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Abstract

The 260 Ma Emeishan continental flood basalts (ECFB) occur in SW China and northern Vietnam. A 550-m-thick sequence of
ECFB in Guizhou Province (SW China) is composed of 12 basaltic lava flows, each ranging from 10 to 140 m in thickness. All
samples belong to the high-Ti basalts (TiO,=1.9-4.4 wt.% and Ti/Y =400-700). Relative to the upper flows (Flows 9—12), those
from the lower part of the section (Flows 1-8) are depleted in Nb, Ta, P and Sr and enriched in Zr, La and Th, consistent with
higher degree of crustal contamination. Overall, the concentrations of Os, Ir and Ru range from 0.01 to 0.23 ppb and are low
relative to those of Rh, Pt and Pd, which range from 0.2 to 1.1, 6 to 17 and 5 to 18 ppb, respectively. Different lava flows have
different primitive mantle-normalized PGE patterns, and samples from the same flow show similar patterns. Fractionations between
PPGE and IPGE are mainly controlled by olivine and chromite fractionation. The negative correlations between Pd/Ir and Pt/Pd,
and Ni/Pd and Pd/Cr are consistent with crystal fractionation. Flows 6—8 and 10—12 show obvious negative Ru anomalies,
explained by fractionation of laurite (Ru, Os, Ir)S, or Os—Ir—Ru alloys in the primary magma, or by coprecipitation of laurite with
chromite or olivine. Flows 9—12 are Os-poor and have higher initial '¥’0s/!®¥Os ratios than Flows 1-8, indicating it is easy to alter
the Os isotopic compositions of basaltic magmas with lower Os concentrations.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction 2001; He et al., 2003; Xiao et al., 2003; Xu et al., 2004a).

The volcanic sequence includes high-Ti and low-Ti

The Emeishan continental flood basalts (ECFB) in SW
China and northern Vietnam form a major part of the
~260 Ma Emeishan Large Igneous Province (Zhang et al.,
1988; Chung and Jahn, 1995; Song et al., 2001; Xu et al.,
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basalts (Xu et al.,, 2001; Xiao et al., 2003) and is
associated with a variety of plutonic rocks (Zhong et al.,
2002; Zhou et al., 2002a, 2005, 2006). The processes that
control the diversity of these igneous rocks are not well
understood, although a general model involving mantle
plume-—lithosphere interaction and crustal contamination
has been proposed (Chung and Jahn, 1995; Song et al.,
2001; Xu et al., 2001; Xiao et al., 2003). Previous studies
were based on major and trace element compositions and
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Sr—Nd isotopic data of basaltic rocks in several
representative cross-sections in Sichuan and Yunnan Pro-
vinces (Song et al., 2001; Xu et al., 2001; Xiao et al.,
2003; Xu et al., 2004b).

Magmatism associated with large igneous provinces
may show temporal variations, reflecting variable mantle
sources and different degrees of mantle plume—litho-
sphere interaction, crustal contamination, S-saturation
and fractional crystallization, or a combination of these
processes (Arndt et al., 1993, 1998, 2003; Lightfoot and
Keays, 2005). PGE concentrations are known to be
sensitive indicators of the degree of partial melting, the
nature of the source region, and the extent of sulfide
segregation, and thus are important for understanding the
petrogenesis of mantle-derived rocks. These elements
have been used elsewhere to examine the genetic
relationship between continental flood basalts and
sulfide mineralization (Briigmann et al., 1993; Wooden
et al., 1993; Vogel and Keays, 1997; Maier and Barnes,
1999; Rehkamper et al., 1999; Crocket, 2000; Philipp
et al.,, 2001; Momme et al., 2002; Maier et al., 2003;
Momme et al., 2003; Ely and Neal, 2003; Crocket and
Paul, 2004; Lightfoot and Keays, 2005). For example, Ir,
Pt, Pd and Au concentrations, trace element character-
istics and Sr and Nd isotopic ratios of basalts from the
Maharashtra region of the Deccan Traps suggest variable
mantle sources and different degrees of crustal contam-
ination (Crocket and Paul, 2004). However, low PGE
contents in basalts make accurate analysis difficult,
resulting in relatively few studies of PGE in such rocks
(Rehkdmper et al., 1999; Momme et al., 2002, 2003;
Lightfoot and Keays, 2005). The only study of the
platinum-group elements (PGE) and their temporal
variation through ECFB is on the low-Ti basalts in the
Northern part of ELIP (Song et al., 2000).

In order to accurately measure low concentrations of
PGE in basaltic rocks, we have developed an improved
Carius tube analytical method (Qi et al., 2007). Using this
method, we have analyzed PGEs in representative basalts
collected from a cross-section in the eastern part of the
ECFB in Guizhou Province, SW China. In addition, the
samples were analyzed for whole-rock major and trace
elements. To evaluate the extent of crustal contamination in
the ECFB and to understand the processes leading to the
formation of the ECFB and its ore deposits, we also
measured Sr—Nd isotope compositions and '¥’Os/'**Os
ratios in these samples using ICP-MS. Because the parent—
daughter elemental ratios in mafic and felsic rocks show
much larger variations in the Re—Os isotopic system
compared to the Rb—Sr, Sm—Nd or U-Th—Pb systems, Os
isotopes are highly sensitive tracers for the interaction of
basaltic melts with the continental crust. We use this

comprehensive dataset to investigate the factors controlling
the petrogenesis of the ECFB, mantle melting and
subsequent differentiation and crustal contamination.

2. Geological background

The ECFB crops out in the eastern part of the Tibetan
Plateau and the western part of the Yangtze Block (Fig. 1).
The thickness of the ECFB ranges from several hundred
meters to 5 km (Xiao et al., 2003, 2004). The easternmost
part of the Tibetan Plateau is the Songpan—Ganze Terrane,
which is characterized by a thick (up to more than 10 km)
sequence of Late Triassic strata of deep marine origin. The
Yangtze Block consists of a Precambrian basement
overlain by stratigraphic sequences ranging from Late-
Mesoproterozoic to Upper Jurassic and younger in age.
The lower and middle parts of the sequence are mainly
marine sedimentary rocks, whereas the upper part consists
mostly of terrestrial basin deposits (Yan et al., 2003a).
Along the western margin of the Yangtze Block there are
abundant Neoproterozoic granites and associated meta-
morphic rocks known as the Kangdian complexes, which
were likely uplifted at ca. 175 Ma (Zhou et al., 2002b; Yan
et al., 2003b).

