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To assess the effects of reaction factors (mainly P and T) on themineral assemblage and chemical composition of
residual minerals and reacted melt in the reaction between andesitic melt and mantle peridotite, we conducted
experimental reactions between tonalitic melt and mantle lherzolite using a DS-3600 six-anvil apparatus at
2–4 GPa and 1250 °C–1400 °C. The reaction products contain two types of reaction vein: orthopyroxene
(r) [r means this mineral generated in melt-peridotite reaction and located at reaction rim] + garnet(r) and
orthopyroxene(r). The mineral assemblages of the reaction veins are controlled by the reaction P and T, which
can be determined via the empirical discriminant function: Y = 3.33 × 10−6 T2–2.17 × 10−3 T − 0.5 − P
(T in °C, P in GPa; Y ≥ 0: Opx veins form; Y b 0: Opx + Grt veins form). These two types of reaction vein match
those found inmantle xenoliths inMesozoic and Cenozoic magmas from the North China Craton (NCC), indicat-
ing that they were formed by similar processes. The melt–peridotite reaction (including P and T) also influences
the chemical composition of the residual minerals in the experimental products, with the major element varia-
tions being similar to those of NCC lithospheric mantle evolution from Palaeozoic to Cenozoic. Based on the ex-
perimental results, olivine in xenoliths fromdepths of ~100 km (~3 GPa) has higher SiO2 and lower NiO andMnO
contents than olivine in xenoliths fromdepths of ~130 km (~4 GPa), and orthopyroxene in xenoliths fromdepths
of ~100 km has higher Mg#, higher CaO content, and lower NiO content than orthopyroxene in xenoliths from
depths of ~130 km. The reacted-mantle xenoliths contain clinopyroxene that originated from cold (b1300 °C)
and deep (~135 km) lithosphericmantle. The P–T conditions also control the chemical composition of the reacted
melt. An increasing reaction pressure increases the SiO2 content, whereas an increasing reaction temperature re-
duces the SiO2 content. In combination with the varying Na2O and K2O contents of the parental magma, the
reacted melt can yield almost all types of intermediate magma with high Mg# (Mg# = mol[Mg/(Mg +
∑Fe)], Mg# N 0.45) character. This variation inmajor element of the reactedmelt agrees with field observations
of Mesozoic high-Mg# andesitic rocks from the NCC, indicating similar causes of the variation in the major ele-
ment contents. With respect to the trace element content of the reacted melt, a garnet content of 15%–20% pro-
duces a right deviation of the heavy rare earth element partition curve (chondrite-normalized) and substantially
elevates the Sr/Y and LaN/YbN ratios, indicating an adakite-like reacted melt.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The generation of high-Mg# (Mg#=mol[Mg/(Mg+∑Fe)], Mg# N

0.45) andesites (HMAs) is associated mainly with the reaction between
silicic melt andmantle peridotite (Kelemen, 1995), which is affected by
the reaction pressure (P) and temperature (T). These melt–peridotite
reactions under the different P–T conditions found in dissimilar geotec-
tonic settings might be key influences on the evolution of the
).
lithospheric mantle, including on the evolution of Mesozoic HMAs
from theNorth China Craton (NCC, Fig. 1). These HMAs have the follow-
ing typical features: (1) their SiO2 content varies from 53 to 68 wt% and
their K2O + Na2O content varies from 4 to 10 wt%, covering almost all
types of intermediate rock; (2) they are enriched in Sr and Pb, depleted
in Y and high field strength elements (HFSEs), and contain inherited Ar-
chaean zircons (Gao et al., 2004; Huang et al., 2007a;Wu et al., 2003; Xu
et al., 2006b; Yuan et al., 2006); and (3) they contain abundant xeno-
liths and xenocrysts, which originate from the mantle, as inferred
from their textures (e.g., protogranular texture and porphyroclastic tex-
ture) and chemical compositions (e.g., enriched in Mg, Cr, Ni, Co;
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Fig. 1. Mesozoic high Mg# andesitic magmatic rocks in North China Craton. Schematic geologic map of the North China Craton is after Wu et al. (2008) and Wang et al. (2013). WB
(Western Block), TNCO (Trans-North China Orogen), and EB (Eastern Block), these tectonic divisions are after Zhao et al. (2001). The location of reported HMAs (Chen et al., 2013; Gao
et al., 2004; Huang et al., 2007a; Ma et al., 2016; Wu et al., 2003; Xu et al., 2006b; Xu et al., 2008; Xu et al., 2009; Yang, 2007; Yuan et al., 2006; Zi et al., 2007) are shown as red stars.
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depleted in Sr, Ba) (Chen and Zhou, 2004; Chen and Zhou, 2005; Wang
et al., 2012; Xu et al., 2008; Xu et al., 2010a).

The NCC HMAs were produced during the period when the NCC
lost its cratonic lithospheric keel (Gao et al., 2008; Menzies et al.,
1993; Xu, 2001), suggesting a genetic relationship between HMA gen-
eration and lithospheric keel loss (Zhang, 2005; Zhang et al., 2007).
There are three main hypotheses regarding the generation of Meso-
zoic HMAs in the NCC: HMAs were produced by (1) intermediate
magma that was derived from the partial melting of delaminated
continental crust and contaminated by mantle rocks (Gao et al.,
2004; Xu et al., 2008), (2) magma that was derived from strongly hy-
drated lithospheric mantle contaminated by silicic melt derived from
continental crust (Ma et al., 2016; Wu et al., 2003), or (3) magma
that was derived from the mixing of mantle-derived basic magma
and silicic melt derived from the partial melting of continental crust
(Chen et al., 2013). Each of these hypotheses needs to be able to ex-
plain the above-mentioned geological characteristics of HMAs, which
we summarize as follows. With respect to hypothesis (1), the melt
from delaminated Archaean continental crust should be enriched in
Sr and Pb, depleted in Y and HFSEs (the attribution of continental
crust), and contain abundant inherited zircons. Based on the melt–
peridotite reaction, the MgO and mantle xenolith/xenocryst contents
of the melt should increase during magma ascent, that is, the major
element contents should change during such ascent (Gao et al.,
2009). With respect to hypothesis (2), the melt from hydrated litho-
spheric mantle should have a variable major element content
(including high MgO content) and a continental crust signature as a
result of the contaminated magmatic source. In addition, Archean
zircons would be destroyed in hot lithospheric mantle. Although
some Archaean zircons could be inherited from a shallow crust during
magma ascent, it is difficult to explain the reasonably uniform
Archaean zircon contents found in most of the Mesozoic HMAs
from the inner NCC; With respect to hypothesis (3), more than
two endmembers are needed to produce the various different
types of intermediate rock. However, the temperatures and viscosities
of mafic and silicic melts differ, and considering more than
two endmembers would make a mixing process unlikely. Given
the above, hypothesis (1) appears to be best able to explain the gen-
eration of HMAs. That is, HMAs might be generated during the
reaction between intermediate magma [perhaps similar to tonalite–
trondhjemite–granodiorite (TTG), generated from the partial melting
of delaminated eclogite] and mantle peridotite.

