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Experiments of the melt-peridotite reaction at pressures of 1 and 2 GPa and temperatures of 1250-1400°C have been carried
out to understand the nature of the peridotite xenoliths in the Mesozoic high-Mg diorites and basalts of the North China Craton,
and further to elucidate the processes in which the Mesozoic lithospheric mantle in this region was transformed. We used Fux-
in alkali basalt, Feixian alkali basalt, and Xu-Huai hornblende-garnet pyroxenite as starting materials for the reacting melts,
and lherzolite xenoliths and synthesized harzburgite as starting materials for the lithospheric mantle. The experimental results
indicate that: (1) the reactions between basaltic melts and lherzolite and harzburgite at 1-2 GPa and 1300-1400°C tended to
dissolve pyroxene and precipitate low-Mg* olivine (Mg*=83.6-89.3), forming sequences of dunite-lherzolite (D-L) and dunite-
harzburgite (D-H), respectively; (2) reactions between hornblende-garnet pyroxenite and lherzolite at 1 GPa and 1250°C
formed a D-H sequence, whereas reactions at 2 GPa and 1350°C formed orthopyroxenite layers and lherzolite; and (3) the re-
action between a partial melt of hornblende-garnet pyroxenite and harzburgite resulted in a layer of orthopyroxenite at the
boundary of the pyroxenite and harzburgite. The reacted melts have higher MgO abundances than the starting melts, demon-
strating that the melt-peridotite reactions are responsible for the high-Mg” signatures of andesites or adakitic rocks. Our ex-
perimental results support the proposition that the abundant peridotite and pyroxenite xenoliths in western Shandong and the
southern Taihang Mountains might have experienced multiple modifications in reaction to a variety of melts. We suggest that
melt-peridotite reactions played important roles in transforming the nature of the Mesozoic lithospheric mantle in the region of
the North China Craton.
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Unlike the Kaapvaal and Siberian cratons, the North China
Craton (NCC) experienced widespread tectonothermal reac-
tivation during the late Mesozoic and Cenozoic, and this
resulted in the replacement of old, cold, thick, and depleted
lithospheric mantle by young, hot, thin, and fertile mantle
(Menzies et al., 1993, 1998, 2007; Griffin et al., 1998; Xu,
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2001; Gao et al., 2004; Wu et al., 2005; Deng et al., 2007,
Chen et al., 2008). However, the timing, extent, and mecha-
nisms of this lithospheric thinning remain controversial.
Xenoliths derived from depth are a key to reveal the nature
of the NCC mantle and the ways by which the thinning
proceeded.

Abundant dunite and pyroxenite xenoliths are present in
Mesozoic high-Mg diorites in western Shandong, in the
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Eastern Block of the NCC. The dunites can be subdivided
into two types, based on their textures and mineral chemis-
try: one type has protogranular, porphyroclastic, and tabular
textures, and the olivines have high Mg" values (89.4-94.6);
the other type displays textures typical of metamorphic de-
formation, the olivines have relatively low Mg* values
(82-87), and the rocks have undergone a later metasoma-
tism (Xu et al., 2003, 2004). Peridotite xenoliths in the Early
Cretaceous Fushan high-Mg" diorites from the southern
Taihang Mountains in the Trans-North China Orogen (TNCO)
of the NCC are dominated by spinel harzburgites and cli-
nopyroxene (Cpx)-poor spinel lherzolites with forsterite
contents averaging 92.3, as well as minor chromite-bearing
dunites with a relatively low Mg# (90.1) (Xu et al., 2010).
Then the questions arise: what is the origin of these dunites?
Are they cumulates, or a residue formed in response to a
large amount of partial melting, or are they a product of
melt-peridotite reactions? Moreover, what is the origin of
orthopyroxenite veining in the dunites? Previous studies on
the petrogenesis of these dunites have focused mainly on
petrography, mineral chemistry, and geochemistry. Alt-
hough there have been some researches on melt-peridotite
reactions (Fisk, 1986; Kelemen, 1990; Kelemen et al., 1990;
Yaxley et al., 1998; Rapp et al., 1999; Yaxley, 2000; Mor-
gan et al., 2005; Piccardo et al., 2007; Shaw et al., 2008;
Lambart et al., 2009; Mallik et al., 2012), the experimental
studies that can be applied to the above questions are few
and far between (Wang et al., 2010; Zhang et al., 2012).

In this paper, we describe a series of high-pressure and
high-temperature (HP-HT) experiments using various bas-
alts and pyroxenites for the reacting melts, and lherzolites
and harzburgites as representatives of the mantle peridotites.
We focused on the lithological and compositional changes

Table 1 Starting compositions of whole rocks and minerals (wt.%)
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in both the peridotites and the melts to better understand: (1)
the petrogenesis of different types of peridotite xenoliths; (2)
the nature of the changes in the Mesozoic lithospheric man-
tle beneath the NCC; and (3) the petrological implications
for the high-Mg signatures of adakitic rocks.

