the chromite/
spinel left the residual parental magma, as PGEs are not
correlated with Cr (Fig. 4). Therefore, the fractionation and
removal of chromite/spinel from parental magma during
ascent could also be responsible for the negative Ru

@ Springer



60

Acta Geochim (2017) 36(1):52-65

107 ¢
i m_ B W DEPLETED | WLNP
6 = [ |
10° ¢ o o AYM
s 105 - A& ' a
£ 5 s
Y o10f & A A
-~ Mantle éA
10° | A
- ENRICHED AAp
102 L i) L .
102 10! 10° 10t 10?

Pd(ppb)

Fig. 6 Plot of Cu/Pd versus Pd showing the composition of the
gabbroic rocks from different distincts of the Dongchuan area (fields
from Barnes et al. 1993)

anomalies and high PPGE/IPGE ratio for the high-PGE
samples. The Ni contents are lower than the Cu contents
for all samples (Fig. 3), which could be caused by the
removal of olivine, due to the compatibility of Ni in
olivine.
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5.2 Sulfide segregation

Chalcophile elements such as Ni, Cu and PGE strongly
partition into sulfide liquid due to the high partition coef-
ficients between sulfide and silicate liquids (10*~10° for
PGE: Stone et al. 1990; Bezmen et al. 1994; Peach et al.
1994; Fleet et al. 1996; Crocket and Fleet 1997 or ~ 107-
10"! for PGE: Fonseca et al. 2009; 10?10 for Cu and Ni:
Rajamani and Naldrett 1978; Francis 1990; Peach et al.
1990; Gaetani and Grove 1997). The distribution of
the platinum element and copper in mafic and ultramafic
rocks is therefore controlled by magmatic sulfides, PGMs
(platinum-group minerals) and, to a lesser extent, oxides
(chromite) and silicates (olivines; e.g., Barnes et al. 1985).
In the upper mantle, sulfide is usually distributed in the
surrounding of mineral particles as a function of the seg-
regation of sulfides (Mitchell and Keays 1981). The seg-
regation of sulfides may result in the depletion of PGE and
other metallic elements in the evolved magma (Naldrett
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Fig. 7 Plots of S versus Ir, Ru, Rh, Pd, Pt and Cu for the Lanniping gabbroic intrusion and Yinmin mafic dykes at Dongchuan
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intrusion and Yinmin mafic dykes at Dongchuan. The direction of
the arrow indicates the differentiation trend of minerals in the
figure (Barnes et al. 1988). Chr chromite, Ol olivine, Sul or PGM
sulfide and PGM

and Wilson 1990). The segregation of sulfides from crys-
tallizing silicate magma is considered to be crucial in the
formation of PGE (Keays 1995). If rocks contain magmatic
sulfides, the PGE concentrations of rocks will be mostly
controlled by sulfide. The inference of the partition coef-
ficients for PGEs between the sulfide and silicate magma
were much higher than copper and nickel as shown in the
plot of Cu/Ir vs. Ni/Pd diagram (Fig. 8). The high Ni/Pd
and Cu/Ir ratios of the low-PGE samples suggest that the
magma may have experienced a segregation of minor
sulfides before emplacement. In contrast, the effect of
sulfide segregation does not occur for the initial S-unsat-
urated magmas with high-PGE contents.

Mafic rocks containing >1000 ppm S are considered to
be sulfide saturated (Hoatson and Keays 1989). The low-
PGE samples have high S contents (1140-3600 ppm),
indicating that they reached sulfur saturation. In contrast,
the high-PGE samples have low S contents (30—140 ppm),
much lower than 1000 ppm (Tables 2, 3), suggesting they
did not achieve sulfur saturation. The Cu/Pd ratio is a
sensitive indicator for sulfide segregation and is useful in
local or regional Ni, Cu and PGE exploration (Barnes et al.
1985). Most of the low-PGE samples have Cu/Pd ratios
higher than that of the mantle (Cu/Pd = 1000-10,000) and
are depleted in palladium to copper, as shown in the Cu/Pd
versus palladium diagram (Fig. 6). This feature suggests
that these rocks may have experienced sulfide segregation
prior to their final emplacement. Sulfide is the main control
on PGE concentrations factor for S-saturated melts.
Therefore, there is a potential for finding PGE-rich min-
eralization close to or within the gabbroic intrusion in the
Lanniping area.

In order to examine the extent of the sulfide segregation,
we model the degree of sulfide segregation to produce the
low-PGE rocks. The amount of segregated sulfides may be
estimated from the following mass balance equation
(Barnes et al. 1993):

Table 4 Percentage of sulfide segregation for the low-PGE samples
from Yinmin and Lanniping

X Ir (ppb)  Ru (ppb) Rh (ppb) Pt (ppb)  Pd (ppb)
0.005 % 0.11 0.56 0.77 0.17 0.18
001 %  0.06 0.28 0.39 0.09 0.09
0.05% 0.1 0.06 0.08 0.02 0.02

0.1 % 0.01 0.03 0.04 0.01 0.01

0.5 % 0.00 0.01 0.01 0.00 0.00
Mantle 4.4 5.6 1.6 8.3 4.4

Barnes et al. 1988

Cr/CL = 1/[1 + X(D — 1)/100]

where Cg = the concentration of the element in the frac-
tionated in the initial magma: Ir = 4.4 ppb, Ru = 5.6 ppb,
Rh = 1.6 ppb, Pt = 8.3 ppb, Pd = 4.4 ppb (Barnes et al.
1988); C;. = the concentration of the element in the initial
magma; D = the partition coefficient of the element
between the sulfide and the silicate: D(Ir) = 51 x 10°,
DRu) =7 x 10°, D(Pt) = 16.5 x 10°, D(Pd) = 28 x
10° (Crocket and Fleet 1997), D(Rh) = 27 x 10° (Bezmen
et al. 1991); and X = the weight percent sulfide that seg-
regated. The calculation shows that 0.01 %-0.1 % sulfides
have been removed from the magma in the magma
chamber (Table 4). As shown in the diagram, 0.1 % sul-
fides segregation would lead to very low PGE in the
magma.

