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Ultramafic xenoliths are abundant in late Mesozoic high-Mg diorites at Laiwu, western Shandong Province; they are com-
posed of dunite (>80 vol.%) with minor harzburgite (<10 vol.%) and olivine (Ol)-pyroxenite (<10 vol.%). We determined
the abundance of siderophile and chalcophile elements of representative samples of xenoliths, and calculated oxidation con-
ditions based on mineral chemistry. Bulk compositions of harzburgite show high Cr (2640-3430 ppm), Co (103—111 ppm),
Ni (2210-2400 ppm), and high Ir-type platinum group elements (PGE) (IPGE, 14.0-17.8 ppb), with high ratios of IPGE to
Pt-type PGE (PPGE, 3.1-6.3). Spinel contains moderate Cr (Cr# = 0.41-0.61). Our data suggest that the harzburgite is the
residue of partial melting. The occurrence of orthopyroxene replacing Ol suggests that harzburgite was metasomatized by
a Si-rich melt. Dunite contains high concentrations of Cr (> 3800 ppm), Co (>110 ppm), and Ni (>1680 ppm), and low
concentrations of IPGE (<4.8 ppb), with low ratios of IPGE/PPGE (as low as 0.05), suggesting that dunite is the cumulate
of a mafic melt. High Cr in chromite (Cr# > 0.7) and high Mg in Ol suggest that the parental melt was boninitic. Some Ol
grains show variable, locally high Mg, up to Fo 94.3. We attribute these high values to the interaction of the Ol with abundant
chromite in the cumulate. Both dunite and harzburgite indicate high log 'O, values, ranging from fayalite-magnetite-quartz
(FMQ) +1.4 to +2.4. The values contrast with O, below that of the graphite—CO, buffer for xenoliths in early Palacozoic
diamondiferous kimberlite pipes in the area. The data indicate a sharp increase in O, during Mesozoic time, likely caused
by subduction of the Tethyan oceanic plate before collision with the Yangtze continent below the eastern margin of the North
China craton.

Keywords: late Mesozoic; subduction zone; PGE; fO,; high-Mg diorite; dunite; ultramafic cumulate; subcontinental

lithospheric mantle

Introduction

Late Mesozoic diorite intrusions occur in the Laiwu
Basin on the eastern margin of the North China cra-
ton (NCC), along the Tan-Lu fault zone (Figure 1). The
Laiwu area contains four high-Mg diorite plutons: the
Kuangshan, Jiaoyu, Jinniushan, and Tietonggou intrusions.
The Tietonggou body contains abundant ultramafic xeno-
liths, mainly dunite (>80%) with minor harzburgite and
olivine (Ol)-pyroxenite. The origin of the dunite and its
relationships to harzburgite and the host diorite have been
debated. Proposed origins of the dunite include a residual
mantle peridotite (e.g. Gao et al. 2008; Xu et al. 2008) and
an accreted abyssal peridotite (Chen and Zhou 2005). The
dunite may have other possible origins, including forma-
tion as a cumulate of a mafic melt (Leblanc and Ceuleneer
1992; Pagé and Barnes 2009; Shellnutt and Zellmer 2010),
or a reaction product of harzburgite with a basaltic melt
(Kelemen et al. 1990; Zhou et al. 1996, 1998).

We selected 11 representative ultramafic xenoliths at
Tietonggou, including 2 harzburgite, 6 dunite, and 3 Ol-
pyroxenite samples enclosed in the diorite intrusion, and
determined mineral chemistry and the concentrations of
chalcophile and siderophile elements in bulk rock samples.
This article presents the results, evaluates the oxidation
state indicated by mineral compositions, and discusses the
origin of these xenoliths and the evolution of the subconti-
nental lithospheric mantle (SCLM) underlying the eastern
margin of the NCC.

Geological setting

The NCC is an Archaean craton, bounded by the Northeast
China Orogenic Belt, of late Palacozoic age, to the north,
the early Palacozoic Qinling Orogenic Belt to the south-
west, and by the Mesozoic Dabie-Sulu ultrahigh pressure
(UHP) metamorphic belts to the south and east (e.g. Xiao
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Figure 1. (A) Map of the North China Craton (NCC) showing the locations of the late Mesozoic high-Mg basalts and diorites of Fuxin,
Zibo, Laiwu, Fangcheng, Feixian, and Xu-Huai (open squares), early Palaecozoic diamondiferous kimberlites of Mengyin and Fuxian (open
diamonds), and Cenozoic basalts (dark areas). The NCC is divided by faults (thick dashed lines) into the Eastern Block (EB), Trans-North
China Orogen (TNCO), and Western Block (WB). Thick dashed lines are the Daxinganling-Taihangshan Gravity Lineament (DTGL) and
Tan-Lu Fault Zone (TLFZ), respectively. The map was modified after Zhao et al. (2001). (B) Geological map of the Laiwu area showing
the Tietonggou high-Mg dioritic intrusion in western Shandong (modified after Xu ef al. 2004a). Villages (solid circles) are shown with

italics.

