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Abstract: Ni and Fe occur, in lunar magmatic sys-
tems, as ionic and neutral species. Fe0 is a magmatic 
phase (metallic iron). Ni occurs in olivine, presumably 
as Ni2+. This requires heterogeneity in redox states in 
lunar magmatic rocks. Iron in equilibrium with NiO-
bearing silicate liquids experiences a redox exchange: 
Ni2+ + Fe0 = Fe2+ + Ni0 that is irreversible at lunar con-
ditions. Ni is, therefore, removed from the silicate sys-
tem and fixed in metal. Each melting or crystallization 
progressively depletes Ni from the silicate reservoir. 
NiO is considerably more soluble at NNO than at low-
er f(O2) and NiO is more soluble than Ni0. Careful ex-
perimentation will be used to document thermodynam-
ics of NiO and FeO melting between NNO and <IW. 

Introduction: Magmatic metal, dominantly iron, is 
abundant on the Moon and various mineral barometers 
and intrinsic measurements indicate that lunar magmat-
ic systems are ≈2 log units below the iron-wüstite buff-
er [1 and Figure 1]. Lunar olivines are fayalite-
forsterite mixtures and contain NiO, even if at contents 
low relative to those in comparable terrestrial basalts. 
This suggests that Fe2+ and Ni2+ were each present in 
the precursors of lunar magmatic systems. We present 
results of studies of the behavior of metallic and diva-
lent Ni and Fe in model crystal-liquid systems. Ni and 
Fe presumably dissolve in silicate minerals in divalent 
form, referred to herein as NiO and FeO. On the other 
hand, metals contain uncharged Ni and Fe, distin-
guished as Ni0 and Fe0. Ni and Fe can dissolve in sili-
cate liquids either as divalent or as uncharged species; 
overall Ni content of a liquid is the sum of the amounts 
of NiO and Ni0 in solution. M2+ enter the liquid occu-
pying negatively charged holes in the silicate structure; 
the mechanism by which M0 can enter the liquid is 
much less clear. 

We argue that Lunar Fe-Ni-O systematics changed 
during each magmatic cycle: Ni originally present as 
Ni2+ in silicate systems was fixed in metal as Ni0. Each 
olivine-metal-liquid equilibration step further depleted 
the silicate Moon in Ni. 

Pure nickel metal and pure nickel oxide coexist 
along a mineral oxide buffer commonly referred to as 
NNO and that defines a unique T-f(O2) [2]. At one log 
unit f(O2) below NNO, aNiO in each phase in equilibri-

um with Ni is 0.3 (Fig. 1). Therefore, a liquid in equi-
librium with pure Ni metal can dissolve NiO under 
such conditions. It is intuitive that this NiO content is 
less than that which saturates the liquid in NiO along 
NNO but, in the absence of knowledge of a-X relations 
for NiO in the liquid, the content cannot be predicted 
except to state it is not zero. 

Pure iron metal and pure iron oxide coexist along 
the IW buffer which lies ≈5 f(O2) log units below NNO 
at basaltic magmatic temperatures [1]. Along IW, aNiO 
in the presence of Ni is, therefore, ≈0.003. Unless ac-
tivity coefficients are extreme, this suggests that the 
NiO content of a liquid on IW is very small. 

 Figure 1. T-f(O2) relations of metal-oxide buffers [1]. NNO 
(green) shows the conditions for coexistence of pure Ni and 
pure NiO. If NiO is unstable but Ni remains, the system can 
move to lower f(O2). At one log unit below NNO, aNiO is 0.3; 
at two log units, aNiO is 0.1 in all phases in equilibrium. The 
buffer (red) for FeO = Fe + ½ O2 (IW) lies about five log 
units below NNO. The reaction of Sb2O3 to Sb and O2 (blue) 
is estimated from relative stabilities of nickel and antimony 
oxides. 

 
Experiments using pure Ni or Fe capsules to en-

close a basaltic liquid at controlled T, f(O2) conditions 
yield not only knowledge of solubility of the transition 
element but also a-X relations at those conditions. Pre-
liminary results indicate that metallic Ni has much low-
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er solubility than NiO and that Ni produced by reduc-
tion of NiO in the liquid precipitates. At f(O2) below 
NNO, nickel solubility is measurable and thermody-
namic relations can be determined. A similar situation 
applies for Fe-bearing systems below IW and FeO-
containing liquids where olivines form. 

