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ABSTRACT

Although the Moon was considered to be “dry”, recent measurements of hydrogen content in some of
the lunar samples showed a substantial amount of water comparable to the water content in the Earth’s
asthenosphere. However, the interpretation of these observations in terms of the distribution of water
in the lunar interior is difficult because the composition of these rocks reflects a complicated history
involving melting and crystallization. In this study, I analyze geophysically inferred properties to obtain
constraints on the distribution of water (and temperature) in the lunar interior. The electrical conductivity
inferred from electromagnetic induction observations and the geodetically or geophysically inferred Q are
interpreted in terms of laboratory data and the theoretical models on the influence of water (hydrogen)
on these properties. Both electrical conductivity and Q are controlled by defect-related processes that
are sensitive to the water (hydrogen) content and temperature but less sensitive to the major element
chemistry. After a correction for the influence of the major element chemistry constrained by geophysical
observations and geochemical considerations, I estimate the temperature-water content combinations
that are consistent with the geophysically inferred electrical conductivity and Q. I conclude that the
lunar interior is cooler than Earth (at the same depth) but the water content of the lunar mantle is
similar to that of Earth’s asthenosphere. A possible model is presented to explain the not-so-dry Moon
where a small degree of water loss during the Moon formation is attributed to the role of liquid phases

that play an important role in the Moon-forming environment.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The Moon and Earth share similar chemical compositions in-
cluding some isotopic compositions, yet these planetary bodies
show marked difference in the composition of the volatile and
siderophile (iron-loving) elements (Ringwood, 1979; Wiechert et
al,, 2001; Wieczorek et al., 2006; Zhang et al., 2012). The Moon
is significantly more depleted (relative to Earth) in most volatile
(defined by their condensation temperatures) and siderophile el-
ements. The similarities and differences in chemical compositions
of these planetary bodies carry crucial information on the origin
of the Moon. Ringwood (1979), for example, developed a model
of the origin of the Moon where a large fraction of materials of
the Moon was from Earth’s mantle after the separation of the
core. The depletion in volatile elements in this type of model is
attributed to the volatile loss associated with high temperatures
caused by a giant impact (e.g., Canup, 2004b; Ringwood, 1979;
Wieczorek et al., 2006).

However, recent geochemical studies of some of the lunar sam-
ples present a challenge to a conventional view of highly de-
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pleted and “dry” Moon (Boyce et al., 2010; Greenwood et al., 2011;
Hauri et al, 2011; Saal et al., 2008). According to these stud-
ies, the interior of the Moon may contain as much water (and
other volatile elements) as the Earth’s asthenosphere (~0.01 wt%
of water, Hirschmann, 2006). This is a remarkable observation be-
cause the concentration of volatile elements usually follows their
condensation temperatures, and if the condensation temperature
were used as a guide, then one would expect much smaller
concentration of water (hydrogen) in the Moon (e.g., Ringwood,
1979).

However, the significance of these geochemical observations on
the water content in the deep lunar mantle is unclear because the
link between the composition of mantle materials and that of sam-
ples collected at the surface is not always simple. For instance,
Elkins-Tanton and Grove (2011) presented a model to explain the
influence of magma ocean evolution on the distribution of water
assuming initially “damp” magma ocean (0.01 and 0.1 wt% of wa-
ter). This model predicts a layered water content, relatively water-
poor shallow mantle and water-rich deep mantle, but there have
been no observational constraints on the water distribution in the
deep lunar mantle. In fact, these authors prefer a model with small
total water content in the shallow mantle to explain the composi-
tion of KREEP (lunar samples rich in incompatible elements). How-
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Table 1

Parameters for electrical conductivity in Eq. (2). Data are from Karato and Wang (2013) numbers in the parenthesis are the errors. Parameters are for Mg# = 83. The reference

values are fo,o: Fe-FeO buffer, Cyp = 0.01 wt%.

Aq Aw H; H:fv T'e qd qw
(S/m) (S/m) (kJ/mol) (kJ/mol)
olivine 1023(02) 1017 (04) 154 (5) 87 (5) 0.62 (0.02) 0.17 (0.05) —019
opx 1024(02) 1013(03) 147 (6) 82 (3) 0.62¢ 0.17 (0.05) —01%

9 A value taken from the results for wadsleyite (Dai and Karato, 2009c).
#9 Assumed to be the same as olivine (Dai and Karato, 2009a).

ever, the reason for a relatively large amount of initial water con-
tent of the lunar magma ocean was not explained in their paper.