However, some key aspects of this important reaction remain unex-
plored, including the followingwith regard to HMAs of the NCC: (1) the
relationship between the melt–peridotite reaction P–T and the mineral
assemblage of the reaction veins of mantle xenoliths, (2) the relation-
ship between the melt–peridotite reaction P–T and the chemical com-
position variation of lithospheric mantle from Palaeozoic to Cenozoic,
and (3) the relationship between the melt–peridotite reaction P–T and
the chemical composition variation of Mesozoic HMAs from the inner
NCC. These relationships should be established to better understand
the cause of the heterogeneity of the mineral assemblage and chemical
composition of Mesozoic and Cenozoic mantle xenoliths from the inner
NCC, the reason for the variation in the chemical composition of the
HMAs, and the spatiotemporal variations in the properties of the NCC
Mesozoic lithospheric mantle. Such knowledge would help to under-
stand the cause of the loss of cratonic lithospheric mantle of the NCC
during the Mesozoic.

To investigate the relationship between the reaction P–T and
magma/xenolith composition, many studies have focused on field ob-
servations (Sun et al., 2012; Zheng et al., 2016). However, it is difficult
to reliably determine this relationship via field observations alone be-
cause field samples might be affected by late geological processes. And
these relationships can be investigated through experimental studies
and then comparing the reaction products with field observations.
Many experimental studies have been performed to investigate the re-
action between intermediate magma and mantle peridotite (Gao et al.,
2017; Johnston and Wyllie, 1989; Lambart et al., 2012; Rapp et al.,
1999; Rapp et al., 2010; Sekine and Wyllie, 1982; Wang et al., 2010;
Wang et al., 2013;Wang and Tang, 2013; Yaxley and Green, 1998). Sev-
eral of these studies investigated melt–peridotite reaction in the NCC.
For example,Wang et al. (2010) studied the reaction between andesitic
melt and peridotite at 1250 °C–1400 °C and 2 GPa and obtained high-
Mg# magma and lherzolite [residual mineral phase composition:
orthopyroxene (Opx) + olivine (Ol) + clinopyroxene (Cpx) + Opx(r)
+ Cpx(r), where r represents the reaction rim, that is, the mineral
phase formed during the reaction]. Wang et al. (2013) performed a dis-
solution experiment with basaltic andesite and spinel lherzolite at
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Fig. 2. Sketch map of sample assemblage.
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1425 °C and 2 GPa and obtained harzburgite (residual mineral phase
composition: Opx + Ol). Wang and Tang (2013) reacted a tonalitic
melt with olivine at 1250 °C–1400 °C and 2–5 GPa and obtained
high-Mg# magma and harzburgite/lherzolite [residual mineral phase
composition: Ol + Opx(r) ± garnet (Grt(r)) ± Cpx(r)]. These studies
are important because they confirm that the high Mg# of andesitic melt
can be obtained during the melt–peridotite reaction and because they
provide the lherzolite solidus in the andesitic melt and lherzolite system.

However, existing experiments have generally been conducted at a
particular pressure [e.g., Wang et al., 2010 and Wang et al., 2013 per-
formed experiments at 2GPa, Rapp et al., 1999 andRappet al., 2010per-
formed experiments at 3.8 GPa, these study can't offer useful
information about the effect of reaction P], and the chemical composi-
tion of starting melts may not be fully controlled [e.g., the starting
melts in Wang et al., 2010 were obtained by the partial melting of
eclogite, and the chemical compositions of the melts varied with reac-
tion temperature, similar to those of Yaxley and Green, 1998 and
Mallik and Dasgupta, 2012, the reaction P–T in these existing studies
is not the unique variable, effect of reaction P–T might be covered by
the varied starting melting], the results of such studies cannot ade-
quately answer questions about the relationship between the reaction
P–T and the composition of the experimental products. For the present
study, we used experiments to create a reaction between tonalitic glass
and a lherzolite chip at temperatures of 1250 °C–1400 °C and pressures
of 2–4 GPa [below the lherzolite solidus based on existing research
(Anderson, 2005; Baker et al., 1995; Gao et al., 2017; Kogiso et al.,
2003). The experimental results allow us to investigate the effect of
the reaction P–T on the composition of the experimental products. We
use the results to explain the compositional differences between
Palaeozoic and Mesozoic–Cenozoic mantle xenoliths and the chemical
variation in Mesozoic HMAs from the NCC.

2. Study background

TheNCC canbe divided into three parts (Fig. 1), namely, theWestern
Block, the Trans-North China Orogen, and the Eastern Block (EB) (Zhao
et al., 2001), which amalgamated into a single craton at 1.85 Ga (Wu
et al., 2008). The inner EB contains several Palaeozoic diamondiferous
Table 1
composition of starting material (wt%).

SiO2 TiO2 Al2O3 FeOc MnO MgO

Tonalitea 63.75 0.46 17.45 5.1 0.11 2.82
Tonalitic glassa 63.30 0.45 16.9 5.10 0.12 2.73
Olivine(50%)b 41.30 0.03 0.03 9.74 0.14 49.45
Orthopyroxene(22%)b 54.46 0.17 4.38 6.30 0.11 33.49
Clinopyroxene(25%)b 52.39 0.54 6.65 2.74 0.07 15.43
Lherzoliteb 47.75 0.3 4.69 8.24 0.23 27.28

Note: a, the data of the tonalite and tonalitic glass are fromWang and Tang (2013); b, thewhole
of this mantle Lherzolite are from Gong et al. (2011); c, FeO = total Fe;d, Mg#= molar (MgO
kimberlite intrusions with mantle xenoliths (Chi et al., 1996). Based
on the mineral inclusions, these xenoliths are believed to have origi-
nated from thick (N200 km) and cold (surface heat flow of
~40 mW/m2) lithospheric mantle. These Palaeozoic mantle xenoliths
are refractory (Mg rich) with respect to the major elements and are
enriched in Sr–Nd–Hf isotopes (Fan et al., 2000; Menzies et al., 2007;
Xu, 2001; Zheng et al., 2005; Zheng et al., 2006). Intensive magmatism
occurred during the Mesozoic, and many HMAs formed in the inner
NCC. The reaction of silicicmeltwithmantle peridotite changed the lith-
ospheric mantle of the NCC (Zhang, 2005; Zhang et al., 2007). A large
proportion of the mantle xenoliths in Mesozoic–Cenozoic basalts [they
were origin frommantle (might be contaminated by silicic melt derived
from continental crust) with high Fe/Mn and highly fractionated REE
patterns, with plenty of mantle xenoliths (Liu et al., 2005; Liu et al.,
2008a)] and Mesozoic HMAs in the inner NCC became enriched in
major elements and depleted in Sr–Nd–Hf isotopes as a result of the
melt–peridotite reaction. These xenoliths are believed to have origi-
nated from thin (~80 km) and hot (surface heat flow of ~80 mW/m2)
lithospheric mantle (Fan et al., 2000; Menzies et al., 2007; Xu, 2001;
Zheng et al., 2005; Zheng et al., 2006; Zheng et al., 2016). Two types of
reaction vein are found in these Mesozoic–Cenozoic mantle xenoliths:
garnet pyroxenite veins (Liu et al., 2005) and pyroxenite veins (Chen
and Zhou, 2004; Chen and Zhou, 2005; Xu et al., 2010b). These reaction
veins are evidence for the occurrence ofmelt–peridotite reactions in the
lithospheric mantle of the NCC (Liu et al., 2005; Sun et al., 2012; Xiao
et al., 2015; Xu et al., 2008; Zheng et al., 2006; Zheng et al., 2007).
A small proportion of mantle xenoliths in Mesozoic–Cenozoic basalts
have retained their Palaeozoic chemical characteristics, suggesting
that they are residuals that escaped the melt–peridotite reaction,
with such mantle xenoliths including those found in Hebi and Hanuoba
(Yu, 2009). Olivines from Palaeozoic (Pz) refractory mantle xenoliths
have higher Forsterite (Fo) contents (≥0.90) compared with
olivines from Mesozoic (Mz) and Cenozoic (Kz) enriched mantle (Fo b

