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     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  (W 5 Re 95 -W 26 Re 74 ) thermocou-

ple with variations less than ± 2°C. No pressure eff ect 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 coeffi  cient 

of oil chamber is less than 4%. The high-pressure press and 

experimental assembly are shown in Fig.  1 a. 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  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 confi rmed 

by scanning electron microscopy (SEM), the recovered 

capsules exhibited complete closure without gaps, and no 

sample leakage was observed, indicating that the sealing 

  Table 1       Bulk composition of 

CE-5 regolith and chemical 

composition of glasses 

used as starting materials in 

experiments present in this 

study  

 *The data is the average bulk compositions of CE-5 regolith from Li et al. ( 2021 ). k indicates the maxi-

mum absolute diff erence between the levels of diff erent oxides per test and the mean value within a 95% 

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

√
∑N

i=1

(
Xi ŠX

)2

nŠ1
    ,  X i  is 

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

composition) in wt% 

  Oxide    CE-5 regolith*    Uncertainty 

(k = 2)  

  SD    This study 

(n = 23)  

  Uncertainty 

(k = 2)  

  SD  

  SiO 2     42.20    0.34    0.80    43.47    1.08    0.55  

  TiO 2     5.00    0.06    0.09    5.00    0.19    0.09  

  Al 2 O 3     10.80    0.18    0.20    10.90    0.38    0.17  

  Cr 2 O 3     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 2 O    0.26    0.21    0.04    0.26    0.09    0.04  

  K 2 O    0.19    0.15    0.01    0.10    0.01    0.01  

  P 2 O 5     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      

  Fig. 1       Experiment setting  a  Piston-cylinder device;  b  schematic graph of cell assembly  
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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 ). Specifi cally, the correlation between 

the  TiO 2  content of pyroxene and the partition coeffi  -

cient   DPx/melt

Ti
    with respect to temperature is signifi cantly 

stronger than that with pressure. The discrepancies in the 

trends of  TiO 2  content in pyroxenes and   DPx/melt

Ti
    with pres-

sure observed in this study compared to those reported 

by Elardo et al. ( 2015 ) may attributed to compositional 

diff erence between the two studies. For example,  TiO 2  

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 2  content in pyroxene could 

be caused by larger   DPx/melt

Ti
    and can also result from the 

enrichment of  TiO 2  content in the basaltic liquid through 

crystallization (1.52 − 7.70 wt%), which will potentially 

aff ect 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 

Table 3    (continued)

  Run    Minerals    n    SiO 2      TiO 2     Al 2 O 3     Cr 2 O 3     FeO    MnO    MgO    CaO    Na 2 O    K 2 O    P 2 O 5     Total  

  RPW-68 

 T = 1020  

  Olivine    12    33.89    0.29    0.07    0.07    48.04    0.38    17.78    0.62    0.01    0.00    0.02    101.17  

    SD    0.28    0.03    0.09    0.02    0.59    0.03    0.55    0.08    0.01    0.00    0.02    0.50  

  Plagioclase    7    44.67    0.54    33.37    0.02    2.85    0.03    0.38    18.52    0.63    0.08    0.03    101.14  

    SD    0.62    0.50    1.63    0.03    1.56    0.02    0.35    0.62    0.14    0.05    0.02    0.73  

  Pyroxene    8    49.19    2.36    3.31    0.43    17.16    0.24    12    16.03    0.05    0    0.01    100.79  

    SD    0.34    0.15    0.27    0.11    0.41    0.03    0.36    0.60    0.02    0.00    0.01    0.51  

  Ilmenite    8    0.07    53.88    0.33    0.73    42.30    0.30    2.69    0.29    na    na    na    100.58  

    SD    0.01    0.27    0.01    0.06    0.34    0.02    0.06    0.08          0.41  

  Glass    12    40.9    8.16    8.2    0.08    29.42    0.27    3.28    10.48    0.18    0.15    0.4    101.56  

    SD    0.52    0.65    0.92    0.02    1.67    0.03    0.35    0.44    0.04    0.01    0.08    1.05  

  RPW-45* 

 T = 1090  

  Olivine    12    33.92    0.20    0.06    0.06    44.72    0.38    19.71    0.59    0.00    0.00    0.01    99.79  

    SD    0.18    0.04    0.04    0.06    0.43    0.02    0.13    0.06    0.01    0.00    0.01    0.53  

  Plagioclase    6    44.81    0.18    34.77    0.02    1.38    0.01    0.17    18.99    0.04    0.50    0.02    100.91  

    SD    0.33    0.10    0.40    0.02    0.23    0.02    0.05    0.26    0.01    0.11    0.02    0.30  

  Ulvö-spinel    9    0.10    27.14    5.23    11.97    51.63    0.00    0.30    3.15    0.07    0.00    0.01    99.73  