The purposes of this paper are (i) to interpret two geophysically
inferred properties (electrical conductivity and tidal Q) to provide
additional constraints on the distribution of water in the deep lu-
nar interior and (ii) to discuss a possible explanation of relatively
large water content of the Moon assuming a giant impact origin of
the Moon.

2. Geophysical constraints on the distribution of water in the
Moon

In addition to the measurements of compositions of rock sam-
ples, geophysical remote sensing can also provide important con-
straints on the water content in a terrestrial planet (Karato, 2006).
Geophysically inferred properties that we use must be sensitive
to water content and the sensitivity to other parameters must be
small or well characterized. In most cases, properties that are sen-
sitive to water content involve thermally activated processes and
hence they are also sensitive to temperature (in general these
properties are also dependent on pressure (P). However, for elec-
trical conductivity and anelasticity, the influence of pressure in
the lunar mantle (P < 4.5 GPa) is small (for details see the later
part)). The dependence of these properties (X) on various param-
eters may be symbolically written as,

X=X(Cw,T;§) (1)

where Cy is water content, T is temperature, and & is composition
other than water content (e.g., major element chemistry). In order
to obtain useful constraints on water content, one needs to use
properties for which the influence of “other” factors (&) is weak
and/or can be evaluated with sufficient accuracy. In many cases,
these properties are sensitive to both water content and tempera-
ture. In such a case, one can infer the combination of temperature
and water content (Cw, T) that are consistent with geophysically
inferred properties of the Moon. If we use two properties, then a
combination of temperature and water content can be estimated
uniquely within some uncertainties.

In the following, I will use the following strategy in using geo-
physical models. First, I will review the studies of major element
chemistry (& in Eq. (1)) based on seismic wave velocities and
gravity (+ geochemical observations). Seismic wave velocities and
gravity are sensitive to the major element chemistry but insen-
sitive to water content and only weakly sensitive to temperature
(Karato, 2011). Consequently, the major element chemistry models
inferred from such an approach (e.g., Khan et al., 2007; Kuskov and
Kronrod, 1998) are relatively independent of water content (and
temperature). These studies show that the models that are allowed
by these geophysical observations are largely consistent with the
results of geochemical/petrological studies (e.g., Ringwood, 1979;
Wieczorek et al., 2006). In the following, I use a mineralogical
model of the lunar mantle similar to the pyrolite model of the
Earth’s mantle with Mg# = 83 (Mg# is a molar ratio of Mg to
(Mg + Fe) defined by Mg# = Mg/(Mg + Fe) x 100).

Regarding the depth variation in the major element chemistry,
astronomically determined I/MR? (I: the moment of inertia, M:

total mass, R: radius) (= 0.3931 £ 0.0002; Konopliv et al., 2001)
provides a tight constraint on the degree of density (and hence
compositional) stratification. This value implies a small depth de-
pendence of density in the mantle. The depth variation in Mg#, for
example, should be less than ~5.

Then using the estimated range of &£ (e.g., major element chem-
istry), I will infer the combinations of water content and temper-
ature that are consistent with the values of electrical conductivity
and anelasticity (seismic wave attenuation and tidal Q) inferred
from geophysical or astronomical observations (Garcia et al., 2011;
Hood et al., 1982a; Nakamura and Koyama, 1982; Williams et al.,
2001). Uncertainties in the estimated water content and tempera-
ture caused by the uncertainties in mineralogy and major element
chemistry will be discussed later.

2.1. Electrical conductivity

Electrical conductivity provides a strong constraint on the dis-
tribution of water (hydrogen) because electrical conductivity is
highly sensitive to water content but relatively insensitive to other
factors (Karato, 2011; Karato and Wang, 2013). The use of electri-
cal conductivity is particularly attractive because a good model of
conductivity-depth profile is available for the Moon based on the
analysis of electromagnetic induction (Hood et al., 1982a).

