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- ] known. To investigate these unresolved issues, this study sampled basalts from Niutoushan and Mingxi (Fujian
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province), Xilong (Zhejiang province), and Penghu (Taiwan) for geochemical analysis. The basalt samples
show OIB-like trace element patterns and have low PGE contents, with 0.02-0.7 ppb Ir and Pd, 0.05-1.4 ppb
Ru, 0.01-0.2 ppb Rh, and 0.06-1.1 ppb Pt. All samples have high Cu/Pd ratios ranging from ~69,000 to
3,500,000, and low Cu/Zr ratios ranging from 0.1 to 0.8, suggesting sulfur-saturated fractionation. Model calcula-
tions indicate that the basalts are depleted in PGE due to the retention of 0.001% to 0.1% sulfide in the mantle and
the removal of up to 0.0022% sulfide during magma ascent. The crystallization of olivine and spinel, and partial
melting are insufficient to account for the observed PGE variation in these basalts. Thus, the distinct PGE patterns
in basalts with different ages may reflect the heterogeneity of the mantle source beneath SE China. The source
heterogeneity may be due to compositional heterogeneity, particularly variations in oxygen fugacity and PGE
mineral phases, or due to variable fluid/melt metasomatic agents in the sub-continental lithospheric mantle.
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This heterogeneity is possibly related to the westward subduction of the Paleo-Pacific Plate.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Cenozoic volcanic rocks are widespread in eastern China and cover an
area of ~43,000 km? (Chen et al,, 2014). They are part of the circum-
Pacific volcanic belt located west of the calc-alkaline volcanic arcs in
Japan, Izu-Bonin-Mariana, and the Philippines, and are closely associated
with major regional faults (Zhou and Armstrong, 1982). These volcanic
rocks are almost exclusively basalts of various types, with minor amounts
of more fractionated lavas. Their lithophile trace element and isotopic
compositions indicate that the Cenozoic basalts in SE China were derived
from a mixture of asthenospheric mantle and enriched mantle 2 (EM2).
In contrast, their equivalents in NE China were derived from a mixture
of asthenospheric mantle and enriched mantle 1 (EM1), and are general-
ly ocean island basalt (OIB)-like (Ho et al., 2003; Zou et al., 2000).
Cenozoic basalts with varying ages in SE China are distributed along
major NE-trending faults. Understanding whether these basalts are
derived from the same mantle source or different sources is important
to understand the evolution of the mantle beneath SE China.
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Chalcophile elements, including platinum-group elements (PGEs),
Ni and Cu, are commonly used to investigate the origin and evolution
of mafic-ultramafic rocks, particularly to study sulfur-saturation and
mineral fractionation processes (Barnes et al., 1985; X.-W. Huang
et al., 2013; Momme et al., 2003; Philipp et al., 2001; Qi and Zhou,
2008; Qi et al., 2008; Wang et al., 2007, 2011; Yang et al., 2011; Zeng
et al,, 2016; Zhou et al., 1998). Moreover, PGE compositions of basalts
can provide information about the nature of mantle sources such as
DMM, EM2 and subduction-enriched mantle, which complements in-
formation from lithophile element tracers (Dale et al., 2008). The PGE
geochemistry of basalts and peridotite xenoliths from Hannuoba in
North China indicates a depletion of Ir relative to other PGEs (Chu
et al., 1999). Ir-depleted mantle xenoliths have also been found else-
where in NE China, and this Ir depletion is thus interpreted as a feature
of the upper mantle beneath eastern China (Chu et al., 1999; Orberger
etal, 1998; Xu et al., 1998; Zheng et al., 2005). However, mantle xeno-
liths in Nushan in the central part of eastern China show PGE patterns
with no significant Ir depletion (Liu et al., 2010). Basalts from Leigiong
(Hainan province) and Sanshui (Guangdong province), and andesites
from Lianping (Guangdong province) in SE China also lack a strong Ir-
depletion, which has been attributed to derivation from a more oxidized
sub-continental lithospheric mantle (SCLM; Yang et al, 2011).
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Therefore, the PGE variations in Cenozoic basalts may reflect heteroge-
neous mantle sources beneath eastern China.

In this study, we present new major and trace element data, and PGE
data, for Cenozoic basalts from Mingxi and Niutoushan in Fujian prov-
ince, Xilong in Zhejiang province, and Penghu in the Taiwan Strait.
These new data are used to investigate the factors controlling PGE com-
position, sulfur saturation, and the nature of their mantle sources. Com-
bined with previously reported PGE data from the Sanshui and Leigiong
basalts, this enables us to discuss the heterogeneity of the mantle source
beneath SE China.

2. Geological background and sampling strategy

At the East Asia continental margin, the westward subduction of the
Pacific plate and the northward indentation of India extend over
5000 km from Siberia over Eastern China to Indo-China. These two
major tectonic processes are thought to govern the development of Ce-
nozoic extensional basins and associated volcanic rocks in East Asia (Fan
and Hooper, 1991; Tapponnier et al., 1982; Zhou and Armstrong, 1982).

