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Abstract The size of basalt fragments in Chang’E-5 (CE-
5) regolith are small (<6 mm?), resulting in large varia-
tion on the estimated bulk composition of CE-5 basalt. For
example, the estimated TiO, content of CE-5 basalt ranges
from 3.7 wt% to 12.7 wt% and the Mg# (molar percentage
of Mg/[Mg+ Fe]) also shows a wide range (26.2 —42.4).
Preliminary experimental studies have shown that these
geochemical characteristics of CE-5 basalt are critical for
investigating the crystallization sequence and formation
mechanism of its parent magma. This study presents new
experimental data on the distribution coefficient of titanium
between pyroxene and lunar basaltic magma (D?id melt ) Com-
bining with available literature data, we confirm that D?i‘/ melt
is affected by crystallization conditions such as pressure and
temperature, but it is mainly controlled by the CaO content
of pyroxene. Comparing with previous experimental results
under similar conditions, we parameterized the effect as
DRYMelt — pPIME — _0,0005X2, + 0.0218X ¢, + 0.0425(R? = 0.82) » Where
Xca0 1s the CaO content in pyroxene in weight percentage.
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The new experimental results suggest that pyroxene with
high TiO, content (> 2.5 wt%) in CE-5 basalt is not a prod-
uct of equilibrium crystallization, and the CaO content
in pyroxene is also affected by cooling rate of its parent
magma. The TiO, content in the CE-5 parent magma is esti-
mated to be about 5 wt% based on the Mg# of pyroxene and
its calculated CaO content, which is consistent with those
estimated from olivine grains.

Keywords Lunar basalt - Chang’E-5 - High pressure and
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1 Introduction

According to geochemical analysis on Apollo and Luna
samples, lunar mare basalts can be classified as high tita-
nium (HT, > 6 wt% TiO,) basalt, low titanium (LT, 1 -6
wt% TiO,) basalt, very-low titanium (VLT, less than 1
wt% Ti0,) basalt (Neal and Taylor 1992). The lunar basalt
samples represent partial melts from different part of lunar
mantle, variably fractionated or mixed during their ascent
to the surface (e.g., Grove and Krawczynski 2009). Previ-
ous studies indicate that relatively old HT basalts were
in equilibrium with a cumulate mineral assemblage at
shallow depths of the Moon, and the relatively young LT
mare basalts and picritic glasses formed in lower lunar
mantle (e.g., Longhi 1992). From a global perspective,
these hypotheses are consistent with the magma-ocean dif-
ferentiation model (e.g., Snyder et al. 1992) and thermal
evolution of the Moon (e.g., Laneuville et al. 2013; Borg
and Carlson 2023), and serve as a paradigm for studies on
the petrogenesis of mare basalts. On the other hand, the
special correlation between the region that elevated high
K, Th, and U content in the Procellarum KREEP Terrane

@ Springer



932

Acta Geochim (2025) 44:931-944

(PKT, Jolliff et al. 2000) and the distribution of young
basaltic eruption on the Moon (e.g., Qian et al. 2021,
2023) has been suggested to explain the heat source for
the relatively young mare basalts. This hypothesis com-
plexes the source region of young mare basalts as they
show evolved geochemistry characteristics and may have
experienced variable fractionation processes, hybridiza-
tion of KREEP or crustal material, or are mixture of melts
derived from different mantle cumulates (i.e., Day and
Taylor 2007; Day et al. 2006; Elardo et al. 2011; Elardo
et al. 2015; Elardo et al. 2014; Shearer et al. 2006).
Recently, geochemical analysis and isotopic studies on
Chang’E-5 (CE-5) regolith and basalt fragments have
shown that the young CE-5 basalt (~2.0 Ga, Che et al.
2021; Li et al. 2021) collected from the northern Oceanus
Procellarum in PKT is enriched with heating-producing
elements including U, Th, and K as well as other incom-
patible elements REEs and P, but contains little KREEP
(Tian et al. 2021). Moreover, the more evolved character-
istics of CE-5 basalt have been suggested to result from
extensive fractionation processes after melt extraction
(e.g., Tian et al. 2021; Zong et al. 2022). The young mare
basalt makes it more challenging to constrain the thermo-
chemical evolution of the lunar mantle. For example, theo-
retical calculation suggested that the source region of
CE-5 lunar basalt is deep inside the Moon (~ 500 — 600
km) and incorporating ilmenite-bearing cumulate (IBC)
(Su et al. 2022). However, small degree melting of a
hybridized source with ilmenite will produce basaltic lig-
uid enriched with TiO,, which is not consistent with the
thermochemical evolution paradigm mentioned above.
These models can be tested if the crystallization process
of original melt can be constrained, therefore it is crucial
to confirm the parental magma composition of CE-5
basalts. However, due to the small size of basalt fragments
and compositional zoning in mafic minerals, the chemical
composition of CE-5 basalts determined by different meth-
ods show large variations, for examples, the Mg# ranges
from ~26.5 (Che et al. 2021) to ~34 (Zong et al. 2022),
TiO, contents ranges from 3.7 wt% (He et al. 2022) to 12.7
wt% (Jiang et al. 2022), blurs the boundary between the
high- and low-Ti basalts. He et al. (2022) and Zhang et al.
(2022) estimated the TiO, content of CE-5 basalt to be
4 — 6 wt% by using the TiO, content of olivine (Mg#=61)
and the partitioning of Ti between olivine and melt
(Mg# ~25 —35). Jiang et al. (2023) inferred the titanium
content of the parental melt of CE-5 basalt to be 16.2 wt%
by using TiO, content in clinopyroxene and the partition
coefficient of titanium between pyroxene and melt esti-
mated from its CaO —concentration

(D"V Ml — [0.0148 X CaOpypopene + 0.09] + 0.05) (Robin-

Ti
son et al. 2012). To accurate evaluate the chemical
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composition of CE-5 basalt, we need to constrain the parti-
tion coefficient of titanium between different mineral
phases and the coexisting magma.

