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Abstract The experimental results of the reactions
between an alkaline basaltic melt and mantle orthopyrox-
enes under high-temperature and high-pressure conditions
of 1300-1400 °C and 2.0-3.0 GPa using a six-anvil appa-
ratus are reported in this paper. The reactions are proposed
to simulate the interactions between melts from the asthe-
nospheric mantle and the lithospheric mantle. The starting
melt in the experiments was made from the alkaline basalt
occurring in Fuxin, Liaoning Province, and the orthopyrox-
enes were separated from the mantle xenoliths in Damaping,
Hebei Province. The results show that clinopyroxenes were
formed in all the reactions between the alkaline basaltic melt
and orthopyroxenes under the studied P-T conditions. The
formation of clinopyroxene in the reaction zone is mainly
controlled by dissolution—crystallization, and the chemical
compositions of the reacted melt are primarily influenced
by the diffusion effect. Temperature is the most important
parameter controlling the reactions between the melt and
orthopyroxenes, which has a direct impact on the melting
of orthopyroxenes and the diffusion of chemical compo-
nents in the melt. Temperature also directly controls the
chemical compositions of the newly formed clinopyroxenes
in the reaction zone and the reacted melt. The formation
of clinopyroxenes from the reactions between the alkaline
basaltic melt and orthopyroxenes can result in an increase
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of CaO and Al,O; contents in the rocks containing this min-
eral. Therefore, the reactions between the alkaline basaltic
melt from the asthenospheric mantle and orthopyroxenes
from the lithospheric mantle can lead to the evolution of
lithospheric mantle in the North China Craton from refrac-
tory to fertile with relatively high CaO and Al,O; contents.
In addition, the reacted melts in some runs were transformed
from the starting alkaline basaltic into tholeiitic after reac-
tions, indicating that tholeiitic magma could be generated
from alkaline basaltic one via reactions between the latter
and orthopyroxene.

Keywords Alkaline basaltic melt - Orthopyroxene -
Melt—mineral reaction - High-temperature and high-
pressure experiment - Genesis of basalt - Evolution of
lithospheric mantle in the North China Craton

1 Introduction

The North China Craton (NCC) in eastern China has been
always in a stable state since cratonization at ~ 1.85 Ga (Wu
et al. 2008). However, it has become unstable due to the
strong influence of multistage tectonism since the Mesozoic
because the NCC is located in the region enclosed by the
Xingmeng orogenic belt, Qinling—Dabie—Sulu orogenic belt,
and Pacific plate. The unstable state of the NCC makes it
significantly different from other stable cratons worldwide
and therefore has received intensive attention from domes-
tic and foreign geologists for decades. Many case studies
(Fan et al. 2000; Xu 2001; Zhou 2006; Zheng et al. 2006a,
2007a; Zhang et al. 2007; Gao et al. 2008, 2009; Wu et al.
2008; Lu 2010) have shown that, with its transition from
stable to unstable, the lithospheric mantle of the NCC has
undergone an evolution from a cratonic and refractory
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mantle dominated by harzburgite to an oceanic and fertile
one dominated by lherzolite.

The mechanism of the evolution in the lithospheric man-
tle of the NCC is still debated thus far. Some previous case
studies (e.g. Zhang 2006, 2009) have suggested that the
interactions between peridotites and melts may be an impor-
tant way of modifying the lithospheric mantle in the NCC.
The cratonic lithospheric mantle lies spatially between the
continental crust and asthenosphere. Thus, its evolution is
undoubtedly closely related to the latter two tectonic units.
On the one hand, melting of the continental crust entering
the mantle through subduction or delamination can result in
the formation of high-Si melts, which can react with min-
erals or peridotites during their migration within the lith-
ospheric mantle. On the other hand, melts such as tholeiitic,
alkaline basaltic, and carbonatitic melts originated from the
asthenosphere can react with minerals or peridotites when
they ascend through the lithospheric mantle.

Experimental simulation under high-temperature and
high-pressure conditions is an effective way to verify the
mechanism of the evolution in the lithospheric mantle of
the NCC. Some experimental studies on reactions between
melts and rocks or minerals under high-temperature and
high-pressure conditions have been carried out, and the
following main conclusive insights obtained. (1) The main
mineral formed in the interaction between Si-rich melt
and mantle olivine (Wang and Tang 2013) or peridotite
(Wang et al. 2019) is orthopyroxene, and the residual melt
after reaction has increased MgO content and Mg# value,
providing direct evidence for the occurrence of high-Mg
andesite and adakite in the NCC. (2) Olivine and clinopy-
roxene can be formed in the interaction between Si-poor
melt and mantle peridotite under lower and higher pres-
sure conditions, respectively (Kelemen et al. 1990; Mor-
gan and Liang 2003, 2005). (3) Clinopyroxene is newly
formed in the interaction between tholeiitic basaltic melt
and mantle peridotite (Yaxley and Green 1998; Mallik and
Dasgupta 2012) or orthopyroxene (Zang et al. 2021). (4)
The interaction between melt and peridotite is virtually
between melt and minerals in peridotite, and is mainly
affected by constituent minerals in peridotite (Wang et al.
2013) and by melt composition (Wang et al. 2019). These
studies provide good direct evidence for elucidating the
genesis of some characteristic rocks but are insufficient