0.90) (Zheng et al., 2006). The variation in the Fo content of olivines
has been confirmed by many field observations (Chen and Zhou,
2004; Chen and Zhou, 2005; Wang et al., 2012; Xiao et al., 2015; Xu
et al., 2008; Xu et al., 2010a; Xu et al., 2010b; Yu, 2009; Zheng et al.,
2000).
CaO Na2O K2O P2O5 NiO Cr2O5 Total Mg#d

4.59 4.11 1.4 0.18 N.A. N.A. 100.00 0.5
4.29 3.79 1.41 0.17 N.A. N.A. 98.26 0.51
0.05 0.04 0.04 0.01 0.31 0.06 101.22 0.9
0.63 0.17 0.01 0.18 N. 0.35 100.25 0.91
19.07 2.05 0.01 0.02 0.03 0.92 99.9014 0.91
10.15 0.21 0.035 0.037 N.A. N.A. 99.75 –

-rock chemical composition ofmantle Lherzolite and the chemical composition ofminerals
/(MgO + ∑FeO)), N.A. = No analysis.
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Table 2
summary of experimental conditions and results.

No. Temperature
(°C)

Pressure
(GPa)

Duration
(h)

Phase Assemblage

MD-03 1250 3.0 72 Ol + Opx+ Gl + Cpx+ Opx(r)
MD-04 1300 3.0 48 Ol + Opx+ Gl + Cpx+ Opx(r)
MD-01 1350 3.0 38 Ol + Opx+ Gl + Cpx+ Opx(r)
MD-05 1400 3.0 45 Ol + Opx+ Gl + Cpx+ Opx(r)
TS-07 1350 2.0 72 Ol + Opx+ Gl + Cpx+ Opx(r)
TS-06 1250 4.0 72 Ol + Opx+ Gl + Cpx+ Opx(r)

+ Grt(r) + Q(r)
TS-08 1300 4.0 72 Ol + Opx+ Gl + Cpx+ Opx(r)

+ Grt(r)
TS-09 1350 4.0 72 Ol + Opx+ Gl + Cpx+ Opx(r)
XX-01 1250 4.0 67 Ol + Opx+ Gl + Cpx+ Opx(r)

+ Grt(r) + Q(r)

Phase abbreviation: Ol = olivine, Gl =melt, Opx = orthopyroxene, Grt = garnet, Cpx =
clinopyxene, Q = quartz, (r) = mineral in reaction rim. The XX-01 is a contrast experi-
ment of TS-06, for checking trace elements' uncertain, its phase assemblage is speculate
by microscopic examination.
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3. Experimental and analytical methods

The melt–lherzolite reaction experiments in this study were con-
ducted using the DS-3600 six-anvil apparatus at the Key Laboratory
for High-Temperature and High-Pressure Study of Earth's Interior
at the Institute of Geochemistry of the Chinese Academy of Sciences,
Guiyang, China. The experimental pressure was determined via the
high-purity bismuth (Bi, threadlet) phase transition pressure at room
temperature and the gold (small cylinder) melting pressure at
0.6–6.0 GPa (Fu and Zhu, 1986). The pressure was rechecked using the
KCl melting curve according to Tingle et al. (1993) These two indepen-
dent results showed good agreement. Two types of starting material
were loaded (sandwiched) in graphite–platinum double capsules
(Fig. 2). The major element compositions of the starting materials are
listed in Table 1. The experimental conditions and phase assemblages
of the run products are provided in Table 2. Themajor element contents
Fig. 3. Representative BSE photosof experiment products. Phase abbreviation:Ol=olivine, Gl
mineral in reaction rim. There are two kinds of mineral assemblage found in experiment produ
one is the Opx(r), as shown in C&D. In all experiment products, the residual lherzolites were s
of the run products are given in Supplementary s-Table 3. The trace
element concentrations of the starting materials and reacted melts are
listed in Supplementary s-Table 4.

3.1. Starting materials

Tonalite and lherzolite were used as starting materials in this study.
Based on previous experimental research (Rapp et al., 1999;Wang et al.,
2010; Yaxley andGreen, 1998) and geochemical studies of field samples
(Gao et al., 2004; Gao et al., 2009), magma derived from delaminated
crust is similar to TTG or adakite. Therefore, a tonalitic glasswas selected
as the starting melt. This glass was processed from a tonalite (sample
No. 99SC81) collected from Sandouping in Huangling, Hubei Province,
China. The tonalite was crushed into chips, manually ground to a
~200-mesh powder in an agate mortar, melted three times in an Fe-
saturated Pt crucible at 1500 °C/1 atm for an hour, and quenched. The
glass was then examined with a scanning electron microscope to con-
firm its homogeneity. The chemical composition of the tonalitic glass
is almost the same as that of tonalite (Table 1). The other startingmate-
rial (a mantle lherzolite xenolith) was collected from the Cenozoic
Hannuoba basalt. The olivine in this fresh lherzolite with typical
protogranular texture has a high Fo content (up to 0.9) and is very sim-
ilar to the peridotite of the Palaeozoic mantle reported by Zheng et al.
(2006). Therefore, this lherzolite was selected as a starting material to
simulate the Palaeozoicmantle. The lherzolitewas sawn into chipsmea-
suring ~3mm× 3mm× 1mm, and suitable chips (Ol:Opx:Cpx= 2:1:1
volume ratio, maintaining the original lherzolite structure) were se-
lected for the experiment and carefully cleaned in an ultrasonic bath.

3.2. Experimental techniques

The tonalitic glass and lherzolite chips were inserted into graphite-
lined Pt capsules (Fig. 2). The capsules were covered with an Al2O3

sleeve and placed in the centre of a graphite heater. The top of the as-
sembly was filled with a pyrophyllite cylinder that had been fired at
=Glass (melt), Opx=orthopyroxene, Grt=garnet, Cpx=clinopyxene, Q=quartz, (r)=
cts' reaction rims. The first one is the Opx(r) + Grt(r) ± Q(r), as shown in A&B; another
urrounded by the ‘new-born’ Opx(r).

Image of Fig. 3
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800 °C. The graphite heating tube was then placed into a pyrophyllite
cube (32 mm × 32 mm × 32 mm), which had also been fired at
800 °C. The temperature was measured and controlled via PtRh6–
PtRh30 thermocouples with an accuracy of ±5 °C. The proportions of
the two starting materials in each run were determined based on
weight and controlled at a ratio of 1:1 (±0.05). The pressure measure-
ments had an accuracy of ±0.1 GPa (estimated via the variation in the
push-cylinder pressure). The oxygen fugacity environment in the ex-
perimental runs was approximately FMQ-3 (Tao et al., 2015), which is
consistent with the diamond-bearing lithosphericmantle environment.
In a single run, the pressure was first raised to the desired value, with
Fig. 4. Plots ofMg# and oxide abundance ofminerals in experiment products.Fo= Forsteri
lherzolite; Cpx= clinopyroxene in residual lherzolite; Opx(r) = orthopyroxene in reaction rim
contents (or Mg#) with reaction temperature increase.
the temperature then being increased in three steps to the desired
value. These conditions were maintained for the desired duration. The
experiment was quenched to b80 °C in 90 s by turning the power off
and decompressing. The product of each pre-synthesis runwas carefully
removed from the capsule andmounted in epoxy and then polished for
inspection and electron microprobe analysis.