In this study, we carried experimental studies to deter-
mine the partitioning coefficients of titanium between pyrox-
ene and coexisting silicate melts (D?’i‘/m"'“) over a range of
temperatures (1020 — 1130 °C) and under different pressure
(0.5 and 1.0 GPa) conditions. Comparing with literature
experimental results, we make a study on D%‘/ melt and test the
possible effects on Dg’i‘/meh, such as pressure, temperature,
and chemical composition of basaltic magma. We verify the
dependence of Di’i‘/ melt on chemical composition (CaO con-
tent) of pyroxenes and make suggestion on the estimated
bulk TiO, content of CE-5 basalt.

2 Experimental methods
2.1 Starting materials

The CE-5 regolith is mainly composed of basaltic fragments
and small amount of foreign impact ejecta (< 5%), therefore
its average composition is taken as the bulk composition of
CE-5 basalt (Li et al. 2021; Zong et al. 2022). We synthe-
size basaltic glasses based on chemical composition of CE-5
regolith (Table 1) following the steps: (1) certain amount of
high-purity powders of SiO, (99.99% Aladdin), TiO,, Al,O5,
Cr,0;, Fe,05;, MnO, and MgO (99.95% —99.99% Alfa
Aesar), CaCOj;, Na,COj, and K,CO; (99.95% Alfa Aesar),
and NH,POs were weighed and placed in an agate mortar
with ethanol (analytical pure grade) and grinded for about 3
h to fully mixed, the mixture was then placed in a vacuum
oven (110 ‘C). (2) After drying, the mixture was packed in
a platinum crucible and placed in a sintering furnace for
decarbonization, after heated at 1000 “C for 7 h, the platinum
crucible was taken out and cooled to room temperature. (3)
The decarbonized sample was then mixed with a certain
amount of iron powder, and ground with ethanol and dried
in the vacuum oven. (4) After drying, the mixture was placed
in the high-temperature sintering furnace with high purity
nitrogen atmosphere and heated at 1640 °C for 2 h, then put
in water for quenching to form homogeneous glasses. (5)
A few pieces of the basaltic glass were put into mold and
underwent a series of operations such as gluing, polishing,
drying, and carbon coating. The carbon-coated sample was
then observed with scanning electron microscopy (SEM) to
check its chemical homogeneity and examined with elec-
tron microprobe (EPMA) for chemical composition analysis
which should be identical to CE-5 regolith. (6) The homo-
geneous basaltic glasses (Table 1) were then re-grinded to
powder and stored in a vacuum drying oven for future high-
pressure and high-temperature experiments.
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Table 1 B}llk composit.ion of Oxide CE-5 regolith* Uncertainty SD This study Uncertainty SD

CE-5 reg911th and chemical (k=2) (n=23) (k=2)

composition of glasses

used as starting materials in Si0, 42.20 0.34 0.80 43.47 1.08 0.55

:fupcfy“me“ts present in this TiO, 5.00 0.06 0.09 5.00 0.19 0.09
AL Oy 10.80 0.18 0.20 10.90 0.38 0.17
Cr,04 0.14 0.06 0.02 0.12 0.03 0.01
FeO 22.50 0.33 0.84 22.24 1.21 0.43
MnO 0.28 0.03 0.01 0.24 0.02 0.01
MgO 6.48 0.35 0.11 6.15 0.31 0.11
CaO 11.00 0.10 0.06 10.65 0.14 0.06
Na,O 0.26 0.21 0.04 0.26 0.09 0.04
K,O0 0.19 0.15 0.01 0.10 0.01 0.01
P,05 0.23 0.05 0.02 0.26 0.04 0.02
Total 98.94 0.05 99.40 1.14 0.96
Mg# 33.90 33.00

*The data is the average bulk compositions of CE-5 regolith from Li et al. (2021). k indicates the maxi-
mum absolute difference between the levels of different oxides per test and the mean value within a 95%

confidence interval. SD means standard deviation, its formula is described as SD =