Table 1 Major-element compositions (wt.%) of the starting materials

to constrain the evolution of the lithospheric mantle in
the NCC. Recently, the experimental results of the reac-
tions between eclogite-derived subalkaline melt and lher-
zolite (Wang et al. 2020), and between Ca-rich carbon-
atite melt and peridotite (Wang et al. 2022) were reported.
The results are of great significance for understanding
the lithospheric mantle modification beneath the NCC.
However, except for subalkaline and carbonate melts, the
asthenosphere-derived alkaline melt (Zou 2010) also has
an impact on the evolution of the lithospheric mantle in
the NCC. In this paper, our experimental results on the
reaction of an alkaline basaltic melt with orthopyroxenes
from a mantle peridotite at 1300-1400 °C and 2.0-3.0 GPa
on a six-anvil apparatus are reported. The results provide
additional direct evidence for the mechanism of melt-rock
interaction leading to the evolution of lithospheric mantle
in the NCC from refractory to fertile.

2 Experimental and analytical methods
2.1 Starting materials

The starting materials used in our experiments include the
alkaline basalt occurring in Fuxin, Liaoning Province and
orthopyroxenes separated from a mantle xenolith discovered
in Damaping, Hebei Province. A previous study (Zhang and
Zheng 2003) has suggested that the alkaline basalt was the
product of undifferentiated and uncontaminated primitive
magma originated from a depleted asthenospheric man-
tle. Therefore, it can be considered as the starting material
simulating the melt from asthenosphere. The homogeneous
alkaline basaltic glass was prepared by crushing chips of the
fresh alkaline basalt, ultrasonic washing with distilled water
and ethanol, grinding manually in an agate mortar to a ~200
mesh powder, melting three times in a Fe-saturated Pt cru-
cible at 1500 °C and 1 atm for an hour, and quenching. The
pure orthopyroxene grains were prepared by crushing the
mantle xenolith to ~20 mesh separates, handpicking under
a binocular microscope, and ultrasonic washing with deion-
ized water and ethanol. The major-element compositions of
the orthopyroxene and glass used in the experiments are
listed in Table 1.

SiO, TiO, ALO; Cr,0; FeO*  Fe,O3* MnO  MgO CaO Na,0 K,O0 P,0O5;  Total
Orthopyroxene ~ 54.46  0.17 4.38 0.35 6.30 0.11 33.49 0.63  0.17 100.07
Glass 4524 297 15.17 12.24 0.17 849 10.15 358 133 0.64

(1) FeO* and Fe,O5* are the total iron expressed as FeO and Fe,O;, respectively. (2) The data of the glass are recalculated to 100 wt.% anhy-

drous from primary XRF result
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2.2 Experimental conditions and procedure

The purpose of the experiments is to explore the reaction
between the melt and orthopyroxene. For this purpose, it is
necessary to completely melt the glass while orthopyroxene
grains are stable as solid loaded in the capsule. Based on
previous experiments on the melting of alkaline basalt (Bao
et al. 2011) and orthopyroxene (Wyllie 1979), combined
with the possible depth of melt-rock reactions in the lith-
ospheric mantle of the NCC, the experimental temperature
and pressure in this study were set at 1300-1400 °C and
2.0-3.0 GPa. The detailed experimental P-T conditions are
given in Table 2.

All the reaction experiments were performed using the
YJ-3000t six-anvil apparatus equipped at the Key Labora-
tory for High Temperature and High Pressure Study of the
Earth’s Interior of the Institute of Geochemistry, Chinese
Academy of Sciences. The starting materials, alkaline basal-
tic glass powder and orthopyroxene, were loaded using an
interbedded manner in a Pt capsule with a graphite inner
capsule. The Pt capsule has an inner diameter of 6 mm and
a length of 6 mm. The loaded materials and the wall of the
Pt capsule were separated by graphite, which can prevent
Fe loss (Sisson and Grove 1993). The loaded Pt capsule was
filled in a thin-walled Al,O; sleeve, and these two parts then
were placed in a graphite heater, which was plugged by a
calcined pyrophyllite cylinder at both ends. The detailed
sample assemblage for the experiments is illustrated in
Fig. 1. Based on the weights of the starting materials loaded
in the capsule, the proportion of melt relative to orthopyrox-
ene in each run was determined. The temperature was meas-
ured and monitored using PtRhs—PtRh;, thermocouples, and
accurate to 5 °C. The pressure was accurate to 0.1 GPa. In a
single run, the pressure was first raised to the desired value,
and then the temperature was increased at a rate of 50 °C/
min to the desired value. Finally, the experiment was held at

I pyrophillite cube

| — graphite heater
alumina
platinum.
alumina

i 4— graphite capsule

sample

thermocouple

pyrophillite

Fig. 1 Sketch map showing the sample assemblage for the experi-
ments in this study

the desired temperature and pressure conditions. After the
designed duration, the experimental charge was quenched by
turning the power off, and then the run product was removed
carefully from the capsule and mounted in epoxy, which was
polished for observation and electron microprobe analysis.