Electrical conductivity depends on water content, temperature,
major element chemistry and oxygen fugacity. The experimental
results can be adequately summarized by the following relation-
ship,

C To q
a(T,cw;s>=oo<s)-( W) <f°2 )

Cwo fo,0

HE (11
x exp(—T(? - T—O>> (2)

where o (T, Cw; &) is electrical conductivity, o,(§) is the electrical
conductivity at the reference water content, oxygen fugacity and
temperature Cyy, is the water content for the reference state (suf-
fix “o” means the reference state), fo, is oxygen fugacity (this term
could be included in o0, (&) but I treat this explicitly), ry is the wa-
ter content exponent, q is the oxygen fugacity exponent, R is the
gas constant, T is temperature and H} is the activation enthalpy
for electrical conductivity. Influence of confining pressure (P) is
generally weak, activation volume being ~1 cm?/mol or less (Dai
and Karato, 2009b; Xu et al., 2000) and can be ignored for the
Moon (P < 4.5 GPa). If several mechanisms of conduction operate,
then contribution from each needs to be added, o = )"; 0; where
o; is electrical conductivity of the i-th mechanism (e.g., ferric iron
(“polaron”) conduction + hydrogen conduction). The influence of
the major element chemistry such as that of Mg# can be included
through o, = 0,(§) to a good approximation (Hirsch and Shank-
land, 1993).

The parameters in the relationship (2) are summarized in Ta-
ble 1 with the estimated experimental uncertainties. Somewhat
different experimental results have been published on the influ-
ence of water (see e.g., Yoshino, 2010). Possible causes of differ-
ences are discussed by Karato (2013), Karato and Wang (2013). The
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results from Yoshino’s group would predict larger water content
and higher temperature for a given conductivity, but the differ-
ences in inferred temperature and water content are not large
compared to the uncertainties associated with this approach (for
details, see Section 3). In this table, the experimental data for
olivine and orthopyroxene are shown. Pyrope garnet will exist only
in the deep mantle (below ~800 km). In the shallow mantle, other
phases such as plagioclase or spinel will exist. But these minerals
occupy only a small volume fraction (~10%), and their direct con-
tribution is small. The most important role of these Al,03 bearing
minerals is to buffer the Al,03 content in orthopyroxene.

Electrical conductivity is dependent on oxygen fugacity (either
positive or negative dependence; e.g., Karato and Wang, 2013).
Geochemical studies on lunar samples make a strong case for low
fo, conditions (close to or below the Fe-FeO buffer) in the shallow
portions of the Moon (Wieczorek et al.,, 2006). However, oxygen
fugacity in the deep mantle could change with depth. Wieczorek
et al. (2006) discussed a possibility that oxygen fugacity increases
with depth reaching to the FMQ (fayalite-magnetite-quartz) buffer.
However, Frost and McCammon (2008) presented evidence that
oxygen fugacity in the Earth’s upper mantle progressively de-
creases with depth relative to the FMQ buffer. Because of these
uncertainties, I will consider both high fo, (FMQ buffer) and low
fo, (Fe-FeO buffer) models.

Given the major element chemistry, mineralogy and oxygen
fugacity, I calculate electrical conductivity of each mineral for as-
sumed total water contents. I assume that the total water content
and the major element chemistry such as Mg# are independent
of depth. Then temperature needed to explain the inferred electri-
cal conductivity is calculated as a function of depth for assumed
total water content (later, I will also estimate a combination of
temperature and water content that explain geophysically inferred
conductivity).

In the following, I will calculate the temperature-depth pro-
files from the conductivity-depth profiles published by Hood et
al. (1982a) for a range of water content. The electrical conduc-
tivity was inferred from the observed frequency dependence of
the transfer function. Electrical conductivity is best resolved in the
mid-mantle (~400-1200 km) where the uncertainty is a factor of
~=+2 (Hood et al.,, 1982a).