Zﬁ] (X' _)_()2

n—1

, X is

the distinct kinds of oxides in weight percent, and X is the average compositional chemistry (or chemical

composition) in wt%

2.2 Experimental techniques

The high-pressure and high-temperature experiments were
all carried out by using Rockland piston cylinder and Walker
type multi anvil combined press at GYIG (Institute of Geo-
chemistry, Chinese Academy of Sciences). Experimental
temperatures were controlled using a Eurotherm controller
and measured with a C-type (WsReqs-W,4Re-,) thermocou-
ple with variations less than +2°C. No pressure effect on
electromotive force of the thermocouple was corrected. The
experimental pressure was corrected based on phase transi-
tion between quartz and coesite and the friction coefficient

of oil chamber is less than 4%. The high-pressure press and
experimental assembly are shown in Fig. 1a. About 20 mg
of basaltic glass powder was placed into an iron capsule
(99.995% purity) with an outer diameter of 4.5 mm and a
height of 3.5 mm and dried in 110 C vacuum oven over-
night. Iron capsules were not welded prior to the experi-
ments. However, under the applied pressure conditions (0.5
GPa), the ductility of metallic iron causes the capsule lid
and body to deform and cold-seal tightly. As confirmed
by scanning electron microscopy (SEM), the recovered
capsules exhibited complete closure without gaps, and no
sample leakage was observed, indicating that the sealing

(b) I [ - Four-bore alumina
Stainless vessel Pyrauxite
I . Tal
MgO alc
I I Boric acid glass
Alumina I l I
Sample
MgO I :
I Alumina
MgO l
I l Graphite
Graphite -_

Fig. 1 Experiment setting a Piston-cylinder device; b schematic graph of cell assembly
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was effective under the experimental conditions. The iron
capsule was then placed into a half-inch diameter talc-boric
acid glass tube assembly (Fig. 1b). The thermocouple wires
were housed in a four-bore alumina sleeve, with the junc-
tion in contact with an alumina disk (0.5-mm thickness) at
the top of the sample capsule. After loading the sample, the
pressure was gradually increased to 0.5 GPa and then started
the stepped heating process. A heating rate of 50 ‘C/min was
chose till the temperature reached 1000 °C, and a relatively
slower rate (20 ‘C/min) was used to get the target tempera-
ture. The total duration varied from 24 to 72 h depending
on the experimental temperature and then quenched by shut-
ting off the power. The decompressing time was extended as
long as 10 h to prevent the sample chamber from cracking.
The recovered capsules were sectioned, mounted in epoxy
resin, and polished for optical observations and subsequent
electron beam analyses.

2.3 Analytical techniques

The field emission electron probe microanalyzer (EPMA,
JEOL JXA-8530F plus) at State Key Laboratory for Critical
Mineral Research and Exploration (SKLCMRE), Institute
of Geochemistry, Chinese Academy of Sciences, was used
to quantitatively analyze the chemical composition of the
starting material (synthetic glass), the mineral phases, and
silicate liquid of the experimental products under different
temperature and pressure conditions. The analytical accel-
eration voltage is 15 kV and the beam current is 10 nA. The
beam size is determined by the grain size of the mineral
and ranges from 1 to 10 microns in diameter. The analysis

elements were all measured using the K line, and the peak
analysis time for most elements (Si, Ti, Al, Cr, Fe, Co, Mn,
Mg, Ca, P) was 20 s, while the peak analysis time for Na and
K was 10 s. Natural and synthetic minerals were selected as
the standard samples for analysis: diopside (Si, Mg, Ca),
bluenite (Ti), magnesia aluminite (Al, Cr, Fe, Mn), olivine
(N1), nickelpyrite (Co), albitite (Na), potassium feldspar (K),
and apatite (P). The detection limit for elemental oxides is
0.01 —0.03 wt%. All data were corrected by ZAF method.
For each mineral and glass phase composition, the mean and
standard variance were obtained using 8 — 15 data.

3 Results
3.1 Experiments approach to equilibrium

To evaluate whether the experiments have reached equilib-
rium, we calculated the Fe—-Mg exchange coefficients

between minerals (olivine and pyroxene) and the coexisting
melt KF];"Mg = %, where [FeO/MgO|

is the molar ratio of Fe and Mg in mineral and melt. The
K5 ™ between olivine and melt is 0.26 —0.35 (Table 2),
which is similar to the experimental results reported by Top-
lis (2005) (0.23 —0.36) and close to previous experimental
results on Apollo returned samples (Brown and Grove 2015;
Kushiro and Walter 1998). Although the KFDe'Mg between
pyroxene and melt may be affected by experimental condi-
tions (temperature and pressure), high field strength element
Fe - Mg

content, and NBO/T (Xirouchakis et al. 2001), the KD

mineral /melt
melt

Table 2 The assemblages and partitioning parameters (Ti, Mg and Fe) of experimental run products under different conditions

Run P(GPa) T (C) t/hr Assemblages (modal abundance%) Dy PrMelt g OIMelt g Px=Melt

RPW-87 0.5 1060 72 Olivine, Plagioclase, Ulvo-spinel, Pyroxene, Ilmenite, Glass 0.296(53) 0.31 0.21
(16:12: < 1:3:1:64)

RPW-67 0.5 1050 24 Olivine, Plagioclase, Pyroxene, Ilmenite, Glass (21:17:26:1:35) 0.236(21) 0.27 0.14

RPW-68 0.5 1020 21 Olivine, Plagioclase, Pyroxene, Ilmenite, Glass (50:27:18:2:3) 0.272(29) 0.30 0.16

RPW-45* 0.5 1090 36 Olivine, Plagioclase, Ulvo-spinel, Pyroxene?, Glass 0.295(84) 0.33 0.22
(24:25:<1:<1:49)