1 Materials and methods
1.1 Starting materials

The starting materials for the reacting melts were powdered
natural alkali basalts (FW1-1, FX-1) and hornblende-garnet
(Hb-Grt) pyroxenite (JG4-1). The basalts were collected
from Fuxin in Liaoning Province (Zheng et al., 1999) and
Feixian in western Shandong Province (Pei et al., 2004),
and the pyroxenite came from the Jiagou adakitic intrusion
in Anhui Province (Xu et al., 2009). According to the liter-
ature, the Fuxin and Feixian alkali basalts were derived
from asthenospheric mantle (Zheng et al., 1999; Wang,
2002) and lithospheric mantle (Pei et al., 2004), respectively,
whereas the Hb-Grt pyroxenite can be attributed to the NCC
basement (Xu et al., 2009). A natural lherzolite powder
(WFY-1) and a synthesized harzburgite powder (WFY-2)
represent mantle peridotites. Sample WFY-1 is a peridotite
xenolith from the Cenozoic basalts of Huinan, Jilin Prov-
ince, and it consists of 52.9 wt.% olivine, 32.6 wt.% ortho-
pyroxene (Opx), 13.1 wt.% Cpx, and 1.4 wt.% spinel, ac-
cording to the MINSQ method (Herrmann et al., 2002).
Sample WFY-2 was synthesized by mixing crushed, opti-
cally clean olivine (50 wt.%) and Opx (50 wt.%), collected
from sample WFY-1. Compositions of the starting materials
are listed in Table 1.

FW1-1: an alkali basalt from Fuxin in Liaoning Province;

WFY-1
FWI-1 FX-1 JG4-1 WFY-1 WFY-2

Ol Opx Cpx Sp
SiO, 4428 48.77 46.27 45.77 47.19 39.99 54.38 51.42 0.09
TiO, 2.82 1.09 1.68 0.11 0.05 0.00 0.10 0.41 0.12
ALO; 14.30 11.71 11.46 3.17 2.18 0.04 4.31 6.01 55.88
Cr,0; 0.19 0.03 0.35 0.71 11.21
Fe,0; 12.96 8.09 19.75 8.59
FeO 8.07 10.00 6.13 2.87 11.16
MnO 0.19 0.12 0.25 0.12 0.12 0.06 0.17 0.13 0.08
MgO 8.55 13.59 8.12 38.27 39.98 47.66 32.30 15.54 20.64
CaO 10.50 8.82 11.41 3.09 0.42 0.07 0.76 20.12 0.00
Na,O 2.70 2.22 0.46 0.31 0.07 0.01 0.13 1.51 0.05
K,O 2.13 2.38 0.04 <0.01 0.01 0.01 0.00 0.00 0.02
P,0s 0.05 0.66 0.04 0.01
NiO 0.24 0.39 0.08 0.00 0.37
LOI 1.50 1.33 0.16 -0.31
Total 99.11 98.78 99.64 99.13 98.49 98.26 98.71 98.72 99.62
Mg* 56.7 76.9 449 89.8 89.9 89.5 90.4 90.6 76.8
crt 11.9
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FX-1: an alkali basalt from Feixian in western Shandong
Province; JG4-1: a Hb-Grt pyroxenite xenolith from Jiagou
intrusion in northern Anhui Province; WFY-1: a lherzolite
xenolith from Huinan in Jilin Province; WFY-2: a synthetic
harzburgite, and its compositions produced by mixing oli-
vine and orthopyroxene collected from WFY-1 in weight
proportions of 0.5:0.5; Cpx-clinopyroxene; Ol-olivine; Opx-
orthopyroxene; Sp-spinel. LOI: loss on ignition; Mg*=molar
100 Mg/(Mg+Fe); Cr*=molar 100 Cr/(Cr+Al).

1.2 Experimental methods

To simulate the reaction between melt and peridotite at
depths of the lithospheric mantle, a series of HP-HT ex-
periments were carried out at pressures of 1 or 2 GPa and
temperatures of 1250-1400°C, with the positions of the
solidus and liquidus for fertile peridotites and basalts taken
into account (Figure 1). All the experiments were conducted
in a non-end-loaded type piston-cylinder (Quickpress 3.0) at
the State Key Laboratory of Geological Processes and Mine-
ral Resources of China University of Geoscience.

As shown in Figure 2, the furnace assembly consists of a
Pt capsule, placed in a thin-walled BN sleeve, and then
sandwiched between two crushable MgO spacer rods in
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Figure 1 P-T plot showing solidus and liquidus for fertile peridotite (solid
curve) and average MORB (dashed curve). A representative thickness for the
continental lithosphere is shown as the horizontal dashed line (after Yaxley
(2000)). The filled circle, open circle, filled triangle, and open triangle
represent run FW0912, FH0629, FXH0704, and FXH0703, respectively.
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another sleeve of graphite, Pyrex® and salt. The experi-
mental samples were made up of a layer of basalt or pyrox-
enite on top of a layer of peridotite, and they were packed in
the graphite-lined Pt capsule (5.7 mm high and 5 mm outer
diameter for the Pt capsule, 4.3 mm outer diameter and 2.2
mm inner diameter for the graphite tube) in order to prevent
Fe loss. Prior to sealing the Pt tube, the open capsule and
furnace assembly were stored in a vacuum oven at 110°C
for at least 12 hours. A WsRegs-WycRe74 thermocouple, sit-
uated at the bottom of the sample capsule, was used to con-
tinually monitor temperatures during the experiment. For
these experiments, temperature and pressure errors are ex-
pected to be less than 10°C and 0.1 GPa, respectively, based
on previous calibrations (Wang et al., 2010).