In addition to picrites, tholeiites and basaltic andesites
of the volcanic sequence, the Emeishan Large Igneous
Province contains numerous mafic—ultramafic and sye-
nitic intrusions. In the western part of the ECFB, the
volcanic succession has been strongly deformed, uplifted
and eroded as a result of the Tertiary India—Eurasia
collision (see reviews in Ali etal., 2004). The Middle-Late
Permian flood basalts can be traced to the Yidun and
Qingtang Terranes to the west (Fig. 1) (Song et al., 2004),
and their distribution has been used to suggest that the
thick Triassic sequence was deposited in a basin that
formed in response to rifting caused by the Emeishan
mantle plume (Song et al., 2004). Permian flood basalts
also crop out south of the Red River Fault at Jinping in
southern Yunnan Province (Xiao et al., 2003) and in the
Song Da area of northern Vietnam (Hanski et al., 2004).
Flood basalts and related mafic rocks in the Funing area,
northeast of the Red River Fault, have also recently been
suggested to be part of the ECFB (Zhou et al., 2006).
Therefore the true extent of the ECFB might have been
under-estimated, perhaps on the order of 1x10° km?
(Song et al., 2004; Zhou et al., 2006).

Basalts in Heishitou is located in Weining county of
the Guizhou Province (Fig. 1). Strata in the Weining area
are continuous from the Neoproterozoic to Quaternary
except Middle-Upper Ordovician and Upper Silurian.
The maximum thickness of ECFB at Weining is about
1229 m. The basalts are unconformably underlain by
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Fig. 1. Geological map of the Western Guizhou Province, SW China, showing the distribution of the Emeishan flood basalts. Note that the area is the

easternmost part of the Emeishan Large Igneous Province.

limestones of the Lower Permian Maokou Formation,
and are conformably overlain by the Upper Permian
Xuanwei Formation composed of sandstone, mudstone
and conglomerate with interbedded coal seams.

3. Flood basalts in Heishitou

Basalts in Heishitou are exposed in a relatively well-
preserved cross-section, because it has been little

affected by the Tertiary collision between India and
Eurasia (Fig. 1). The thickness of the Heishitou sequence
is about 550 m with each flow ranging from 10 to 140 m
(Fig. 2). Each flow comprises a massive portion with well-
developed columnar jointing with breccias and tuffs on the
top. They have typical porphyritic and vesicular textures
and are composed of plagioclase (55-65 modal%),
titanaugite (30—35 modal%), Fe—Ti oxides (magnetite
and ilmenite) (5—10 modal%) and biotite (<5 modal%).
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Fig. 2. A section showing a sequence of the Emeishan flood basalts at
Heishitou, Guizhou Province, SW China. Note that the stratigraphic
sequence contains 12 lava flows, each separated by breccias and tuff.

The most common phenocrysts are tabular plagioclase
crystals of variable size, locally accompanied by sparse
clinopyroxene. The phenocrysts are set in a fine-
grained, intergranular to intersertal groundmass com-
posed of plagioclase (25—60 modal%), clinopyroxene
(15-30 modal%), partly devitrified basaltic glass (20—
45 modal%), and minor Fe—Ti oxides (<5 modal%).
Amygdaloidal texture is best developed in the upper
parts of the flows, where the vesicles are mostly filled
with chlorite. In general, the basalts are fresh with only
minor chlorite along fractures.

4. Analytical methods
4.1. Major oxides and trace elements

Samples were cut with a diamond-impregnated brass
blade, crushed in a steel jaw crusher that was brushed and
cleaned with de-ionized water between samples, and
pulverized in agate mortars in order to minimize
contamination. Major oxides were determined by wave-
length-dispersive X-ray fluorescence spectrometry on
fused glass beads using a Philips PW2400 spectrometer at
the University of Hong Kong. Trace elements were
determined by a VG PQ ExCell inductively-coupled
plasma mass spectrometry (ICP-MS) at the University of
Hong Kong using the method of Liang et al. (2000).
Analytical results and the uncertainties (1o, N=5) of
reference materials, AMH-1 (andesite) and OU-6 (slate)
are listed in Supplementary Table 1 (Potts and Kane,
2005; Thompson et al., 2000). The analytical accuracies
are estimated to be +2% (relative) for major oxides
present in concentrations greater than 0.5% and +5%
(relative) for minor oxides present in concentrations
between 0.1 wt.% and 0.5% (Supplementary Table 1).
The accuracies of the ICP-MS analyses are estimated to be
better than 5% (relative) for most elements.

4.2. PGE and Re—Os isotopic compositions

Most of the previous analytical procedures for PGE
include Ni-sulfide fire assay combined with Te-copreci-
pitation (e.g. Gros et al., 2002), but this technique results
in relatively high blanks and loss of Os because of the
volatile nature of its oxides. In this study, Re and PGE
were measured by isotope dilution (ID)-ICP-MS after
digestion of samples using a modified Carius tube
technique (Qi et al., 2007). Twelve grams of rock powder
and appropriate amount of enriched isotope spike
solution containing 85Re, 1°0s, 1°1r, '%'Ru, *P* and
195pd were digested with 35 ml aqua regia in a 75 ml
Carius tube, which was placed in a custom-made high-
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pressure autoclave filled with water to prevent explosion
of the tube when heated to 330 °C. After 10 h, 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 custom-made distillation
system for Os distillation. The collected Os solution was
used for measuring the ratios of '®70s/'®*0s and
19205/'%°0s by VG PQ ExCell ICP-MS at The University
of Hong Kong. After distillation, about 1/4 of the residual
solution was used to separate Re from the matrix using
AG 1-X8 anion exchange resin. The remainder of the
aliquot was used to pre-concentrate PGE by Te-
coprecipitation, as described in Qi et al. (2004).