RPW-87* 0.5 1060 72 Olivine, Plagioclase, Ulvé-spinel, Pyroxene, Ilmenite, Glass 0.287(35) 0.32 0.19
(18:16: < 1:35:3:26)

RPW-77 1 1130 24 Pyroxene, Glass (13:87) 0.162(32) 0.24

RPW-69 1 1095 20  Pyroxene, Plagioclase, [lmenite, Ulvo-spinel, Glass (50:19:7:1:22) 0.248(56) 0.17

RPW-64 1 1090 20  Pyroxene, Olivine®, Plagioclase, Ilmenite, Ulvo-spinel, Glass 0.263(39) 0.24 0.13

(63:1:20: < 1:11:3)

Modal abundance is calculated based on the mass balance between the compositions of the initial material and the phases and is also esti-

mated using the Imagel software package. D P~ Melt =[Ti02] o/ [TiOZ]

melt’

a partitioning coefficient of Ti between pyroxene and its equilibrium

melt. The data in parentheses following the Ti partitioning coefficient represents its standard error, indicating the precision of the measurement.

K, /P Mt =[FeO/MgO] .. / [FeO/MgO|

*Was added 1000 ppm trace element into started material

melt’

[FeO] and [MgO] in mole, is Fe-Mg exchange parameter represented experimental equilibrium

“bThe metastable phases, which occupy less than 1% of the modal abundance, tend to disappear over time
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between the pyroxene and melt obtained in this study is
between 0.14 and 0.24 (Table 2), within the range reported
by previous experimental studies (0.17 —0.28) (Grove and
Bence 1977; Longhi et al. 1978), the noticeable differenece
between the previous and the present experimets are to be
found in the higher Fe/Mg + Fe of the phase in this study.
Moreover, the experimental products from this study also
show homogeneity on element concentration for mineral
phases and silicate liquid (Table 3). These results demon-
strate that the high-temperature and high-pressure experi-
ments involved in this paper have reached chemical
equilibrium.

3.2 Chemical composition of pyroxene and silicate
liquid

In the experiments run at 0.5 GPa, olivine is the liquidus
phase, followed by plagioclase, and pyroxene crystallized in
the temperature interval from 1090 C to 1020 °C. For all the
run products, the sizes of mineral grains range from less than
20 pm to larger than 100 pm and are large enough for com-
positional analyses. Silicate melts quenched to clear glasses
in most of the run products, with several exceptions that
were conducted at relatively low temperatures where the
residual silicate liquid exist as small pockets (<3 pm).
Chemical composition analysis shows that the pyroxenes in
all run products are augite with relatively homogeneous
composition and no zoning (Fig. 2). The TiO, content of
pyroxenes ranges from 2.15 wt% to 2.40 wt%, CaO content
is between 15.64 wt% and 17.05 wt% with minor variation,
and Mg# values vary from 50 to 55. The silicate liquids
coexisting with pyroxenes are relatively magnesium-poor
with Mg# ranging from 13.6 to 20.6, TiO, abundance varied
from 7.58 wt% to 8.49 wt% as shown in Table 3. For experi-
ments at 1.0 GPa, olivine is the liquidus phase and followed
by pyroxene and the TiO, content of pyroxenes ranges from
1.17wt% to 1.71wt%, CaO content is 10.28 — 12.46 wt% with
insignificant variation, and Mg# values varying from 60 to
48. The titanium content in pyroxene decreases with increas-
ing experimental temperature and pressure from 0.5 GPa to
1.0 GPa. The partitioning coefficient of Ti between pyroxene
DP?(/mellz [Tioz]mineml

Ti [Ti02 ],
changing from 0.16 to 0.30 for all the experimental results
present in this study.

and basaltic liquid is calculated as

4 Discussion
4.1 Comparing with previous studies

Literature experimental studies show that the partition
coefficient of titanium between pyroxene and silicate liquid

D?’i‘/meh is generally less than 1, and gradually decreases

with increasing temperature, although the overall change is
small (Fig. S1a) (Green et al., 1971; Grove and Bence 1977;
Longhi et al., 2010; Walker et al. 1976; Putirka et al. 1996;
Grove and Vaniman 1978; Adam and Green 1994; Wagner
and Grove 1997; Van Orman and Grove 2000; Hill et al.
2011; Krawczynski and Grove 2012; Dygert et al. 2013;
Elardo et al. 2015; Snape et al. 2022). The pressure change
also shows a certain effect on D%‘/ melt which may decrease as
the pressure increase from 1 bar to 3 GPa (Fig. S1b) (Grove
and Vaniman 1978; Adam and Green 1994; Putirka et al.
1996; Wagner and Grove 1997; Van Orman and Grove 2000;
Hill et al. 2011; Krawczynski and Grove 2012; Sun and
Liang 2013; Elardo et al. 2015; Snape et al. 2022). However,
it is difficult to quantify the effect of pressure and tempera-
ture on D?’i‘/ melt que to the significant differences in the chem-
ical composition of the starting materials and the assembly
(oxygen fugacity) used in these experiments, and the cooling
procedures. For example, Adam and Green (1994) added 10
wt% of rare earth elements (REE) and different amount of
water (2—-12 wt%) to the starting materials and the overall
trend of their experimental results show high partition coef-
ficient, which could be explained by the high concentration
of REEs because their larger atomic radius will affect the Si
and VAl occupation in the silicate structure. Shepherd et al.
(2022) carried out slow cooling rate experiments (1 “C/h)
under different redox conditions and showed much larger
DEY/melt (. 0.6 — 1.0). Mollo et al. (2013) present controlled
cooling rate experiments on DPX™!" and showed that D!
is much larger (~ 1.5) at fast cooling rate (50 ‘C/h) than those
got from equilibrium experiments. In the experimental study
by Snape et al. (2022), the content of TiO, in the starting
material changed from very-low titanium (0.46 wt%) to high
titanium (15.8 wt%) and the experimental temperature was
gradually dropped to the target temperature with a cooling
rate of 1 —2 “C/min. Therefore, the D%‘/ melt sbtained in their
experiments show large variation (0.1 —0.6). For these stud-
ies, the obtained D%‘/ melt s not under equilibrium conditions
and we thus exclude these experimental results from quanti-
fying the effect of temperature, pressure, and chemical com-
position on partitioning behavior of titanium.

