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Introduction.  The electrical conductivity of min-
erals increases with temperature and impurity content 
[e.g., 1].  Aluminum in orthopyroxene is one such im-
purity that has been invoked to fit the electrical con-
ductivity of the deep interior of the Moon while main-
taining subsolidus temperatures [2-4]. However, the 
required bulk alumina abundance in pyroxene is com-
parable to that inferred for the entire pristine lunar 
mantle. Water in trace quantities—tens of ppm—can 
account for the observed lunar conductivity and is 
suggested by recent analytic measurements [5]. 

Background. Electrical conductivity constrains the 
temperature and composition of planetary interiors. A 
large body of work has used electromagnetic induction 
to derive the lunar conductivity-depth profile and 
thence infer mantle temperatures from assumed com-
positions [2-4,6-9].  

Effect of Al2O3. Early work relating lunar conduc-
tivity to laboratory temperature-conductivity meas-
urements of olivine and low-alumina pyroxenes de-
rived excessively high temperatures for the Moon's 
interior. Subsequent laboratory studies revealed that 
orthopyroxene (opx) conductivity increases with the 
contents of aluminum and chromium [2]. Substitution 
of a trivalent cation for Si4+ causes a charge-
compensating increase in ferric iron content, Fe2+ → 
Fe3+ + e–.  [10,11], resulting in a highly mobile charge 
(the "small polaron," [12]). However, ferric iron may 
be absent under the iron-poor and highly reducing 
conditions expected for the lunar mantle [13].  In this 
case electrons may be the dominant charge carriers 
[12].  

 Hood and Sonett [3] found that opx with 1.9 wt% 
Al2O3 increased conductivity sufficiently [2] that tem-
peratures could remain below the anhydrous basalt 
solidus for depths <950 km (Fig. 1). Better, 6.8 wt% 
alumina [2] pushed the solidus crossing to 1300-km 
depth (Fig. 1), near a putative core-mantle boundary 
[14,15]. These calculations assumed that the bulk con-
ductivity was dominated by opx.  These results are 
matched to the upper bound to conductivity: at the 
lower bound, <1 wt% alumina in opx is required. 

 Abundance of Al2O3. Based on the amounts of alu-
mina that must be extracted to form the crust and that 
inferred in the green-glass source region, the Al2O3 
content of the primitive lunar mantle is estimated to be 
~4 wt% [16].  This agrees well with a representative 
pristine mantle normative mineralogy of 38% olivine, 
50% pyroxene, 10% plagioclase, and 2% garnet [17].  

garnet [17].  In other words, all of the Al2O3 can be in 
plagioclase and garnet. Several percent alumina in the 
pyroxene would translate to a few percent bulk Al2O3, 
i.e., a substantial fraction of the total available.  This 
would imply an unrealistically high partition coeffi-
cient into pyroxene and strongly affect the accessory-
mineral abundances. We infer that the alumina abun-
dance in orthopyroxene required to influence bulk lu-
nar conductivity is excessive, and therefore another 
impurity control is necessary. 

A recent reanalysis of lunar conductivity-
composition relations warrants special consideration.  
Khan and co-workers [4] inverted directly for oxide 
abundances using a Gibbs free-energy minimization to 
relate oxide abundances to equilibrium mineralogies. 
A novel Bayesian inversion produces a complete a 
posteriori oxide probability distribution.  The same 
conductivity data for alumina in opx [2] were used.  
The alumina-dependent opx conductivities plotted in 
Fig. 1 of Khan et al. [4] exceed values predicted by the 
formula in the text and our independent fits to [2] by 1 
to 4 orders of magnitude. We found that the lunar con-
ductivity profile can be approximately recovered from 
a forward model if these plotted conductivities are 
interpolated to 3.5 wt% Al2O3 (the mean bulk value of 
the solved probability distribution) and the mineral 
fractions (including 25% opx), conductivity mixing 
model, and thermal structure presented in the paper are 
used.  This calculation is itself an upper bound because 
it uses the bulk alumina and not the Al2O3 in opx.  If 
the actual formulae and not the plotted results are used, 
the conductivity is underestimated; we found that 
~35% Al2O3 in opx is required to fit the conductivity 
profile.  The insensitivity to mineral fraction and impu-
rity content is due to the damping effect of the geomet-
ric-mean mixing model used in [4]. Therefore, the ap-
parent error in opx conductivity tended to be masked 
by the selected mixing model. This analysis confirms 
that a few percent Al2O3 in opx that is assumed to be a 
fraction of the bulk composition [4] cannot have a 
greater conductivity than several percent alumina in 
opx that is assumed to be the only phase [3]. 

H2O. Saal et al. [5] used SIMS to measure 4-46 
ppm H2O in lunar volcanic glasses.  The detection 
limit is a few ppm.  This new result runs strongly 
against the conventional wisdom of a totally dry 
Moon, but the inferred water content is comparable to 
the FTIR detection limit 10-50 ppm [13]. From a dif-
fusion model of volatile loss during eruption, a source 
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region contained a minimum 260 ppm of water, with a 
best estimate of 745 ppm [5].  

We take the inference of water at tens to hundreds 
of ppm in the lunar mantle as a working hypothesis to 
test its effect on electrical conductivity. H2O is suffi-
ciently soluble in olivine to affect its conductivity 
through mobile H+ defects; indeed, an important theme 
in contemporary rock physics is the interpretation of 
water content of the Earth's mantle from electrical 
conductivity data [18-21].  In particular, the H2O 
abundance of continental (non-asthenosphere) upper 
mantle is inferred to be <10 ppm! We used the tem-
perature- and H2O-dependent electrical conductivity of 
olivine [21] to determine water contents that would 
also match the upper bound to the lunar conductivity 
(Fig. 1). There is no comparable data for opx, but if 
"wet" olivine is interconnected (as it should be at 40% 
abundance or greater) it will dominate the conductiv-
ity. 

The best estimate [5] of 745 ppm H2O is so con-
ductive that it allows high temperatures such that the 
solidus is not crossed until nearly the center of the 
Moon.  Just 40 ppm—smaller than the lower bound of 
[5]—will produce the same solidus crossing as 6.8 
wt% alumina in opx.  Indeed, the lower activation en-
ergy of water-doped olivine (0.9 eV) compared to 
alumina-doped pyroxene (1.5-1.8 eV) results in con-
ductivity far below the lunar bounds at lower tempera-
tures. 

Future Work.  New modeling akin to [4] must 
produce a monotonically increasing, continuous tem-
perature profile as a function of water content and ma-
jor stratigraphy of the Moon. Fig. 1 suggests that such 

solutions will require even less water at shallower 
depths, i.e., tens of ppm or less in the mid- and upper 
mantle. New measurements, perhaps from the Interna-
tional Lunar Network (ILN) can improve the conduc-
tivity structure by performing electromagnetic sound-
ings at multiple locations and over a broader frequency 
range [22,23]. 
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Fig. 1.  (a) Upper and lower bounds to lunar conductivity [3]. (b) Laboratory temperature-conductivity data.  Black curves 
[2]:  Pyroxene with 1.9% (dashed) and 6.8% (solid) Al2O3.  Blue curves [21]: Olivine with 40 ppm (dashed) and 765 ppm 
(solid) H2O. (c) Lunar conductivity upper bound mapped to temperature using laboratory data. Solid red curve is Ring-
wood-Essene solidus and red dashed curve is reference thermal model [24]. 
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