The Cenozoic continental extension around the Taiwan Strait has re-
sulted in basaltic volcanism in the Fujian-Taiwan region (Chung et al.,
1994; Fig. 1). This extension is almost certainly related to the opening
of the South China Sea (Nanni et al., 2017 and references therein),
which in turn most likely resulted from the India-Eurasia collision
(Tapponnier et al., 1982). The tensional forces formed numerous NE-
trending sedimentary basins around the South China Sea, and tension
may have propagated northeastwards to the Fujian-Taiwan region
(Chung et al., 1994; Fig. 1). From east to west, three NE-SW trending
volcanic belts have been identified in Guangdong, Fujian, and Zhejiang
provinces, where these belts are associated with major faults (Chung
et al,, 1994; Qi et al., 1994; Zou et al., 2000; Fig. 1). The basalts in these
belts yield ages ranging from the early Tertiary to the Pliocene. The ba-
salts from Penghu near Taiwan are considered to be the product of pas-
sive extension around the Taiwan Strait, also in response to extension in
the South China Sea (Tu et al,, 1992; Xu et al., 2012).

In this study we collected samples of basalts from Mingxi (4.9-1.4 Ma)
and Xilong (Pliocene to Pleistocene) in the western belt, from Niutoushan
(17.9-16.7 Ma) in the central belt, and from Penghu (16.2-9.2 Ma) in the
eastern belt (Chen and Zhang, 1992; Ho et al., 2003; Juang and Chen,
1992; Liu et al.,, 1992). These basalts usually contain mantle xenoliths,

which are spinel and/or garnet peridotites. The phenocrysts in these ba-
salts are dominantly olivine and clinopyroxene, with minor plagioclase,
whereas the matrix is composed mainly of fine-grained plagioclase,
olivine, clinopyroxene, and Fe-Ti oxides. Detailed petrographic descrip-
tions of the basalts from Mingxi, Xilong, and Niutoushan can be found
in Qi et al. (1994), and a detailed petrographic description of the Penghu
basalts is provided by Juang and Chen (1999).

3. Analytical methods

Whole-rock major elements, trace elements, and PGEs were deter-
mined at the State Key Laboratory of Ore Deposit Geochemistry, Institute
of Geochemistry, Chinese Academy of Sciences (IGCAS), Guiyang, China.
The major element compositions of the Penghu basalts were analyzed at
the Department of Earth Sciences, University of Hong Kong (HKU).
Whole-rock major oxides were analyzed on fused glass beads using
Panalytical Axios PW4400 (IGCAS) and Philips PW2400 (HKU) X-ray fluo-
rescence spectrometers. Analytical uncertainties are better than 5%. Trace
elements were analyzed using a PE Elan DRC-e ICP-MS after HF + HNO;
digestion in a sealed Teflon beaker following the procedures of Qi et al.
(2000). Precisions for most trace elements are typically better than 5%.

Whole-rock PGEs were determined by isotope dilution (ID)-ICP-MS
(PE Elan DRC-e) using a modified digestion method (Qi et al., 2011).
Five grams of rock powder (>200 mesh) and appropriate amounts of
isotope spikes 1°'Ru, '*3Ir, 1°°Pd, and '®*Pt were weighed and then
decomposed in a 120 ml sealed PTFE beaker by a mixture of HF and
HNOs3 at 190 °C for 24 h. The solutions were evaporated to dryness
and concentrated HCl was added. After drying, the solutions were con-
ditioned to 2 N HCl and transferred to 50 ml centrifuge tubes. After
centrifuging, the supernatant was transferred to the original beaker
and used to preconcentrate PGEs by Te-coprecipitation. The main inter-
fering elements (e.g., Cu, Ni, Zr, and Hf) were removed by a mixed ion
exchange column that contained a Dowex 50W X8 cation exchange
resin and a P507 levextrel resin.

Iridium, Ru, Pt, and Pd were measured by the isotope dilution meth-
od and the content of Rh was calculated using %Pt as an internal stan-
dard (Qi et al., 2004). The total procedural blanks were lower than
0.009 ng for Ry, Rh, and Ir, and lower than 0.030 ng for Pt and Pd. The
analytical results obtained for the standard reference materials WGB-1
(gabbro) and TDB-1 (diabase) are in good agreement with certified
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Fig. 1. Sketch map showing the tectonic framework of South China and adjacent areas (X.-L. Huang et al., 2013; Xu et al.,, 2002). The red stars mark the sample localities of this study. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Analytical results of PGE for standard materials TDB-1 and WGB-1.

Elements TDB-1 (diabase) WGB-1 (gabbro)

Average Meisel Certified Average Meisel Certified
(1lo,n=2) (lo,n=2)

Ir 0.087 £ 0.033 0.075 0.15 0254008 0211 033

Ru 0.31 £ 0.01 0198 03 0244005 0144 03

Rh 0.45 £+ 0.06 0471 0.7 0364+ 0.01 0234 0.32

Pt 5.05 £+ 0.22 5.01 5.8 6.05+ 048 6.39 6.1

Pd 21.0 £ 1.2 243 224 1344+£05 139 139

Meisel = Meisel and Moser (2004); Certified = Govindaraju (1994).

values (Table 1). Duplicate analyses of sample XL12-21 yielded a good
reproducibility (Table 2).

4. Analytical results
4.1. Whole-rock major and trace elements
The major element data and most trace element data are available in

the online Appendix, and Ni, Cu, and Zr contents are listed in Table 2. The
basalts from the western, central, and eastern belts show different major

element compositions. Basalts from the western belt have the lowest SiO,
and Al,05 contents, and the highest TiO,, K;0, and P,05 contents, where-
as those from the central belt have the highest SiO, and Al,03 contents
and the lowest contents of other oxides (Fig. 2). The basalts from the east-
ern belt have oxide contents that are intermediate between those from
the other two belts. Due to the limited variance of MgO in the basalts
from the western belt, there are no obvious correlations between MgO
and other element oxides for basalts in this belt. On Harker diagrams,
Si0,, TiO,, and Al,05 show moderately negative correlations with MgO
for the basalts from the central belt (Fig. 2a—c). The constant CaO/Al,03
ratio for the basalts from the central belt with variable MgO indicates
the fractional crystallization of olivine (Fig. 2f). The positive correlation
between Ca0/Al,05 and MgO for the basalts from the western and east-
ern belts indicates the fractionation of clinopyroxene during differentia-
tion (Fig. 2f). According to their major element composition, basalts
from Niutoushan and Penghu are classified as tholeiites, whereas those
from Mingxi and Xilong belong to the alkaline series.