The charge was first cold pressurized to run pressure
changes at a rate of 7 MPa/min, and then the conditions
were held at the desired pressure for several hours. The
temperatures were programmed to move towards the de-
sired temperature at a rate of 10°C/min. Once the desired
conditions of 7 and P were reached, the sample was kept at
that 7 and P for a number of hours. The samples were then
decompressed at a rate of 4 MPa/min, and quenched to be-
low 200°C within 10 s by turning off the power of the press.
The recovered Pt capsules were sectioned perpendicular to
the cylindrical axis using a low-speed diamond saw, mounted
in epoxy, and polished for microprobe analysis. Table 2

Table 2 Run conditions for all experiments and phase assemblage of the reactive sample®

Run number Starting material Pressure (GPa) Temperature (°C) Duration Phase assemblage (in peridotite)
FW0912 FWI1-1+WFY-1 2 1400 8 Duntie (glass+Ol)+Lher. (Ol+Opx+Cpx)
FH0629 FWI1-1+WFY-2 1 1300 8 Dunite (glass+Ol)+Harz. (Ol+Opx)
FXHO0703 FX-1+WFY-2 1 1300 8 Dunite (glass+Ol)+Harz. (Ol+Opx)
FXH0704 FX-1+WFY-2 2 1370 8 Dunite (glass+Ol)+Harz. (Ol+Opx)
JW1011 JG4-1+WFY-1 1 1250 24 Dunite (glass+Ol)+Harz. (glass+Ol+Opx)
JW0912 JG4-1+WFY-1 2 1350 10 Opx+Lher. (Ol+Opx+Cpx)

JH0627 JG4-1+WFY-2 2 1300 24 Opx+Harz. (O1+Opx)

a) Harz.-harzburgite; Lher.-lherzolite.
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summarizes the experimental conditions.

1.3 Analytical methods

Whole rock major element data were obtained by X-ray
fluorescence (XRF) using a Rigaku RIX 2100 spectrometer
at the State Key Laboratory of Continental Dynamics,
Northwest University, China. The major element composi-
tions of minerals, starting material melts, and experimental
samples were determined using a JEOL JXA-8100 electron
microprobe at the Key Laboratory of Orogenic Belts and
Crustal Evolution, Peking University, China. The analytical
conditions were an accelerating voltage of 15 kV, a beam
current of 20 nA, and a beam diameter of 1 pm for minerals.
For melt analyses, Na and K were analyzed first, and the
beam diameter was 5 pm.

2 Results

2.1 Phase assemblages

A zone of dunite was formed in all the basalt-peridotite re-
action experiments at 1-2 GPa and 1300-1400°C (Figure
3(a)—(d)). The alkali basalts (FW1-1, FX-1) were totally
melted whereas neither lherzolite nor harzburgite was
melted. Reaction between basaltic melt and the underlying
peridotite caused the Opx to be dissolved in the basaltic
melt, and a zone of dunite with an interstitial melt was
formed. The reaction zone that formed at 1 GPa and 1300°C
(Figure 3(b), (c)) is much wider than that formed at 2 GPa
and 1400/1370°C (Figure 3(a), (d)) over the same length of
time. The interface is quite distinct between the regions of
dunite and harzburgite.

In the pyroxenite-peridotite experiments at 1 GPa JW1011)
and 1250°C, the Hb-Grt pyroxenite (JG4-1) became totally
molten near the melt-peridotite boundary, but some recrys-
tallized Opx appeared at the top of the sample capsule (Fig-
ure 3(e)). Dissolution of lherzolite in the melt resulted in a
sequence of dunite-harzburgite (D-H). In the pyroxe-
nite-peridotite experiments at 2 GPa and 1350°C (JW0912),
the Hb-Grt pyroxenite was totally melted, but only a small
amount of melt appeared at the hot end (geometric “top”) of
the capsule. A thin layer of Opx was formed adjacent to the
peridotite. Meanwhile, a number of amphibole crystals were
precipitated next to the Opx layer (Figure 3(f)). This is sim-
ilar to the results of some other amphibole-forming experi-
ments (Sen et al., 1994), but different from our experimental
results at 1 GPa.

In the pyroxenite-peridotite experiment at 2 GPa and
1300°C (JH0627), the Hb-Grt pyroxenite was partially
melted leaving a residue of garnets, and the reaction be-
tween the harzburgite and the partial melt (Si0,=48.82
wt.%-51.03 wt.%) of Hb-Grt pyroxenite produced a layer
of orthopyroxenite at the melt-peridotite interface.
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2.2 Melt compositions

Comparing the reacted melt with the starting melt is useful
when assessing the effect of peridotite assimilation on the
compositional variation of the melts. Compositions of re-
acted melts in runs FW0912, FH0629, FXH0703, FXH0704
and JW1011 are listed in Table 3. The melt composition in
run JW1011 has been corrected by adding the appropriate
amount of crystalline Opx back into the bulk melt. Within
the dunites, the calculated FeO/MgO olivine-melt partition
coefficients are 0.31 in run FW0912, 0.16-0.27 in run
FH0629, 0.17-0.27 in run FXHO0703, 0.16-0.20 in run
FXHO0704, and 0.33 in run JW1011. Based on the partition
coefficient for olivine-melt equilibrium (0.30+0.03) (Roeder
et al., 1970), it is suggested that the reacting melts and oli-
vines are not in equilibrium except in runs FW(0912 and
JW1011.

Figure 4 shows the melt composition profiles in the re-
gion from alkali basalt or pyroxenite (x>0) to peridotite (x<
0). In the experiments on the reaction between Fuxin alkali
basalt and peridotite (runs FW0912 and FH0629), (1) SiO,
and MgO contents increase in the reacted melts while FeO
decreases; (2) Al,O; increases in the interstitial melts (x<0)
at high pressure, but decreases at low pressure; (3) CaO in
the melts increases towards the basalt-dunite interface (x=0),
whereas MgO sharply decreases in the interstitial melts; and
(4) Na,O and K,O contents increase slightly towards the
basalt-dunite interface (Figure 4).