2.3 Sample analysis

The chemical composition of the alkaline basalt was ana-
lysed on an Axios (PW4400) X-ray fluorescence (XRF)
spectrometer at the State Key Laboratory of Ore Deposit
Geochemistry (SKLODG), Institute of Geochemistry, Chi-
nese Academy of Sciences (IGCAS). The chemical compo-
sitions of the starting orthopyroxene and run products were
determined on a JXA8530F-plus field emission electron
microprobe at SKLODG. The accelerating potential was
15 kV and the beam current was 10 nA. The backscattered
electron (BSE) images of the run products were obtained by
a Scios scanning electron microscopy (SEM) at the Center
for Lunar and Planetary Sciences of IGCAS with an accel-
erating potential of 15 or 25 kV.

Table 2 Experimental

o Run No Temperature  Pressure (GPa) Duration (h) Gl:Opx Phase assemblage

conditions and phase °C)

assemblages of the run products
hq-29 1300 2.0 48 2:1 Gl+ Opx +Cpx +Grt
hq-12 1350 3.0 8 2:1 Gl+ Opx +Cpx +Grt
hq-14 1350 3.0 20 1:1 Gl+ Opx +Cpx +Grt
hg-15 1350 3.0 1:1 Gl+ Opx +Cpx +Grt
hg-19 1350 2.0 3:1 Gl+ Opx +Cpx +Grt
hqg-26 1350 3.0 72 2:1 Gl+ Opx +Cpx
hq-28 1350 3.0 72 1:1 Gl+ Opx +Cpx +Grt
hq-31 1350 2.0 48 2:1 Gl+ Opx +Cpx
hq-30 1400 2.0 16 2:1 Gl+ Opx +Cpx
hq-33 1400 2.0 72 2:1 Gl+ Opx +Cpx

Phase abbreviation Gl=melt, Opx = orthopyroxene, Cpx =clinopyxene, Grt=garnet. Gl and Opx are the
reacted starting materials, and Cpx and Grt are the newly formed minerals. Gl:Opx is the mass ratio of the
starting melt powder to orthopyroxene loaded in the Pt capsule for each experiment
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3 Experimental results

The phase assemblages of the run products are given in
Table 2. The representative BSE images are illustrated in
Fig. 2. The chemical compositions of the run products are
listed in Table 3. The results show that three phases, melt,
orthopyroxene and clinopyroxene, were obtained in all ten
successful experiments. As shown in Fig. 2, the orthopy-
roxene was dissolved and eroded, forming an uneven,
embay-like dissolution rim. Clinopyroxene is produced in
bands around orthopyroxene with a bandwidth of about
100-200 pm and sometimes euhedral crystal edge can be
observed (Fig. 2D). Melt and orthopyroxene are the resid-
ual phases after reaction and hence named reacted melt and
reacted orthopyroxene, respectively, whilst clinopyroxene is
newly formed through reaction and developed in the reaction
zone between melt and orthopyroxene (Fig. 2). In addition,
garnet was also newly formed in some runs (Fig. 2A, B),
which is consistent with garnet occurrence in the basaltic
system reported by Green (1982). Garnet grains are distrib-
uted both in the reacted melt and the reaction zones asso-
ciated with clinopyroxene, and are granular in shape and
generally 1040 pm in diameter.

The major-element compositions of the reacted melt are
generally homogeneous (Table 3), and mainly exhibit two

kinds of characteristics. One kind is SiO, and MgO, which
are significantly higher in the starting orthopyroxene than
in the starting melt (Table 1). After the reaction, the SiO,
and MgO concentrations of the reacted melt are both higher
than those of the starting melt, and the extent of concen-
tration raise of these two components in the reacted melt
increases with increasing reaction temperature. At the same
ratio of melt/orthopyroxene (2:1), the SiO, and MgO con-
centrations of the reacted melt show a certain degree of lin-
ear positive correlation with reaction temperature (Fig. 3A,
E). The others, in contrast, are TiO,, Al,0O5, FeO, CaO, and
Na,O, which are lower in the starting orthopyroxene than
in the starting melt (Table 1). All these components in the
reacted melt have basically lower concentrations than in the
starting melt, and except for Al,Oj, the extent of concen-
tration reduction of these components in the reacted melt
increases with increasing reaction temperature, resulting in
a certain degree of linear negative correlation (Fig. 3B, D,
F) between the concentrations of these components in the
reacted melt and temperature at melt/orthopyroxene ratio
of 2:1. No linear relationship between the Al,O5 concentra-
tion of the reacted melt and reaction temperature at melt/
orthopyroxene ratio of 2:1 is exhibited (Fig. 3C). The reason
is due to no crystallization of garnet, an Al-rich mineral,
at high temperatures (Table 2), which leads to the extent

Fig. 2 Representative BSE f(A) hq-29 2.0GPa 1300°C

images of run products. Newly
formed clinopyroxene occurring
in bands around orthopyrox-
ene. It is worth noting that

the euhedral crystal edge of
clinopyroxene can be observed
in this figure D, enlargement of
the clinopyroxene band in this
figure C
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Table 3 Major-element compositions (wt.%) of the run products