All of the analyzed basalts show similar chondrite-normalized REE pat-
terns with a relative LREE enrichment (Fig. 3a, c, e). The basalts from the
western belt have the highest ) ° REE contents (324-410 ppm), whereas
those from the central belt have the lowest ) REE contents
(58.1-79.4 ppm) and those from the eastern belt have intermediate

Table 2

Nickel, Cu, Zr (ppm) and PGE (ppb) concentrations of basalts from SE China.
Sample no. Ni Cu Zr Ir Ru Rh Pt Pd Cu/Ni Cu/Zr Cu/Pd
Niutoushan tholeiitic basalt
NTS12-01 143 68 100 0.033 0.110 0.018 0.083 0.131 0.5 0.7 518,956
NTS12-02 128 67 103 0.023 0.089 0.016 0.065 0.132 0.5 0.7 512,192
NTS12-03 526 55 78 0.603 1.416 0.175 1.087 0.265 0.1 0.7 206,029
NTS12-05 358 57 86 0.217 0.529 0.101 0.566 0.298 0.2 0.7 189,826
NTS12-06 124 69 104 0.015 0.069 0.009 0.059 0.019 0.6 0.7 3,577,945
NTS12-07 297 61 92 0.141 0.386 0.050 0.254 0.152 0.2 0.7 399,575
NTS12-08 110 66 102 0.015 0.069 0.010 0.065 0.019 0.6 0.6 3,415,079
NTS12-09 120 66 105 0.015 0.089 0.021 0.062 0.087 0.5 0.6 756,440
NTS12-10 138 66 96 0.028 0.098 0.028 0.109 0.138 0.5 0.7 475,034
NTS12-11 147 68 105 0.023 0.120 0.015 0.096 0.049 0.5 0.7 1,392,381
NTS12-12 171 62 98 0.038 0.137 0.022 0.119 0.147 0.4 0.6 419,635
NTS12-13 214 63 88 0.084 0.197 0.026 0.200 0.174 0.3 0.7 359,837
NTS12-14 192 69 99 0.052 0.120 0.021 0.139 0.074 0.4 0.7 923,990
NTS12-15 279 62 93 0.139 0.381 0.074 0.384 0.195 0.2 0.7 318,544
NTS12-16 361 60 90 0.269 0.564 0.096 0.566 0.277 0.2 0.7 216,379
NTS12-19 227 63 94 0.121 0.184 0.043 0.302 0.211 0.3 0.7 297,782
NTS12-28 155 74 104 0.044 0.085 0.021 0.093 0.050 0.5 0.7 1,480,218
Xilong alkaline basalt
XL12-21 380 50 308 0.289 0.649 0.187 0.957 0.722 0.1 0.2 69,054
XL12-21 replicate 0.296 0.670 0.180 1.158 0.852
XL12-22 335 48 295 0.276 0.547 0.196 0.873 0.669 0.1 0.2 71,074
XL12-23 361 50 317 0.253 0.472 0.215 0.868 0.705 0.1 0.2 70,631
XL12-24 346 51 302 0.248 0.463 0.229 0.816 0.605 0.1 0.2 84,614
XL12-27 313 48 304 0.234 0.521 0.119 0.838 0.585 0.2 0.2 82,399
Mingxi alkaline basalt
MX12-01 269 43 370 0.330 0.477 0.140 0.715 0.494 0.2 0.1 87,662
MX12-02 269 46 368 0.325 0.433 0.168 0.796 0.591 0.2 0.1 77,136
MX12-03 243 44 364 0.268 0.321 0.125 0.583 0.401 0.2 0.1 110,534
MX12-12 242 41 363 0.281 0.274 0.119 0.594 0.418 0.2 0.1 97,157
MX12-14 268 45 372 0.329 0.429 0.185 0.738 0.479 0.2 0.1 93,374
MX12-18 283 43 374 0316 0.397 0.162 0.638 0412 0.2 0.1 104,263
MX12-21 300 49 289 0.310 0.328 0.179 0.732 0.556 0.2 0.2 88,201
MX12-22 283 51 291 0.292 0.342 0.164 0.711 0.569 0.2 0.2 88,960
MX12-23 288 48 293 0.273 0.335 0.188 0.709 0.547 0.2 0.2 87,006
Penghu tholeiitic basalt
20130601-1 128 77 157 0.019 0.076 0.009 0.079 0.076 0.6 0.5 1,014,956
20130601-2 147 58 206 0.020 0.052 0.009 0.173 0.140 0.4 03 418,233
20130602-1 142 43 241 0.020 0.059 0.014 0.284 0.197 0.3 0.2 218,043
20130602-2 147 58 240 0.023 0.072 0.017 0.236 0.221 0.4 0.2 262,016
20130602-3 143 63 80 0.016 0.052 0.006 0.065 0.066 0.4 0.8 958,877
20130603-2 166 56 199 0.049 0.108 0.034 0.366 0.340 0.3 03 164,360
20130603-5-1 184 70 182 0.056 0.148 0.034 0.421 0.540 0.4 0.4 129,187
20130603-5-2 200 65 185 0.069 0.260 0.059 0.359 0.475 03 0.4 137,067
20130603-6 167 55 199 0.047 0.118 0.029 0.328 0319 0.3 03 172,884
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Fig. 2. Harker diagrams showing MgO versus SiO,, TiO,, Al,03, K50, P,0s, and CaO/Al,Os for basalts in SE China.