3.3. Analytical procedures

The chemical compositions of the tonalite and tonalite glass were
analysed at the State Key Laboratory of Ore Deposit Geochemistry of
te contents of olivine; Ol= olivine in residual lherzolite; Opx= orthopyroxene in residual
. The start value is shown as red line and the arrows mark the variation tendency of oxide

Image of Fig. 4
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the Institute of Geochemistry, Chinese Academy of Sciences. The major
elements were analysed using an Axios (PW4400) X-ray fluorescence
spectrometer. The tonalitic glass trace elements were analysed by in-
ductively coupled plasma mass spectrometry (ICP–MS) following the
analytical procedure reported by Qi et al. (2000). The backscattered
electron (BSE) images and major element contents of the run products
were analysed using a JEOL JXA-8100 electron microprobe at the State
Key Laboratory of Isotope Geochemistry, Guangzhou Institute of
Geochemistry, Chinese Academy of Sciences. Chemical analyses of the
minerals and glass were conducted using a focused beam, 15 kV accel-
erating voltage, and 10 nA beam current (see Huang et al. (2007b) for
details). The trace element compositions of the reactedmeltsweremea-
sured with laser ablation ICP–MS using a GeoLasPro laser ablation sys-
tem and Agilent 7700× ICP–MS at the Sample Solution Analytical
Technology Company. The laser beam size used was 32 μm. Details of
the analytical procedures used are reported in Liu et al. (2008b).
Fig. 5. Composition ranges of pyroxenes in experiment products and NCC's mantle
xenoliths. Schematic map of the pyroxenes is refer to Morimoto (1988). Start is the
value of Opx/Cpx in starting lherzolite; FE is orthopyroxene(Wang et al., 2010; Wang
et al., 2013; Yaxley and Green, 1998) and clinopyroxene (Rapp et al., 1999; Wang et al.,
2010; Wang et al., 2013; Yaxley and Green, 1998) in similar melt-peridotite reaction
experiment products; (r) means this mineral in reaction rim. Variation range of
Orthopyroxene and clinopyroxene in NCC's mantle xenoliths are shown via grey fields,
these data (Chen and Zhou, 2004; Chen and Zhou, 2005; Chi et al., 1996; Fan et al.,
2000; Sun et al., 2012; Xiao et al., 2010; Xiao et al., 2015; Xu et al., 2008; Xu et al.,
2010a; Yu, 2009; Zheng et al., 2005; Zheng et al., 2006; Zheng et al., 2007) include
xenoliths located in basalt and kimberlite, along with andesite. The arrows mark the
variation tendency of composition ranges with reaction temperature increase.
4. Results

4.1. Reaction assemblages

The reaction between tonalitic glass and mantle peridotite pro-
duced three distinguishable zones: residual peridotite, reaction rims,
and a melt pool (Fig. 3). The residual peridotites in the run products
have the same compositions as that of the starting lherzolite in
the mineral assemblage (Ol + Opx + Cpx). The olivines and
orthopyroxenes in the residual peridotites are homogeneous and ho-
listic. Significant change in the structure of Ol/Opx compared with
the starting material was not observed. The structure of the
clinopyroxene in the residual peridotite changed from holistic to
sieve texture in the runs at 3 GPa (Fig. 3D). However, the structure
did not change in the samples obtained from the 4 GPa runs. In all
run products, the residual peridotite was surrounded by a reaction
rim that divides it from the melt pool. As shown in Fig. 3, the reaction
rims (veins) can be classified into two types according to their phase
assemblage: one contains Opx(r) + Grt(r) ± quartz(r) (Fig. 3A and
B), and the other contains Opx(r) only (Fig. 3C and D). The banded
and newly formed Opx(r) grains observed in all run products have
no characteristic crystal shape. The contacts between the Opx(r) and
residual peridotite are distinct (Fig. 3). The width of the banded Opx
(r) ranges between 5 and 100 μm and is controlled by the reaction
temperature. The width of the banded Opx(r) in the 1250 °C and 3
and 4 GPa run products is approximately 40 ± 10 μm, whereas that
of the 1300 °C and 3 and 4 GPa run products is approximately
20 ± 5 μm. The width of the banded Opx(r) is 10 ± 5 μm in the
1350 °C and 2, 3, and 4 GPa runs and ranges from 5 to 150 μm in
the 1400 °C and 3 GPa runs. The banded Opx(r) with a width of
150 μm is very nearby Cpx with sieve texture (Fig. 3D). These obser-
vations are similar to reports on the reaction of andesitic melt with
peridotite (Johnston and Wyllie, 1989; Rapp et al., 1999; Wang
et al., 2010; Wang et al., 2013; Wang and Tang, 2013; Yaxley and
Green, 1998), suggesting that Opx(r) is widely distributed in similar
reactions. In association with Opx(r), Grt(r) grains are usually
euhedral and reach sizes of up to 100 μm at 4 GPa and 1250 °C/
1300 °C, suggesting that the relatively low T and high P benefit garnet
growth, supporting earlier work by Rapp et al. (1999), Johnston and
Wyllie (1989), and Yaxley and Green (1998). In run TS-06 (4 GPa,
1250 °C), quartz is found in garnet with a sieve texture (Fig. 3A), sim-
ilar to the observations of Yaxley and Green (1998). In addition, gar-
net grains always aggregate and are distributed near the
orthopyroxene band and wall of the graphite crucible (Fig. 3A and
B). Unitive glasses (melt pools) are observed near the reaction rims
in the run products. These glasses have widths of N300 μm (Fig. 3)
and are clear and homogeneous, except for several quenched crystals
distributed near the reaction rims (Fig. 3C).
4.2. Chemical compositions of run products

The major element contents of all phases (includingmelt (glass)) of
the run products and the trace element compositions of the melt in
selected runs are homogeneous within the margin of error (major ele-
ments: 3% relative error; trace elements: 10% relative error). A concen-
tration gradient was not determined in our run products, which is very
different from the results of dissolution experiments (Morgan et al.,
2006; Morgan and Liang, 2005;Wang et al., 2013), indicate that the dif-
fusion process was complete and that an equilibriumwas reached. Plots
of the Mg# values and oxide abundances of the residual crystalline
phases are shown in Fig. 4.

The Fo contents of olivine in residual lherzolite are slightly lower
than that of the starting material, except for the 2 GPa / 1350 °C run
(Fig. 4A). This result is the same as that obtained in similar melt–
peridotite reactions (Wang et al., 2010). The CaO andNiO contents of ol-
ivine in residual lherzolite are slightly elevated respect to Ol in starting
lherzolite (s-Table 3).

The major element content of orthopyroxene in residual lherzolite
does not significantly change during the experimental melt–peridotite

Image of Fig. 5
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reaction, except forMgO and CaO. In the 3 GPa runs, theMgO content of
the residual Opx linearly decreases with increasing reaction tempera-
ture (Fig. 4E). In all runs, the CaO content in Opx is higher than that of
the starting lherzolite (Fig. 4F). The SiO2, Al2O3, and FeO contents in
the residual Opx are almost the same as those in the starting lherzolite
(Fig. 4B, C, and D). The residual Opx is enriched in enstatite (Mg) and
depleted in both wollastonite (Ca) and ferrosilite (Fe; Fig. 5A), similar
to the Opx in the starting lherzolite and in agreement with the observa-
tions of Yaxley and Green (1998), Wang et al. (2010).