Run No hqg-29 hg-12 hqg-14 hg-15 hg-19 hq-26 hq-28 hg-31 hqg-30 hqg-33
T (°C) 1300 1350 1350 1350 1350 1350 1350 1350 1400 1400
P (GPa) 2.0 3.0 3.0 3.0 3.0 3.0 3.0 2.0 2.0 2.0
G1:Opx 2:1 2:1 1:1 1:1 3:1 2:1 1:1 2:1 2:1 2:1
N 4 3 3 9 4 11 3 5 6 3
Reacted
melt
Sio, 45.50 46.18 46.95 48.60 44.88 46.22 46.84 46.16 46.50 46.40 (0.72)
0.31) (0.88) (0.30) (2.98) (1.01) 0.15) (0.55) (0.19) (0.68)
TiO, 4.18 (0.13) 1.92(0.09) 2.03(0.24) 2.30(0.26) 2.51(0.67) 2.89(0.04) 2.90 (0.11) 3.03 (0.06) 2.70(0.08) 2.50 (0.30)
Al,O4 14.84 11.94 11.90 12.65 14.52 14.09 14.44 13.94 15.09 13.70 (0.48)
(0.33) (1.00) (0.50) (0.62) (1.18) (0.19) 0.29) (0.16) (0.31)
FeO 12.09 10.12 10.08 8.83(1.02) 11.14 11.22 11.49 11.61 11.36 11.14 (0.39)
(0.09) (1.68) (0.90) (0.50) 0.14) (0.06) (0.03) (0.35)
MnO 0.17 (0.01) 0.22(0.04) 0.21(0.02) 0.20(0.02) 0.24 (0.02) 0.18 (0.02) 0.18 (0.02) 0.17 (0.01) 0.19 (0.02) 0.21 (0.02)
MgO 7.14 (0.05) 16.49 15.76 14.55 12.21 11.98 10.79 11.55 10.04 13.48 (0.35)
(0.38) (0.38) (0.66) (2.29) 0.47) 0.12) (0.16) (1.13)
CaO 7.62 (0.07) 11.12 11.12 10.87 11.25 7.78 (0.19) 7.47 (0.02) 7.34(0.07) 8.58 (0.37) 9.97 (0.22)
(1.78) (0.50) (0.73) (0.85)
Na,O 5.90 (0.25) 1.92(0.73) 1.85(0.12) 1.77 (0.09) 2.28 (0.58) 3.57(0.24) 3.71(0.19) 3.90 (0.12) 3.75(0.54) 2.27(0.23)
K,O 1.75(0.02) 0.02 (0.02) 0.02(0.01) 0.02(0.01) 0.44 (0.65) 1.38(0.13) 1.49(0.02) 1.59(0.02) 1.19(0.28) 0.06 (0.04)
P,05 0.82 (0.05) 0.07 (0.05) 0.07 (0.06) 0.21 (0.08) 0.52(0.06) 0.67 (0.06) 0.70 (0.04) 0.72 (0.04) 0.60 (0.60) 0.28 (0.09)
c 23.4 1.2 0.9 0.6 39 7.6 7.0 9.5 7.0 1.6
n 5 4 9 3 6 4 5 5 5 11
Reacted
orthopy-
roxene
SiO, 54.42 53.88 53.07 52.89 54.47 53.82 55.02 54.96 54.38 53.96 (0.77)
(0.34) (1.52) (0.75) 0.24) (0.69) (0.23) (0.57) (0.64) (0.30)
TiO, 0.09 (0.02) 0.14 (0.08) 0.16 (0.06) 0.08 (0.02) 0.06 (0.02) 0.08 (0.03) 0.13(0.03) 0.17 (0.11) 0.10(0.01) 0.18 (0.07)
Al O, 4.10 (0.25) 4.25(0.30) 4.36(0.34) 3.85(0.20) 3.68 (0.36) 4.18 (0.13) 4.15(0.26) 4.60 (0.30) 3.95(0.09) 5.19(0.89)
Cr,04 0.26 (0.04) 0.26 (0.06) 0.21 (0.03) 0.25(0.03) 0.22 (0.05) 0.27 (0.01) 0.27 (0.02) 0.26 (0.02) 0.24 (0.03) 0.32 (0.09)
FeO 7.76 (0.88) 7.50(0.09) 8.22(0.89) 7.51(0.09) 7.41(0.10) 7.36 (0.08) 7.55(0.14) 7.67(0.39) 7.24(0.09) 8.21(0.93)
MnO 0.16 (0.01) 0.14 (0.01) 0.16(0.02) 0.15(0.01) 0.15(0.01) 0.16 (0.01) 0.14(0.01) 0.16 (0.01) 0.14 (0.01) 0.16 (0.02)
MgO 33.26 32.98 32.38 33.16 34.38 33.87 32.69 33.92 34.11 33.00 (1.96)
(1.04) 0.77) (1.33) (0.06) 0.14) (0.49) (0.53) (1.18) (0.39)
CaO 0.47 (0.11) 0.57 (0.22) 0.93 (0.36) 0.43 (0.02) 0.40(0.05) 0.52(0.07) 0.54(0.13) 0.75(0.41) 0.45(0.06) 1.24(0.70)
Na,O 0.12 (0.07) 0.59 (0.40) 0.18 (0.08) 0.07 (0.03) 0.09 (0.02) 0.14 (0.04) 0.14(0.05) 0.17 (0.11) 0.13(0.03) 0.50 (0.68)