Fe-Ni-O Systematics in Lunar Magmas: Presum-
ably the Moon was initially heterogeneous in redox 
state with some parts sufficiently above IW to stabilize 
Ni2+ while others were below IW. Coalescence and 
melting caused reaction between these regions NiO(l) + 
Fe(s) = FeO(l) + Ni(s). The bulk magma has redox below 
NNO so this reaction is irreversible. The Fe abundance 
of the system greatly exceeds that of Ni so the magma 
is depleted in Ni while its Fe content is essentially un-
changed. (Consider a liquid with 20% FeO and 200 
ppm NiO; total redox exchange results in a liquid with 
0 ppm NiO and 20.02% FeO.) The iron metal serves to 
scavenge Ni from the liquid. Early crystallized phases 
such as olivine concentrate Ni from the liquid and re-
tain it in the divalent form. Later remelting of the crys-
talline product, including olivine and metal, does not 
reverse the procedure–rather the metal extracts more 
Ni from the resultant anatectite. Ni2+ in the olivine and 
other silicate phases enters the melt as Ni2+. Redox re-
action with the metal removes nickel from the liquid 
and adds it to the metal phase. 

Each liquid-crystal-metal step, whether crystalliza-
tion or melting enhances the effect of partitioning. 
Metal that equilibrated with basaltic liquid early in the 
Moon’s history should have the highest Ni contents. As 
the silicate portion of the Moon was depleted in Ni, 
newly formed metal has progressively decreasing Ni 
content. This process and predictions should apply to 
other elements that have metal-oxide reactions above 
IW and in which the metals are siderophile and the ox-
ides are lithophile. For example, Sb is oxidized to 
Sb2O3 along reaction curve shown in Fig. 1. Sb readily 
melds with Fe metal whereas Sb2O3 dissolves in sili-
cate phases. Just as with Ni, Sb3+ is reduced to Sb0 and 
the latter dissolved in the metal to leave a Sb-depleted 
silicate Moon. Lunar basalts are well-known to be 
highly depleted in Sb relative to terrestrial equivalents. 

Experimental Techniques: Haplobasalt was syn-
thesized from Na2CO3, CaCO3, MgCO3, Al2O3, and 
SiO2 powders that were dried, weighed, and mixed to-
gether before being pressed into a pellet. The pellet, 
placed in a graphite crucible, was calcined at 700 °C in 
95%Ar and 5%H2, The resultant powder was melted in 
a graphite crucible at 1400 °C in 95%Ar and 5%H2 and 
generated a colorless glass, some portions of which 
were mounted and polished for electron microprobe 
(JEOL JXA 8600) analysis using wavelength-
dispersive x-ray spectrometry.  

Ni solubility experiments at NNO+1 were per-
formed on Pt loops with 1 wt.% NiO added to the hap-
lobasalt to saturate the glass in NiO. The latter retained 
disseminated NiO grains. This glass was also used as 
starting materials for solubility experiments at lower 
f(O2). These were performed in crucibles made from 
99.9% pure Ni rods that were sectioned. Powdered 
haplobasalt from NNO+1 experiments with dissolved 
and suspended NiO and pristine haplobasalt were 
placed in separate Ni crucibles and subject to con-
trolled T and f(O2). After measured times, the assembly 
was rapidly dropped to the base of the furnace and 
cooled to room temperature. Liquids were replaced 
with clear glasses free from quench crystals. 

Experimental Results on Ni Solubility: Experi-
ments at NNO+1 and 1400 °C between 12 and 60 hrs. 
gave similar results–a glass containing 2100±140 ppm 
Ni. Glasses in runs of <48 hrs. duration retained a scat-
tering of µm-scale NiO grains; after 48 hours, most 
NiO had settled but this had no influence on the glass 
Ni content. In a 6 hr. run, the Ni content of the glass 
was variable and higher near areas rich in oxide grains. 
Longer runs showed no Ni concentration gradients. 

The doped haplobasalt took longer to equilibrate 
when removed to Ni crucibles at IW. After 12 hrs., a 
portion of the NiO was replaced by Ni. After 24 hrs., 
no NiO was found but glass compositions were inho-
mogeneous with lower Ni contents near Ni grains. In 
experiments conducted for 72 hours or more, the Ni 
content of the glass was below detection limit (120 
ppm) and almost all Ni grains had accumulated at the 
bottom of the charge. 

Experiments on NiO-free haplobasalt in a Ni cruci-
ble up to 72 hrs. each showed no Ni above detection 
(<120 ppm). Analytical techniques are being modified 
in order that the detection limit be reduced. 

Presumably Ni in liquids equilibrated above NNO 
is dominantly NiO and solubility is near 2000 ppm. On 
reduction of the liquid the NiO is progressively re-
duced to Ni0, the solubility of which is <120 ppm. This 
Ni is precipitated from the liquid. Currently the amount 
of Ni in the liquid at IW is known only to be <120 ppm 
and the Ni0:NiO is unknown. Experiments in the NNO-
IW interval will give information on the solubility of 
NiO and how activity coefficients of NiO change dur-
ing reduction. 
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