    SD    0.02    1.03    0.46    0.82    0.40    0.03    0.08    0.03    0.00    0.00    0.01    0.29  

  Pyroxene    6    48.43    2.38    3.13    0.48    17.63    0.24    11.93    16.09    0.05    0    0.02    100.54  

    SD    1.22    0.72    1.31    0.12    1.76    0.05    0.99    1.73    0.02    0.00    0.02    0.47  

  Glass    11    40.79    7.67    9.17    0.10    27.20    0.24    3.95    11.10    0.26    0.15    0.33    101.04  

    SD    0.67    0.53    0.30    0.13    0.81    0.02    0.27    0.29    0.02    0.01    0.03    0.42  

  RPW-87* 

 T = 1060   

  Olivine    13    33.00    0.29    0.05    0.05    48.17    0.43    16.34    0.58    0.01    0.00    0.02    99.02  

    SD    0.21    0.19    0.01    0.05    0.72    0.04    0.64    0.06    0.01    0.00    0.01    0.25  

  Plagioclase    8    44.87    0.17    34.19    0.02    2.19    0.02    0.21    18.07    0.07    0.61    0.02    100.46  

    SD    0.35    0.21    0.59    0.05    0.58    0.02    0.15    0.29    0.01    0.08    0.02    0.23  

  Ulvö-spinel    10    0.12    29.64    4.23    6.02    53.65    0.00    0.28    2.49    0.22    0.00    0.00    98.42  

    SD    0.03    1.05    0.46    1.10    0.79    0.02    0.10    0.05    0.00    0.00    0.00    0.54  

  Pyroxene    12    47.56    2.29    3.06    0.25    17.92    0.22    10.36    16.93    0.04    0.00    0.01    98.88  

    SD    0.37    0.21    0.39    0.11    0.68    0.04    0.19    0.48    0.02    0.00    0.01    0.43  

  Ilmenite    11    0.07    53.07    0.33    0.36    41.66    0.32    2.60    0.29    na    na    na    98.72  

    SD    0.05    0.22    0.02    0.13    0.23    0.02    0.07    0.08          0.29  

  Glass    12    39.39    7.58    8.72    0.09    29.60    0.25    3.18    9.81    0.29    0.17    0.35    99.52  

    SD    0.74    0.69    0.56    0.06    0.90    0.03    0.45    0.31    0.06    0.03    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 . “na” means the chemical content is below the detection 

limit of EPMA 

 SD means Standard Deviation 
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similar eff ect on CaO content in pyroxene (Fig. S5). In cases 

that the crystallization conditions (pressure and temperature) 

are blurry, the  TiO 2  and CaO content in pyroxenes are useful 

to evaluate the initial CaO and  TiO 2  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 

changes linearly with its Mg# (Fig.  6 ) and the correlation can 

be described by second order quadratic polynomial equation:

     

         

 The data deviated from the fi tted curve may be explained 

by the diff erence on experimental conditions, for example 

the eff ect of pressure. 

 (3)

XCaO= 0.004Mg#2 Š 1.0258Mg# + 56.694
(
R2 = 0.788

)

  Fig. 3       Partition coeffi  cient of 

Ti between pyroxene and melt 

  

(
DPx� melt

Ti

)
    changes with 

conditions.  a  Experimental 

temperatures ( ) and  b  
experimental pressures (GPa). 

Data are from this study (blue) 

and previous experimental study 

by Elardo et al. ( 2015 ) (red)  
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  Fig. 5        a  The  TiO 2  content in 

pyroxene shows a great correla-

tion with its CaO content.  b  the 

changes of   DPx� melt
Ti     with CaO 

content in pyroxene. The data in 

red is from Elardo et al. ( 2015 ), 

and those from this study are 

in bule  

  Fig. 6       The CaO content in 

pyroxene varies with its Mg#. 

The data in red is from Elardo 

et al. ( 2015 ), and the data in 

bule is from this study  
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enriched with  TiO 2  or some other mechanism is responsi-

ble for the relatively enriched CaO and  TiO 2  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 2  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 2  concentration (Fig.  4 ), we 

can get the “ideal”  TiO 2  content in the most magnesium-

rich (Mg# ~ 60) pyroxene grains (~ 0.98 wt%). This pyroxene 

grain should coexist with silicate magma with  TiO 2  content 

about 4.9 wt% by applying the   DPx� Melt
Ti     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 2 , 

which refl ects a good correlation between CaO and  TiO 2  

content in pyroxenes. The calculated CaO and  TiO 2  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 2  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 coeffi  cients 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 2  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 2  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. 

      5   Conclusions 

    (1)      Equilibrium experimental data on mare basalt shows 

that the  TiO 2  content in pyroxene is linearly correlated 

with its CaO content.   

  (2)      The  TiO 2  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 2  content to back calculate the 

 TiO 2  content in the coexisting liquid.     
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