In our improved Carius tube technique, the usage of a
sealed stainless steel high-pressure autoclave filled with
water is to prevent explosion of the tube. During
heating, the external and internal pressures of the Carius
tube increase simultaneously, such that the possible
explosion of Carius tube can be avoided. Consequently,
this technique allows a higher temperature (up to
330 °C), a greater volume of aqua regia (up to 2/3 of
the total volume of the Carius tube) and thus larger
sample mass (12 g) relative to the normal Carius tube
technique (Shirey and Walker, 1995; Meisel and Moser,
2004). Our experiment demonstrates that pure chromite
can be totally dissolved in less than 12 h at 330 °C,
indicating this method is more effective than the normal
Carius tube technique. This improved method is a low
cost and low maintenance approach compared with the
HPA-S (high-pressure asher) technique. Low procedure
blanks and detection limits make this technique suitable
for analyzing PGE of mafic rocks.

Analytical results for standard reference materials,
including WPR-1 (peridotite), WGB-1 (gabbro), TDB-1
(diabase) and an in-house standard, EMBA-1 (Emeishan
flood basalt), are shown in Table 1. The PGE concentra-
tions for Ru, Rh, and Ir in WGB-1 and TDB-1 are lower

Table 1

than the recommended values, but agree well with values
reported recently (Meisel and Moser, 2004). The results
for WPR-1 are in excellent agreement with the certified
values. Despite the very low concentrations of Ru, Ir, and
Os (less than 0.1 ppb) in the basaltic sample, EMBA-1,
our analyses yielded reproducible results (Table 1). The
total procedural blanks were lower than 0.002 ng/g for
Os; 0.003 ng/g for Re, Ru, Rh and Ir, 0.020 ng/g for Pd,
and 0.011 ng/g for Pt. The mass bias effect on Os was
monitored by measuring a ~ 10 ppb natural Os laboratory
standard solution between every five samples. The mass
bias factors were calculated using the measured
1880s/!%90s values for the standard, the accepted value
of '®80s/"%0s=0.8261 (IUPAC, 1991), and the expo-
nential fractionation law. These mass bias factors were
used to fractionation correct the '*’Os/'*®Os ratios of the
samples following the method described by Schoenberg
et al. (2000). This allowed determination of the spike
contributions to each measurement. The added '*’Os and
¥80s from the spike were corrected by calculating the
"%90s intensity of the spike following the method
described by Qi et al. (2004). Each measurement
consisted 20 scans, with intensities of '**0s and '*°0Os
from 50,000 to 60,000 cps for the standard, and 5000 to
10,000 cps for most of the samples. The Os standard
solution was measured 12 times during the course of
sample analyses and yielded fractionation corrected
8705/'%80s=0.136+3 (20). Analytical results of PGEs
and the uncertainties of '®’Os/'*Os values are listed in
Supplementary Table 2.

4.3. Rb—Sr and Sm—Nd isotopic analyses

Isotope ratios of Sr—Nd and concentrations of Rb, Sr,
Sm, and Nd were determined on a Finnigan MAT 262
thermal ionization magnetic sector mass spectrometer at
The Institute of Geology and Geophysics, CAS, Beijing.

Blank (ng), detection limits (DL) (ng/g) and analytical results (ng/g) of reference materials, WGB-1, TDB-1, WPR-1 and in-house standard EMBA-1

Elements Blank DL WGB-1
30) (Gabbro)

TDB-1 (Diabase)

WPR-1 (Peridotite) EMBA-1 (Basalt)

Average ~ RSD Meisel Certified Average RSD Meisel Certified Average Certified Average RSD

N=6 % N=6 % N=6 N=6 %
Re 0.026 0.002 1.14+£0.01 13 1.15 0.77£0.01 1.8 0.794 10.7+0.1 1.13£0.04 29
Os 0.0026 0.0002 0.37+0.02 5.1 0.544 0.153£0.01 53 0.117 14.7+£0.5 13 0.025+0.001 3.4
Ir 0.025 0.001 0.16+£0.02 13.5 0211 0.33 0.082+£0.01 15.1  0.075 0.15 13.8+1.2 135 0.18£0.01 6.8
Ru 0.017 0.001 0.13£0.01 11.5 0.144 03 0.22+0.02 6.4 0.198 0.3 23.1+19 22 0.048+0.005 12.2
Rh 0.026 0.001 0.20+£0.02 9.7 0234 032 0.484+0.03 48 0471 0.7 12.840.7 134 0.74+0.02  10.7
Pt 0.18 0.009 6.34+0.61 10.1 6.39 6.1 523+0.28 43 501 58 28013 285 14.8+0.2 22
Pd 037 0.015 13.0£1.1 73 139 139 23.0+£1.2 54 243 224 238+17 235 15.2+0.3 4.0

Meisel = (Meisel and Moser, 2004); Certified = (Govindaraju, K., 1994).
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The chemical separation and isotopic measurement
procedures are described in Zhang et al. (2001). Mass
fractionation corrections for Sr and Nd isotopic ratios
were based on values of *°Sr/*®Sr=0.1194 and
'ONd/'**Nd=0.7219. Uncertainties in Rb/Sr and Sm/
Nd ratios are less than £2% and +£0.5% (relative),
respectively. The Sr standard solutions (NBS 987) were
analyzed 8 times and yield a ®’Sr/*°Sr ratio of
0.710237+25 (20), whereas the Nd standard solutions
(Ames) which is the same as used by Roddick et al.
(1992) were also analyzed 8 times and have an
M3Nd/'*Nd ratio of 0.512139+15 (20) during the
period of data acquisition. The result for Ames Nd is
comparable with the published data of 0.512147+7
which is calibrated to a LaJolla value of 0.511862+8
(20) (Roddick et al., 1992) and 0.512125+10 (Chen
et al., 2002). The measured results for USGS standard
BCR-1 were Rb 45.49 ppm, Sr 340.0 ppm, *’Sr/%°Sr
0.704995+25 (20) and Sm 6.59 ppm, Nd 28.8 ppm and
13Nd/"**Nd 0.512638+ 16 (20), which are comparable
with the published data of Rb 46.54 ppm, Sr 329.5 ppm,

Table 2

87Sr/%Sr 0.705027+74 (20) and Sm 6.676 ppm, Nd
28.77 ppm and "PNd/'"**Nd 0.512633+35 (20) (Chen
et al., 2007). The results of Sr and Nd standard solutions
and reference materials are listed in Table 2.