et al. 2003) (Figure 1). The Northeast China Orogenic Belt
formed on the northern margin of the NCC during south-
ward subduction of the Palaco-Asian oceanic plate and the
subsequent collision with the Siberia Craton, during the
early Palaeozoic to Triassic (e.g. Xiao et al. 2003; Wu et al.
2011). The northward subduction of the Tethyan oceanic
plate below the southern margin of the NCC was followed
by collision of the Yangtze Craton; metamorphism of the
subducted margin of the Yangtze Craton underwent peak
metamorphism at ~220 Ma to form the Dabie-Sulu UHP
belt (e.g. Li et al. 2007). After collision of the Yangtze
and NCC cratons, the Palaeo-Pacific oceanic plate was sub-
ducted below the eastern margin of the Asian continent
prior to ~150 Ma (e.g. Engebretson et al. 1985), producing
numerous granitic intrusions in eastern China (Figure 1;
Wuet al. 2011).

The NCC is divided into two portions, the Eastern and
Western blocks, separated by the intervening Trans-North
China Orogen, created at ~1.8 Ga (Figure 1; Zhao et al.
2001, 2005). The occurrence of harzburgite xenoliths in
the Ordovician diamondiferous kimberlites at Mengyin and
Fuxian (Figure 1; Zhang and Sun 2002, Zhang et al. 2008)
in the Eastern Block suggests that the SCLM was thick
(~200 km), cold, and refractory, similar to those beneath
other Archaean cratons (Griffin ez al. 1998). On the other
hand, peridotite xenoliths from Cenozoic basalts indicate a

thin (<80 km), hot, and fertile SCLM beneath the Eastern
Block, implying that the SCLM in this area was thinned
significantly (Fan et al. 2000; Kusky et al. 2007). The
thinning process remains controversial, and the develop-
ment of extensional basins in the area between the Tan-
Lu fault zone and the Daxinganling-Taihangshan Gravity
Lineament (Figure 1) suggest that this thinning occurred
during the middle Mesozoic (Xu ef al. 2004b; Zhai 2004;
Wu et al. 2005; Kusky et al. 2007). Cretaceous high-
Mg diorites and picritic basalts in the Eastern Block such
as those in Feixian, Laiwu, Zibo, Fangcheng, and Fuxin
(Figure 1), contain abundant ultramafic xenoliths (Zhang
et al. 2002; Xu et al. 2003; Chen and Zhou 2005; Zheng
et al. 2007; Gao et al. 2008). These xenoliths provide the
information on the SCLM during the late Mesozoic.

The Laiwu basin, approximately 30 km x 50 km in
size, is underlain by Mesozoic and Cenozoic sedimentary
rocks (Yang et al. 2004; Figure 1). High-Mg diorite plu-
tons in the basin, less than 10 km? in size at the surface,
contain moderate SiO; (54-60 wt.%) and show adakite-
like geochemical features, such as high Sr/Y (up to 43)
and La/Yb (up to 20) and low contents of heavy rare earth
elements (REE) and Y (Yang 2008). High 87Sr/80Sr and
low "Nd/'¥Nd of the rocks suggest that they are formed
by partial melting of the subducted Yangtze Craton and/or
delaminated NCC (Xu ef al. 2008; Yang 2008).
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Samples

We studied representative samples of ultramafic xenoliths
from the Tietonggou high-Mg dioritic intrusion in Laiwu
(Figure 1). The xenoliths are round in shape and range in
size from 1 to 8 cm in the longest dimension (Figure 2A).
Dunite is predominant, accounting for >80 vol.% of xeno-
liths, with minor amounts of harzburgite (<10 vol.%) and
Ol-pyroxenite (<10 vol.%).

Harzburgite commonly exhibits porphyroclastic and/or
granoblastic textures of Ol (I-5 mm in size). Veins

Ol-pyroxenite
(Lws-14)

of phlogopite- and/or amphibole-bearing orthopyroxenite
occur in some xenoliths. Orthopyroxene grains (1-4 mm)
are subhedral to anhedral and show the evidence of defor-
mation. By contrast, orthopyroxene grains in veinlets (up
to 1 cm in width) are small (0.1-0.5 mm) and show no
evidence of deformation. Minor anhedral clinopyroxene
crystals (1.0-1.5 mm) are also present in these veinlets.
Cr-spinel is brown to reddish-brown under plain-polarized
transmitted light; it is minor (<1 vol.%) and commonly
shows vermicular intergrowth with Ol and orthopyroxene.