Fig. 1 shows the results of such calculations. In order to see
the influence of mineralogy, I considered two end-member mod-
els, pure olivine and pure orthopyroxene models. The temperatures
predicted for a completely dry (water-free) model are substantially
higher than the temperatures inferred from other methods (e.g.,
Khan et al., 2007; Kuskov and Kronrod, 1998; Lambeck and Pul-
lan, 1980; Nimmo et al.,, 2012) and exceed the dry solidus below
~1000 km although the estimated temperatures depend on the
assumed mineralogy and oxygen fugacity (Fig. 1). A large extent
of partial melting can be ruled out by the seismological stud-
ies (Khan et al., 2007; Kuskov and Kronrod, 1998; Toksdz, 1974)
(a small degree of partial melting just above the core is proposed
by Weber et al., 2011, but this layer is so thin that it does not af-
fect the main conclusion of this paper), and therefore I conclude
that a completely dry model can be rejected. The water content
of ~0.01-0.001 wt% provides a temperature-depth profile below
the solidus and similar to the one inferred from other geophys-
ical approaches (Khan et al., 2007; Kuskov and Kronrod, 1998;
Lambeck and Pullan, 1980; Nimmo et al., 2012).

The uncertainties in the inferred temperature-depth profiles
come from (i) the uncertainties in the conductivity-depth mod-
els, (ii) the uncertainties in the major element chemistry (i.e.,
a factor &), (iii) the uncertainties in oxygen fugacity and (iv) the
uncertainties in the dependence of the electrical conductivity on
water content and temperature for a given mineral. As shown in
Table 1, the uncertainties in the mineral physics parameters are
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Fig. 1. Temperature-depth profiles of the Moon’s interior inferred from electrical
conductivity (Mg# = 83 and Al;03 in orthopyroxene is 1 wt%). (a) olivine model,
(b) orthopyroxene model. Solid curves are for fo, corresponding to the Fe-FeO
buffer (at the surface) and broken curves to the FMQ buffer. fo, is assumed to
be independent of depth (uncertainties in the depth dependence are within these
two end-member cases). A thick black curve shows the solidus. For the water con-
tent inferred from this study (0.001-0.01 wt%), the influence of water on solidus
is small (less than ~50 K reduction), although water effect is large (~200 K re-
duction) if water content is as high as 0.1 wt% (Hirschmann, 2006). The pur-
ple region shows a range of temperature for the lunar mantle estimated from
other geophysical observations (e.g., Khan et al., 2007; Kuskov and Kronrod, 1998;
Lambeck and Pullan, 1980). Forward model calculation on temperatures provide
similar results with larger uncertainties (e.g., Nimmo et al.,, 2012). (For interpre-
tation of the references to color in this figure, the reader is referred to the web
version of this article.)

small. For example, the activation enthalpy has been determined
to a high precision (better than 5%), and the uncertainty in the
water content exponent r, is ~10% leading to the uncertainties in
the inferred temperature of ~+80 K.

Potentially more important sources of uncertainties are those
caused by the uncertainties in & (major element chemistry). Four
issues are critical. (i) Mg#, (ii) Al,O3 content in orthopyroxene, (iii)
olivine to orthopyroxene ratio, and (iv) fo,. Mg# is potentially im-
portant. A range of Mg# proposed for the Moon is Mg# = 82-88
(Kuskov and Kronrod, 1998) and the influence of Mg# in this range
(85 4 3) on the inferred temperature estimate is small (~+50 K).
However, if Mg# is as low as Mg# = 40 suggested by Elkins-Tanton
et al. (2011)’'s model (in the deep mantle), then electrical conduc-
tivity will be higher than a typical mantle by a factor of ~100
leading to the temperature change of ~600 K. However such a
large radial variation of Mg# is inconsistent with the moment of
inertia observations. A potentially important major element chem-
istry is Al;03 content in orthopyroxene that has a large effect on
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Table 2
Parameters for anelasticity corresponding to Eq. (3) (partly from Jackson and Faul, 2010, numbers in the parenthesis are errors) and for the reference state based on
geochemical and geophysical studies (for details, see text).

Q Cwo W, To Cwer?? o rot Hp
(wt%) (Hz) (K) (wt%) (kJ/mol)
80 (10) 0.01( 00 102 1550 (50) 3 %1075 0.3 (0.05) 0.3-0.6 110 (12)

% The choice of reference frequency has a large uncertainty. In Dziewonski and Anderson (1981), Q was determined assuming (incorrectly) that it is independent of
frequency and the reference frequency of 1 Hz is provided. However, when Q of the asthenosphere is determined using surface waves, a typical frequency is ~10~2 Hz (e.g.,
Yang et al., 2007).