> REE contents (51.6-214 ppm). The lack of negative Eu anomalies in all
basalts indicates that plagioclase was not a major phase involved in frac-
tional crystallization. Weakly positive Eu anomalies in basalts from the
western belt are consistent with the presence of minor plagioclase
megacrysts. The absence of a negative Ce anomaly indicates that these ba-
salts are generally unaffected by low-temperature alteration. Most of the
basalts have REE patterns similar to OIB, although a minority of the basalts
from the eastern belt have REE patterns similar to E-MORB, with a slight
LREE enrichment (Fig. 33, ¢, ). The trace elements in most basalts exhibit
OIB-like patterns, with enrichment of large ion lithophile elements (LILEs)
and high field strength elements (HFSEs), a strong depletion of K and
slightly positive Ta, P, and Ti anomalies (Fig. 3b, d, f). Some basalts from
the eastern belt have trace element patterns similar to E-MORB. All basalts
have trace element patterns that are different from island arc volcanic
rocks and continental crustal rocks, which are commonly characterized
by negative Nb and Ta anomalies, and positive Pb anomalies.

4.2. Whole-rock chalcophile elements

The basalts from the western belt contain 240-380 ppm Ni and
40-51 ppm Cu with relatively constant Cu/Ni ratios of 0.1-0.2 (Table 2).
Those from the central belt have more variable Ni and Cu contents rang-
ing from 110 to 526 ppm and from 55 to 74 ppm, respectively, with Cu/Ni
ratios of 0.1-0.6. The basalts from the eastern belt have Ni and Cu contents
similar to those from the central belt and have Cu/Ni ratios of 0.3-0.6
(Table 2). All basalts have Ir, Ru, Rh, Pt, and Pd contents that are mostly
below 1 ppb (Table 2). The PGE contents in basalts from the western
belt are slightly higher than those of basalts from the other two belts.

The basalts from the central and eastern belts show positive correla-
tions between Ir and other PGEs (Fig. 4a-d). Conversely, basalts from
the western belt show no obvious correlation between Ir and other
PGEs, due to the limited variation in PGE contents. Except for a few out-
liers, all basalts have Pd/Ir ratios between ~1.3 and 10, exceeding the
primitive mantle ratio of ~1.2 (Barnes and Maier, 1999; Fig. 4d). Plati-
num also shows a positive correlation with Pd in basalts from all belts
(Fig. 4e). The basalts from the western and eastern belts have Pt/Pd ra-
tios of 0.8 to 1.5, slightly lower than the primitive mantle ratio of ~1.8
(Fig. 4e), whereas the basalts from the central belt have more variable
Pt/Pd ratios of 0.5 to 4.1 (Fig. 4e). The basalts from the central and east-
ern belts show positive correlations between PGEs and MgO, and be-
tween PGEs and Cr (Fig. 5). These trends are not obvious for the
basalts from the western belt due to the small variation in their PGE
contents. On the primitive-mantle-normalized siderophile and
chalcophile element diagram (Ni, PGEs, and Cu), basalts from the
three belts show W- or U-shaped patterns with depletion of PGEs rela-
tive to Ni and Cu (Fig. 6a).

5. Discussion
5.1. Roles of olivine and spinel fractionation

The constant CaO/Al,0;3 ratio with variable MgO content for the ba-
salts from the central belt could indicate the fractionation of olivine
(Fig. 2f). Positive correlations of Ir and Ru with MgO and Cr for the ba-
salts from the central belt indicate that Ir and Ru were likely compatible
during the fractionation of olivine and spinel (Fig. 5a, b, f, g). Because Pd
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is incompatible and Ir is compatible in olivine or spinel (Barnes et al.,
1985), Pd/Ir ratios will increase during S-undersaturated differentiation.
The basalts from the central belt show weakly negative correlations be-
tween Pd/Ir and MgO and between Pd/Ir and Cr (Fig. 7a and b), indicat-
ing that fractional crystallization of olivine and spinel had a slight effect
on Pd-Ir fractionation. The basalts from the western and eastern belts
show relatively constant Pd/Ir ratios when plotted versus indicators of
magma differentiation, suggesting that fractional crystallization of
these minerals has a negligible influence on the fractionation of IPGE
from PPGE. This inference is also supported by a plot of Cu/Ni versus
Pd/Ir (Fig. 7¢), in which the basalts from the central belt show a weakly
positive correlation between these ratios, whereas those from the west-
ern and eastern belts show no obvious correlations. Because both Niand
Ir are more compatible than Cu and Pd in olivine and spinel (Puchtel and
Humayun, 2001; Righter et al., 2004), fractional crystallization of these
minerals would increase Pd/Ir and Cu/Ni ratios in concert. Moreover,
the lack of an obvious negative correlation between Pd and MgO or Cr
for basalts from all three belts (Fig. 5e, j) indicates that the fractional
crystallization of olivine and spinel was not the main factor controlling
their PGE compositions.