Figure 2. (A) Field photograph showing the occurrence of dunite and pyroxenite in the Laiwu pyroxene-diorite. (B) Photograph of a dark-
coloured Ol-pyroxenite (sample LW8-14). (C) Photograph of typical dunite samples in the area (sample LW 10-2). Note that the dunite is
dark in appearance. (D) Photomicrograph of dunite under plain-polarized light (sample LW8-45). Grains of Ol are tabular and euhedral
but chromite is either enclosed in Ol or at triple junctions of grain boundaries. Note the narrow veinlets of arrays of fluid inclusions, which
contribute to the dark colour in hand specimens. (E) Photomicrograph of dunite under plain-polarized light (sample LW10-2). Grains
of Ol show porphyroclastic texture. Tiny brown Cr-spinel inclusions are common in large Ol grains. Also common are net-like veinlets
with diffusive boundaries cutting the sample. (F) Photomicrograph of dunite under plain-polarized light (sample LW8-45). Veinlet of

phlogopite in the centre of the photomicrograph.
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Dunite has an equigranular to cataclastic texture and
consists of Ol (0.3-4 mm) and chromite (0.02-0.5 mm)
(Figure 2D and Figure 2E). Ol has a bimodal size distribu-
tion: large porphyroclastic Ol (1-4 mm) and fine-grained
Ol (0.3-0.6 mm). Aggregates of fine-grained Ol surround
the large grains. Hand specimens of dunite are dark and
foliated, as defined by tabular Ol crystals (Figure 2C). The
dark colour is most likely due to abundant fluid inclu-
sions within and along grain boundaries of Ol (Figure 2D
and Figure 2E). Cr-spinel forms euhedral to subhedral
grains and is typically enclosed in large Ol grains or
occurs at the triple junction of Ol grains (Figure 2D and
Figure 2E). Very small Cr-spinel grains also occur as inclu-
sions in Ol crystals (Figure 2E). The modal abundance of
chromite is highly variable, ranging from 10 to <1 vol.%.
Orthopyroxene (0.02—0.2 mm), phlogopite (0.02—0.1 mm),
and clinopyroxene (0.1 mm) are very minor, and occur as
monominerallic veinlets (Figure 2F).

Pyroxenite includes both orthopyroxenite and web-
sterite, with cumulate textures (Figure 2B). Minor Ol (<10
vol.%) is commonly present.

Analytical methods

Margins of xenoliths commonly show reaction rims on
mineral boundaries, and were not used for analyses.
Mineral compositions were determined using a JEOL JXA-
8100 electron microprobe, in wavelength dispersive mode
at the China University of Geosciences, Wuhan. Analytical
conditions were 15 kV accelerating voltage, 20 nA beam
current, and a focused beam diameter (<1 pwm). Raw
data were corrected using the ZAF method. The contents
of Fe* in spinel were calculated assuming spinel stoi-
chiometry. Compositions of individual minerals are similar
within individual samples; representative compositions of
minerals are listed in Table 1.

Contents of platinum group elements (PGE) were deter-
mined for 1-2 g samples by isotopic dilution using a
mixed spike of 1°0°0s, °'Ir, ®Ru, 1°4Pt, and '°Pd after
pre-concentration of PGE into a Ni-sulphide bead. The
analytical procedures are similar to those described by
Hattori and Guillot (2007). Mass ratios were determined
using an Agilent HP-4500 ICP-MS at the University of
Ottawa. Blank contributions were 0.002—0.006 ng Os/g
flux, 0.002—0.007 ng Ir/g flux, 0.02 ng Ru/g flux, 0.07—
0.16 ng Pt/g flux, and 0.03-0.12 ng Pd/g flux. The blanks
are negligible compared to the amounts in samples; thus,
blank corrections were not applied to the results. The
analytical quality was monitored by running two rock refer-
ences: TDB-1 diabase from CANMET, Natural Resources
of Canada; and JP-1 harzburgite from the Geological
Survey of Japan. The values for the two are comparable
to those obtained by Meisel and Moser (2004) and Shirai
et al. (2003) (Table 2).

The contents of Cu and S were determined using
a Varian Vista-Pro inductively coupled plasma optical

emission spectrometer at the University of Ottawa after
digestion of ~0.2 g of powder sample with aqua regia in
a screw-top Teflon vial at ~150°C for 48 h. The precision
based on replicate runs of five samples is <8% for Cu and
<5% for S. The detection limits in solution are 0.004 ppm
for Cu and 0.03 ppm for S, which is equivalent to 0.2 ppm
for Cu and 1.4 ppm for S in solids.

Results
Bulk compositions

Two representative harzburgite samples were examined:
sample T7-21 shows minor metasomatism, and sample
LW8-44 is extensively metasomatized. Both contain high
concentrations of MgO (>44 wt.%), Ni (>2200 ppm), Cr
(>2600 ppm), and Co (>100 ppm). The compositions are
similar to refractory mantle residues in many locations (e.g.
Bell et al. 2005). Furthermore, they contain high Ir-type
PGE (IPGE) and low Pt-type PGE (PPGE) and show a
negatively sloped normalization pattern (Figure 3A). The
pattern is similar to those of many mantle peridotites
(Hattori and Guillot 2007; Saumur et al. 2011). Since IPGE
remain in the mantle during partial melting whereas PPGE
are preferentially incorporated in a melt (e.g. Righter et al.
2004; Brenan et al. 2005), the PGE pattern confirms that it
is indeed a residual mantle peridotite after extensive partial
melting.

