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Introduction:  The solubility of ilmenite in silicate 
melt is an important geochemical problem of broad 
lunar and planetary applications. In the standard lunar 
evolution model, ilmenite is the primary Fe-Ti oxide 
forming at the end stage solidification of a lunar mag-
ma ocean (LMO). Ilmenite may also present in the 
overturned lunar cumulate mantle that may serve as 
source regions for high-Ti magmas erupted on the lu-
nar surface [1-4]. Alternatively, ilmenite or ilmenite-
bearing cumulate may play an important role in the 
assimilation models for the origin of lunar high-Ti 
magmas [5-7]. Because ilmenite can preferentially 
incorporate high field strength elements (HFSE), the 
recycling of ilmenite-bearing cumulates to the lunar 
interior can significantly alter the HFSE inventory in 
the mantle and produce a HFSE-enriched reservoir 
within the lunar cumulate mantle. Thus, the fractiona-
tion of HFSE plays an important role in revealing mare 
basalt petrogenesis. A recent laboratory study of trace 
element partitioning between ilmenite and lunar basal-
tic melts demonstrates the strong dependence of HFSE 
partitioning in ilmenite on ilmenite solubility in the 
melts [8]. Hence, knowledge of ilmenite solubility in 
silicate melts would be invaluable to the petrogenesis 
of lunar basalts and picritic glass melts. 

Although a number of ilmenite solubility models 
have been proposed in the literature [9-12], none of 
them are accurate enough for lunar magma genesis. 
Utilizing the MAGFOX program of John Longhi, the 
widely used LMO model of [4] suggested that ilmenite 
became a liquidus phase after 95% crystallization. 
However, the ilmenite solubility model implemented in 
MAGFOX [11] may have significant uncertainties. 
Figure 1a shows that MAGFOX significantly overes-
timates ilmenite solubility in low-Ti melts and under-
estimates ilmenite solubility in high-Ti melts for the 
compiled phase equilibria experiments reported in the 
literature. A more accurate model for ilmenite solubili-
ty in silicate melt is clearly needed for a better under-
standing of LMO crystallization and the thermal and 
chemical evolution of the Moon. 

In this study, we present a parameterized thermo-
dynamic model for ilmenite solubility in silicate melts 
obtained through multiple linear regression analyses of 
published phase equilibria experiments involving il-
menite. The new model allows us to critically reap-
praise ilmenite saturation in LMO crystallization and 
mare basalt petrogenesis.  

 
Figure 1. Predicted vs. measured TiO2 abundances in ilmen-
ite saturated melts from phase equilibria experiments. The 
predicted values using the model of [11] are shown in (a), 
and the predicted values using this new model are shown in 
(b). Insert to (b) shows the ilmenite compositions from the 
compiled experiments. 

A new ilmenite solubility model:  Because TiO2 is a 
dominant component forming ilmenite, the chemical 
equilibrium of TiO2 between ilmenite and silicate 
melts can be used to constrain ilmenite solubility in 
silicate melts. The distribution of TiO2 between ilmen-
ite and melts (D) can be described by the following 
thermodynamic expression 

 
lnDTiO2

= a0 +
a1
T
+ a2P
T

+ f X,T( )   

where a0, a1 and a2 are constants to be determined by 
phase equilibria data, P is pressure, and f is a function 
of melt composition (X) and temperature (T).  
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We have analyzed the published phase equilibria 
experiments involving ilmenite, and obtained a predic-
tive model for ilmenite solubility in silicate melts by 
constraining the coefficients and key parameters in the 
above equation through multiple linear regression 
analyses. We find that ilmenite solubility in silicate 
melts is positively correlated with T, and negatively 
correlated with P and SiO2, MgO and alkali abundanc-
es in the melt. Figure 1b shows the excellent agree-
ment between the model-predicted and experimentally 
measured TiO2 abundances in ilmenite-saturated melts 
from phase equilibria experiments reported in the liter-
ature, indicating significant improvement over the 
model implemented in MAGFOX. In addition, the new 
model can reproduce ilmenite solubility in two immis-
cible melts from phase equilibria experiments in [13] 
that are not included in the model calibration. This 
further validates the new ilmenite solubility model.  

Implication for lunar magma ocean evolution:  The 
fractionation sequence of ilmenite in the LMO has a 
strong influence on density and viscosity profiles in the 
stratified lunar cumulate mantle. In general, the model 
used in MAGFOX overestimates ilmenite solubility in 
low-Ti melts from phase equilibria experiments (Fig. 
1a). The crystallization sequence of ilmenite in LMO 
may be considerably earlier than the 95% suggested by 
[4] using the MAGFOX program. Early crystallization 
of ilmenite can generate a thicker layer of ilmenite-
bearing cumulate. A thicker layer of ilmenite-bearing 
cumulate may have a viscosity increasing with depth 
and a smaller density contrast with the underlying cu-
mulate mantle. According to the analysis of Rayleigh–
Taylor instability by ref. [14], a thick, dense layer of 
ilmenite-bearing cumulate with increasing viscosity 
with depth is feasible to create degree one down-
welling that gives rise to the preferential distribution of 
mare basalts on the nearside of the Moon. With the 
new ilmenite solubility model, we will be able to 
reexamine the crystallization model of LMO, 
quantifying its effect on the thermal and chemical 
evolution of the Moon. 
Implication for mare basalt petrogenesis:  We apply 
the new model to lunar melts reported in multiple-
saturation experiments [15-21] and estimate their TiO2 
abundances at ilmenite saturation. Figure 2 shows that 
the calculated melt TiO2 abundances at around multi-
ple-saturation points are all higher than those deter-
mined experimentally, indicating that ilmenite is under 
saturated with melts at multiple-saturation points. This 
is consistent with results from multiple-saturation ex-
periments [15-21], and suggests that ilmenite is not a 
residual phase in the sources of lunar picritic glass 
melts. TiO2 abundances in high-Ti picritic glasses may 

be attributed to the preferentially assimilation of ilmen-
ite during magma ascent in the lunar cumulate mantle. 
Combining the ilmenite solubility model with ilmenite 
HFSE partitioning models in [8] and a partitioning 
model for low-Ca pyroxene in [22], we will be able to 
model the fractionation of trace elements during partial 
melting of the cumulate lunar mantle and develop a 
more consistent model for mare basalt petrogenesis in 
the near future.  

 

 
Figure 2. Comparison of predicted TiO2 abundances at il-
menite saturation with measured values for melts from mul-
tiple-saturation experiments and those at around multiple-
saturation points. Multiple-saturation experiments are from 
[15-21]. 
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