The major element content of clinopyroxene in residual lherzolite is
affected by the reaction P–T. In the 3 GPa runs, the SiO2 content of the
residual clinopyroxene decreases linearly with increasing reaction tem-
perature (Fig. 4G). The Al2O3 and FeO contents are higher and the CaO
contents are lower than those of the clinopyroxene in the starting
lherzolite (Fig. 4H, I, and K). In the 4 GPa runs, the MgO content in-
creases linearly with increasing reaction temperature (Fig. 4J). The
SiO2, Al2O3, FeO, and CaO contents change only slightly compared
with those of the starting material, especially in runs conducted at
1250 °C and 1300 °C. The variation in the Na2O content of the residual
Cpx is complex. Cpx always has a lower Na2O content, except for the
run at 1400 °C and 3 GPa (Fig. 4L). The residual Cpx in the 3 GPa runs
is enriched in ferrosilite (Fe; Fig. 5B) compared with those at the
4 GPa runs and runs at higher temperatures (N1300 °C), which are
enriched in enstatite (Mg). These results agree with those of previous
Fig. 6. Plots of Mg# and oxide abundance of reacted melt. The start value is shown via red l
temperature increase.
studies (Rapp et al., 1999; Rapp et al., 2010; Wang et al., 2010; Wang
et al., 2013; Yaxley and Green, 1998).

Orthopyroxene in the reaction rims is also enriched in enstatite (Mg)
and depleted in wollastonite (Ca) and ferrosilite (Fe; Fig. 5A). However,
the amplitude of the Opx(r) variation is higher than that of the residual
orthopyroxene. The CaO content decreases linearly with increasing
reaction temperature (Fig. 4R). In the 3 GPa runs, the reacted
orthopyroxene is depleted in FeO (Fig. 4P) and has a very high Mg#
(Fig. 4M). In contrast, the FeO content decreases with increasing reac-
tion temperature in the 4 GPa runs such that theMg# increases with in-
creasing reaction temperature (Fig. 4M and P).

In addition to the chemical composition of the crystalline assem-
blage, the composition of the residual glass (melt) changes during the
experimental melt–peridotite reaction. Fig. 6 shows that the reacted
melt coexisting with the crystalline assemblage contains 55–68 wt%
SiO2. The MgO and CaO contents and Mg# are higher than those of the
starting tonalite, whereas the Na2O and K2O contents are lower than
those of the starting tonalite. In the 3 GPa runs, the SiO2, Al2O3, and
CaO contents decrease linearly with increasing reaction temperature
(Fig. 6A, B, and E). The residual melt has a higher MgO concentration
and Mg# and lower Na2O content than does the starting tonalitic glass
(Fig. 6D, H, and F). In the 4 GPa runs, the SiO2, Al2O3, and K2O concentra-
tions decrease linearly with increasing reaction temperature, whereas
the FeO, MgO, and Na2O contents and Mg# show the opposite trend.
ine and the arrows mark the variation tendency of oxide contents and Mg# with reaction
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The major element variation of the reacted melt is similar to that of
othermelt–peridotite reaction products, withmany studies having con-
firmed that the Mg# of the reacted melt increases sharply after a melt–
peridotite reaction (Gao et al., 2017; Rapp et al., 1999; Sekine and
Wyllie, 1982; Shaw and Dingwell, 2007; Wang et al., 2010; Wang
et al., 2013; Wang et al., 2016; Wang and Tang, 2013; Yaxley and
Green, 1998). The major element variation of the 4 GPa runs is similar
to that reported by Rapp et al. (1999) and Wang and Tang (2013).

We also investigated the trace element contents of the reactedmelts.
A primitive-mantle-normalized spider diagram and chondrite-
normalized rare earth element (REE) curve were drawn to interpret
the trace element concentrations of the residual melts (Fig. 7). In the
spider diagram, most of the elements of the residual melt of selected
runs follow the pattern of the starting glass, except for Nb. In addition,
the Y–Lu concentrations in run TS-06 show a different trend from that
of other runs, and the starting glass was most probably affected by the
large-scale crystallization of garnet (Table 2 and Fig. 3A). These results
are supported by the REE curves (Fig. 7B). Sample TS-06 is depleted in
heavy rare earth elements (HREEs, Gd–Lu), whereas the other two
Fig. 7. Primitivemantle normalized spidergram and chondrite-normalized rare earth
element abundance patterns of experimentalmelt andfiled observed rocks. TS-06/07/
08 runs reported in this paper, their run details could refer to Table 2; Start, the value of
start tonalite; FO, field observed Mesozoic high Mg# andesitic rocks (Chen et al., 2013;
Ma et al., 2016; Wang et al., 2006; Wu et al., 2003; Xu et al., 2006a; Xu et al., 2006b; Xu
et al., 2009a; Xu et al., 2010b; Yang, 2007; Yuan et al., 2006; Zhang et al., 2003a; Zhang
et al., 2003b; Zi et al., 2007), their variation range are shown in grey fields,
representative samples are shown with lines and their sample numbers are listed in
boxes on the Y axis. DT-27, YHC-11 and YHC-13 are from Yuan et al. (2006); H51–1 and
H98–6 are from Xu et al. (2006b); JN-K and QT-6 are from Yang (2007); FS6–1 is from
Xu et al. (2010b). Data of primitive mantle and chondrite for normalizing are from Sun
and McDonough (1989).
runs show almost the same distribution pattern as starting tonalitic
glass. The Nb in reacted melt (TS-06/07/08) is strange, and then a con-
trast experiment was conducted on a Piston Cylinder Press at Suzhou
University, Anhui, China. The pt./graphite capsule (2.5 mm inner) was
used, the manmade lherzolite powder (Ol: Opx: Cpx = 2: 1: 1 in
weight) was reacted with the tonalitic glass, trace element of reacted
melt was analysis using the samemethod at the same company; the re-
sult is listed in s-Table 4. The Nb and Ta (and Cu/Ag/Sn) of reacted melt
(TS-06) are abnormal for unknown reason, the TS-07 and TS-08 may
have the same problem. However, most of trace element in TS-06 and
XX-1 show good consistency, and should be credible.

5. Discussion

5.1. Formation of different reaction veins in xenoliths

Two types of reaction vein form in mantle xenoliths in Mesozoic–
Cenozoic magma in the inner NCC (garnet pyroxenite veins and pyrox-
enite veins). These veins constitute key evidence regarding the reaction
of silicate melt with peridotite in the Mesozoic lithospheric mantle of
the NCC. However, the following important questions remain unan-
swered: 1) Howwere the veins generated? 2)Why are there two differ-
ent types of vein? We answer these questions below.