In the experiments on the reaction between Feixian alkali
basalt and peridotite (runs FXHO0703 and FXHO0704), the
compositional variations of the melts are similar to those in
the experiments on Fuxin alkali basalt and peridotite (Figure
4). But, the reacted melts in runs FXH0703 and FXH0704
have lower MgO and higher FeO than their starting melts,
which is the opposite of the experimental results in runs
FWO0912 and FHO0629 (Figure 4(b), (c)). This is because
sample FX-1 has a higher MgO and lower FeO than sample
FWI-1.

In the pyroxenite-peridotite reaction experiment (run
JW1011), the trend of compositional variations in the melts
is more continuous than in the reactions referred to above
(Figure 4), suggesting a relative state of equilibrium. Com-
pared with the starting melts, the reacted melts have higher
contents of SiO, and MgO, lower Al,O5, FeO, and CaO, and
slightly higher Na,O.

2.3 Mineral compositions

The major element compositions of representative minerals
in these experiments are listed in Table 4. Newly developed
olivine can be observed in the dunite zone. As shown in
Figure 5, individual olivine grains reflect the core-to-rim var-
iations in runs FW0912 and JW0912 (Figure 5(a)—(d)). The
olivine cores, compared to their rims, have a higher Mg*
and NiO content, but a lower FeO and CaO. Compositional
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50 um ; 50 pm

100 um

Figure 3 Back-scattered electron (BSE) photomicrographs of crystal-melt phase assemblages in melt-peridotite layered experiments at 1 and 2 GPa.
Dashed curves mark the melt-peridotite contact and sharp lithological boundaries. Olivine, orthopyroxene, and clinopyroxene are shown as medium gray,
dark gray, and light gray in the BSE images of peridotite, respectively. (a) Run FW0912; (b) run FH0629; (c) run FXH0703; (d) run FXHO0704; (e) run
JW1011; (f) run JW0912; (2) an overall view of run JH0627; (h) close-up view of the melt-peridotite contact in run JH0627.
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Table 3 Compositions of reacted melts in runs FW0912, FH0629, FXH0703, FXH0704 and JW1011 (wt.%)