3 Estimated from Mei and Kohlstedt (2000a).

§ The value of rq (=ary) has not yet been determined precisely. However, r, has been determined for creep (r; ~ 1.0-1.2 for diffusion and dislocation creep in olivine,
Karato and Jung, 2003; Mei and Kohlstedt, 2000a, 2000b). Since creep and Q are closely related (Karato and Spetzler, 1990; McCarthy et al,, 2011), rq ~0.3 (¢ ~0.3) is a
preferred value for olivine. However, a higher value is reported for grain-growth in wadsleyite (Nishihara et al., 2006) (r, =1.7) and creep of garnet (Katayama and Karato,

2008) (ry =2.4).

electrical conductivity (Huebner et al., 1979). Based on thermody-
namics of Al,O3 partitioning, I use the results of electrical con-
ductivity of orthopyroxene with ~1 wt% Al,03 (Table 1). In sum-
mary, when the contributions from errors in each term in Eq. (2)
are added using the error propagation relation (e.g., Bevington
and Robinson, 2003), the error in the estimated temperature is
~=+100 K (the error in water content is a factor of ~3).

The results shown in Fig. 1 suggest that a completely dry model
of the Moon is difficult to reconcile with the constraints on the
mantle temperature from other observations. However, due to the
trade-off between water content and temperature, it is difficult to
draw more detailed conclusions about the water content from elec-
trical conductivity alone.

2.2. Anelasticity (seismic wave attenuation and tidal dissipation)

Similar to electrical conductivity, anelastic properties of min-
erals are sensitive to water content (and temperature) and hence
observations on these properties could provide constraints on wa-
ter content (Karato, 2006). Anelasticity is usually measured by a
non-dimensional parameter Q that is the inverse of a fraction of
dissipated energy per unit cycle. Energy dissipation occurs through
some time-dependent processes, and hence Q generally depends
on frequency. Because Q is a non-dimensional quantity, the fre-
quency dependence must come through a non-dimensional vari-
able, wt where w is frequency and t is the characteristic time
of relaxation. If energy dissipation occurs by viscous deforma-
tion, then 7 is the Maxwell time (e.g., McCarthy et al, 2011),
T=1Ty= W where 7 is viscosity and M is shear modulus
(pressure effect is weak, see Section 3). Hence Q T, Cw: w; &)=
QM- T(T,Cw; &)1

Experimental studies on anelasticity have been carried out for
minerals under high temperature conditions at a modest pressure
(for a review see Jackson, 2009). In most cases, the results can be
described by the power-law relationship, Q ! oc w™® with o ~ 0.3
(e.g., Jackson, 2009; Karato, 2008). Using the Maxwell-time scal-

ing and an empirical relationship, n =1, (§) - (g—MV/VO)‘r'i exp(:—i), one
has

Q' (Cw,T; w;6) _(3)"‘<CW)’Q
Q;l(CWD,To;a)o§é§)_ Wo Cwo

H*
xexp(—%(%— %)) (3)

where Cyy, is the water content in the reference state, r; is the
water content exponent for viscosity (~1.2; Karato, 2008; Karato
and Jung, 2003), H; is activation enthalpy for viscosity, rq = ary
and H’a = aH; where I assumed that the influence of major el-
ement chemistry is through its effect on the factor, Q. 1 (for dry

conditions, ro = 0). Similar to electrical conductivity, if there are
multiple mechanisms, then contribution from each to Q ~! needs

to be added as Q ' =Y, Qf] where Q,.’1 is Q! by the i-th
mechanism. For example, when contributions from dry and wet

mechanisms is considered, one can modify the relation (3) to

QT Cyiwsf) T+ (G (a))“
Qo ' (To. Cwo: @03 §) 1+ (2o

Wo
Hy /11
X exp(—TQ(T - T_o>> (4)

where Cyy is the water content at which the contribution from
wet mechanism is equal to that of dry mechanism.

QO‘1 depends on defect density such as grain-size and dislo-
cation density as well as major element chemistry (Karato and
Spetzler, 1990). The relation (3) shows that in addition to major
element chemistry and defect density, Q ~! depends on water con-
tent and temperature, similar to electrical conductivity and there-
fore inferred Q ~! can be used to infer the water content (and
temperature).