The dunite contains high concentrations of compati-
ble elements, such as MgO (>47 wt.%), Ni (>1700 ppm),
Cr (>3800 ppm), and Co (>110 ppm), similar to values
reported by Xu et al. (2008). The major element compo-
sitions are similar to those of residual mantle peridotites
elsewhere, but the dunite samples contain low concentra-
tions of IPGE (Os = 0.07-1.39 ppb, Ir = 0.24-0.50 ppb,
Ru = 0.17-1.3 ppb) and high ratios of PPGE/IPGE (up
to 22) (Table 2, Figure 4). The PGE pattern is similar
to that of pyroxenites in the study area and Ural-Alaskan
type ultramafic-mafic complexes along subduction zones
(Figure 3B and Figure 3C; Garuti ef al. 1997). Very low
concentrations of IPGE in our dunite suggest that dunite is
likely to be an ultramafic cumulate.

Mineral chemistry
Olivine
Ol in two harzburgite samples (T7-21, LW8-44) has mod-
erately high Fo [Fo = 100 x Mg/(Mg + Fe)] ranging from
87.4 t0 92.7 and NiO from 0.32 to 0.47 wt.%. The Fo value
0f 92.7 in sample T7-21 is similar to those of typical man-
tle peridotites, whereas extensively metasomatized sample
LW8-44, with veinlets of orthopyroxenite and phlogopite,
shows a low Fo value of 87.4 (Table 1A). The compositions
obtained during this study are similar to those reported by
previous workers (e.g. Chen and Zhou 2005; Xu ez al. 2008).
Ol in dunite samples has high Fo (89.5-94.3) and
NiO (0.20-0.45 wt.%; Table 1A), and the compositions of



Downloaded by [University of Ottawa] at 02:44 23 May 2012

International Geology Review 1207

Table 1. A. Representative composition of minerals (olivine and Cr-spinel) in ultramafic xenoliths from Laiwu, western Shandong.

Sample T7-21 LwWs8-44  LW8-30 LW8-41 L[WS8-45 L[W847 LW8-50 L[W10-2 T7-15 T7-19
Lithology Harzburgite Dunite Ol-pyroxenite
olivine

SiO, 41.27 39.83 40.56 40.82 40.83 41.65 41.27 41.11 40.85 40.99
TiO, < 0.01 0.06 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
AL O; < 0.01 < 0.01 0.03 0.05 0.03 0.01 0.02 0.02 < 0.01 < 0.01
Cr, 03 < 0.02 0.01 0.04 0.04 < 0.02 < 0.02 0.02 < 0.02 < 0.02 < 0.02
FeO 7.22 12.20 9.75 7.69 9.34 5.64 8.70 8.82 12.94 15.70
MnO 0.12 0.11 0.18 0.12 0.20 0.04 0.08 0.15 0.29 0.36
MgO 50.99 47.56 49.25 51.14 50.11 52.89 50.36 49.41 45.78 42.89
NiO 0.47 0.32 0.30 0.33 0.20 0.45 0.29 0.27 0.00 0.00
CaO 0.02 0.01 0.02 0.04 0.04 0.01 0.04 0.04 < 0.02 0.03
Total 100.09 100.10 100.13 100.23 100.75 100.69 100.78 99.82 99.86 99.97
0=4

Si*t 1.000 0.988 0.994 0.990 0.992 0.996 0.999 1.005 1.015 1.029
Ti** 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
APF 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.000
Crit 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
Fe?t 0.146 0.253 0.200 0.156 0.190 0.113 0.176 0.180 0.269 0.330
Mn?* 0.002 0.002 0.004 0.002 0.004 0.001 0.002 0.003 0.006 0.008
Mgt 1.842 1.759 1.799 1.850 1.815 1.885 1.817 1.800 1.695 1.605
Ni?*+ 0.009 0.006 0.006 0.006 0.004 0.009 0.006 0.005 0.000 0.000
Ca** 0.001 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.001
Mgt 0.927 0.874 0.900 0.922 0.905 0.943 0.912 0.909 0.863 0.829
Sum 3.000 3.011 3.005 3.008 3.007 3.004 3.001 2.995 2.985 2.971
Cr-spinel/chromite