Sample FW0912
Phase glass glass glass glass glass glass glass glass glass glass crystal crystal
Sio, 44.64 44.69 44.03 44.38 45.10 44.79 44.29 44.98 44.67 45.07 46.35 46.13
TiO, 2.71 2.68 2.68 2.83 2.84 291 2.90 2.92 2.81 2.71 3.16 295
AlLO; 14.78 14.67 14.44 14.83 15.04 14.91 14.82 14.90 14.80 14.54 16.65 17.03
Cr,0; 0.05 0.03 0.06 0.07 0.02 0.08 0.04 0.03 0.00 0.06 0.11 0.09
FeO 10.29 10.14 10.69 10.43 10.37 10.44 10.50 10.31 10.58 10.41 9.63 9.42
MnO 0.20 0.24 0.14 0.13 0.15 0.18 0.18 0.17 0.22 0.19 0.17 0.14
MgO 11.34 11.22 11.25 11.21 11.21 11.46 11.54 12.28 11.63 11.57 5.51 5.08
CaO 8.44 8.65 8.31 8.48 8.45 8.45 8.45 8.46 8.49 8.58 10.02 8.94
Na,O 2.69 2.82 2.82 2.71 2.80 2.66 2.69 2.39 2.87 2.56 243 2.51
K,O 1.86 2.09 2.02 2.12 1.91 1.94 1.97 1.99 1.91 1.83 2.32 2.58
NiO 0.01 0.03 0.01 0.06 0.04 0.00 0.00 0.05 0.00 0.00 0.07 0.05
Total 97.01 97.26 96.45 97.25 97.93 97.82 97.38 98.47 97.98 97.52 96.42 94.92
Mg 66.3 66.4 65.3 65.8 65.9 66.2 66.3 68.0 66.3 66.5 50.5 49.1
Sample FH0629 FXHO0703
Phase glass glass glass glass glass crystal crystal crystal crystal crystal glass glass
Si0, 45.56 45.33 45.54 46.43 47.15 48.09 49.91 50.02 50.83 52.44 47.08 46.29
TiO, 241 233 2.35 2.33 2.45 2.83 2.27 1.86 1.73 1.40 2.70 2.51
AlLO; 13.82 14.13 13.61 13.21 13.42 15.27 14.36 12.96 12.48 11.94 14.64 14.46
Cr,0; 0.14 0.07 0.06 0.12 0.14 0.12 0.01 0.09 0.05 0.07 0.02 0.04
FeO 9.78 9.72 9.58 9.65 10.23 9.07 8.79 9.50 9.27 9.02 9.77 9.59
MnO 0.19 0.16 0.23 0.19 0.20 0.12 0.18 0.19 0.22 0.19 0.18 0.19
MgO 12.49 12.18 12.42 12.95 11.22 6.50 6.70 9.21 8.72 8.95 11.01 10.69
CaO 8.79 8.93 8.61 8.58 9.49 10.02 10.39 9.56 9.65 9.38 8.70 8.76
Na,O 2.49 2.54 2.46 245 2.74 2.86 2.84 2.80 2.85 3.21 3.04 2.96
K,0 1.71 1.76 1.70 1.61 1.43 1.85 1.93 1.72 1.75 1.89 1.76 1.70
NiO 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.03 0.02 0.14 0.09 0.06
Total 97.38 97.15 96.56 97.52 98.47 96.75 97.41 97.95 97.58 98.63 98.99 97.25
Mg* 69.5 69.1 69.8 70.6 66.2 56.1 57.7 63.4 62.7 63.9 66.8 66.6
Sample FXH0703 FXH0704
Phase glass glass glass crystal crystal crystal crystal crystal crystal glass glass glass
SiO, 46.30 47.32 47.717 48.04 51.52 49.55 50.86 51.86 52.94 45.28 45.48 45.97
TiO, 2.84 2.35 2.39 3.01 1.80 2.39 2.20 1.85 1.71 3.18 3.32 3.24
AlLOs 14.52 13.69 14.22 15.08 15.18 14.05 13.54 13.39 14.50 15.39 14.81 15.55
Cr,0; 0.07 0.10 0.09 0.06 0.11 0.10 0.06 0.07 0.10 0.02 0.03 0.04
FeO 9.71 9.67 10.15 9.08 8.58 9.09 9.04 8.62 7.47 10.24 9.97 9.08
MnO 0.18 0.18 0.17 0.18 0.19 0.21 0.20 0.19 0.19 0.15 0.15 0.14
MgO 10.80 11.04 10.16 7.43 6.42 7.80 7.61 7.68 5.92 10.42 1091 9.25
CaO 891 8.82 9.19 9.75 9.95 9.99 9.75 9.05 9.22 7.74 7.44 8.51
Na,O 293 2.85 322 322 3.09 3.20 3.43 3.44 3.76 3.62 3.26 3.70
KO 1.55 1.57 1.65 1.75 2.01 1.64 1.82 2.18 2.42 2.15 2.27 2.07
NiO 0.01 0.00 0.10 0.00 0.02 0.09 0.00 0.04 0.02 0.00 0.04 0.00
Total 97.82 97.59 99.10 97.61 98.86 98.10 98.51 98.37 98.26 98.20 97.67 97.55
Mg' 66.5 67.1 64.1 59.4 57.2 60.5 60.1 61.4 58.6 64.5 66.2 64.5
Sample FXHO0704 JW1011
Phase crystal crystal crystal glass glass glass glass glass crystal crystal crystal
SiO, 46.19 47.11 47.60 47.59 47.46 47.20 47.63 47.52 47.51 47.10 48.08
TiO, 3.55 3.49 3.87 1.15 1.19 1.18 1.11 1.14 1.18 1.18 1.16
ALO; 16.72 17.26 17.62 10.16 10.25 10.22 10.27 10.46 10.17 10.34 10.26
Cr,05 0.00 0.05 0.02 0.17 0.23 0.17 0.14 0.14 0.13 0.18 0.24
FeO 9.39 8.91 8.45 13.45 13.13 13.05 13.18 12.98 12.84 13.24 13.14
MnO 0.21 0.17 0.15 0.24 0.22 0.23 0.21 0.22 0.22 0.24 0.22
MgO 6.55 5.48 4.48 14.69 14.72 14.50 14.66 14.70 13.96 14.09 14.10
CaO 9.11 9.28 9.68 10.65 10.58 10.67 10.59 10.56 10.50 10.66 10.41
Na,O 3.37 3.54 3.49 0.60 0.60 0.63 0.63 0.63 0.63 0.61 0.56
K.0 2.20 2.18 247 0.05 0.05 0.05 0.05 0.03 0.02 0.02 0.05
NiO 0.00 0.00 0.00 0.05 0.00 0.07 0.00 0.00 0.02 0.02 0.02
Total 97.29 97.47 97.82 98.78 98.42 97.96 98.45 98.37 97.17 97.68 98.24
Mg" 55.5 524 48.6 66.1 66.7 66.5 66.5 66.9 66.0 65.5 65.7
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Figure 4 Plots of measured oxide abundance (in wt.%) in melt as a function of distance (x) in melt-peridotite layered experiments. The melt-peridotite
interface is at x=0. The glass phase is at x>0, and the crystal phase is at x<0.

variations in olivines as a function of distance (x) are also
shown in Figure 5(e)—(h). From the melt-dunite interface to
the harzburgite, the Mg” of olivines increases from 88.0 to
89.8 in run FHO0629, from 86.8 to 89.8 in run FXHO0703,

from 86.0 to 87.3 in run FXHO0704, and from 83.6 to 85.6 in
run JW1011. Similarly, in these runs, the FeO and CaO
contents of the olivines decrease, and NiO increases from
the melt-dunite interface to the harzburgite.
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Table 4 Representative mineral compositions in melt-peridotite layered experiments (wt.%)”

