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Introduction:  Recent developments in analytical 

precision have been employed in several studies to 
show a statistically meaningful difference exists in the 
bulk Fe-isotope compositions between the high and 
low titanium mare basalt suites [1-3].  [3] has deter-
mined that the high-Ti basalt suite has an average 
δ56Fe=0.191+/-0.020‰, while the low-Ti suite an av-
erage δ56Fe=0.073+/-0.018‰. 

The possible origin of this difference has been as-
cribed to several different mechanisms, including core 
differentiation, mantle source heterogeneity, and igne-
ous differentiation processes. While it is not possible to 
rule out any of these possibilities, currently there ap-
pears to be no resolvable fractionation of Fe-isotopes 
between mafic silicates and basaltic melt at low fO2 
[4], or between silicate melt and liquid metal [5].  
Therefore, we provisionally consider mantle source 
heterogeneity in Fe-isotopes due to magma ocean crys-
tallization and core formation to be unlikely, and in-
stead focus here on whether fractional crystallization 
of the mare basalts is capable of producing the ob-
served Fe-isotope dichotomy. 

Magmatic differentiation of the mare basalts: 
The crystalline mare basalts are eruptive products of 
differentiation from a yet unidentified parental magma. 
[6] showed that the high-Ti mare basalts mostly 
evolved along cotectic fractionation paths with the 
following crystallization sequence of highly abundant 
phases: olivine => olivine+ilmenite/armalcolite => 
olivine+pyroxene+ilm => pyroxene+ilm+plagioclase.  
Here we consider how crystal fractionation of this type 
would affect the Fe-isotope composition of high-Ti 
mare basalt. 

[4] have shown that olivine and pyroxene have 
negligible fractionation factors with primitive basalt 
(αbasalt-Fe/Mg silicate~1) at low oxygen fugacities. Plagio-
clase may fractionate Fe isotopes [7], but the Fe abun-
dance in plagioclase is so low it has no measurable 
effect on the bulk system.  Armalcolite may be an im-
portant phase for differentiating Fe-isotopes during 
crystallization, however no data currently exist to 
evaluate Fe-isotope fractionation by armalcolite.  Thus 
we model the evolution of high-Ti magma equilibrium 
Fe-isotope systematics solely through the fractional 
crystallization of ilmenite. 

Methods for the Calculation of Equilibrium Iso-
tope Partition Coefficients:  We used the reduced 

partition function ratio (β-factor) for ilmenite and for 
basaltic melt to determine equilibrium isotopic frac-
tionation factors (α).  The β-factor is a function of 
temperature and for 57Fe/54Fe in ilmenite is determined 
from Mössbauer data and the following expression 
from [8]: 

 
103ln(βilm)(57Fe/54Fe)=0.379x-4.34e-4x2+7.72e-7x3   (1) 
 
where x is 106/T2 (K-2); the β-factor for ilmenite at 
1200°C for example is 0.175‰.  As discussed further 
below, β-factors estimated from conventional Moss-
bauer data are prone to inaccuracies.  The β-factor for 
Fe2+ in basaltic melt is calculated using the expression 
from [9]: 
 

      103lnβbasalt(56Fe/54Fe)=2904[<F>/T2]      (2) 
 

where <F> is the force constant. A value of 200 N/m is 
used [4] which is appropriate for lunar oxygen fugaci-
ties [10,11]. At 1200°C this corresponds to a 
103lnβbasalt(56Fe/54Fe) of 0.268‰, which can be con-
verted to a 57Fe/54Fe beta factor by multiplying by 
1.475 [12]. 

From the two β-factors the isotope equilibrium 
fractionation factor between basaltic melt and ilmenite 
can be obtained for a specific temperature by the fol-
lowing expression: 

 
      103lnαbasalt-ilm=103lnβbasalt-103lnβilm      (3) 
 

and for 57Fe/54Fe at 1200°C the fractionation factor α is 
1.00022.  

Magnitude of Ilmenite Fractionation to Produce 
High-Ti Mare Basalts:  We use the isotope fractiona-
tion factor determined for basaltic melt-ilmenite at 
1200°C to model the bulk Fe-isotope evolution of a 
differentiating mare basalt.  A standard Rayleigh frac-
tionation model is assumed: 

 
                    (1-Rr/Ro)*1000=f ^(α-1)                 (4) 

 
where Rr is the 57Fe/54Fe ratio in the residual liquid, Ro 
is the initial 57Fe/54Fe ratio, and f is the fraction of the 
initial Fe remaining in the residual liquid after ilmenite 
extraction. The left side of the equation is equivalent to 
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the Δ57Fe between the residual melt and the initial 
composition in ‰. 

We assume that high-Ti parental magma starts with 
the same Fe-isotope composition as the low-Ti mare 
basalts, which have only experienced fractionation of 
mafic silicates.  [3] determined a Δ57Fe of ~0.174+/-
0.02‰ between the high-Ti mare basalts and the low-
Ti, which is shaded in grey in Fig 1.  The blue line 
shows the path the residual liquid follows during frac-
tionation of ilmenite using the fractionation factor of 
α=1.00022. In order to obtain an evolved mare basalt 
that matches the Δ57Fe of the high-Ti suite ~50-60% of 
the initial Fe must be removed as ilmenite.  
 

Figure 1: The Fe-isotope (57Fe/54Fe) evolution of a 
differentiating high-Ti basalt through fractional crys-
tallization of ilmenite using several possible α values.  
The grey shaded field represents the value of the high-
Ti basalts [3]. The red and green lines are the isotope 
evolution for +/-0.1‰ and shown for reference. 
 

It is also possible that there are large uncertainties 
in the calculated βilm. The Mössbauer technique em-
ployed by [8] for calculating the β-factor for ilmenite 
requires the determination of the second-order Doppler 
shift, which is subject to large uncertainties using con-
ventional Mössbauer spectroscopy.  Synchrotron based 
NRIXS experiments specifically designed to obtain 
ultra-high quality partial density of state (PDOS) data 
are better suited for such measurements.  Currently 
there are no PDOS data for ilmenite.  However, [13] 
used the NRIXS technique to revise Mössbauer esti-
mates for magnetite β-factors by a significant amount 
(a ~33% difference at 1200°C).  If the ilmenite values 
have similar uncertainties, then the calculated α-
factors for basalt-ilmenite could be much larger, re-
quiring far less ilmenite fractionation to account for the 
heavy isotope signature of the evolved high-Ti basalts. 

 
Figure 2: The calculated β-factors for ilmenite and 
basaltic melt as a function of temperature.  Basaltic 
melt in equilibrium with ilmenite is heavier in Fe-
isotope composition at lower temperatures. 
 

Temperature will also have an effect on the magni-
tude of the fractionation.  Figure 1 is calculated at a 
single temperature (1200°C), however if the magma is 
cooler than that when fractionating the ilmenite, the 
fractionation factors will be larger (Fig. 2). Lastly, the 
composition of the basalt may have a significant effect.  
The β-factors for basalt were determined on terrestrial 
compositions, but the lunar magmas have significantly 
higher FeO and lower SiO2 contents. 

Current Investigations: Work is currently ongo-
ing to determine the beta factors for armalcolite, ilmen-
ite, and low and high-Ti mare basaltic melt composi-
tions using the NRIXS method to determine the force 
constant using the NRIXS spectrum [9], as well as 
ultra-precise MC-ICP-MS measurements on naturally 
equilibrated phases.  These results will provide strong-
er constraints for modeling the results of fractional 
crystallization, and for evaluating the role of magma 
ocean crystallization and partial melting in lunar Fe-
isotope fractionation.   
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