5. Analytical results
5.1. Major and trace elements

Samples from Heishitou are all basaltic in composi-
tion with SiO, ranging from 44 to 51 wt.%, MgO from 4
to 6 wt.% and Mg# from 33.4 to 48.4 (Supplementary
Table 1). All of the analyzed samples have TiO, contents
of 1.9—4.4 wt.% and Ti/Y ratios of 400—700 and belong
to the high-Ti basalt group (Xu et al., 2001). There are
slightly different geochemical features between samples
in the lower part of the section (Flows 1-8) and in the
upper part (Flows 9—12). Samples from Flows 1-8 have
notably higher TiO, (3.6—4.4 wt.%) than those from
Flows 9-12 (2.0-3.9 wt.%). Many incompatible
elements, such as TiO,, P,Os, La, Th, Nb and Zr,

Rb—Sr and Sm—Nd elemental and isotopic analyses of Heishitou basalts, Guizhou Province, SW China

Flow Sample Rb  Sr STRbASr ¥7SrA%Sr+20 (B7StA%Sr);, Sm Nd Sm/'™Nd  "PNd/"**Nd+2¢  (**Nd/"Nd); eng
(ppm) (ppm) (ppm) (ppm)
Flow GZ-2 323 4732 0.1972  0.707331+12 0.706602 10.72 51.63 0.1256 0.512519+12  0.512305 0.03
1
Flow GZ-6 474 8045 0.1703  0.707085+11 0.706455 10.90 51.35 0.1283 0.512585+12  0.512367 1.24
2
Flow GZ-10 469 477.7 02842  0.707316+13 0.706265 11.20 52.77 0.1283 0.512584+13  0.512366 1.22
3
Flow GZ-18  33.9 470.1 02087  0.706418+11 0.705646 10.67 48.44 0.1331 0.512650+13  0.512423 235
4
Flow GZ-28 345 4973 02005  0.706247+13 0.705505 10.41 47.96 0.1313 0.512651+13  0.512428 2.43
5
Flow GZ-33  34.6 492.1 02032  0.705964+11 0.705213 10.50 47.81 0.1327 051265412  0.512428 243
6
Flow GZ-39  22.1 532.0 0.1200  0.706076+13 0.705633 12.03 56.59 0.1285 051263012 0.512412 2.12
7
Flow GZ-47 6.10 839.8 0.0210  0.706060+12 0.705983 10.65 50.49 0.1275 0.512628+13 0512412 2.11
8
Flow GZ-54 334 279.8 0.0345  0.706269+13 0.706141  4.66 19.44 0.1450 051253312 0.512286 -0.33
9
Flow GZ-60 102 4062 0.0728  0.705133+13 0.704863  7.67 35.40 0.1310 051259312 0.512370 1.31
10
Flow GZ-64 114 3163 0.1045  0.705764+13 0.705378  9.93 47.75 0.1258 051261414  0.512400 1.89
11
Flow GZ-66 721 594.1 0.0351  0.705169+12 0.705039  5.90 37.39 0.0953 0.512654+11 0.512492 3.68
12
Ames 0.512139+15
(n=8)
NBS-987 0.710237+25
(n=38)
BCR-1 4549 340.0 0.704995+25 6.54 28.18 0.512634+16

Initial isotopic ratios calculated at 260 Ma.
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correlate negatively with SiO, in Flows 9—12 but not in
Flows 1-8 (Fig. 3). Similarly, MgO contents correlate
negatively with concentrations of TiO,, P,Os, Eu, Cr, Nb
and Zr in Flows 9—12 but not in Flows 1-8 (Fig. 4). Flow
9 has wide ranges in major oxides with TiO,, Fe,0s,
P,05 and K,O decreasing and Al,O3, MgO and CaO
increasing upward (Supplementay Table 1, Fig. 5a).
This flow also has higher Cr (117-225 ppm) and Ni
(55-84 ppm) than Flows 1-8 and 10—12 (23-78 and
36—65 ppm, respectively).

The Zr/Nb and Th/Ta ratios decrease systematically
upwards from Flow 1 to Flow 12 (Fig. 5a), except for
three samples in Flow 9. Most elemental ratios in Flow 9,

5 T T T
4 ) ;DSED & o o
: T
Y ]
o~
Q
|_
2_ -
Flows1-8 U
Flows 9-12 o |
1 1 1 1
44 46 48 50 52
60—
‘\d\‘
o
= ;
g
o
-
52
m\: j
E =
= -
o ]
o
=z
10—JIKIIIJIAIIIIA1IIII
44 46 48 50 52
SiOz (wt%)

Th (ppm)

Zr (ppm)

89

such as Zi/Nb, Ti/Y, Cu/Zr and Cu/Pd, are distinctly
different from ratios in other flows (Fig. 5a and b).
Samples from Flow 9 also have lower Zr, Nb, Sr and La,
Z1/Y, Ti/Y and Cu/Pd ratios and higher Zr/Nb and Cu/Zr
ratios than those from other flows. Zr correlates positively
with La and Nb in all the flows (Fig. 6). Samples from the
lower and upper parts of the section are distinctly different
in plots of Th/Nb vs. Sm/Yb and La/Yb (Fig. 6). All
samples have similar chondrite-normalized REE patterns
with variable enrichment of light REE (LREE) (Fig. 7).
Likewise all samples have similar primitive mantle-
normalized trace element patterns (Fig. 8) showing
enrichment in large ion lithophile elements (LILE), such
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Fig. 3. Harker diagrams showing the variations of SiO, vs. major oxides for Heishitou basalts.
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Fig. 4. Plots of MgO vs. other oxides and selected trace elements for Heishitou basalts.

as Ba, Th and U, and negative P anomalies. Samples from
Flows 1 to 4 also have weak negative Rb anomalies,
whereas Flows 5—12 show strong negative Rb anomalies.
Compared with Flows 9-12, samples from Flows 1-8
show weak negative Nb anomalies (Fig. 8).