1) The melt–peridotite reaction is responsible for the generation of the
veins. However, not every reaction between silicic melt and perido-
tite causes a reaction vein. Based on experimental results (including
those from this study), there are at least three types of reaction be-
tween silicic melt and peridotite: dissolution, complete equilibrium
reactions, and local equilibrium reactions. Dissolution is usually ob-
served in experiments with short run times (b8 h) (Morgan et al.,
2006; Morgan and Liang, 2003, 2005; Wang et al., 2013; Wang
et al., 2016); minerals (Cpx or Cpx + Opx) with low melting points
will disappear from the reaction rims, and reaction veins do not
form. Complete equilibrium reactions are often observed in experi-
ments with long run times (N24 h) and involving a high proportion
of melt (or filling used mixture powder or a high proportion of
water) (Johnston and Wyllie, 1989; Rapp et al., 1999; Rapp et al.,
2010). The reaction minerals crystallize and form residuals without
olivine (Grt ± Opx ± Cpx). However, it is observed that most xeno-
liths in Mesozoic–Cenozoic magma in the inner NCC contain oliv-
ines. Local equilibrium reactions are usually observed in
experiments with long run times (N24 h) in layers filling manner
(Wang et al., 2010; Wang and Tang, 2013; Yaxley and Green,
1998). In such experiments, reaction veins were found with reacted
melt residuals in almost every run. Thus, local equilibrium is the
mechanism by which veins could have been formed in Mesozoic
lithospheric mantle in the inner NCC.

2) By comparing the experimental results reported in the present study
with the mineral compositions of the reaction veins of xenoliths in
Mesozoic igneous rocks from the inner NCC, the reason for the oc-
currence of different types of reaction vein can be clarified. Fig. 8A
and B show that themineral compositions of the reaction rims in ex-
periment run TS-08 are very similar to those of the reaction veins in
the DMP-24 mantle xenoliths reported by Liu et al. (2005). Fig. 8C
and D shows that the mineral compositions of the reaction rims in
experiment run MD-04 are very similar to those of the reaction
veins in FS6–59 mantle xenoliths reported by Xu et al. (2010b).
The perfect match between experimental products and veins in
field xenoliths indicates that they were generated by very similar
processes, suggesting that silicic melt–peridotite reactions occurred
in the lithospheric mantle in the inner NCC during the Mesozoic.
The mineral assemblages of the reaction veins depend on the P–T
of the melt–peridotite reaction. The possible boundary of Opx
(r) and Opx(r) + Grt(r) is shown in Fig. 8E. Relatively high P and
low T benefit the generation of Opx(r) + Grt(r) veins, whereas
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Fig. 8. Minerals assemblage of reacted veins in the reaction between intermediate
magma and mantle peridotite based on laboratory experiments and field
observation. Phase abbreviation: Ol = olivine, Opx = orthopyroxene, Grt = garnet, L
= lherzolite, Grt-in, Garnet present in run product; Grt-out, Garnet disappear in run
product. Inclined letter abbreviation means the mineral generated in melt-lherzolite
reaction. A&C are BES photos of experimental products in this study, B is a photo of
section-scale garnet pyroxenite veins in lherzolites from Liu's Fig. 4C(Liu et al., 2005), D
is a BSE photo of a pyroxenite vein from Xu's Fig. 2h (Xu et al., 2010b). The experiment
products and the veins founded in mantle xenoliths inner NCC match well. E is the
boundary of the two kinds of reaction veins on the reaction thermobaric diagram which
is offered via statistical analysis of existing experimental results (Bleeken et al., 2011;
Gao et al., 2017; Johnston and Wyllie, 1989; Kelemen et al., 1998; Mallik and Dasgupta,
2012; Rapp et al., 1999; Rapp et al., 2010; Sekine and Wyllie, 1982; Tursack and Liang,
2012; Wang et al., 2010; Wang et al., 2013; Wang et al., 2016; Wang and Tang, 2013;
Yaxley and Green, 1998) and our experimental data, the empirical formula is given by
Office Excel 2010.
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Opx veins are generated in relative low P and high T. The reaction
vein mineral assemblage was determined via the following empiri-
cal discriminant function:
Y = 3.33 × 10−6 T2 − 2.17 × 10−3 T − 0.5− P.
(T in °C, P in GPa; Y ≥ 0: Opx veins form; Y b 0: Opx + Grt veins
form).

5.2. Variation in the mineral chemical composition of xenoliths from the
NCC

The interaction between tonalitic melt and peridotite produces two
types of reaction vein inmantle peridotite. Thismelt–peridotite reaction
is also responsible for changes in the chemical compositions of litho-
spheric mantle minerals, as confirmed by studies of xenoliths in Meso-
zoic and Cenozoic igneous rocks from the inner NCC (Chen and Zhou,
2004; Chen and Zhou, 2005; Xu et al., 2010b; Zhang et al., 2007). To in-
vestigate the effect of the reaction P–T on the variation in the chemical
composition (major elements) of mantle minerals during melt–
peridotite interaction, we compared three minerals (Ol, Opx, and Cpx)
in mantle xenoliths in Palaeozoic rocks with those in Mesozoic and Ce-
nozoic rocks (Fig. 9).

5.2.1. Olivine
The Fo content of olivine is themost sensitive and effective index for

distinguishing the source of xenoliths. The Fo content of olivine is higher
in Palaeozoic mantle xenoliths (Fo ≥ 0.90) than in Mesozoic and Ceno-
zoic mantle xenoliths (Fo ≤ 0.90) (Zheng et al., 2006). This variation is
also observed in all experimental products (Figs. 4A and 9A–D). In addi-
tion to the decreasing Fo content during the experimental melt–
peridotite reaction, the SiO2 content of residual olivines in experimental
products also decreases and its range of variationmatches that observed
in Mz and Kz mantle olivine (Fig. 9A). The SiO2 content of olivines in
4 GPa runs decreases more than it does at lower pressure runs. MnO
content increases with decreasing Fo content in Mz and Kz mantle xe-
noliths inner NCC (Yu, 2009; Zheng et al., 2000) but does not do so in
Pz mantle xenoliths. The difference in the MnO content of olivine be-
tween Pzmantle xenoliths andMz andKzmantle xenoliths is consistent
with the results of the 4 GPa runs (Fig. 9B). The CaO content of synthetic
olivine from the experiments reported in the present study is very sim-
ilar to that of olivine found in NCC mantle xenoliths and much lower
than that reported in similar experimental studies (Wang et al., 2010;
Wang et al., 2013). Based on our 4 GPa experiment, the CaO content in-
creases slightly during themelt–peridotite reaction, which is consistent
with field observations (Fig. 9C), and the NiO content of olivine also in-
creases. These results agree with that obtained for samples obtained
from Xi'anli (Xu et al., 2010a). In the 3 GPa runs, the NiO content de-
creases slightly during the reaction, whereas the variation based
on field observations of xenoliths in Mz and Kz samples is wider
(Fig. 9D), indicating that the olivine in these xenoliths reacted with si-
licic melt at varied depths.

5.2.2. Orthopyroxene
Orthopyroxene in mantle xenoliths can be classified into two types

based on the morphology of field samples, namely, macro-grained
Opx and vein Opx, corresponding to residual Opx and reaction Opx
(r) in experimental products, respectively. The Mg# is an important
index for the classification of xenolith groups (Wang et al., 2013).
The oxide content of orthopyroxene is plotted versus the Mg# of
orthopyroxene in Fig. 9E–9J. Compared with Pz xenoliths, Mz and Kz
orthopyroxenes show a wider variation in oxide content and Mg#,
whereas most of the Mz and Kz macro-grained Opx samples match
the residual samples in the run products. Mz and Kz Opxs' TiO2 and
CaO contents increase slightly during the reaction and the Al2O3,

MnO, and Cr2O3 contents are almost the same as those of Pz Opx. Al-
though the Mz and Kz vein Opx have a wider compositional range
than that of residual, their composition depends on the reaction P
and T. The Opx(r) in the 3 GPa runs have higher Mg# and CaO con-
tents and lower NiO contents than do those in the 4 GPa runs. Some
Mz and Kz macro-grained Opx have a wider compositional range
(Fig. 9), with their chemical compositions being very similar to
those of vein Opx in the field and reaction Opx(r) in the experiments.
These macro-grained Opx might have been generated as vein Opx and
subsequently lost their morphology. Although showing very wide
compositional variation, orthopyroxene in NCC mantle xenoliths is
enstatite (Yu, 2009), which agrees with the experimental results
(Fig. 5A).