Total 100.64 100.31 99.67 98.39 100.86 100.40 100.63 102.66 100.74 102.76
n 4 3 5 5 7 6 3 5 4 3
Clinopy-
roxene
SiO, 51.10 51.59 50.70 54.18 47.70 47.90 48.28 46.46 51.03 51.39 (0.37)
(1.30) (0.54) (0.79) 0.41) (0.53) (1.18) (3.03) (0.70) (1.23)
TiO, 1.06 (0.17) 0.65(0.02) 0.72(0.08) 0.82(0.30) 0.75(0.09) 2.74 (0.61) 1.94 (1.12) 2.70(0.42) 0.77 (0.20) 0.56 (0.01)
Al,O4 9.47 (1.11) 7.89 (0.46) 8.39(0.77) 17.54(0.55) 10.97 12.52 11.90 12.86 9.69 (0.81) 8.70 (0.14)
(0.87) (0.65) (2.34) (0.46)
Cr,04 0.22 (0.05) 0.39 (0.20) 0.29 (0.02) 0.28 (0.03) 0.56 (0.11) 0.08 (0.03) 0.13(0.14) 0.08 (0.05) 0.36 (0.09) 0.29 (0.04)
FeO 7.90 (0.22) 7.53(0.89) 7.13(0.50) 5.63(0.37) 6.04(0.34) 8.08 (0.48) 9.25(2.49) 10.57 7.98 (0.90) 7.61 (0.11)
(0.56)
MnO 0.17 (0.03) 0.20 (0.05) 0.18 (0.02) 0.16 (0.02) 0.15(0.01) 0.19(0.02) 0.20(0.03) 0.18 (0.02) 0.19(0.02) 0.18 (0.01)
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Table 3 (continued)
n 4 3 5 5 7 6 3 4 3
MgO 15.07 19.54 17.50 17.17 14.64 15.58 15.45 16.37 18.67 19.54 (0.11)
(1.64) (1.55) (2.12) (1.45) 0.97) (1.68) (1.59) (1.20) (0.92)
CaO 13.18 10.90 12.84 12.03 15.51 10.06 10.92 9.10(0.22) 10.61 11.42 (0.12)
(1.02) (1.94) (1.76) (1.20) (0.80) (1.05) (2.85) (0.75)
Na,O 2.52(0.29) 1.92(0.28) 1.85(0.28) 1.60(0.36) 2.03(0.18) 1.70(0.37) 1.83(0.34) 1.96(0.19) 1.67 (0.20) 1.50(0.07)
Total 100.69 100.61 99.60 99.41 98.35 98.85 99.90 100.28 100.97 101.19
n 7 3 5 5 5 5
Garnet
Sio, 40.82 (1.02) 40.39 (0.45) 39.84 (0.28) 41.17 (0.56) 39.55 (0.59) 41.59 (0.50)
TiO, 0.87 (0.09) 0.62 (0.03) 0.76 (0.09) 0.79 (0.09) 0.88 (0.24) 0.64 (0.06)
AL O, 22.63 (0.70) 23.47 (0.22) 22.74 (0.30) 22.03 (0.39) 22.33 (0.54) 23.96 (0.19)
Cr,04 0.18 (0.03) 0.32 (0.02) 0.28 (0.07) 0.46 (0.11) 0.26 (0.03) 0.29 (0.03)
FeO 13.56 (0.61) 11.19 (0.30) 12.61 (0.53) 10.73 (0.93) 12.77 (0.49) 11.63 (0.52)
MnO 0.36 (0.03) 0.33 (0.01) 0.39 (0.03) 0.30 (0.03) 0.45 (0.07) 0.34 (0.03)
MgO 16.19 (0.42) 18.86 (0.27) 15.95 (0.53) 17.13 (0.94) 15.99 (0.44) 17.00 (0.43)
CaO 6.15 (0.55) 5.70 (0.15) 6.77 (0.38) 5.87 (0.50) 6.94 (0.12) 5.85(0.54)
Na,O 0.20 (0.22) 0.10 (0.03) 0.11 (0.06) 0.12 (0.05) 0.13 (0.04) 0.08 (0.03)
Total 100.96 100.98 99.45 98.60 99.30 101.38
o (Rittmann index) = (Na,O + K,0)"2/(5i0,-43)
Fig. 3 Relations of SiO,, 52 re 6
TiO,, Al,O;, FeO, MgO, and 5 J@wsio, [ oo s [®To,
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of concentration reduction of Al,O5 in the reacted melt not
increasing with increasing reaction temperature. It is worth
noting that the SiO, content of the reacted melt is low and
very close to the starting melt at a melt/orthopyroxene ratio