5.3 Implications for mantle source, magma
evolution and sulfide segregation

It has been suggested that the Yinmin mafic dykes and
Lanniping gabbroic intrusions were generated from similar
tectonic environments (Greentree et al. 2006, 2008; Zhao
et al. 2010). As shown above, the mafic rocks from dif-
ferent areas share similar compositional ranges of PGE
concentrations, although most of the Yinmin gabbroic
dykes contain relatively high PGE contents, and most of
the Lanniping gabbroic intrusive samples have low PGE
contents and small amounts of sulfides. The evolution of
magmas generating the mafic rocks could be inferred from
the features of PGE and S, MgO, Cr concentrations (Barnes
et al. 1985, 1988; Naldrett and Wilson 1990; Naldrett
2010), indicating that they were possibly subjected to the
removal of chromite/spinel, olivine and Os—Ir-Ru alloys
before deposition and sulfide segregation.

For the partial melting in the mantle, the chalcophile
elements enter the melt at different rates, depending on the
degree of melting. However, once there is sufficient
magma to dissolve the entire sulfide, they reach their
maximum concentrations, and subsequently are diluted
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with further melting as the mass of magma increases
without the addition of PGE and Cu (Wendlandt 1982; Hart
and Zindler 1986; Mavrogenes and O’Neill 1999; Ghiorso
et al. 2002). Naldrett (2010) inferred that all sulfides in the
mantle are dissolved into the melt and leave their source
when magma is produced by 18 % partial melting, and thus
Cu, Pt and Pd are at their maxima. The supposed maximum
Pt and Pd contents both are 18 ppb. However, the sum of
the Pt and Pd contents (23.5-85.3 ppb) for the high-PGE
samples in Yinmin are higher than 36 ppb and their S
contents are much lower than 1000 ppm, indicating that the
degrees of partial melting are lower than 18 % and their
parental magmas are S-undersaturated. As a result, their Pt
and Pd concentrations increased with the evolution of the
initial S-unsaturated magmas. In contrast, the parental
magmas generating the low-PGE samples were subjected
to sulfide saturation and lost small amounts of PGE-bearing
sulfides.

As demonstrated above, during the ascent of the parental
magma, possible removal of Os—Ir—-Ru and/or chromite/
spinel for the Yinmin high-PGE samples results in high Pd/
Ir ratios and Ru anomalies. In the same way, the Lanniping
low-PGE samples exhibit relatively lower Pd/Ir ratios and
Ru anomalies. It has been suggested that the parental
magmas of the Yinmin gabbroic dykes were originally
S-undersaturated, as shown from high PGE and low S
contents in most samples. Subsequently, minor evolved
magma reached sulfur saturation and resulted in sulfide
segregation, generating two PGE-depleted and high-S
samples. In contrast, during the evolution of parental
magma, the segregation of sulfide may result in the low
PGE contents for the Lanniping low-PGE samples. The
high Cu/Pd ratios also support the characteristic of S-sat-
urated or sulfide segregation for the low-PGE rocks. The
initial stage of the Lanniping parental magma is S-unsat-
urated, as shown from the three samples with high PGE
concentrations and low S contents. In this regard, the
segregated sulfides enriched in PGE could stay somewhere
close to or within the Lanniping intrusion, providing a
possible opportunity to discover the PGE-enriched sulfide
mineralization.

6 Summary

(i) The Yinmin mafic dykes and Lanniping gabbroic
intrusion share the same compositional ranges of
PGE concentrations. However, most of the Yin-
min gabbroic dykes contain relatively high PGE
concentrations and low S contents, and most of the
Lanniping samples have low PGE concentrations
and elevated S contents.

@ Springer

(i) During ascent of the parental magma, removal of
Os—Ir-Ru and/or the chromite/spinel result in high
Pd/Ir ratios and Ru anomalies for the Yinmin
high-PGE samples and relatively lower Pd/Ir
ratios and Ru anomalies for the Lanniping low-
PGE samples. It has been demonstrated that the
parental magmas of the Yinmin gabbroic dykes
were initially S-undersaturated, and subsequently,
minor evolved magma reached sulfur saturation
which resulted in sulfide segregation.

(iii))  Sulfide segregation is the major control on the
PGE-poor melts. Most Lanniping samples have
higher Cu/Pd ratios, suggesting that these rocks
may have experienced sulfide segregation. The
calculation indicated that 0.01 %-0.1 % sulfide
had been removed from the melts due to S-over-
saturation, therefore generating the PGE-depleted
Lanniping samples. Thus, the potential exists to
discover PGE-enriched sulfide mineralization
somewhere close to or within the Lanniping mafic
intrusion.
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