5.2.3. Clinopyroxene
Clinopyroxene is rare in NCCmantle xenoliths comparedwith olivine

and orthopyroxene but is important for the affirmation of the reaction
conditions (Zheng et al., 2000). The Mg# of clinopyroxene in mantle
Mz and Kz xenoliths ranges mainly from 0.88 to 0.95, which matches
that of the samples of the 4 GPa runs. The Pz, Mz, and Kz clinopyroxenes
show similar variations in their TiO2, MnO, Na2O, and Cr2O3 contents
(Fig. 9K–9P). However, Mz and Kz clinopyroxenes are slightly enriched
in CaO and Al2O3 compared with Pz clinopyroxene. Compared with the
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Fig. 9. Variations of oxide abundances versus Mg# (Fo) of minerals in experiments and those from field observations in the NCC. Phase abbreviation: Ol = olivine, Opx =
orthopyroxene, Cpx = clinopyroxene. Start, start value in starting lherzolite; 2.0GPa/3.0GPa/4.0GPa, data of this study; 2.0GPa(r)/3.0GPa(r)/4.0GPa(r), orthopyroxene in reaction rims;
FE, data of existing experiment results(Rapp et al., 1999; Wang et al., 2010; Wang et al., 2013; Yaxley and Green, 1998); Pz, data of olivine/orthopyroxene/clinopyroxene in NCC's
Palaeozoic mantle xenoliths(Chi et al., 1996; Xiao et al., 2010; Zheng et al., 2000; Zheng et al., 2005; Zheng et al., 2006; Zheng et al., 2007); Mz&Cz, data of olivine/orthopyroxene/
clinopyroxene in NCC's Mesozoic and Cenozoic mantle xenoliths(Chen and Zhou, 2004; Chen and Zhou, 2005; Fan et al., 2000; Sun et al., 2012; Wang et al., 2012; Xiao et al., 2010;
Xiao et al., 2015; Xu et al., 2008; Xu et al., 2010a; Yu, 2009; Zheng et al., 2005; Zheng et al., 2006; Zheng et al., 2007); Mz&Cz (V), orthopyroxene in veins found in NCC's Mesozoic and
Cenozoic mantle xenoliths(Chen and Zhou, 2004; Chen and Zhou, 2005; Xu et al., 2008).
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experimental result, the residual clinopyroxene in the 4 GPa runs
matches the Mz and Kz clinopyroxenes with respect to the variation in
oxide contents, except for CaO. The residual clinopyroxene in run TS-09
has a lower CaO content (Fig. 9N). This indicates that the xenoliths con-
taining clinopyroxenes were generated at depths of N130 km and at a
temperature of ~1300 °C. This conclusion is also supported by the mor-
phology of the clinopyroxenes. Residual clinopyroxene of the 3 GPa
runs has a sieve texture (Fig. 3D), whereas residual macro-grained Cpx
(similar to that in NCC mantle xenoliths) was found in the 4 GPa runs.
The clinopyroxene in mantle xenoliths is mainly diopside with lower Fs
contents (Chen and Zhou, 2004; Chen and Zhou, 2005; Wang et al.,
2012). This clinopyroxene matches the residual clinopyroxene of the
4 GPa runs, whereas the crystals in the 2 and 3 GPa runs have higher Fs
contents (Fig. 5B). The residual clinopyroxene in the 4 GPa runs also

Image of Fig. 9


Fig. 10. Harker diagrams of residual melt in experiment products and NCC's Mesozoic
HMAs. Start, start value in starting tonalitic glass; 2.0GPa/3.0GPa/4.0GPa, data of this
study; FE, existing experimental results (Rapp et al., 1999; Wang et al., 2010; Wang and
Tang, 2013); HMAs, Mesozoic High Mg# andesite located inner NCC (Gao et al., 2004;
Huang et al., 2007a; Ma et al., 2016; Wu et al., 2003; Xu et al., 2006a; Xu et al., 2006b;
Xu et al., 2008; Yang, 2007; Yuan et al., 2006; Zhang et al., 2003a; Zhang et al., 2003b; Zi
et al., 2007).

Fig. 11. Total alkali versus silica (TAS) variation diagram. Fig. A is after Maitre (1989)
and Fig. B is after Middlemost (1994). Start, start value in starting tonalitic glass; 2.0GPa/
3.0GPa/4.0GPa, data of this study; W&W, experiment results from Wang et al. (2010)
and Wang et al. (2013), their Na2O + K2O content in starting melt is 2.38–3.12 wt%;
Rapp, experiment result from Rapp et al. (1999), their Na2O + K2O content in starting
melt is 8.24 wt%. HMAs, Mesozoic High Mg# andesite located inner NCC (Gao et al.,
2004; Huang et al., 2007a; Ma et al., 2016; Wu et al., 2003; Xu et al., 2006a; Xu et al.,
2006b; Xu et al., 2008; Yang, 2007; Yuan et al., 2006; Zhang et al., 2003a; Zhang et al.,
2003b; Zi et al., 2007). The light grey marks the variation tendency of SiO2 as reaction
temperature rising.
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shows a general compositional trend, characterised by diopside being
formed under lower reaction temperatures and augite, pigeonite, or
clinoenstatite being formed as the temperature is increased (Fig. 5B).

Based on the above discussion, the effect of themelt–peridotite reac-
tion P–T on the mineral composition of the mantle can be clarified, and
the results can be used to classify the source ofmantle xenoliths and un-
derstand the causes of lithospheric mantle evolution. Compared with
xenoliths (reacted with intermediate melt) sourced from a depth of
~130 km (equal to 4 GPa), xenoliths (reacted with intermediate melt)
from a depth of ~100 km (equal to 3 GPa) contain (1) olivines with
higher SiO2 and lower NiO and MnO contents and (2) orthopyroxenes
with higher Mg#, higher CaO contents, and lower NiO contents. The xe-
noliths (reacted with intermediate melt) containing clinopyroxene
might have originated from cold (b1300 °C) and deep lithospheric
(~135 km) mantle.