Si0, 0.03 0.02 0.04 0.03 0.01 0.02 < 0.02 0.04

TiO, 0.00 1.02 0.34 0.25 0.28 0.17 0.31 0.44

AlLO; 33.04 14.97 8.59 7.56 8.83 8.33 10.29 8.43

Cr,0; 33.66 34.24 51.61 54.30 47.12 59.45 50.01 50.88

Fe,05 4.91 18.12 10.64 9.01 14.67 5.02 9.95 10.83

FeO 13.69 20.24 20.86 19.37 20.72 13.83 22.73 20.30

MnO 0.29 0.38 0.66 0.64 0.71 0.56 0.86 0.64

MgO 15.34 8.94 8.07 8.70 7.88 12.33 6.89 8.20

NiO 0.15 0.22 0.03 0.04 0.15 0.21 0.04 0.19

Total 101.11 98.15 100.85 99.90 100.37 99.92 101.09 99.96

0=4

Si*t 0.001 0.001 0.001 0.001 0.000 0.001 0.000 0.001

Ti** 0.000 0.026 0.009 0.006 0.007 0.004 0.008 0.011

APt 1.124 0.589 0.340 0.302 0.352 0.322 0.407 0.336

Ccrit 0.768 0.904 1.371 1.454 1.260 1.544 1.326 1.362

Fe3+ 0.107 0.455 0.269 0.230 0.373 0.124 0.251 0.276

Fet 0.330 0.565 0.586 0.549 0.586 0.380 0.638 0.575

Mn?* 0.007 0.011 0.019 0.018 0.020 0.016 0.024 0.018

Mgt 0.660 0.445 0.404 0.439 0.397 0.604 0.345 0.414

Ni?+ 0.003 0.006 0.001 0.001 0.004 0.006 0.001 0.005

Sum 3.000 3.002 3.000 3.000 2.999 3.001 3.000 2.998

Cr# 0.41 0.61 0.80 0.83 0.78 0.83 0.77 0.80

Mgt 0.67 0.44 0.41 0.44 0.40 0.61 0.35 0.42

large porphyroclasts are similar to those of small grains in
individual samples.

Spinel

Cr-spinel in harzburgite shows variable compositions even
within one sample. Cr-spinel in the slightly metasomatized
harzburgite (sample T7-21) shows moderate Cr# values

[= Cr/(Cr + Al)], ranging from 0.29 to 0.42 (Figure 5),
whereas the highly metasomatized harzburgite sam-
ple LW8-44 has high values of Cr# (0.61-0.69) and
Fe3* /(Al + Cr + Fe3t) >0.2 (Figure 5A and Figure 5B).

In dunite, cores of coarse-grained spinel show simi-
lar composition within individual samples (Figure 5) and
are characterized by relatively high Y. (= Fe3*/(Al +
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Figure 3.  Primitive mantle-normalized PGE abundance in ultramafic xenoliths from Laiwu high-Mg diorites: (A) harzburgite, (B) dunite,
(C) Ol-pyroxenite, and (D) comparison of the data for dunite from Laiwu (this study), Luobusa ultramafic—mafic complex in Tibet (Zhou
et al. 1996), and Ural-Alaskan type mafic—ultramafic complexes along subduction zones (Garuti ef al. 1997). Primitive mantle values are
from McDonough and Sun (1995).
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peridotite.

Cr 4+ Fe*t), 0.06-0.21, moderate Mg# [= Mg/(Mg +
Fe’t) = 0.34-0.62], and high Cr# >0.7 (Table 1A). The
observed compositions are similar to those of chromites in
boninite rocks (Barnes and Roeder 2001) and forearc man-
tle peridotites (e.g. Ishii ef al. 1992; Hattori et al. 2010).
The compositions are slightly higher in Cr# and lower
in Mg# than those from subarc mantle peridotites (e.g.
Brandon and Draper 1996; Parkinson and Arculus 1999;
Parkinson et al. 2003) (Figure 4), and the Cr# is distinctly
higher than those in abyssal peridotites (e.g. Dick and
Bullen 1984) and in oceanic islands (Barnes and Roeder
2001); chromite in abyssal peridotites and oceanic islands

rarely shows values of Cr# >0.6 (Dick and Bullen 1984;
Barnes and Roeder 2001).

Orthopyroxene

In harzburgite samples, orthopyroxene occurs as isolated
primary grains and also as secondary grains replacing Ol.
Mg# range from 0.89 to 0.93 and are characterized by rela-
tively high contents of Al;O3 (1.43-2.88 wt.%) and Cr,O3
(0.40-0.57 wt.%) (Table 1B).

In dunite, orthopyroxene is secondary, forming bands
around chromite and Ol, as well as veins with hydrous
silicate minerals: the Al;O3 (0.22—-1.21 wt.%) and Cr;O3
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(0.07-0.5 wt.%) are relatively low, with a variable Mg#
(0.91-0.97; Table 1B). A secondary origin of the orthopy-
roxene is supported by high concentrations of REE, up to
34 ppm in total (Xu et al. 2008). By contrast, the concentra-
tion of total REE rarely exceeds 1 ppm in mantle peridotites
(e.g. Eggins et al. 1998).

Clinopyroxene

In harzburgite, clinopyroxene forms veins and also occurs
as isolated grains. The isolated grains have high Mg#
(0.91-0.95), which is in apparent equilibrium with Ol
and orthopyroxene in individual samples (Table 1B).
Clinopyroxene is rare in dunite and only found in sev-
eral samples (LW8-41, LW8-45, and LW8-47), where it
forms veins. Its compositions are variable between differ-
ent grains.

Ol-bearing pyroxenite (T7-15, T7-19, LWS8-14)
contains low-Mg Ol (Fo = 80-86), orthopyroxene
(Mg# = 0.81-0.87), and clinopyroxene (Mg#= ~0.86)
(Table 1B); these data are consistent with a cumulate
origin.