On the other hand, Elardo et al. (2015) carried out crys-
tallization experiments on young lunar meteorite North-
east Africa (NEA) 003A and LAP group to constrain ther-
mal conditions of the lunar interior. Their experimental
design and the cell assemblage are similar to those used
in this study, and the oxygen fugacity of their experiments
were lower than IW and close to that present in this study
(IW —0.7). Comparing our experimental results with those
reported by Elardo et al. (2015), we found that D?i‘/melt
is in a good correlation with both pressure and tempera-
ture. The TiO, content in pyroxene gradually decreases
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Table 3 Summary of The Chemical Compositions of Experimental Products

Run Minerals n Si0,  TiO, ALO; Cr,0; FeO MnO MgO CaO Na,0 K,0 P,05 Total
P=1.0 GPa
RPW-77 Pyroxene 25 4823 100 521  0.69 1729 029 1519 1143 006 000 001 100.18
T=1130TC SD 063 017 080 020 098 002 0.67 1.10 001 000 001 0.322
Glass 12 4047 6583 1142 0.0 2449 025 505 1043 034 013 030  99.92
SO 0.19 012 008 002 0Il 00l 008 0.03 003 00l 003 0.207
RPW-69 Pyroxene 25 4766 171 509 032 21.00 033 1305 1028 005 000 001  99.49
T=1095C SD 056 002 040 001 206 000 120 0.10 0.0l 000 0.00 0.831
Plagioclase 5 4490 030 3299 001 242 003 036 1822 083 014 005 10027
SD 020 021 1.83 001 133 003 044 0.63 007 003 005 0.41
Timenite 4 029 5121 053 017 4494 030 161 046 na na  na 99.51
SD 0.6 013 006 007 041 002 004 0.10 0.28
Ulvo-spinel 11 069 2776 492 124 6208 028 142 055 na na  na 98.96
SD 082 071 005 017 076 002 0.06 0.29 0.40
Glass 26 3851 641 983 002 3125 031 138 930 045 059 136  99.42
SD 161 094 1.10 003 1.1l 002 147 071 0.09 0.0 040 0.77
RPW-64 Pyroxene 18 4850 133 330 0.3 2316 036 1219 1060 002 000 001  99.61
T=1090C SD 030 0.8 068 0.1 314 003 144 .12 002 000 002 0.42
Plagioclase 3 4517 0.6 33.66 000 202 002 017 1829 088 020 0.0 100.66
SD 054 005 073 000 029 00l 004 036 003 004 007 1.14
Timenite 8 0.84 5126 042 018 4522 030 153 0.62 na na  na 100.37
SD 041 084 014 007 055 00l 0.19 0.20 0.60
Ulvé-spinel 5 1.16 28.18 425 186 61.32 029 1.0 0.65 na na  na 99.22
SD 114 061 018 007 094 002 020 0.30 0.37
Olivine 9 3268 073 049 002 5371 047 1163 122 001 000 007 101.05
SD 126 094 033 002 191 002 0.89 0.82 001 000 005 0.60
Glass 16 4096 482 906 001 3009 033 156 9.63 040 067 1.69  99.21
SD 022 008 006 000 027 002 004 0.04 004 002 005 0.30
P=0.5GPa
RPW-87 Olivine 11 3320 022 005 005 4731 038 1740 056 0.00 000 0.02  99.27
T=1060C SD 014 007 002 007 055 003 030 005 001 000 002 0.48
Plagioclase 14 4455 0.3 3479 006 179 001 0.3 1894 004 046 002 100.94
SD 060 009 065 007 025 001 004 040 001 018 001 0.46
Ulvo-spinel 13 025 2934 438 860 5341 0.00 030 262 031 000 001 9931
SD 022 064 022 124 083 002 009 007 na 0.00 0.01 0.76
Pyroxene 9 4798 24 206 029 18.64 023 1042 17.05 004 0 0.02  100.12
SD 050 033 047 009 043 004 026 044 001 000 001 0.28
Iimenite 15 0.10 5194 057 112 4257 030 28I 021 na na  na 99.60
SD 007 58 089 174 330 002 0.8 0.09 0.42
Glass 9 40.11 773 863 005 2986 026 342 1025 026 017 039 101.19
SD 029 099 058 006 038 005 026 031 002 001 0.14 0.61
RPW-67 Olivine 15 3350 035 013 006 4942 040 1635 067 000 000 002 10091
T=1050C SD 0.4 018 012 002 045 002 036 0.08 0.00 000 001 0.31
Plagioclase 7 4462 042 3416 002 222 002 020 1892 061 005 003 101.29
SD 072 034 105 006 046 001 0.07 039 0.3 002 002 0.50
Pyroxene 12 4913 215 269 029 1832 025 1164 1564 004 0 0.02  100.17
SD 019 016 020 012 096 002 050 1.00  0.01 000 0.02 0.36
Iimenite 10 011 5384 032 059 4277 029 245 035 na na  na 100.71
SD 017 049 009 019 043 00l  0.05 0.09 0.70
Glass 10 416 849 8.6 006 27.89 026 246 1097 023 0.8 045 101.22