5.2. Role of partial melting

PGE variations can also result from partial melting (Keays, 1995).
Due to the different compatibilities of the various PGEs, a variation in
the degree of melting would produce different PGE ratios. For example,
if the La/Sm ratio is taken as an indicator of the degree of partial melting,
the Pd/Ir ratio would increase with increasing melt fraction, as shown in
a suite of basalts from the Reunion hotspot trace (ODP Leg 115;

Greenough and Fryer, 1990; Greenough and Owen, 1992). In the basalts
from the central belt, the Pd/Ir ratios span nearly an order of magnitude
for a given La/Sm ratio of ~4 (Fig. 8a), suggesting that the Pd-Ir system-
atics are decoupled from the degree of melting. However, positive corre-
lations between Pd/Ir and La/Sm ratios for the basalts from the western
and eastern belts (Fig. 8a) indicate that fractionation of PPGE from IPGE
was partly affected by the degree of partial melting. The absence of cor-
relations between La/Sm and Ru/Ir or Pt/Pd for all basalts (Fig. 8b and
¢) implies that PGE fractionation was not controlled by partial melting.
Therefore, partial melting had a slight effect on the PGE composition
of the basalts from the western and eastern belts, but not on those
from the central belt.

It is commonly suggested that most alkali basalts are generated by a
relatively low degree of partial melting of enriched mantle sources at
high pressure, within plumes ascending from a deep-seated mantle res-
ervoir, whereas tholeiites form by higher degrees of melting at lower
pressures (Jaques and Green, 1980; Yoder and Tilley, 1962). High-
degree melts such as high-Mg tholeiites and komatiites are expected
to have lower Pd/Ir and higher Pt/Pd ratios than low-degree melts
such as alkali basalts, particularly if the magmas are derived from a sim-
ilar source. The lower degrees of partial melting inferred for alkaline ba-
salts from the western belt compared with tholeiites from the central
and eastern belts are consistent with the higher contents of incompati-
ble elements (e.g., Nb, Th, La, and Nd) in the basalts from the western
belt (Fig. 3). However, alkaline basalts from the western belt have
much lower Pd/Ir ratios and higher Pt/Pd ratios than the tholeiites
from the eastern belt (Fig. 8a and c). This indicates that the degree of
partial melting alone cannot explain the PGE variations between basalts
from different belts.
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Fig. 4. Plots of Ir versus Ruy, Rh, Pt, and Pd, and Pt versus Pd for basalts in SE China. The lines show PGE ratios of primitive mantle (Barnes and Maier, 1999).

In summary, both partial melting and fractional crystallization of ol-
ivine and spinel cannot account for the PGE variations of basalts from
the three belts. Alternative geological processes should thus be consid-
ered to explain this variation.

5.3. Role of sulfide segregation

Palladium and iridium have comparable silicate melt-sulfide melt
partitioning coefficients (Fleet et al., 1991; Peach et al., 1994), and
thus show similar compatible behavior during S-saturated differentia-
tion. Positive correlations between Ir and other PGEs (Fig. 4) and
between PPGE, MgO, and Cr (Fig. 5d, e, 1, j) in these basalts indicate
S-saturated differentiation. The PGE depletion relative to Ni and Cu
for basalts from the three belts (Fig. 6) also implies sulfide removal/
saturation in the mantle source and/or during magma differentia-
tion (Barnes et al., 1985; Fleet et al., 1991).

The Cu/Zr ratios can also be used to examine sulfide segregation.
Typically, mafic magmas that are not depleted in chalcophile metals
have Cu/Zr ratios around 1, whereas magmas that experienced sulfide
segregation have Cu/Zr ratios lower than unity due to the high compat-
ibility of Cu in sulfide (Lightfoot and Keays, 2005). The Cu/Zr ratios of
the basalts from the three belts range from 0.1 to 0.8, reflecting the re-
moval of sulfide during magmatic differentiation. The basalts from the
western and eastern belts show a positive correlation between Cu and

Cu/Zr ratios (Fig. 9a) and a negative correlation between Zr and Cu/Zr
ratios (Fig. 9b), which is typical for S-saturated fractionation. The basalts
from the central belt have relatively constant Cu/Zr ratios of ~0.7 and
lack correlations with Cu or Zr (Fig. 9a and b), and a trend of olivine frac-
tionation is consistent with their major element variation (Fig. 2f).

Because Cu is much less chalcophile than Pd (Barnes and Maier,
1999), the Cu/Pd ratio should increase if sulfide is fractionated from a
magma, and thus constitutes a useful indicator of sulfide fractionation.
On the other hand, if a suite of magmas fractionates silicate, spinel,
and perhaps platinum-group minerals (PGMs) instead of sulfur, the
Cu/Pd ratio should be constant. The basalts from the western, central,
and eastern belts have Cu/Pd ratios ranging from 69,000 to 110,000, ~
190,000 to 3,600,000, and 129,000 to 1,000,000, respectively (Fig. 9c
and d), all of which are highly variable and considerably higher than
the mantle value of ~7000 (Barnes and Maier, 1999), indicating S-
saturated fractionation.

5.3.1. Sulfur-saturated melting of a mantle source

Whether or not magmatic sulfides are retained during partial melt-
ing of the mantle has a critical influence on the PGE contents of the
resulting melts (Barnes et al., 2015). The presence of even minor resid-
ual sulfide is enough to produce a strong PGE depletion in mantle melts
that are sulfide-saturated in the source region (Hamlyn and Keays,
1986; Mungall and Brenan, 2014). The PGE budget of a primary
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Fig. 5. Plots of Ir, Ru, Rh, Pt, and Pd versus MgO and Cr for basalts in SE China.