Temperature (°C)

Temperature (°C)

of 3:1, significantly higher than that of the starting melt at
1:1, and between the two aforementioned cases at 2:1. In
addition, at the same melt/orthopyroxene ratio of 2:1 and
temperature of 1350 °C but different pressures, 2.0 GPa
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(hg-31) and 3.0 GPa (hqg-12, -26), the SiO, contents of the
reacted melts are consistent and close to that of the starting
melt (Table 3), suggesting that pressure has no impact on the
SiO, content of the reacted melt.

The compositions of the reacted orthopyroxene in all ten
experiments (Table 3) are consistent with that of the starting
orthopyroxene (Table 1), and the reacted orthopyroxenes are
plotted at nearly the same position as the starting orthopy-
roxene in the classification diagram of En (Mg,Si,04)-Wo
(Ca,Si,04)-Fs (Fe,Si,0;) (Fig. 4). Therefore, the orthopy-
roxenes have no obvious modification of the major-element
compositions in the reactions at different melt ratios, tem-
peratures, and pressures.

The Si0O, content of newly formed clinopyroxenes is in
the range of 46.46-54.18 wt%; the contents of MgO and CaO
are in the ranges of 14.64-19.54 wt% and 9.10-15.51 wt%,
respectively. Their En is in the range of 50.2-61.8 %,
Wo in the range of 22.7-38.2 %, and Fs in the range of
10.9-20.6 %. In the classification diagram of En—Wo—Fs
(Fig. 4), all the clinopyroxenes belong to augite, and most
of them are plotted in the range defined by clinopyroxenes
from the mantle lherzolites and pyroxenites in the NCC, but
there is a certain deviation from the range defined by 95 %
of mantle clinopyroxenes.

The newly formed garnets have relatively uniform compo-
sitions (Table 3). Their components at different melt ratios,
temperatures and pressures are consistent. The components
of pyrope, grossular, and almandite + spessartite for these
garnets are approximately 60%, 15%, and 25%, respectively.
Based on the occurrence of garnet in melts near and far from
the reaction zone (Fig. 2) and the homogeneity of chemi-
cal composition, it can be determined that the garnets were
directly crystallized from the alkaline basaltic melt.

As shown in BSE images (Fig. 2), all newly formed min-
erals and reacted melts in the run products have no zoning.

Wo

1

diopside l hedenbergite \

augite

20
/ pigeonite \

v 5/ ) enstatite l ferrosilite \
n

Fs

Fig. 4 Classification diagram of En (Mg,Si,O¢)-Wo (Ca,Si,04)-Fs
(Fe,Si,04) for pyroxene. Circle—starting orthopyroxene, filled circle—
reacted orthopyroxene, filled square—newly formed clinopyroxene.
a-range defined by clinopyroxenes from the mantle lherzolites and
pyroxenes in the NCC, b-range defined by 95% of mantle clinopyrox-
enes, and data are from Liu et al. (2010), Sun et al. (2012), Xiao et al.
(20105 2015), Yu (2009) and Zheng et al. (2000, 2005, 2006b, 2007b)
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This indicates that chemical equilibrium had been probably
achieved in our runs. Clinopyroxene and garnet coexist in
six products (Table 2) among ten runs. The estimated tem-
peratures of four runs by using the average compositions of
clinopyroxene and garnet, and applying the geothermometer
of Ravna (2000), do not differ by more than 50 °C from
the desired temperatures. In particular, the estimated tem-
perature (1272 °C) for run hqg-29 with the lowest desired
temperature in this study is consistent with the desired
temperature (1300 °C). Therefore, it can be considered that
our runs like those in Zang et al. (2021) should achieve or
approach chemical equilibrium between newly formed min-
erals (clinopyroxene and garnet) or between these two min-
erals and reacted melts.

4 Discussion
4.1 Reaction mechanism and influencing factors

It is generally believed that there are two reaction mecha-
nisms between minerals and melts, namely, diffusion and
dissolution—crystalliscrystallizationn refers to that the
elements between melts and minerals producing different
chemical potentials due to the concentration difference, and
the elements migrate under the drive of chemical poten-
tial (Liang et al. 1996; Liang 1999, 2000, 2010). Disso-
lution—crystallization refers to that the mineral lattice is
destructed under the effect of the melt, whilst the mineral
in contact with the melt is melted and mixed with the melt
to form a mixed melt in the reaction zone. When certain
components in the mixed melt reach supersaturation, they
crystallize in the form of new mineral(s).

In this study, the reacted orthopyroxenes are homogenous
and have almost the same major-element compositions as
the starting orthopyroxene. Therefore, no significant diffu-
sion occurred between melt and orthopyroxene and within
orthopyroxene as well in the reactions. In the reaction zone,
the melted orthopyroxene was mixed with the starting melt
to form a mixed melt with significantly higher MgO and
slightly higher SiO, contents than the starting melt. The
mixed melt also has higher CaO, Al,O3, and Na,O contents
than the melted components around the starting orthopyrox-
ene. The supersaturation of the abovementioned components
in the mixed melt resulted in the crystallization of clinopy-
roxenes around the orthopyroxene (Fig. 2).

With increasing temperatures, the melting degree of
the orthopyroxene and the amount of MgO added into the
mixed melt are increased, resulting in En and Wo compo-
nents of the newly formed clinopyroxenes, inconsistent with
the clinopyroxenes formed in experiments of Yaxley and
Green (1998) and Zang et al. (2021), being positively and



Acta Geochim (2024) 43:354-365

361

70 - g

En/Wo /Fs (%)

1200 1300 1400 1500
Temperature (°C)

Fig. 5 En/Wo/Fs of the newly formed clinopyroxenes versus temper-
ature. The red symbols are the data in this study, the average values of
all newly formed clinopyroxenes at each temperature, and the linear
trend of each end-member component is represented by a dashed line.
The yellow and blue symbols are the data from Yaxley and Green
(1998) and Zang et al. (2021) for comparison, respectively. In gen-
eral, En (square) and Wo (diamond) are positively and negatively cor-
related with temperature, respectively, but Fs (triangle) has no obvi-
ous correlation with temperature

negatively correlated with temperature, respectively (Fig. 5).
The increase of En and decrease of Wo in the newly formed
clinopyroxene are due to the dilution effect.