SD 043 043 072 003 1.14 002 059 039 005 002 007 0.44
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Table 3 (continued)
Run Minerals n Si0, TiO, ALO; Cr,0; FeO MnO MgO CaO Na,0 K,0 P,05 Total
RPW-68 Olivine 12 3389 029 007 007 4804 038 1778 0.62 00l 000 002 101.17
T=1020€ SD 028 003 009 002 059 003 055 008 00l 000 002 0.50
Plagioclase 7 4467 054 3337 002 285 003 038 1852 063 008 003 101.14
SD 062 050 163 003 156 002 035 062 014 005 002 0.73
Pyroxene 8 49.19 236 331 043 1716 024 12 1603 005 0 0.01  100.79
SD 034 015 027 011 041 003 036 0.60 002 000 0.0l 0.51
Tlmenite 8 007 5388 033 073 4230 030 2.69 029 na na na 100.58
SD 001l 027 00l 006 034 002 006 0.08 0.41
Glass 12 409 8.16 82 0.08 2942 027 328 1048 0.8 0.15 04 101.56
SD 052 065 092 002 167 003 035 044 004 001 008 1.05
RPW-45%  Olivine 12 3392 020 006 006 4472 038 1971 059 0.00 0.00 0.01 99.79
T=1090C SD 018 004 004 006 043 002 0.13 0.06 00l 000 0.0l 0.53
Plagioclase 6 4481 0.8 3477 002 138 001 017 1899 004 050 0.02 10091
SD 033 010 040 002 023 0.02 005 026 001 011 0.02 0.30
Ulvé-spinel 9 0.10 27.14 523 1197 51.63 000 030 3.15 0.07 000 001 99.73
SD 002 103 046 082 040 003 008 0.03 000 000 0.0l 0.29
Pyroxene 6 4843 238 3.3 048 1763 024 1193 1609 005 O 0.02  100.54
SD 122 072 131 012 176 005 099 173 002 000 002 0.47
Glass 11 4079 767 917 0.0 2720 024 395 11.10 026 0.5 033 10104
SD 067 053 030 013 081 002 027 029 002 001 003 0.42
RPW-87#  Olivine 13 3300 029 005 005 4817 043 1634 058 001 000 0.02  99.02
T=1060 C SD 021 019 001 005 072 004 0.64 0.06 001 000 001 0.25
Plagioclase 8 4487  0.17 3419 002 219 002 021 1807 007 061 002 10046
SD 035 021 059 005 058 002 0.15 029 00l 008 002 0.23
Ulvo-spinel 10 0.12 2964 423 602 5365 000 028 249 022 000 000 9842
SD 003 105 046 1.10 079 002 0.10 005 000 000 0.00 0.54
Pyroxene 12 4756 229 306 025 1792 022 1036 1693 004 0.00 0.01 98.88
SD 037 021 039 011 068 004 019 048 002 000 0.0l 0.43
Tlmenite 11 007 5307 033 036 4166 032 260 029 na na  na 98.72
SD 005 022 002 013 023 002 007 0.08 0.29
Glass 12 3939 758 872 009 2960 025 3.18 981 029 017 035  99.52
SD 074 069 056 006 090 0.03 045 031 006 003 0.14 0.68

RPW-87* was added 1000 ppm trace element into started materials. Also, RPW-87 and RPW-87* were loaded the same assembly, where they
were positioned at the upper and lower levels respectively, under 0.5 GPa and 1060 C. “na” means the chemical content is below the detection

limit of EPMA

SD means Standard Deviation

with increasing temperature and/or pressure (Fig. S2).
Both pressure and temperature have a negative impact on
the partitioning of titanium between pyroxene and sili-
cate melt (Fig. 3). Specifically, the correlation between
the TiO, content of pyroxene and the partition coeffi-
cient D%‘/ melt \with respect to temperature is significantly
stronger than that with pressure. The discrepancies in the
trends of TiO, content in pyroxenes and D%‘/ melt with pres-
sure observed in this study compared to those reported
by Elardo et al. (2015) may attributed to compositional

difference between the two studies. For example, TiO,
content in pyroxene increases from 0.14 to 2.40 wt% as
the Mg# of pyroxene decreased from 77 to 49 (Table 3),
and the increment of TiO, content in pyroxene could
be caused by larger D?i‘/me“ and can also result from the
enrichment of TiO, content in the basaltic liquid through
crystallization (1.52 —7.70 wt%), which will potentially
affect the partitioning of titanium between pyroxene and
silicate liquid (Snape et al. 2022). Therefore, we should
be careful to use these empirical correlations to estimate
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(a) 1 GPa 1130 °C

(d) 0.5 GPa 1060 °C

’

(f) 0.5 GPa 1020 °C .