S-undersaturated conditions, in which sulfides remain in the mantle be-
cause of their high sulfide/silicate melt partition coefficients (Fleet et al.,
1991; Keays, 1995). In a columnar melting regime, at least ~25% of partial

magma depends on the degree of partial melting and on the sulfur
concentration in the mantle source. The PGEs would be retained in
the mantle source during a small degree of partial melting under
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melting is required to produce S-undersaturated and PGE-undepleted
primary magmas through complete exhaustion of sulfide in the mantle
(Keays, 1995; Rehkdmper et al., 1999).

Both the composition of the mantle source and the degree of partial
melting that produced the parental magmas can be estimated using REE
abundances and their ratios in basalts. Heavy rare earth elements
(HREEs) are compatible in garnet, whereas the middle rare earth ele-
ments (MREEs) are incompatible or weakly compatible (Irving and
Frey, 1978). In contrast, all REEs are strongly incompatible in spinel
(Kelemen et al., 1990). Thus, basaltic magmas derived from a mantle
source in the stability field of garnet will have Sm/Yb ratios higher
than those generated from a mantle source where spinel is stable. In ad-
dition to mantle source discrimination, Sm/Yb and La/Sm ratios are
commonly used to model the degree of partial melting of basaltic
magma (Aldanmaz et al., 2000; Green, 2006). Our calculations reveal
that the basalts from the western belt were derived from ~4% partial
melting of a garnet Iherzolite source (Fig. 10). The basalts from the cen-
tral and eastern belts have a mixed source consisting of spinel and gar-
net lherzolites and formed from 4%-7% and 2%-3% partial melting,
respectively (Fig. 10). The low degrees of partial melting for the basalts
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Fig. 7. Plots of Pd/Ir versus MgO, Cr, and Cu/Ni for basalts in SE China.

from the three belts indicate that some sulfides would have remained in
the mantle source after melting. The relatively constant Cu/Pd ratios and
the absence of correlations between Cu/Pd and MgO or Cr in the basalts
from the western belt (Fig. 9c and d) suggest significant amounts of re-
sidual sulfides in the mantle source. Sulfur saturation in the source is
also confirmed by the Re-0Os isotopic compositions of sulfides in spinel
peridotite xenoliths hosted by the Penghu basalts in the eastern belt
(Wang et al., 2009).

5.3.2. Sulfide saturation during magma ascent

The very low PGE concentrations of the basalts in SE China cannot be
explained by residual sulfide in the mantle source alone. The flat PGE
patterns relative to Cu and Ni (Fig. 6) may indicate that the low PGE con-
centrations of the lavas can also be attributed to subsequent sulfide seg-
regation during differentiation (Barnes et al., 1985). The 19-fold and 7-
fold variations in Cu/Pd ratios for the basalts from the central and east-
ern belts, respectively, and the negative correlations of the Cu/Pd ratios
with MgO and Cr (Fig. 9c and d) also indicate that these melts experi-
enced sulfide segregation during magma ascent.
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To quantitatively estimate the amount of immiscible sulfide re-
moved, we used the plot of Cu/Pd versus Pd to model the sulfur satura-
tion process (Fig. 11). For this model, we used the initial PGE
composition of depleted MORB mantle (DMM) and selected different
amounts of residual sulfides. Modeling results show that basalts from
the western belt have 0.002%-0.01% sulfides retained in the source
and did not experience sulfide separation during magma ascent. This
is consistent with the relatively constant Cu/Pd ratios over a range of
Mg and Cr contents in the basalts from the western belt (Fig. 9c and
d). The basalts from the central and eastern belts indicate not only resid-
ual sulfide in the source (0.002%), but also up to 0.002% sulfide segrega-
tion during magma ascent. The modeling results are consistent with the
covariations of the Cu/Zr ratio with Cu and Zr (Fig. 9a and b) and the co-
variation of the Cu/Pd ratio with MgO and Cr (Fig. 9c and d).

5.4. Nature of the mantle source

Siderophile and chalcophile element patterns of the studied basalts
from the western, central, and eastern belts in SE China (Table 2 and

Fig. 6) suggest that these basalts have different mantle sources and ex-
perienced different magmatic processes. From what has been discussed
above, we can conclude that the PGE compositions of these basalts were
inherited from their mantle sources.

For example, the basalts in drill core from the Philippine Sea Plate
with EM2-type lithophile element chemistry show an extreme PGE
fractionation with high Pt/Ir ratios, low Pd/Ir ratios, and anomalously
high Ru/Ir ratios of >10 (Dale et al., 2008). The basalts in this study
have OIB-like trace element patterns, but show no strong fractionation
between Ru and Ir, unlike the EM2-type OIB. A similar decoupling of
PGEs and lithophile elements is observed for the metasomatized conti-
nental peridotites of Somerset Island, Canada (Irvine et al., 2003) and in
the Kimberley Craton, Australia (Luguet et al., 2009). All the studied ba-
salts have PGE patterns similar to MORB (Fig. 6), indicative of a depleted
mantle source. Moreover, the lithophile element geochemistry and Sr-
Nd-Pb isotopic compositions of the basalts in SE China suggest mixing
of a depleted asthenospheric mantle source with an EM2 component
(Chung et al., 1994; Wang et al., 2012; Zou et al., 2000). The
metasomatized SCLM has been proposed as a candidate for EM2 compo-
nents (Han et al., 2009; Wang et al., 2009; Xu et al., 2003).