Oxidation state of samples

We have evaluated the oxidation state of the SCLM under-
lying the study area using the spinel-Ol-orthopyroxene
oxybarometry and the Ol-spinel Fe-Mg exchange ther-
mometry of Ballhaus et al. (1991). The calculated val-
ues are expressed relative to the fayalite-magnetite-quartz
(FMQ) buffer (in logarithmic terms). In dunite, a minor
variation in the Fe’T content in spinel grains yielded
slightly different O, values, but the range is less than 0.3
logarithmic units in individual samples (Table 3). Grains of
spinel and Ol in apparent textural equilibrium were selected
for calculation of fO;; and the values vary by less than 0.4
logarithmic units in individual samples (Table 3).

Both dunite and highly metasomatized harzburgite
samples yielded high fO, values, ranging from FMQ
+1.4 to +2.4 (median at FMQ +2.0). High-fO, values
may possibly be attributed to equilibration with the host
diorite during the entrainment by the intrusion, but we dis-
count this possibility because the mineral chemistry of the
xenoliths is not equilibrated with those in the host dior-
ite. For example, the equilibrium temperatures calculated
from mineral chemistry show high temperatures for diorite
compared to those for harzburgite and dunite. The two-
pyroxene thermometry of Wells (1977) gives 890-915°C
for harzburgite and 910-940°C for dunite, and Ca-in-Opx
thermometry of Brey and Koéhler (1990) indicates 790—
940°C for harzburgite and 860-950°C for dunite. These
values are significantly lower than the temperatures for the
host diorite of 1083°C, based on the two-pyroxene ther-
mometry, and 1164°C using the Ca-in-Opx thermometry
(Xu et al. 2008). This evidence suggests little interaction
between xenoliths and host diorite, and thus implies that
the oxidized state calculated from mineral chemistry in the

xenoliths most likely reflects the conditions of peridotites
before the entrapment in the dioritic magma.

Harzburgite shows a variation in fO;; a highly metaso-
matized sample shows high O, similar to that for dunite
(Table 3). The data suggest that the melt responsible for
metasomatism had a high fO,, and that the SCLM was
oxidized during metasomatism.

Discussion
Oxidation state of the late Mesozoic mantle

The f'O, values obtained for our dunite and metasomatized
harzburgite samples are similar to those of arc cumu-
lates (e.g. Ballhaus 1993) and subarc mantle peridotites
(Brandon and Draper 1996; Parkinson and Arculus 1999;
Parkinson et al. 2003; Figure 6, Table 3). The values are
distinctly higher than those of SCLM underlying ancient
cratons, such as Kaapvaal craton (e.g. Woodland and Koch
2003; McCammon and Kopylova 2004).

The presence of diamondiferous kimberlites in the area
(Figure 1) suggests that the SCLM was reduced, with
an fO, value below the graphite—CO; buffer in early
Palaeozoic time. This implies that the mantle was oxidized
sometime between early Palacozoic and late Mesozoic
times. The tectonic activity that may have affected the oxi-
dation state of the SCLM includes (1) upwelling of the
asthenospheric mantle in Mesozoic time, (2) subduction of
the Tethyan oceanic plate, (3) subduction of the northern
margin of the Yangtze Craton during the Mesozoic, and
(4) westward subduction of the Palaco-Pacific plate in late
Mesozoic time. Among these possibilities, the upwelling
of the asthenospheric mantle is unlikely to have raised fO>
because it has an O, near the FMQ buffer (Bryndzia and
Wood 1990; Ballhaus 1993; Wang et al.2008a). The sub-
duction of the Palaeo-Pacific oceanic plate (possibility 4) is
unlikely to have contributed to a high fO, in the study area
because the area is west of the Sulu UHP belt, which is the
collision zone of the Yangtze Craton and NCC (Figure 1).
The Sulu belt is likely to have acted as a physical barrier
for the subducted Palaeo-Pacific oceanic plate as the colli-
sion zone has a depth of at least 200 km (Ye et al. 2000;
Zhang and Liou 2003; Liu et al. 2007). Therefore, we pro-
pose that subduction of the Tethyan oceanic plate is likely
to have raised /O, to the observed level. It is also possi-
ble that the subduction of the margin of the Yangtze Craton
may have contributed to this oxidation because continental
margins are commonly covered by oxidized shallow-water
sediments, such as evaporates.

Origin of peridotite xenoliths

Origin of harzburgite

High Cr (2640-3430 ppm), Co (103-111 ppm), Ni
(2210-2400 ppm), and IPGE (Os + Ir + Ru = 14.0-
17.8 ppb), and high ratios of IPGE/PPGE in bulk rocks,
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Figure 6. Values of fO, relative to the FMQ buffer, log fO, (FMQ) versus Cr# in spinel for Laiwu ultramafic xenoliths compared
with arc cumulates (Ballhaus 1993), abyssal peridotites (Bryndzia and Wood 1990), and xenoliths of subarc mantle peridotites at Simcoe
(Brandon and Draper 1996); Ichinomegata, Japan (Wood and Virgo 1989; Parkinson and Arculus 1999); Grenada, Marelava, and Solomons
(Parkinson and Arculus 1999; Parkinson et al. 2003). Symbols are the same as in Figure 4.