Fig. 2 Back-scattered electron (BSE) images of the run products at 1.0 GPa and 0.5 GPa. Experiment conditions are marked in the figures. Px.
pyroxene, Pl. plagioclase, Ilm. ilmenite, Ulvo. Ulvo-spinel, Sil. silica-rich phase, melt. silicate liquid

the crystallization conditions of natural samples by using
Dg’i‘/m"h or vice versa because the chemical compositions
of the pyroxenes and the coexisting silicate liquids have
been changing during crystallization.

4.2 Effect of chemical composition on the partitioning
of Ti between pyroxene and silicate melt

The seemingly great correlation between the partition coef-
ficient D?’i‘/ melt and temperature could also be explained by
the compositional changes. As shown in Fig. 4, both TiO,
content in pyroxene and D%"men show good correlation with
Mg# of pyroxene (Fig. 4) and the Mg# of the silicate liquid
also show great correlation with temperature (Fig. S3).

On the other hand, the equilibrium crystallization experi-
ments show that pyroxenes formed under relatively higher
pressure are orthopyroxene or low-Ca pyroxene (e.g., Putirka
et al. 1996; Elardo et al. 2015) and those crystallized from
starting materials as CE-5 basalt as shown by this study are
mainly high-Ca pyroxenes with some compositional variation.
The different CaO content in pyroxenes could be the reason for
the discrepancies in the trends of TiO, content in pyroxenes
and D?’i‘/ melt \with pressure mentioned above (Fig. 3), because
as argued by Robinson et al. (2012) that the partitioning of Ti
between pyroxene and basaltic magma (D?’i‘/ meh) is linearly
correlated with the CaO contents of pyroxenes (X¢,o). How-
ever, it has also been shown that high-Ca pyroxene can crys-
tallize under relatively high-pressure conditions if the parental
magma was enriched with CaO (~11.28 wt%) (Putirka et al.

@ Springer

1996). In other word, the CaO content in pyroxene is mainly
controlled by the CaO in the silicate liquid, which in turn
affect the partition coefficient D?’i‘/ melt The linear relationship
is reflected in a notably increase of TiO, (wt%) content and
the partition coefficient D%‘/ melt with increasing CaO (wt%)
content and partition coefficient D?’i‘/ melt versus CaO (wt%)
content in pyroxenes present in literature studies (Fig. S4),
even though the data are somehow scattered.

The experimental data obtained in this study and those
got by Elardo et al. (2015) show a good correlation between
CaO and TiO, content of pyroxenes (Fig. 5a). The high-
Ca pyroxenes (augite) contain more TiO, (1.0 —2.4 wt%)
than low-Ca pyroxenes (pigeonite) (0.14 —0.91 wt%). The
changes of TiO, content of pyroxenes (Xr;p,) with its CaO
content (X,n) can be described as following:

Xrio, = 0.004X2,,+0.084X (.0 — 0.135(R* =0.94) (1)

The partitioning of Ti between pyroxenes and basaltic
magma (D?i‘/ melt) s not linear relationship but strongly cor-
rected with the content dependency of the CaO contents of
pyroxenes (X,0) (Fig. 5b).

DEMel= — 0.0005X,,+0.0218X 0 + 0.0425(R* = 0.82)
@)

The refined correlation between D?i‘/ melt and CaO contents

of pyroxenes partially offset the negative effect of tempera-
ture and pressure on D%‘/ melt 55 temperature and pressure show
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Fig. 3 Partition coefficient of (a) 0.4
Ti between pyroxene and melt
Px/melt .
(Dn ) changes with
conditions. a Experimental
temperatures (‘C) and b 03 -
experimental pressures (GPa). * I
Data are from this study (blue)
and previous experimental study ‘ + B y =-0.0007x + 0.9796
by Elardo et al. (2015) (red) R2 = 0.8633
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similar effect on CaO content in pyroxene (Fig. S5). In cases
that the crystallization conditions (pressure and temperature)
are blurry, the TiO, and CaO content in pyroxenes are useful
to evaluate the initial CaO and TiO, concentration in the par-
ent magma, but cautions should be taken that this only works
for pyroxene crystallized under approximately equilibrium
condition.