In mantle-derived rocks, some PGE ratios (e.g., Pt/Pd and Pd/Ir) are
indicators of mantle metasomatism (Maier and Barnes, 2004). Basalts
that form in fluid-rich melting regimes within a metasomatized litho-
spheric mantle may have Pt/Pd ratios of ~1-1.8 and Pd/Ir ratios of
~2-40, close to the chondritic ratios, whereas those derived from a
mantle source without strong fluid/melt metasomatism commonly
have sub-chondritic Pt/Pd and super-chondritic Pd/Ir ratios (Maier
and Barnes, 2004). The basalts from the western belt have Pt/Pd and
Pd/Ir ratios of 1.2-1.5 and 1.3-2.8, respectively, comparable to basalts
from a metasomatized mantle source. The basalts from the central and
eastern belts have Pt/Pd ratios of ~0.5-4.1 (average 1.5) and Pd/Ir ratios
of ~0.4-10 (average 4.1), similar to those from a metasomatized mantle
source (Maier and Barnes, 2004). However, the super-chondritic Pt/Pd
ratios of some basalts from the central and eastern belts are different
from those of basalts elsewhere (Maier and Barnes, 2004). The latter
cannot be explained by fluid metasomatism and may be due to compo-
sitional heterogeneity in the mantle source. The Sanshui basalts in SE
China have Pd/Ir ratios of 13-185 (Yang et al., 2011), which are atypical
for mantle metasomatism, whereas the Leigiong basalts have lower Pd/
Ir ratios of 6-58 (Yang et al., 2011), which could be indicative of mantle
metasomatism. Therefore, the PGE compositions of basalts suggest that
the formation of the basalts in SE China may have involved a mantle
source that experienced variable metasomatism by fluids/melts. Such
fluid/melt metasomatism in the lithospheric mantle below SE China is
also indicated by mantle xenoliths (Tatsumoto et al., 1992; Xu et al.,
2003; Yu et al.,, 2006), and is thought to be related to the subduction
of the Paleo-Pacific Plate (Tatsumoto et al., 1992) and/or the opening
and post-spreading phase of the South China Sea (Yang et al., 2011;
Yu et al., 2006).

5.5. Implications for mantle heterogeneity beneath SE China

The mantle source underneath SE China may have been composi-
tionally heterogeneous (X.-L. Huang et al., 2013; Zou et al., 2000), be-
cause the basalts from different locations have various isotopic
compositions (Fig. 12). The Niutoushan, Xilong, Mingxi, and Penghu ba-
salts show limited variations in Sr-Nd isotope compositions, whereas
the Sanshui and Leigiong basalts show relatively large isotope variations
(Fig. 12). The Sanshui basalts have higher 87Sr/25Sr ratios than the ba-
salts from other locations. A common interpretation of such elevated
87Sr/%5Sr ratios is that it represents the influence of subducted and
seawater-altered oceanic crust in the source region of the magma
(Zhou and Carlson, 1982). In addition to different Sr-Nd isotope compo-
sitions, the basalts from different belts show three different trends in
plots of MgO versus SiO,, TiO,, Al,03, K70, and P,0s5 (Fig. 2a-e), further
demonstrating that they were derived from different sources.



224 X.-W. Huang et al. / Lithos 282-283 (2017) 215-227

0.9
Olivine g
0.7 | sulfide @ ] - g
~ m .
o Bp gd
. Central belt
N
S o05¢ e
= Easternbelt .-+~ 28
0.3 . ™ ,
~“4——Western belt a
60 70 80
Cu (ppm)
107
= Sulfide
| e
[P = = R
10°F 88 B Silicate
g | N By e
= g
o
10° b
C
10°
5 9 13 17

MgO (wt.%)

0.9
< Xilong
b A Mingxi
0.7 F‘%: O Niutoushan
\
== ' @ Penghu
r‘\l:‘ 0.5 e -
(8] “
0.3}
Olivine »
Sulfide
0.1
60
10"
(M~
I
o -
1000 @ N\
° : 2
g ~EB o
3 o
O e
10° Sulfide
E‘:ilicate<J d
10° . X
100 200 300 400

Cr(ppm)

Fig. 9. Plots of Cu/Zr versus Cu and Zr, and Cu/Pd versus MgO and Cr for basalts in SE China.

Moreover, REE ratios indicate that the Xilong and Mingxi basalts were
derived from a garnet lherzolite mantle, whereas those from
Niutoushan, Penghu, Sanshui, and Leigiong were derived from a garnet
lherzolite mantle mixed with a spinel lherzolite mantle (Fig. 10). Thus,
the combined geochemical and isotopic data indicate a considerable de-
gree of heterogeneity in the Cenozoic mantle beneath SE China.
Cenozoic basalts from Niutoushan, Xilong, Mingxi, Penghu, Sanshui,
and Leiqgiong display PGE patterns that vary over time (Fig. 13). For ex-
ample, the mid-Paleocene to mid-Eocene Sanshui basalts have lower
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The REE data for the Sanshui and Leiqiong basalts are from Yang et al. (2011). The melting
curves for spinel lherzolite and garnet peridotite sources (lines) were obtained using the
non-modal batch melting equations of Shaw (1970), employing the depleted MORB man-
tle (DMM) and primitive mantle (PM) compositions from Aldanmaz et al. (2000). The
numbers on each melting curve correspond to the degree of partial melting (in percent)
for a given mantle source. Mineral/matrix partition coefficients are from the compilation
of McKenzie and O'Nions (1991, 1995). DMM compositions are from McKenzie and
O'Nions (1991), whereas PM and E-MORB compositions are from Sun and McDonough
(1989).