Table 3. Estimated oxygen fugacity values for the ultramafic Xenoliths from Laiwu high-Mg diorites, western Shandong.

sample T7-21 LW8-44 LW8-30 Lwg-41 LW8-45 LW8-47 LW8-50 LW10-2
Lithology Harzburgite Dunite

Olivine

X! 0.073 0.126 0.100 0.078 0.095 0.057 0.088 0.091
X! 0.927 0.874 0.900 0.922 0.905 0.943 0.912 0.909
Spinel

Cr# 0.289—-0.444  0.605—0.688 0.759 0.835 0.781 0.821 0.756 0.789
Fet/xfe 0.245—-0.418 0.429-0.446 0.344 0.279 0.373 0.252 0.313 0.306
K pMe-Fe)0l-Sp? 3.888—7.839 8.827-8.734 11.76 19.70 14.88 10.70 16.07 15.67
T(C)° 710 £ 50 820 £ 20 760 670 730 810 690 700
Alog(f0,)"™Q* 1.33+0.12  224+0.12 1.88+0.28 199£0.08 2394+0.14 139+£0.18 2.00+0.11 1.93+0.13

Notes: 2Fe-Mg distribution coefficient

between olivine and spinel.

bCalculated based on Ol-Spl exchange thermometer of Ballhaus ef al.(1991).
¢fO, estimates following the method of Ballhaus er al.(1991) using Fe3* contents of spinel calculated from its stoichiometric composition and assuming

the pressures at 1.5GPa.

suggest that the harzburgites in the area are composition-
ally refractory and similar to those typical mantle residues
(e.g. Rehkdmper et al. 1999). The refractory nature of
harzburgite is also supported by high Mg contents of pri-
mary silicate minerals and the high Cr# of spinel (Table 1).
Therefore, both bulk compositions and mineral chemistry
suggest that harzburgite represents mantle residue after par-
tial melting. The melting may have taken place during

the Archaean, considering the Re-depletion model ages of
these harzburgite samples (LW8-44: 2.7 Ga; and T7-21: 2.6
Ga; Gao et al. 2008).

Harzburgite underwent cryptic and modal metasoma-
tism and gained Si and lost Mg. The metasomatic agent
was most likely a melt because of the occurrence of high-
Ti phlogopite and amphibole; Ti is considered to be not
mobile in fluids.
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Origin of dunite

Possible origins of dunite include (1) residue after exten-
sive partial melting (Kubo 2002), (2) a reaction product
between peridotite and hydrous mafic melt (Zhou et al.
1996, 1998), and (3) a cumulate of a mafic melt (e.g.
Leblanc and Ceuleneer 1992). First, a refractory mantle
origin (Gao et al. 2008; Xu et al. 2008) is supported by
the high Mg content of silicates and high Cr in spinel.
Forsterite components of Ol mostly range from 90-92, with
the high values up to 94.3. However, the observed vari-
ation in Mg contents in a single sample is not common
in mantle residues; also, other lines of evidence do not
support a residue origin of dunite. First, Ol commonly con-
tains chromite inclusions (Figures 2D and 2E), which is
not common in residual mantle peridotites. Second, our
dunite contains low IPGE (<4.8 ppb) and low weight ratios
of IPGE/PPGE (as low as 0.05) (Table 2), and the PGE
contents and their normalized patterns are distinctly differ-
ent from those of residual mantle peridotites (Figures 3A
and 4). Rather, the PGE abundances and patterns are sim-
ilar to cumulates (Figures 3B—3D and 4). Third, dunite
xenoliths show young or even negative Re-depletion model
ages (Xu et al. 2008), suggesting that the origin of the
dunite is different from harzburgite, which has an Archaean
model age. Considering these lines of evidence, we reject
the possibility of residual mantle origin of dunite.

Dunite may form as a reaction product of peridotites
with hydrous mafic melt. For example, it has been pro-
posed that dunite in the mantle portions of many ophiolites
was formed by interaction between infiltrating basaltic melt
and peridotites, where pyroxene is replaced by Ol (Arai
1997; Morgan and Liang 2003). However, this possibil-
ity is not supported by the high Mg contents in Ol in
our dunite; olivine produced from pyroxene during reac-
tion with a primitive melt commonly shows variable and
low Mg contents (e.g. Morgan and Liang 2003; Wang
et al. 2008b). Furthermore, dunite formed through such
reaction should retain the IPGE contents of their precur-
sors because PGEs are essentially immobile, even during
extensive metasomatism (Wang et al.2008b). The con-
tents of PGE and primitive mantle-normalized patterns for
dunite xenoliths are significantly different from those of
harzburgite. Therefore, we discount this possibility.