5.3. HMA generation in the NCC during the Mesozoic

As discussed above, the reaction of andesitic melt with peridotite
leads to the formation of reaction veins and residual minerals with var-
ious chemical compositions. The melt composition also varies during
this reaction. The most characteristic trend is that intermediate
magma achieves a high Mg#, as found for Mesozoic HMAs from the
inner NCC. To determinewhy the chemical composition of HMAs varies,
we compared experimental reacted melt with NCC Mesozoic HMAs
using Harker diagrams (Fig. 10). The major elements of the reacted
melt in the Harker diagrams show a continuous change depending on
variation in the reaction P and T. Reacted melt of the 4 GPa runs has a
higher SiO2 content than that of the 2 and 3 GPa runs, and the SiO2 con-
tent decreases with increasing reaction temperature (Figs. 6A and 10).
The variation in the FeO, Al2O3, MnO, and CaO contents of the experi-
mentally reacted melts is the same as that in those of the Mesozoic
NCC HMAs, whereas the residual melt reported in this study has higher
MgO contents and lower TiO2, Na2O, and K2O contents. The Na2O and
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Fig. 12. Plots of Sr/Y vs Y (A) (after(Martin et al., 2005)) and LaN/YbNvsYbN (B) (afterMartin (1986)). Start, start value in starting tonalitic glass; 2.0GPa/3.0GPa/4.0GPa, data of this study;
HMAs,Mesozoic HighMg# andesite located inner NCC (Gao et al., 2004; Huang et al., 2007a; Ma et al., 2016;Wu et al., 2003; Xu et al., 2006a; Xu et al., 2006b; Xu et al., 2008; Yang, 2007;
Yuan et al., 2006; Zhang et al., 2003a; Zhang et al., 2003b; Zi et al., 2007). The light blue arrows show the computation according distribution coefficient from Rapp et al. (2010), the red
number show the relative amount of garnet and melt. (TS-07 is chosen as the starting melt, DGrt-Melt of Sr/Y/La/Yb = 0.0031/10.085/0.0019/19.826, Grt:Melt = X:1-X).
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K2O contents depend on the starting melt, with both being extremely
depleted in the starting lherzolite (Table 1). During the reaction, parts
of the lherzolite dissolve into the melt, and the Na2O is replenished
based on the clinopyroxene destruction, but K2O is not supplemented.
Subsequently, the reaction vein is formed, with K beingmore incompat-
ible than Na. Less K2O is lost during vein generation, and therefore the
Na2O/K2O ratio of the residual melt (~2.5) shows no significant increase
compared with that of the starting glass (~2.9). The Na2O/K2O ratio is
also affected by the starting melt. The TiO2 content is very similar to
the Na2O and K2O contents. The TiO2 content of the residual melt is al-
most invariably compared with that of the starting tonalite (Fig. 10A),
whereas the higher MgO content of the residual melt needs to be elim-
inated by further processing. The classifications for the reactedmelt and
Mesozoic HMAs from the NCC are compared in Fig. 11. The reaction P
and T control the SiO2 content, and the parental magma controls the
Na2O+ K2O content, as discussed above. These two factors are respon-
sible for the marked differences in the major element composition of
the Mesozoic HMAs compared with the NCC.

In addition to the major elements, the trace elements were also in-
vestigated to understand and explain the trace element variation inMe-
sozoic NCC HMAs. Fig. 7 shows that most trace elements of the reacted
melt are affected mainly by the starting glass. The trace element con-
tents decrease slightly during the melt–peridotite reaction because of
the ‘dilution effect’, and the partition curves are almost the same as
that of the starting material. However, the HREEs are controlled by the
intense crystallization of garnet (such as in run TS-06) in the reaction
rim. These elements decrease with the amount of garnet crystallization
and are controlled by the reaction P–T, as discussed above. Similar to the
HMAs studied by Hutouya and Tiezhai (Xu et al., 2006b), the REE abun-
dance patterns are very similar to that of the residual melt in run TS-06,
with large-scale garnet crystallization. The Sr/Y–Y and LaN/YbN–YbN di-
agrams are effective in classifyingwhether amagma is adakite (or TTG).
The Sr/Y–Y and LaN/YbN–YbN characteristics of the melt are also con-
trolled by the crystallization of garnet and indirectly controlled by P
and T. The Sr content of Mesozoic HMAs was most likely inherited
from the parental magma and was less affected by the crystallization
of garnet. In our experiments, Y content decreased during the garnet
crystallization reaction, enhancing the Sr/Y ratio in run TS-06 (Fig.
12A). The La and Yb contents of HMAs are also controlled by the crystal-
lization of garnet. The geochemical behaviour of La is similar to that of
Sr, whereas thebehaviour of Yb is similar to that of Y. Themelt enhances
the LaN/YbN ratio compared with the parental magma when garnets
crystallize during the reaction (such as TS-06) or vice versa (such as
TS-07). Based on the distribution coefficient reported by Rapp et al.
(2010), the content of crystalline garnet can be used to estimate the
generation of adakite (or TTG) magma. A garnet crystal content of
~15%–20% in intermediatemagma leads to adakite-likemagma. This es-
timate was verified with the TS-06 and TS-08 runs, which had garnet
contents of 25%–35% and b 5%, respectively, comparedwith the residual
melt. This result is compatible with the BSE photos of experimental
products in Fig. 3. Adakite-like HMAs generation during melt-
peridotite reactions inner NCC is similar to the generation process of
high Si adakites(HSA), which is believed to represent subducted slab-
melts that have reacted with peridotite during ascent through mantle
wedge (Martin et al., 2005), so most of adakite-like HMAs plot in HSA
filed in Fig. 12A.

6. Conclusions

The effect of reaction pressure (P)and temperature (T)on the melt–
peridotite reaction was investigated via reaction experiments between
tonalitic melt andmantle lherzolite at pressures of 2–4 GPa and temper-
atures of 1250 °C–1400 °C. Combining our results with those of previous
melt–peridotite reaction experiments, the following conclusions regard-
ing the compositional changes of Mesozoic and Cenozoic mantle xeno-
liths and the variation in the chemical composition of Mesozoic high-
Mg# andesites (HMAs) from theNorth China Craton (NCC) can bemade:

1. Reaction veins in xenoliths in Mesozoic magma from the NCC were
generated by local equilibrium reactions between intermediate
magma and mantle peridotite. The mineral assemblages are con-
trolledby the reactionPandTandcanbedeterminedvia the empirical
discriminant function: Y=3.33 × 10−6 T2− 2.17 × 10−3 T− 0.5− P
(T in °C, P in GPa; Y ≥ 0: Opx veins form; Y b 0: Opx+Grt veins form).

2. The andesitic melt–peridotite reaction changes the major element
compositions of the main mantle minerals (olivine, orthopyroxene,
and clinopyroxene). This change is similar to the difference between
Palaeozoic refractory lithosphericmantle andMesozoic–Cenozoic fer-
tilemantle. The compositional change/difference is affected by the re-
action P and T. The reacted-mantle xenoliths fromdeeper lithospheric
mantle contain olivines that are depleted in SiO2 and enriched in NiO/
MnO and lower-Mg# orthopyroxenes that are enriched in NiO and
depleted in CaO. Clinopyroxene-bearing xenoliths are formed only
during high-P and low-T reactions (4 GPa, ≤1300 °C).

3. The NCC HMAs were generated as a result of melt–peridotite reac-
tion. The SiO2 content of the reactedmelt is controlled by the reaction
P and T. An increasing reaction P increases the SiO2 content, and an
increasing reaction T reduces the SiO2 content. The Na2O and K2O

Image of Fig. 12


638 M. Wang et al. / Lithos 324–325 (2019) 626–639
contents of the reacted melt are controlled by the parental magma,
but the Na2O/K2O ratio changes little during the reaction. Most of
the trace elements in the reactedmelt are diluted, and their contents
decrease. However, the partition curve follows that of the parental
magma, except for HREEs, which are controlled by the intense crys-
tallization of garnet. Magmas generated from few or no garnet resid-
ual reactions follow the REE partition curve of the parental magma,
whereas the magma obtained from the garnet residual reaction has
a right-deviated chondrite-normalized REE partition curve. A total
of 15%–20% garnet crystallization from intermediate magma gives
the residual melt adakite-like properties.
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