FW0912 FH0629 FXHO0703
Sample O dunite Olrdunite  OI2dunite 09 dunite  O110 dunite OI12 Harz. _Oll dunite 0I5 dunite  OI7 dunite OI10 Harz,
SiO, 40.37 40.24 40.76 40.27 40.07 40.42 40.75 40.59 40.27 40.68
TiO, 0.00 0.05 0.06 0.02 0.00 0.01 0.04 0.02 0.00 0.04
ALO; 0.04 0.11 0.05 0.07 0.04 0.07 0.05 0.00 0.00 0.05
Cr,0; 0.06 0.02 0.09 0.10 0.08 0.08 0.08 0.11 0.05 0.03
FeO 10.59 13.00 11.30 11.15 10.71 10.04 12.68 12.01 11.69 10.43
MnO 0.13 0.13 0.19 0.18 0.13 0.11 0.23 0.20 0.20 0.15
MgO 48.27 47.33 47.24 47.56 47.88 47.59 46.92 47.22 46.74 48.58
CaO 0.14 0.21 0.22 0.21 0.27 0.17 0.22 0.19 0.17 0.13
Na,O 0.00 0.00 0.00 0.03 0.03 0.01 0.02 0.02 0.02 0.02
K,O 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00
NiO 0.36 0.27 0.16 0.11 0.20 0.18 0.09 0.18 0.09 0.23
Total 99.96 101.35 100.06 99.71 99.42 98.68 101.08 100.54 99.24 100.34
Mg* 89.1 86.7 88.2 88.4 88.9 89.4 86.9 87.5 87.7 89.3
FXHO0704 JW1011 JW0912
Sample Oll1 Ol5 o17 019 0124 Ol119-¢ Ol118-r Ol15 Ol-r Ol-c
dunite dunite Harz. Harz. dunite dunite dunite Harz. Lherz. Lherz.
SiO, 40.21 40.13 40.07 39.80 38.26 39.29 38.77 38.63 37.69 39.61
TiO, 0.14 0.08 0.04 0.01 0.00 0.00 0.03 0.00 0.06 0.00
ALO; 0.14 0.11 0.09 0.09 0.07 0.04 0.05 0.10 0.11 0.08
Cr,0; 0.03 0.02 0.00 0.04 0.10 0.03 0.10 0.15 0.01 0.04
FeO 13.34 13.60 12.27 12.07 15.75 12.28 15.25 15.03 19.09 11.15
MnO 0.16 0.15 0.18 0.13 0.19 0.16 0.25 0.16 0.22 0.13
MgO 45.82 4593 4593 46.34 4481 48.14 45.77 45.13 41.44 47.54
CaO 0.29 0.28 0.20 0.22 0.32 0.11 0.35 0.32 0.31 0.21
Na,O 0.05 0.01 0.04 0.01 0.00 0.00 0.01 0.00 0.01 0.01
K,O 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
NiO 0.02 0.05 0.23 0.27 0.05 0.19 0.07 0.03 0.15 0.36
Total 100.24 100.35 99.04 98.98 99.55 100.24 100.65 99.55 99.12 99.13
Mg* 86.0 85.8 87.0 87.3 83.6 87.5 84.3 84.3 79.5 88.4
FW0912 FH0629 FXHO0703
Sample Opx4.1 Opx7.1 Opx3-c Opx2-r Opx5 Opxl1 Opx2-c Opx3-r Opx4-c  Opx5-r
Lherz. Lherz. Harz. Harz. Harz. Harz. Harz. Harz. Harz. Harz.
SiO, 54.61 54.16 53.92 54.29 54.37 55.49 54.51 55.18 54.77 55.13
TiO, 0.09 0.08 0.13 0.10 0.07 0.11 0.04 0.08 0.09 0.07
ALO; 4.46 4.50 4.70 4.08 4.40 4.09 4.90 4.26 4.55 4.20
Cr,0; 0.35 0.42 0.33 0.33 0.27 0.33 0.34 0.39 0.39 0.42
FeO 6.75 6.64 6.61 6.28 6.39 6.58 6.26 6.63 6.26 6.35
MnO 0.19 0.07 0.14 0.09 0.12 0.14 0.17 0.15 0.12 0.12
MgO 32.08 32.11 32.71 32.99 33.15 32.09 32.45 32.69 32.85 32.87
CaO 0.79 0.78 0.75 0.75 0.52 0.59 0.68 0.78 0.47 0.53
Na,O 0.09 0.16 0.07 0.11 0.03 0.05 0.09 0.09 0.11 0.08
KO 0.00 0.00 0.01 0.01 0.02 0.01 0.00 0.02 0.00 0.00
NiO 0.15 0.11 0.09 0.04 0.07 0.14 0.16 0.08 0.13 0.05
Total 99.56 99.03 99.46 99.07 99.40 99.62 99.60 100.34 99.74 99.82
Mg* 89.5 89.6 89.8 90.4 90.3 89.7 90.3 89.8 90.4 90.2
FXH0704 JW1011
Sample Opx2-c Opx1-r Opx4-c Opx3-r Opx3-c Opx4-r Opx6-c Opx7-r
Harz. Harz. Harz. Harz. Harz. Harz. Harz. Harz.
SiO, 54.04 53.33 54.21 54.24 53.53 53.42 53.80 54.98
TiO, 0.11 0.29 0.07 0.19 0.11 0.16 0.14 0.13
ALO3 4.22 5.03 4.29 4.46 4.66 3.00 441 1.72
Cr,03 0.23 0.38 0.37 0.36 0.36 0.66 0.21 0.27
FeO 6.62 7.08 6.26 6.92 6.35 8.57 6.64 8.66
MnO 0.13 0.14 0.13 0.15 0.14 0.20 0.11 0.15
MgO 33.14 30.81 32.57 31.46 33.39 30.58 34.08 31.03
CaO 0.73 1.52 0.78 1.12 0.74 245 0.89 2.18
Na,O 0.10 0.22 0.11 0.21 0.00 0.03 0.02 0.03
KO 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00
NiO 0.02 0.09 0.05 0.10 0.07 0.02 0.07 0.03
Total 99.34 98.88 98.85 99.22 99.35 99.09 100.36 99.17
Mg* 89.9 88.6 90.3 89.0 90.4 86.4 90.2 86.5