Finally, we suggest that the Laiwu dunite is a cumu-
late of a mafic melt. This is supported by the fine-grained
textures and inclusions of chromite in Ol. The low concen-
trations of IPGE in Laiwu dunite provide strong evidence
supporting its cumulate origin because these elements are
retained in the residual mantle during partial melting (e.g.
Righter et al. 2004; Brenan et al. 2005). The low concen-
trations of PGE in our dunite are not related to sulphide for-
mation since there is no evidence indicating earlier formed
sulphide minerals. Ol contains overall high contents of
Ni, which shows a positive correlation with Mg, which
suggests that S was insignificant during dunite formation

because sulphide would have incorporated Ni. It is unlikely
that the dunite lost its PGE during late metasomatism since
PGE, especially IPGE, are known to be immobile during
high-temperature alteration and metasomatism. For exam-
ple, highly metasomatized rocks, such as orthopyroxenite
formed from harzburgite, retain their original PGE contents
(e.g. Wang et al.2008b). In addition, crustal rocks con-
tain low concentrations of IPGE (e.g. Righter et al. 2004).
Therefore, consistently low concentrations of IPGE in our
samples and their PGE patterns, similar to Ural-Alaskan
type dunite and pyroxenite (Figure 3), suggest that our
dunite is a cumulate of mafic melt. This is further supported
by similar PGE patterns between dunite and Ol-pyroxenite
(Figure 3), because pyroxenite is clearly a cumulate. Xu
et al. (2008) reported young or even negative Re-depletion
model ages for dunite xenoliths, consistent with a cumulate
origin of dunite from a mafic melt.

Nature of the parental magma for dunite

The contents of AlO3; and TiO; in spinel are commonly
used to estimate the composition of a melt since they are
not affected by subsolidus re-equilibration with other min-
erals in ultramafic rocks (e.g. Kamenetsky et al. 2001).
Chromites in the Laiwu dunite contain low TiO; and
plot in the subduction-related magma field of Kamenetzky
et al. (2001), similar to boninitic spinel (Dare et al. 2009)
(Figure 7). Boninites commonly form in forearcs during
the early stages of subduction, and almost always contain
spinel with high Cr# (e.g. Crawford ef al. 1989; Stern and
Bloomer 1992), indicating that cumulates do not necessar-
ily have low Cr# in spinel. In addition, Pagé and Barnes
(2009) showed that cumulates commonly contain high Mg
in Ol, high Cr# and low Ti in spinel in ophiolites compared
to residual mantle harzburgites. Considering the tectonic
history of the area, the parental melt for the dunite most
likely formed during subduction of the Tethyan oceanic
plate, probably in the early stage of its subduction

The high Fo of Ol (up to 94.3) in the Laiwu dunite
is explained by the reaction of Ol with earlier formed
chromite in the cumulate, as spinel preferentially incor-
porates Fe (Bédard and Hébert 1998). Ol associated with
chromitites commonly contains high Mg, up to Fo = 97
(e.g. Mussallam ef al. 1981; Augé 1987). Earlier chromite
formation is evident from abundant chromite inclusions in
Ol grains in the dunite samples (Figure 2D and Figure 2E)

The proposed interpretation, dunite formed from
subduction-related melt, suggests that it was generated ear-
lier than the host Mg diorite because the latter formed after
the collision of the Yangtze Craton and NCC (Gao et al.
2004, 2008; Xu et al. 2006, 2008). Our proposed interpre-
tation is further supported by the occurrence of veinlets of
orthopyroxenite in the dunite. The evidence suggests that
the dunite formed earlier than the infiltration of Si-rich
melt. The parental melt for the diorite was adakitic Si melt.
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Figure 7. TiO; versus Al,O; of spinel in volcanic rocks of Kamenetsky et al. (2001). The fields for large igneous provinces and oceanic
island basalts form a ‘plume’ field. MORB, mid-ocean ridge basalt; Arc, subduction-related volcanic rocks. Spinel in boninites and
boninitic rocks contain low TiO, (<0.35 wt.%) within the field of subduction-related rocks (e.g. Dare et al. 2009). The maximum TiO; is
shown with a dashed line. Note that the chromite from Laiwu dunite plots in the boninite field. Symbols are the same as in Figure 4.

Conclusions

Ultramafic xenoliths in high-Mg diorites at Laiwu are
mainly dunite (>80 vol.%) with minor harzburgite (<10
vol.%) and Ol-pyroxenite (<10 vol.%). Bulk rock compo-
sitions and mineral chemistry suggest that harzburgite is
a residual peridotite after partial melting, whereas the low
concentrations of IPGE suggest that the dunite is the cumu-
late of a mafic melt. High Cr in spinel further suggests
that dunite formed as a cumulate of a boninitic melt, prob-
ably during the early stage of subduction of the Tethyan
oceanic plate. High-Mg Ol grains (up to Fo 94.3) occur
in the dunite, formed by interaction with chromite in the
cumulate at depth.

Portions of the harzburgite and dunite were metaso-
matized by the infiltration of a Si-rich melt to produce
secondary orthopyroxene after Ol, and variably low-Mg
Ol. The metasomatism, in turn, likely resulted in Mg
enrichment in the melt.

Ultramafic xenoliths have evidence of high fO,, sug-
gesting that the SCLM below the eastern margin of the
NCC was oxidized; this oxidation probably occurred dur-
ing the Mesozoic as a result of subduction of the Tethyan
oceanic plate or marginal sediments on the Yangtze Craton
during the collision of the Yangtze Craton and NCC.
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