5.2. Cu, Ni and PGEs

Iridium values vary widely from 0.02 to 0.25 ppb.
Flow 9 has the lowest Ir and highest Ru and is easily
distinguished from the other flows (Figs. 5b and 9). The
Pd/Ir and Pt/Pd ratios correlate negatively whereas a plot
of Ni/Pd vs. Pd/Cr (Fig. 9) shows no consistent pattern.

All samples are depleted in Ir-subgroup PGE (IPGE:
Os, Ir and Ru) in a primitive mantle-normalized
chalcophile element diagram (Fig. 10). Different flows
have slightly different patterns, but all samples from the
same flow have similar patterns. All samples show
enrichment of Cu relative to Ni and PGE. Rocks in
Flow 1 have the lowest PGE contents, whereas those in
Flow 9 have the highest Cr and Ru contents. Flow § has
the highest Os (Fig. 5b). Other flows show negative Ru
anomalies on primitive mantle-normalized diagrams.

Flows 1-3 and 5-8 have the highest Pt/Pd ratios
(0.98-1.76; 0.9-2.12, respectively), while samples
from Flows 4 and 9 have the lowest Pt/Pd ratios
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(0.54—1.26, respectively). Flows 10—12 have moderate
Pt/Pd ratios (0.55—1.29) (Supplementary Table 2, Fig. 5b).

5.3. Re—0Os isotopic compositions

The concentration of Re ranges from 0.1 to 1.0 ppb in
most samples, except in samples GZ-42 (4.44 ppb), GZ-53
(1.46 ppb) and GZ-55 (2.88 ppb) with high '¥’0s/'**0s
ratios of 1.29, 1.08 and 2.78, respectively (Supplementary
Table 2). The Os contents vary from 0.011 to 0.099 ppb for
most samples. Flow 8 has the highest Os of all flows
ranging from 0.15-0.22 ppb.

The "¥70s/'¥0s ratios of Heishitou range from 0.17
to 2.78. In Flow 1, the ¥70s/!®80s ratios from 0.63 to
0.93, notably higher than in Flows 2 to 8 (0.17-0.63).
Flows 9 to 12 have even higher '*70s/'*®0s ratios
(mostly 0.5—1.0). The highest '*’Os/'**Os ratios occur
in the samples with the highest Re (GZ-42, GZ-53, and
GZ-55) (Supplementary Table 2).

The initial ('”0s/"*¥Os); ratios were calculated using
the well-constrained age of 260 Ma for the ECFB (Zhou
etal., 2002a) and the Re and Os concentrations measured
by ICP-MS. Samples with high Os contents have
relatively low and constant initial (**’Os/'**Os); ratios,
whereas samples with low Os contents have relatively
high and variable ('*”0s/'®¥Os); ratios (Fig. 11, Supple-
mentary Table 2).

5.4. Rb—=Sr and Sm—Nd isotopic compositions

Sm—Nd isotopic compositions of the Heishitou rocks
are relatively constant with '**Nd/'**Nd ratios ranging
from 0.51252 to 0.5127 and engq(, values ranging from
—0.33 to +3.68, whereas the initial ®’St/*Sr ratios vary
widely from 0.7051 to 0.7073 (Table 2). The &nq(
values of the rocks in the lower part of the section are
lower than those in the upper part. The &ng(,) values and
Sr ratios of all samples are within the range of the ECFB
from previous studies (Fig. 12).

6. Discussion
6.1. Crustal contamination

Because crustal rocks are in general rich in Zr and Th
relative to Nb and Ta (Pearce et al., 1984), gradually
decreasing Zr/Nb, Th/Nb and Th/Ta ratios from the base
to the top of the Heishitou sequence, except for Flow 9
(Fig. 5a) can be explained by decreasing degrees of
contamination. The earliest magmas may have been
contaminated by disruption and erosion of wall-rock during
formation of a magma chamber, whereas the later magmas

may have passed more directly to the surface. How-
ever, samples from Flows 1—-8 have only slightly negative
Nb-Ta anomalies, suggesting only slight contamination.

The degree of crustal contamination of the magmas
can be illustrated using (Nb/Th)py and (Th/Yb)py ratios
where the rock values have been normalized to the
relevant trace element contents of the primitive mantle.
(Nb/Th)pys is best used to indicate the extent of Nb
anomaly whereas (Th/Yb)pys is a sensitive indicator of
crustal contamination. Samples from Flows 1-8 have
lower (Nb/Th)py;, but higher (Th/Yb)py ratios than
Flows 9-12, consistent with a higher degree of crustal
contamination (Fig. 13).

During the evolution of the Earth’s mantle and deve-
lopment of the crust, Os was preferentially retained in the
mantle, whereas Re was moderately enriched in most
crustal rocks. Because Os is compatible but Re is
moderate incompatible during partial melting, most
crustal materials have very low Os abundances and
high Re/Os ratios which yield extremely radiogenic Os
isotopic signatures (Palmer and Turekian, 1986; Palmer
et al., 1988; Koide et al., 1991; Esser and Turekian,
1993). Therefore, minor amounts of crustal contamina-
tion will alter significantly the Os isotopic composition
of'a basaltic magma with low Os concentrations (Reisberg
et al., 1993; Widom and Shirey, 1996; Widom et al.,
1999).

The high '®’0s/'*30s ratios are attributed to crustal
contamination and radiogenic '*’Os. To evaluate the
degree of the crustal contamination in the ECFB, it is
ngcessary to first calculate the contribution of radiogenic
¥70s.

The '®70s/'®*0s ratio for primitive mantle mate-
rial is 0.12904£0.0009 (Meisel et al., 1996). Thus,
initial '®’0s/'*¥0s ratios in excess of this value are
taken as indicators of crustal contamination. In Flows
1-8, the average initial '"¥’0s/'*®0s ratios and Os
contents are 0.18 and 0.072 ppb, while in Flows 9—12
are 0.28 and 0.025 ppb (Supplementary Table 2). The
coupling between low Os contents and high initial
1870s/'880s ratios indicate that it is easy to alter the Os
isotopic compositions of basaltic magmas with low Os
concentrations.