(To be continued on the next page)
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(Continued)
JW0912 JH0627
Sample Opx-c Opx-r Opx1-c Opx3-r Opx5-c Opx6-r Opx12-c Opx13-r
Opx zone Opx zone Opx zone Opx zone Opx zone Opx zone Harz. Harz.
SiO, 52.90 49.31 55.12 51.24 54.43 50.59 55.22 52.99
TiO, 0.08 0.28 0.07 0.77 0.09 0.74 0.11 0.47
ALO; 4.55 7.76 4.56 8.08 5.00 8.07 5.06 6.92
Cr05 0.37 0.26 0.31 0.18 0.38 0.24 0.35 0.35
FeO 8.04 10.55 6.38 11.51 6.31 11.08 6.54 6.93
MnO 0.15 0.18 0.17 0.24 0.18 0.13 0.17 0.19
MgO 31.36 26.27 32.78 27.03 32.11 26.59 32.57 30.50
CaO 0.95 2.11 0.83 1.63 0.97 1.61 0.98 1.58
Na,O 0.06 0.10 0.09 0.05 0.12 0.12 0.09 0.12
K.0 0.00 0.00 0.00 0.02 0.00 0.01 0.01 0.02
NiO 0.09 0.02 0.17 0.06 0.14 0.06 0.12 0.08
Total 98.54 96.84 100.47 100.80 99.73 99.24 101.21 100.14
Mg’ 87.5 81.6 90.2 80.8 90.1 81.1 89.9 88.7

a) c-core; r-rim.

In the basalt-peridotite and pyroxenite-peridotite reaction
experiments at 1 GPa, Opx is originally present in the lher-
zolite or harzburgite zone. The core-to-rim compositional
variations of these Opx can be observed in the harzburgite
zone in runs FXH0704 and JW1011. The rims of the Opx
have higher FeO and CaO but lower MgO than the cores.
Newly developed Opx is present as a thin layer in the reac-
tion zone in the pyroxenite-peridotite experiment at 2 GPa,
and also present in the partial melt during the pyroxenite-
peridotite experiments (runs JW0912 and JHO0627). The
newly developed Opx with neoblasts precipitated on the
surface of the original Opx in the reaction zone shows clear
compositional variations from core to rim. The cores have
the same compositional characteristics as Opx originally
present in the samples, but the rims have higher Al,O3, FeO,
and CaO contents, and lower SiO, and MgO (Table 4).

3 Discussions

3.1 Sequence of lithological changes: Implications for
changes in the nature of lithospheric mantle

The reactions between peridotite and different types of melt
result not only in a sequence of lithological changes, but
also changes in the compositions of minerals and melts.
Preferential dissolution of Cpx and Opx, as well as precipi-
tation of olivine, gives rise to the formation of dunite,
whereas precipitation of Opx creates a layer of orthopyrox-
enite in runs JW0912 and JH0627. Whether it is olivine or
Opx that is consumed during the melt-peridotite reaction
depends mainly on the nature of the reacting melts, and in
particular, whether the melts are close to olivine or Opx
saturation (Morgan et al., 2005). Variations in the composi-
tions of olivine and Opx during each sequence of lithologi-
cal change are controlled by the reacting melt and the host
minerals. The core-to-rim compositional variations of newly
developed olivine and Opx in the reaction zone are con-

trolled by the reaction between the original peridotite and
the reacting melts, and the variations can be attributed to the
gradually evolving nature of the reacting melt.

Although a similar initial material (i.e., JG4-1) was used
in runs JW1011 (at 1 GPa and 1250°C) and JW0912 (at 2
GPa and 1350°C), the products are different: run JW1011
produced olivine, whereas run JW0912 produced Opx, and
this may have been a result of the different pressures. The
absence of Opx at the melt-peridotite interface in run
JWI1011 could be ascribed to the incongruent melting of
Opx at low pressures (Opx—olivine+Si-rich melt) (Kubo,
2002).

Melt compositions in these experiments are controlled by
pyroxene dissolution, olivine precipitation, and diffusive
exchange (Morgan et al., 2005). In runs FW0912, FH0629,
and JW1011, because Opx and Cpx have higher SiO, and
MgO than the pristine melt (Table 1), dissolution of the Opx
and Cpx will increase the amounts of SiO, and MgO in the
hybridized melts (Figure 4(a), (c)). On the other hand, the
dissolution had a dilution effect with regard to the amounts
of ALOs, FeO, and CaO in the hybridized melts (Figure
5(b), (e), (f)). The sharp decline in MgO (Figure 4(c)) and
the rise in CaO (Figure 4(f)) in interstitial melts may be a
consequence of the precipitation of olivine.

Kelemen et al. (1998) described the reaction types as:

Olivine+SiO,(melt;)=Opx(+melt,) (D)
Opx+melt;=olivine+SiO,(melt,) 2)

Reaction (1) is likely to occur where basaltic and/or
sedimentary bulk compositions in the amphibolite to eclo-
gite facies undergo small degrees of partial melting at man-
tle depths, and where the resulting silica-rich melt passes
upwards into mantle peridotite (Kesson et al., 1989; Kele-
men et al.,, 1993). Reaction (2) is likely to occur where
mantle-derived melts migrate upwards through peridotite
along an adiabatic geothermal gradient (Kelemen et al., 1995a).
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Figure 5 Plots of measured oxide abundance (in wt.%) in olivine as a function of analysis position and distance (x) in melt-peridotite layered experiments.
The melt-peridotite interface is at x=0, and the crystal phase is at x<0.

Our experimental results show that the reactions between
peridotite and either pyroxenite or a partial melt of pyroxe-
nite (silica-rich melt) increase Opx proportions or SiO,
contents in the peridotite. They also show that the reaction
between a basaltic melt and peridotite tends to dissolve py-

roxene and precipitate olivine. These results are consistent
with previous experimental results (Yaxley et al., 1998;
Rapp et al., 1999; Morgan et al., 2005; Lambart et al.,

2009).