Combining data from this study with those from Elardo
et al. (2015), it shows that the CaO content in pyroxene

Pressure ( GPa)

changes linearly with its Mg# (Fig. 6) and the correlation can
be described by second order quadratic polynomial equation:

Xcao= 0.004Mg#* — 1.0258Mg# + 56.694(R* = 0.788)
3)

The data deviated from the fitted curve may be explained
by the difference on experimental conditions, for example
the effect of pressure.
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Fig. 4 a The TiO, content in (a) 3.5
pyroxene and b the partition
coefficient of Ti between 3.0
pyroxene and melt (D;f/ md[) o
changes with Mg# of pyroxene.
The data from this study is in 25 r
blue and those from Elardo \? L y=0.0019x2 - 0.3278x + 13.811
et al. (2015) are in red S 20 F R2 = 0.798
e .
S 15}
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00 Il L 'l
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4.3 TiO, content in Chang’E-5 lunar basalt

Pyroxenes in Chang’E-5 basaltic samples are pre-
dominantly augite with trace amount of orthopyroxene
(e.g., Che et al. 2021; Li et al. 2021; Tian et al. 2021).
The TiO, content in pyroxenes varies from 6.38 to 0.62
wt% as the CaO content decreases from 19.1 to 6.17 wt%
and Mg# of pyroxene changes from ~60 to~0.1 (e.g., Che
et al. 2021; Tian et al. 2021; He et al. 2022; Jiang et al.
2022). Assuming pyroxene with highest Mg# crystallized
very first from the basaltic silicate, Jiang et al. (2022) esti-
mated the TiO, content in CE-5 basalt by using the cor-
relation between D;J.C/Meh and CaO content (17.39 wt%)

@ Springer

and TiO, content (6.38 wt%) in pyroxenes and argued that
CE-5 basalt is high-Ti magma (TiO, ~ 18.4 wt%). We cal-
culated the “ideal” TiO, content in these pyroxenes by
using Eq. (1), which gives a much lower TiO, content
(2.54 wt%) for the most CaO enriched grain (17.39 wt%).
We then use Eq. (2) to calculate the Dl;f/ Melt and then TiO,
content in the coexisting silicate melt, giving 9.4 wt%.
This calculated result is lower than those present by Jiang
et al. (2022) but is still about 4.4 wt% higher than the bulk
composition of CE-5 basalt. Comparing with the pyrox-
enes and the bulk composition of CE-5 basalt, we suggest
that either the pyroxenes crystallized late from the par-
ent magma when the coexisting silicate liquid becoming
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Fig. S a The TiO, content in (a) 4.0
pyroxene shows a great correla-
tion with its CaO content. b the
changes of D’T)f/ melt with CaO
content in pyroxene. The data in 30 }
red is from Elardo et al. (2015), ) y= 0.004x2 + 0.0843x - 0.1353
and those from this study are Q R2=0.944
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enriched with TiO, or some other mechanism is responsi-
ble for the relatively enriched CaO and TiO, in pyroxenes
from CE-5 basalt. Because pyroxene is not the liquidus
phase for experiments at 0.5 GPa, it could explain the rela-
tively high TiO, and CaO content in pyroxenes. However,
these pyroxenes should also be enriched with FeO, thus
smaller Mg# (< 55), which is not the case for the pyrox-
enes reported from CE-5 basalt.

On the other hand, if we use the correlation between
Mg# of pyroxene and its TiO, concentration (Fig. 4), we
can get the “ideal” TiO, content in the most magnesium-
rich (Mg# ~ 60) pyroxene grains (~0.98 wt%). This pyroxene
grain should coexist with silicate magma with TiO, content
about 4.9 wt% by applying the DI;Z.‘/ Melt calculated from Mg#,
which is consistent with the reported bulk composition of
CE-5 lunar basalt (~5.0 wt%) (Li et al. 2021; Zong et al.
2022). And the calculated CaO content in the most magne-
sium-rich pyroxene by using Eq. (3) established from this
study is about 9.55 wt%, according to 1.03 wt% of TiO,,
which reflects a good correlation between CaO and TiO,
content in pyroxenes. The calculated CaO and TiO, content
in MgO-rich pyroxene is much lower than those present in
CE-5 basalt, which could not be explained by the partition-
ing behavior of these two elements unless the CE-5 basalt
formed from a basaltic magma that are super enriched with
CaO. We should consider another scenario to explain the
relatively super enriched with CaO and TiO, for pyroxenes
from CE-5 basalt, such as fast cooling mechanism. Con-
trolled cooling rate experiments on Apollo 12 samples also
show that fast cooling rate can cause depression of phase-
appearance temperature (Walker et al. 1976). As mentioned
above, the fast-cooling experiments show larger partition-
ing coefficients of titanium (e.g. Mollo et al. 2013; Snape
et al. 2022). Together with the possibility of delayed plagio-
clase formation thus the co-crystallization of pyroxene and
plagioclase, we would expect a relatively higher CaO and
TiO, content in Mg-rich pyroxenes. Nevertheless, the parti-
tion of iron and magnesium between pyroxene and liquid is
independent of temperature, pressure and most likely cool-
ing rate as olivine (Walker et al. 1976). This deduction can
rationalize the consistency on Mg# of pyroxenes from equi-
librium experiments and natural CE-5 samples, which can
explain the similar TiO, content in CE-5 basalt estimated
from Mg-rich olivine (He et al. 2022; Zhang et al. 2022)
and Mg# of pyroxene using correlation present in this study.

S Conclusions
(1) Equilibrium experimental data on mare basalt shows

that the TiO, content in pyroxene is linearly correlated
with its CaO content.

@ Springer

(2) The TiO, content in the most Mg-rich pyroxene from
CE-5 basalts cannot be explained by partition of tita-
nium between pyroxene and silicate liquid but rather
implies fast cooling history of CE-5 basalts.

(3) We suggest using the linear correlation between Mg#
of pyroxene and its TiO, content to back calculate the
TiO, content in the coexisting liquid.
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