The chemical composition of the reacted melt in each
experiment is generally homogenous, and the MgO con-
tent of the reacted melt increases significantly compared to
the starting melt in the experiments at 1350 and 1400 °C
(Table 3). Therefore, there should be a diffusion effect in
the melt. This mechanism diffuses the remaining MgO from
the melted orthopyroxene into the reacted melt, after meet-
ing the requirements of clinopyroxene crystallization. In
the experiment at 1300 °C (hg-29), the MgO content in the
reacted melt did not increase. This may be because total
MgO from the melted orthopyroxene was consumed during
the crystallization of clinopyroxene, or even not enough to
meet this crystallization and the MgO in the melt diffused
backward to the reaction zone. The probable reasons for
the decrease in CaO, Al,O;, FeO, and Na,O contents in the
reacted melt are twofold: (1) the melted orthopyroxene dif-
fused into and diluted the melt, and (2) these components in
the starting melt diffused and concentrated to the mixed melt
in the reaction zone to facilitate the crystallization of clino-
pyroxene. Both of these possibilities indicate the presence
of diffusion in the melt. Based on the chemical compositions
of the minerals in run products, the reaction equations can
be expressed. The following is the reaction equation for run
hg-33 as an example.

2(Mg0‘9Fe(2)j) (Mgo,sFenge(z)j)

[(Si, 9Aly,)Og] (startingOpx) + 0.4Ca0 - 0.2A1,05-
0.05Na,O(from starting melt) = (CaMMgOAFfz(Z)ﬁNao'l )

(MgO'GAloleegj Feé_Jrl )[(Sil‘gAlo'z)Oﬁ] (newly formed Cpx)

+ (MgolgFe(z)j) (MgolgFeSZ)[(SilAgAlo}z)Oé] (reacted Opx)
+0.7MgO - 0.25i0,(to reacted melt)

It can be seen from this equation that significant differ-
ences in constituents between the starting orthopyroxene
and the starting melt not only promote the reaction, but
also provide CaO, Al,O;, and Na,O from the starting melt
for the formation of clinopyroxene, and lead to increases
in MgO and SiO, in the reacted melt as well.

Temperature is a key factor affecting the melting of
orthopyroxene and diffusion in the melt. The experimen-
tal results in this paper fully demonstrate the important
control of temperature on the reactions between melt and
orthopyroxene. In addition, the ratio of melt to orthopyrox-
ene has certain constraints on the chemical composition of
the reacted melt (Fig. 3). From the experimental results of
Run Nos hq-12, -26, and -31, there is no significant effect
of pressure on the melt—orthopyroxene reaction. However,
whether and how pressure affects the reaction requires fur-
ther experiments carried out under higher pressure and a
wider pressure range.

4.2 Constraints on the evolution of lithospheric mantle
in the NCC

From many previous case studies on the mantle xenoliths,
it is suggested that the lithospheric mantle of the NCC
has been transformed from a refractory mantle to fertile
one during the Mesozoic and Cenozoic (Wu et al. 2008;
Zhang 2009; Zheng 2009). Although the mechanism of
this transformation is still controversial, the melt—rock
reaction that occurred in the lithospheric mantle of the
NCC is an important mechanism (Zhang 2006, 2009). It
has been found that the refractory lithospheric mantle is
mainly composed of harzburgite (Fan et al. 2000), while
the fertile lithospheric mantle after the transformation is
primarily composed of rocks rich in clinopyroxene such as
lherzolite, wehrlite and pyroxenite. Therefore, the occur-
rence of clinopyroxene is an important mineralogical
indicator for the evolution of the lithospheric mantle from
refractory to fertile.

The experimental results in this study show that the
alkaline basaltic melt can consume orthopyroxene to form
clinopyroxene under the temperature and pressure condi-
tions of the lithospheric mantle, and most of the newly
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formed clinopyroxenes are plotted in the range defined by
the clinopyroxenes from the mantle lherzolites and pyrox-
enites in the NCC (Fig. 4), indicating that the reactions
can transform harzburgites into lherzolites rich in clino-
pyroxene. The alkaline basaltic melt has higher CaO and
Al,O; contents than the orthopyroxene. As the melt reacts
with the orthopyroxene to crystallize clinopyroxene, CaO
and Al,O; contents in the refractory mantle harzburgites
increase accordingly, constructing a reaction or referti-
lization trend reported by Zhang (2009) and Tang et al.
(2013), respectively.