In the central-eastern NCC, we discovered different types
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of peridotite xenoliths in the Mesozoic high-Mg diorites,
including chromite-bearing dunite, dunite with orthopyrox-
enite veins, spinel harzburgite, and spinel lherzolite (Xu et
al., 2003, 2008, 2010). Based on our experimental results,
we conclude that the dunites with low-Mg® olivines could
result from basaltic melt-peridotite reactions, whereas or-
thopyroxenite veins in the dunites could have formed during
a silica-rich melt-peridotite reaction. The former reaction
results in the formation of depleted mantle, and the latter
results in the transformation of depleted mantle to fertile
lithospheric mantle. Our experimental results support the
proposition that melt-peridotite reactions play an important
role in transforming the nature of lithospheric mantle.

3.2 Origin of low-Mg" dunite: Constraints from melt-
peridotite reactions

Dunites are commonly observed in the mantle sections of
ophiolite and peridotite massifs around the world (Boudier
et al., 1985; Braun et al., 2002; Kubo, 2002). Some dunite
bodies show evidence of magma-wall rock reactions in the
upper mantle, and their formation would have changed the
compositions of both the melt and the host peridotite (Kele-
men, 1990; Kelemen et al., 1995b; Allan et al., 1996). The
origins of dunites include: (1) as a residue formed by a high
degree of partial melting of peridotite (Bernstein et al.,
2007); (2) as a cumulate formed by the fractionation of oli-
vine from a mafic melt (Zhang et al., 2005); and (3) as a
replacement product formed during melt-peridotite reac-
tions (Kelemen et al., 1998; Garrido et al., 2007).

The Mg" of an olivine is usually used as a measure of the
degree of partial melting and melt extraction in the mantle
(Dick et al., 1984; Arai, 1994). Melting experiments indi-
cate that a high Mg” in the olivine implies a high degree of
melting (Mysen et al., 1977). In our experiments, the Mg"’s
of the olivines (83.6-89.3) in the dunite zone are lower than
in the olivine of the starting material (Mg"=89.5). These
lower values of Mg” are similar to those in the dunite zone
resulting from the alkali basalt-lherzolite reaction (Morgan
et al., 2005), but they differ from those in the highly de-
pleted peridotite where a high-Mg" olivine was produced by
a high degree of melting. As a result, we suggest that the
reaction between basaltic magma and pyroxene-bearing
peridotite could be responsible for the formation of low-
Mg" dunite. This conclusion is also supported by the trace
element compositions of olivines from dunite xenoliths in
western Shandong and the southern Taihang Mountains (Xu
et al., 2008, 2010).

3.3 Variations of melt compositions: Implications for
the origin of high-Mg adakitic rocks

Experimental studies have proved that partial melting of
basaltic rocks will produce melts of low Mg*(<45) (Rapp,
1997). Reactions between melts and peridotite have been
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advocated to explain the generation of high-Mg (Mg*>45)
tonalite-trondhjemite-granodiorite (TTG) and adakitic rocks
(Kay, 1978; Yogodzinski et al., 1994, 2007; Kelemen, 1995;
Gao et al., 2004; Xu et al., 2006; Wang et al., 2011; Castillo,
2012).

In our experiments, the reaction between Fuxin alkali
basalt and peridotite results in an increase of SiO, and MgO
and a decrease in FeO in the reacted melts. As the Feixian
alkali basalt has more MgO but less FeO than the Fuxin
alkali basalt, the reacted melt has a lower MgO and a higher
FeO than the starting melt in the Feixian alkali basalt-peri-
dotite reaction experiments. In the pyroxenite-peridotite
reaction experiment (JW1011), the reacted melt has higher
Si0, and MgO contents but lower Al,O3;, FeO and CaO
contents than the starting melts. The increases of the Mg” in
the reacted melts are similar to previous experimental re-
sults where the Mg# increases in basaltic, slab-derived, or
eclogite-derived melts (Rapp et al., 1999; Morgan et al.,
2005; Yu et al., 2009; Wang et al., 2010; Mallik et al., 2012;
Zhang et al., 2012).

Abundant dunite and harzbugite xenoliths are preserved
in the Early Cretaceous high-Mg* (63-67) diorites from
western Shandong in the NCC. The vein or zoned Opx in
dunite and some harzburgite xenoliths represents the prod-
uct of adakitic metasomatism, and the high-Mg* character
of the diorites is thought to be the result of interaction be-
tween the adakitic melt and the peridotite (Xu et al., 2008).
All of these have led us to the conclusion that melt-perido-
tite reactions could be responsible for the high-Mg signature
of adakitic rocks.

4 Conclusions

We draw the following main conclusions from our HP-HT
experiments:

(1) Reactions between basaltic melt and peridotite pro-
duce low-Mg" dunites. Reactions between a pyroxenite-melt
and peridotite produce low-Mg* dunites at low pressures
and orthopyroxenite layers at high pressures. Reactions be-
tween the partial melts (silica-rich) of pyroxenite and lher-
zolite also form layers of orthopyroxenite.

(2) The occurrence of different types of peridotite and
pyroxenite xenoliths in western Shandong and the southern
Taihang Mountains shows that the lithospheric mantle has
undergone multiple periods of chemical change under the
influence of a variety of melts.

(3) Melt-peridotite reactions could be responsible for
transforming the nature of the lithospheric mantle, and for
the high-Mg signature of adakitic rocks.
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