PGE (particularly IPGE) contents than Miocene and Pliocene to Pleisto-
cene basalts. The Sanshui basalts have smooth, inclined Ni-PGE-Cu pat-
terns, which are a function of decreasing PGE compatibility from Ir to Pd
(Fig. 13a) and are typical MORB-like patterns that indicate derivation
from a depleted mantle source. This is consistent with the conclusion
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Fig. 11. Plot of Cu/Pd vs. Pd for basalts from Niutoushan, Xilong, Mingxi, and Penghu in SE
China. The Sanshui and Leigiong basalts from Yang et al. (2011) are also shown for com-
parison. The black curves represent simple batch-melting curves for peridotite with resid-
ual sulfide. Partition coefficients of olivine, clinopyroxene, orthopyroxene, and garnet for
Pd are from Chazey and Neal (2005). Partition coefficients of olivine, clinopyroxene,
orthopyroxene, and garnet for Cu are from Klock and Palme (1988), Hart and Dunn
(1993), Klemme et al. (2006), and Yurimoto and Ohtani (1992), respectively. The partition
coefficients of Pd and Cu in sulfide are from Mungall and Brenan (2014). The proportions
of residual phase during the melting of eclogite are assumed to be modal (62% olivine,
14.9%-14.999% clinopyroxene, 15% orthopyroxene, 8% garnet, and 0.1%-0.001% sulfide).
Data for DMM (depleted MORB mantle) are from Salters and Andreas (2004).
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that the Sanshui basalts formed under relatively “dry” melting condi-
tions without significant melt/fluid metasomatism. In addition, basalts
of the same age show different PGE patterns at different localities. For
example, the Miocene Niutoushan basalts are characterized by distinct
Ir and Pd depletions, whereas the contemporaneous Penghu basalts
have lower IPGE contents and a significant Ir depletion (Fig. 13b). The
Pliocene to Pleistocene Mingxi and Xilong basalts show a relative en-
richment in Rh, whereas the contemporaneous Leigiong basalts have
lower PGE contents and a slight Ir depletion (Fig. 13c). The variable
PGE patterns in contemporaneous basalts demonstrate that the mantle
beneath SE China has been heterogeneous during the entire Cenozoic.
The distinct depletion of IPGE in these basalts may be related to the in-
terplay between temperature, fO,, alloy solubility, and partition coeffi-
cients during mantle melting (Barnes et al., 2015). Among these
factors, fO, is the most important because it can control partition coef-
ficients between melt, alloys, and olivine, as well as alloy solubilities via
redox reactions between metals and dissolved oxide cations of various
valence states (Barnes et al., 2015). The sulfide saturation level in
mafic magmas increases with decreasing fO, (Carroll and Webster,
1994; Naldrett, 2004). Yang et al. (2011) suggested that differences in
fO, conditions of the SCLM are the main cause for the PGE differences
between the basalts in NE China and SE China; i.e., the presence or ab-
sence of Ir anomalies. Similarly, differences in oxygen fugacity may
also explain the various degrees of Ir depletion in the basalts from SE
China.

The spatially heterogeneous fO, conditions of the SCLM can explain
the Ir depletion, but cannot account for the Pd depletion in the
Niutoushan basalts. The Pd concentrations are largely controlled by
Cu-rich sulfide, which has a relatively low melting temperature (Craig
and Scott, 1974), facilitating its incorporation into the melt. Our current
knowledge of PGE distribution in mantle phases precludes the depletion
of Pd without influencing other PGEs or Re (Dale et al., 2008). However,
refractory alloy phases that largely consist of Pd have not been docu-
mented. Furthermore, Pt readily forms alloys in the mantle that are
more refractory than Pd-rich sulfide, meaning that low Pt/Pd ratios in
melts would be more likely than the high Pt/Pd ratios observed here.
Given these constraints, to generate basalts with the observed PGE fea-
tures (e.g., the super-chondritic Pt/Pd ratios of the basalts in the central
and eastern belts) the mantle source would have to contain phases that
have not yet been documented. Therefore, the compositional heteroge-
neity of the SCLM, particularly in terms of oxygen fugacity and the pres-
ence of PGE mineral phases, and variable fluid/melt metasomatism may
be responsible for the heterogeneity of the mantle source beneath SE
China.
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Fig. 13. Primitive-mantle-normalized Ni-PGE-Cu patterns of Cenozoic basalts in SE China.
(a) Mid-Paleocene to mid-Eocene Sanshui basalts. (b) Miocene Niutoushan and Penghu
basalts. (c) Pliocene to Pleistocene Xilong, Mingxi, and Leigiong basalts. PGE data of the
Sanshui and Leigiong basalts are from Yang et al. (2011). Primitive mantle values are
from Sun and McDonough (1989).

6. Conclusions

Basalts from the western, central, and eastern belts in SE China are
PGE-depleted due to sulfur-saturation fractionation. Fractional crystalli-
zation and partial melting are not sufficient to explain the observed PGE
variations in these basalts. These basalts have been derived from com-
positionally variable mantle sources with variable sulfide retention in
the mantle and variable sulfide removal during magma ascent. The tem-
poral PGE variations in these basalts may reflect the heterogeneity of
the mantle source beneath SE China, which could be attributed to vari-
able fluid/melt metasomatism in the SCLM, related to the subduction of
the Paleo-Pacific Plate.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2017.03.016.
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