6.2. Mantle source and partial melting

Understanding the petrogenesis of basaltic magmas
involves estimating their source compositions, degrees
of partial melting, and the processes that took place
during their ascent and eruption. The degree of partial
melting is difficult to estimate because the source com-
positions are unknown.
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Fig. 6. Plots of Zr vs. La, Zr and Nb, Sm/YDb vs. Th/Nb, and La/Yb vs. Th/Nb for Heishitou basalts.

All Heishitou basalts are rich in Nb and Ta, despite some
modification due to crustal contamination. High Nb and
Ta contents imply that the high-Ti basalts from
Heishitou were derived from an OIB-type mantle source
(e.g. Edwards et al., 1994).

Both the composition of the mantle source and degree
of partial melting that produced the parental magmas can
be estimated using REE abundances and ratios of the
basalts. Because Sm and Yb have similar partition
coefficients between the melting and the residua, partial
melting of a spinel-lherzolite source will result in a
constant Sm/YDb ratio, whereas the La/Sm ratio should
decrease and the Sm content increase with increasing
degrees of melting (Aldanmaz et al., 2000). Therefore,
partial melts derived from spinel-lherzolite sources
should define melting trends sub-parallel to, and nearly
coincident with, a spinel—lherzolite melting trend defined
by depleted and enriched source compositions (Green,
20006).

On the other hand, garnet has a high partition coefficient
for Yb (Dgametimet:=6.6) relative to Sm (Dgametimete=0.25)
(Johnson, 1998), thus residual garnet in the source will
cause a significant increase in the Sm/Yb ratio of the melt.
Accordingly, partial melting of garnet—lherzolite mantle
with residual garnet will produce a more steeply sloping

trend on a Sm/Yb vs. Sm diagram than melting of a spinel—
plagioclase lherzolite source (Fig. 14a). The basalts from
Heishitou have Sm/YDb ratios somewhat higher than the
spinel-lherzolite melting curve, but lower than those of the
garnet—lherzolite melting trend (Fig. 14a, b). Because
minor crustal contamination will enhance the Sm/Yb and
La/Sm ratios, the original melts from which these samples
were derived should plot close to garnet—lherzolite melting
curve, implying a garnet lherzolite mantle source.

All Heishitou basalts contain high TiO, (1.9-4.4 wt.%)
with high Ti/Y ratios (400—700) (Supplementary Table 1
and Fig. 5a) and they belong to the high-Ti group of
the ECFB. Garnet has a high partition coefficient for
Y (Dgamevmer=3.1) relative to Ti (Dgameymet:=0.29)
(Johnson, 1998). The high Ti/Y ratios are thus an
indication of a mantle source at a garnet-stable depth.

Different degrees of partial melting will change the
melt composition (Gurenko and Chaussidon, 1995), but
will not change the isotopic ratios or the ratios of the
most incompatible elements. Different basaltic flows in
Heishitou have variable isotope and trace element ratios,
indicating that their differences in composition primarily
reflect different degrees of partial melting.

All of the Heishitou basalts have &nq(,) values ranging
from —0.33 to +3.68 and different trace element ratios,
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Fig. 7. Chondrite-normalized REE patterns for the flood basalts in
Heishitou. The chondrite values are from Sun and McDonough (1989).

indicating that their differences in composition primarily
reflect different degrees of partial melting. Flows 9—12
have generally lower TiO, (1.9-3.9 wt.%) than Flows 1—
8 (3.6—4.4 wt.%). High degrees of partial melting of a
mantle source are implied by low abundances of
incompatible elements, especially REE, Zr, Hf, Y, Nb
and Ta, and of major elements such as TiO, and P,Os.
High degrees of partial melting will also produce
relatively high concentrations of MgO, Ir, Ni and Cr,
whereas low degrees of partial melting will produce
magmas enriched in incompatible HFSE. Plots of TiO,,
P,0s, La, Th, Eu, Zr, Nb and Cr versus SiO, and MgO
(Figs. 3 and 4) show two trends. Flows 1-8 have
relatively high and constant contents of these elements,
whereas Flows 9—12 have relatively low contents and the
elements correlate negatively with SiO, and MgO. These
observations clearly suggest that Flows 9-12 were
derived from magmas formed by higher degrees of partial
melting than those that produced Flows 1-8.

Our calculations on trace elements geochemistry
suggest that Flows 9—12 formed from melts underwent

about 20% partial melting of the source (Fig. 14a and b).
Relatively high degrees of partial melting is also
supported by low contents of HFSE and (La/Yb)pym
ratios of these rocks, which range from 2.61 to 6.83.

6.3. Implications for PGE fractionation

6.3.1. Fractionation of IPGE and PPGE

PGE are traditionally subdivided into compatible
IPGE (Os, Ir and Ru) and incompatible PPGE (Rh, Pd
and Pt) elements during fractionation of mafic magma.
Experiments have confirmed that there is only a slight
difference in partition coefficients of individual PGE
between sulfide and silicate melts (Bezmen et al., 1994).
Thus, removal of sulfide liquid from magma cannot
explain the steeply positively-sloped primitive mantle-
normalized patterns for the Heishitou basalts (Fig. 10).

It has been suggested that low degrees of partial
melting produce a PPGE-rich melt with a high Pd/Ir
ratio, whereas higher degrees of melting produce magmas
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with lower Pd/Ir ratios (Crocket and Teruta, 1977; Alard
et al., 2000). The low Pd/Ir ratios of komatiites and high
IPGE of basalts in the Deccan Traps (average Pd/Ir ratio 32)
are explained by relatively high degrees of partial melting
(Barnes et al., 1985; Zhou, 1994; Crocket and Paul, 2004).

The relatively low Pd/Ir ratios in Flows 1-3 and 5—8
(20—110) compared to Flow 4 (111-339) and Flows 9—
12 (56—850) cannot be interpreted as the higher degrees
of partial melting, because the concentrations of Pd in
these flows are low compared to the other flows. Thus
the Pd/Ir ratios are mainly controlled by Pd abundances
and the low Pd/Ir ratios cannot represent higher degrees

of partial melting. Fractionation of sulfides and silicates
that reduced the Pd and Ir contents in the melts may be
the main factor that controlled the Pd/Ir ratios.