It is worth noting that although the newly formed clino-
pyroxenes in this study, as above-mentioned and illustrated
in Fig. 4, are plotted into the range defined by the clinopy-
roxenes in the mantle lherzolites and pyroxenites from the
NCQC, there is a certain deviation from the range defined by
95% of mantle clinopyroxenes. The main difference is that
the component of Wo in the experimental clinopyroxenes is
relatively lower. A recent summary from Wang et al. (2022)
reveals that the CaO content in clinopyroxenes formed
through the experimental reactions involving silicate melts
is generally lower than that of some clinopyroxenes believed
to be formed by metasomatism of silicate melts in the lith-
ospheric mantle of the NCC. The results from our experi-
ments in this study and summarized by Wang et al. (2022)
suggest that if the formation of some metasomatic clinopy-
roxenes in the lithospheric mantle of the NCC is explained
by the reactions between pure silicate melts and mantle rocks
or minerals, the CaO content in the melts is insufficient.
Consequently, the melts involved in the formation of these
mantle clinopyroxenes are likely not pure silicate melts, but
rather carbonated silicate melts rich in CaO.

4.3 Implication for genesis of basalts

Some researchers from case studies, based on petrographic
and geochemical compositions of basalts, argued that melt-
peridotite reactions could play an important role in forma-
tion and evolution of certain basalts. For example, formation
of the Quaternary tholeiitic basalts from Datong, western
NCC (Xu et al. 2005), generation of the EM1-type alka-
line basalts in Payenia, Argentina (Sgager and Holm 2013),
genesis of the continental flood basalts in Tarim, NW China
(Wang et al. 2023), evolution of the Datong basalts from
alkaline to tholeiitic in western NCC (Wang and Liu 2021),
and transition of the Karamay basalts from tholeiitic to
alkaline in West Junggar, southern Central Asian Orogenic
Belt (Xie et al. 2023). To verify these arguments, additional
evidence, especially direct one from relevant experimental
exploration, is required.

Several experiments of reaction between melt and rock
or mineral under high-temperature and high-pressure

@ Springer

conditions have been conducted to simulate the genesis of
basalts. Wagner and Grove (1998) constrained the role of
melt/harzburgite reaction in the petrogenesis of tholeiitic
magma from Kilauea volcano in Hawaii based on experi-
mentally determined results from the liquidus relations
of an estimated primary tholeiite. Mallik and Dasgupta
(2012) performed reaction experiments between eclogite-
derived melts and fertile peridotite, and proposed that
alkaline basalt and basanite from intraplate ocean islands
could be generated by such reactions. Recently, Zang
et al. (2021) reported the experimental results of reac-
tions between tholeiitic melt and mantle orthopyroxene.
The results indicate that the reactions might contribute
to the generation of the ocean island basalts with high-
Si0, in Hawaii and account for their chemical variability.
These experimental investigations provide good direct evi-
dence for the genesis of basalts. However, few experiments
thus far have been conducted reactions between alkaline
basaltic melt and mantle peridotite or mineral under high-
temperature and high-pressure conditions.

In this study, the reacted melts of the reactions between
the asthenosphere-derived alkaline basaltic melt and man-
tle orthopyroxene have varied major-element compositions
to some extent compared to the starting melt (Table 3 and
Fig. 3). As shown in Fig. 6, Na,O + K,O contents in sev-
eral reacted melts have obvious reduce due to dilution
effect. Among ten runs in this study, the reacted melts in
four ones (hqg-12, 14, 15, 33) were transformed from the
starting alkaline into subalkaline after reactions (Fig. 6),
with Rittmann index (o) not exceeding 1.8 (Table 3). In
addition, except for run hqg-12, the reacted melts in other

16

14 Phonolite

Tephri-

phonolite Trachyte

12 1

Phono- Trachydacite

tephrite

Foidite

Trachy-
andesite

-
——
-

Na,0+K,0 (Wt.%)
o0

34 44 54 64 74
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Fig. 6 The chemical classification and nomenclature of volcanic
rocks using the total alkali-silica (TAS) diagram of Le Bas et al.
(1986). The dashed line is the boundary between alkaline and sub-
alkaline rocks from Miyashiro (1978). The unfilled square and cross
are the starting and reacted melt from Zang et al. (2021), respectively.
Other symbols are the same as those in Fig. 3
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three ones are hypersthene-normative tholeiitic, indicat-
ing that the melts evolved into tholeiitic after reactions
in these runs. Therefore, the experimental results in this
study are of significance for the genesis of basalts, for
example, providing key direct evidence for the evolution
of the Datong basalts from alkaline to tholeiitic in Western
NCC (Wang and Liu 2021).

5 Conclusions

1. Alkaline basaltic melts react with orthopyroxene under
high-temperature and high-pressure conditions to form
clinopyroxene. The formation of clinopyroxene in the
reaction zone is mainly controlled by dissolution—crys-
tallization, and the chemical composition of the reacted
melt is primarily affected by diffusion effect.

2. Temperature is an important parameter for controlling
the reaction between the melt and orthopyroxene. It
directly affects the melting of orthopyroxene and the
diffusion of chemical components in the melt, and con-
strains the chemical compositions of the newly formed
clinopyroxene in the reaction zone and the reacted melt.

3. Alkaline basaltic melt originated from the astheno-
spheric mantle can consume orthopyroxene in the lith-
ospheric mantle to form clinopyroxene. CaO and Al,O;
contents in the rocks are increased due to the occurrence
of clinopyroxene. The reaction between alkaline basaltic
melt and orthopyroxene can result in an evolution of
the lithospheric mantle from refractory to fertile in the
NCC.

4. The tholeiitic magma could be generated from alka-
line basaltic one via reactions between the latter and
orthopyroxene.
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