All the basaltic samples have MgO contents ranging
from 4 to 6 wt.% and Mg# ranging from 34.3 to 48.4
(Supplementary Table 1) suggesting that a considerable
amount of fractionation took place prior to the eruption of
the lavas. This interpretation is supported by the low Ni
and Cr contents and high Cu/Ni ratios of these rocks
(Supplementary Table 1, Fig. 5a).

Early crystallization of laurite would also be a very
effective means of removing the IPGE from a magma.
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During the early stages of crystal fractionation, IPGE may
form laurite and Os—Ir—Ru alloys (Capobianco and Drake,
1990; Amosse et al., 1990; Peck and Keays, 1990; Merkle,
1998), and enclosed in early phases, such as chromite and
olivine (Stockman, 1984), suggests that these may be
physically incorporated as submicroscopic grains in major
fractionating phases (Zhou, 1994), effectively removing
the IPGE from the melt. In this fashion, precipitation of
IPGE-hosting alloys can produce strong fractionation
between PPGE and IPGE in the melt. Precipitation of
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Fig. 11. Plots of initial '*’Os/'*¥0s vs. Os contents for the Heishitou
basalts.

laurite or Ru—Os—Ir alloy (or both) will cause IPGE
depletion and PPGE enrichment in S-undersaturated melts.
The steep primitive mantle-normalized PGE patterns of the
Heishitou basalts clearly indicate such fractionation
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Fig. 12. Plots of (Nb/Th)py vs. (Th/Yb)pys, showing variations in crustal
contamination for the Heishitou basalts. Data source: PM, N-MORB and
OIB, Sun and McDonough (1989); Emeishan picrites, Zhang et al.
(2004); the upper crust, Taylor and McLennan (1985).
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between IPGE and PPGE (Fig. 10). The relatively high
PPGE and low IPGE of these basalts suggest that most of
the melts were S-undersaturated and may have undergone
early fractionation of chromite or olivine.

6.3.2. Negative Ru anomalies

The crystallization of laurite during the early stages of
fractionation may cause a negative Ru anomaly on
primitive mantle-normalized chalcophile element pat-
terns. Most Heishitou basalts, except those from Flows 4
and 9, have such negative Ru anomalies (Fig. 10). It has
been documented that laurite is stable up to ~1275 °C at
log fs> of —2.0 and is replaced by a Ru alloy at higher
temperatures (Brenan and Andrews, 2001). Therefore,
both laurite and Ru—Os—Ir alloys are stable at liquidus
temperatures of chromian spinel in mafic magma.
Because of its high thermal stability, laurite can be an
early primary magmatic phase and can be entrapped in
other crystallizing minerals phases, such as chromian
spinel (e.g., Hiemstra, 1979; Merkle, 1992; Righter et al.,
2004). High Ru concentrations in these minerals relative
to Os and Ir can lead to the preferential removal of Ru
from silicate magmas and negative Ru anomalies in
primitive mantle-normalized PGE diagrams.

The negative Ru anomalies in flood basalts and
positive anomalies in ultramafic rocks and chromites
were documented elsewhere in the world. Philipp et al.
(2001) reported negative Ru anomalies in the basalt of the

seaward-dipping reflector sequence, SE Greenland coast,
similar to the Ru anomalies in the Heishitou basalts.
Chazey and Neal (2005) reported positive Ir anomalies
and negative Ru anomalies in basalts from the Kerguelen
Plateau. Osmium and Ru are enriched in mss (mono-
sulfide solid solution) inclusions in mantle xenocrysts
(Aulbach et al., 2004), and positive Ru anomalies have
been reported in chromites from the Troodos complex
(Btichl et al., 2004) and ophiolites in China (Zhou et al.,
1998). Lorand et al. (2004) reported positive Os and Ru
anomalies in dunites and some harzburgites, and Puchtel
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and Humayun (2001) observed positive Ru anomalies in
olivine, chromite and sulfide. Handler and Bennett (1999)
reported relatively high Ru abundances of some perido-
tites and abyssal peridotites and suggested that the Ru
abundances in the mantle may be higher than predicted by
chondritic abundances and may be regionally hetero-
geneous. Fiorentini et al. (2004) reported a strong positive
relationship between Cr and Ru in Agnew komatiite, and
suggested that Ru is soluble in chromite during crystal-
lization, causing Ru positive anomalies. Positive Ru
anomalies in olivine and chromite and negative anomalies
in basalts may reflect removal of laurite in the primary
magma, followed by coprecipitation with chromian
spinel, olivine or sulfide fractionation.

Based on the above discussion, we interpret the
negative Ru anomalies of most of the Heishitou basalts
(Fig. 10) to indicate fractionation of laurite or Os—Ir—Ru
alloys in the primary magma. Flows 4 and 9, the only
ones without negative Ru anomalies, have relatively
high Cr and Ru (Tables 1 and 3, Fig. 5b), suggesting
relatively primitive nature of the magma.

6.3.3. Pt and Pd fractionation

As described by Lightfoot and Keays (2005), there are
three ways for changing the Pt/Pd ratios in the melting: (1)
fractionation of a S-saturated melt may change the Pt/Pd
ratio, because the Pd is more chalcophile than Pt (Vogel
and Keays, 1997), (2) fractionation of a S-undersaturated
magma with segregation of silicates and possibly spinels,
and (3) accumulation of a phase which does not host either
Pd or Pt. The primitive mantle has a Pt/Pd ratio of about
1.82 (McDonough and Sun, 1995). The lower ratios of
Heishitou can be interpreted as the result of early
fractionation of silicate minerals, chromite and possibly
platinum-group minerals from S-undersaturated melts.
Because Pt has a larger partition coefficient than Pd
between silicate magma and olivine phenocrysts
(Momme et al., 2002) or between the fractionating
assemblage (Ol+PGE-phases) and komatiitic melt (Puch-
tel and Humayun, 2000, 2001), Pt will be preferentially
removed from a sulfide-undersaturated magma under-
going silicate mineral fractionation (Momme et al., 2002).
Thus, the fractionation of Pt and Pd in these rocks may
reflect olivine fractionation in S-undersaturated melts.

In the East Greenland rifted margin, low-Ti and high-
Ti basalts have Pt/Pd ratios ranging from 0.11 to 1.3 and
0.2 to 1.1, respectively, and low Pt/Pd ratios indicate that
Pd is much more incompatible than Pt during S-
undersaturated differentiation (Momme et al., 2002).
Crocket and Paul (2004) reported variable Pd/Ir ratios in
the Deccan Traps and suggested that the observed
variations resulted mainly from fractional crystallization

of a primitive basaltic melt. They further suggest that
crystal fractionation would lead to fractionation of Pt
and Pd, resulting in lower Pt/Pd ratios.

Flows 1-3 and 5-8 have the highest Pt/Pd ratios
(0.9-2.12), while Flows 4 and 9 have the lowest Pt/Pd
ratios (0.54-1.26) and Flows 10—12 have moderate Pt/
Pd ratios (0.55—1.29) (Supplementary Table 2, Fig. 5b),
suggesting Flows 4 and 9 have relatively extensive
silicate fractionation, consistent with the results of Pd/Ir
ratios. The strongly negative correlation of Pd/Ir and Pt/Pd
ratios in the Heishitou basalts (Fig. 9) indicates that the Pt/
Pd ratios may be related to fractionation of non-sulfide
phases.

6.4. Sulfur saturation and sulfide segregation

Partial melting of the primitive mantle may lead to
the formation of either S-saturated or S-undersaturated
magmas. If the melts were S-saturated, the immiscible
sulfide liquids would have stayed in the residual mantle,
resulting in a PGE-poor magma. If the magma was S-
undersaturated, the PGE would have remained in the
primary melt, leading to enrichment of PGE, especially
PPGE (Seitz and Keays, 1997). At least 25% of partial
melting is required to consume all sulfides in the mantle
(Keays, 1995; Rehkdmper et al., 1999; Momme et al.,
2003). Experimental and petrological studies indicate
that MORB is S-saturated (Naldrett et al., 1978; Keays,
1995).

The partition coefficients between immiscible sulfide
liquid and silicate magma for elements such as Ir and Pd
(about 3 x 10%) are much higher than those for Ni and Cu
(4x10% and 10°, respectively) (e.g. Barnes and Maier,
1999). Hence, Cu/Pd ratios are useful indicators of the
degree of S-saturation of magmas. In immiscible sulfide
liquids, Pd and Ir show similar compatible behaviors,
whereas Pd is more compatible than Cu (e.g. Fleet et al.,
1991; Peach et al., 1994), resulting in relatively constant
Pd/Ir ratios, higher and variable Cu/Pd ratios, and lower
Cu/Zr ratios in the silicate magma. In contrast, Pd is
incompatible and Ir is compatible in olivine or chromite
during S-undersaturated differentiation, leading to an
increase in Pd/Ir ratios and relatively constant Cu/Pd
ratios.

Samples from Heishitou have highly variable Cu/Pd
ratios (from 6700 to 45,000) (Supplementary Table 2,
Fig. 5b). Flow 1 has relatively high Cu/Pd ratios (38,000—
40,000) with low Pt (~6.5 ppb), Pd (~4.3 ppb) contents
(Supplementary Table 2) and relatively low Cu/Zr ratios,
suggesting sulfide fractionation before emplacement.

Flows 2 and 3 have higher PGE contents and lower Cu/
Pd ratios (~18,000), and slightly variable Cu/Zr (0.4—
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0.54) and Pd/Ir ratios (70—110), indicating these two
flows are from evolved magmas with weak silicate
fractionation. Pd/Ir ratios of Flows 4 and 9 are higher than
those of other flows, indicating relatively high degree of
silicate fractionation. The higher Cu/Zr ratios, lower Cu/
Pd ratios, lower Os, Ir and Pt contents, and higher Ru and
Pd contents (Fig. 5b), suggesting no S-saturated fractio-
nation for these two flows.

Most samples from Flows 5-8 have relatively
constant Os, Ir, Ru, Rh and Pt, but lower Pd contents
(Fig. 5b) suggesting a S-saturated trend. Because Pd is
more chalcophile than Pt and therefore will be
preferentially removed from a sulfide-saturated magma
(Vogel and Keays, 1997). The Pd/Ir ratios of these flows
are lower than 100, indicating relatively low degree of
silicate fractionation before emplacement of these
flows.

Samples of Flows 10—12 have low and variable Cu/
Pd ratios (6700-22,000) and high and variable Cu/Zr
ratios (0.16—1.0) indicating no S-saturated differentia-
tion. They have higher Pd/Ir ratios, lower IPGE and
higher Pt and Pd contents than Flows 5-8, indicating a
general silicate fractionation trend. As suggested by
Bennett et al. (2000), PGE variations of Hawaiian
picrites reflect variable amounts of residual sulfide in the
mantle source. The variable Cu/Pd and Cu/Zr ratios of
Flows 10—12 reflect the complex evolution of the later
stages of magma in Heishitou.

7. Conclusions

The Heishitou volcanic sequence includes 12 high-
Ti basaltic lava flows with the lower part of the
section experienced stronger degree of crustal contam-
ination relative to the upper part. The Heishitou basalts
were derived from a garnet—lherzolite, OIB-type
mantle source and were produced by about 20% partial
melting.

The Os-poor basalts have variable Os isotopic ratios,
whereas basalts with higher Os concentrations have
relatively constant and less radiogenic values. Only minor
amounts of crustal contamination are required to alter the
Os isotopic composition of Os-poor basaltic magma.

The relatively high PPGE and low IPGE concentra-
tions of these basalts suggest derivation from a magma
that has not experienced S-saturation. Crystal fractiona-
tion played an important role in the fractionation
between PPGE and IPGE and between Pt and Pd. The
negative Ru anomalies on primitive mantle-normalized
PGE patterns of the Heishitou basalts result from
fractionation of laurite or Os—Ir—Ru alloys in the primary
magma.
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