For the materials in the lunar mantle, the only data set of
anelasticity is for olivine (a data is available for olivine and py-
roxene mixture, Sundberg and Cooper, 2010, but that study was
made at room pressure where pyroxene is proto-enstatite (at high
temperature), and the influence of cracking may affect the results).
Therefore 1 use the experimental data on olivine (Aizawa et al.,
2008; Farla et al., 2012; Jackson and Faul, 2010). The influence of
orthopyroxene is difficult to evaluate, but a rough estimate can be
made if one uses the Maxwell-time scaling. In such a case, the in-
fluence of orthopyroxene can be made based on the experimental
data on the influence of orthopyroxene on viscosity (long-term de-
formation). A compilation of existing data shows that the addition
of orthopyroxene to olivine has minor effects (Karato, 2008) and I
conclude that the influence of orthopyroxene on anelasticity is not
large, and use the experimental data on olivine. Also for a small
range of Mg# inferred for the Moon, the influence of Mg# on Q is
small (less than 15%, if one uses the Maxwell-time scaling is used;
Zhao et al., 2009). Table 2 summarizes the experimental data on
anelasticity of olivine.

The application of the data summarized in Table 2 to seismic
Q and tidal Q is not straightforward. The data summarized in Ta-
ble 2 were collected for fine-grained specimens at low pressure
(200 MPa). Therefore, well-characterized experimental data on Q
are available only for grain-size sensitive regime. However, prelim-
inary studies showed that the contribution from dislocation mech-
anisms could be equal to or larger than that of grain-size sensitive
mechanism under the mantle conditions (e.g., Farla et al., 2012;
Jackson, 2009). Consequently, rather than using a grain-boundary
model of Q and calculate Q for assumed grain-size (or disloca-
tion density), I will use the seismologically determined Q (= 80;
Dziewonski and Anderson, 1981; Yang et al, 2007) in the as-
thenosphere as an anchor value (Q,) and calculate Q for other
temperatures, frequencies and water contents using the tempera-
ture, frequency and water content dependence of Q. Essentially,
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T dry
seismic
0.01 wt% water
dry
tide
0.01 wt% water
depth, km

Fig. 2. Q versus depth relationships for various water content for seismic (1 Hz)
and tidal frequency (10~% Hz) corresponding to the temperature-depth relation-
ship shown in the inset. Hatched regions correspond to Q determined seismo-
logically (Garcia et al., 2011; Nakamura and Koyama, 1982). Seismologically deter-
mined Q corresponds to intrinsic Q as well as apparent Q caused by scattering.
The frequency dependence of Q suggests that the influence of scattering is large
(Nakamura and Koyama, 1982) (particularly in the shallow regions where intrinsic
Q is large). In these cases, the Q values shown are the lower limits for the intrin-
sic Q (Q due to anelasticity).

I use Eq. (4) where Qo_l is a reference value (=1/80), and calcu-
late Q at different conditions using the relation (4). Because the
values of frequency exponent and the activation enthalpy are sim-
ilar between these two mechanisms, extrapolation from Q, 1 does
not involve large uncertainties caused by the uncertainties in the
mechanisms of Q. Possible errors associated with the choice of
reference state (anchor value) will be discussed later.

As can be seen from Eq. (3) (or (4)), the parameters that one
needs in such calculations are « (frequency exponent), ro (wa-
ter content exponent), and H’a (activation enthalpy). Therefore
the uncertainties associated with this calculation are caused by
the uncertainties in these parameters (see Table 2), as well as
the uncertainties in the reference state. Among them, the water
content exponent (rq) is the least known parameter, but based
on the scaling model, I choose rq = 0.3 (and 0.6) (correspond-
ing to ) =1-2 (r;, ~ 1 for olivine, and therefore rqo ~ 0.3 is
a preferred value)). The uncertainties associated with this an-
chored value approach come partly from the assumed thermo-
chemical conditions and frequency corresponding to the astheno-
spheric Q of Earth. Among them, temperature in the astheno-
sphere is ~1550 £+ 50 K (McKenzie and Bickle, 1988) and water
content is 0.01 wt% (a factor of ~2 uncertainty) (Dixon et al., 2002;
Hirschmann, 2006). The frequency at which Q ~ 80 is evaluated is
~0.01 Hz (Yang et al., 2007). Another source of uncertainties is
the uncertainties in the implicitly assumed grain-size or disloca-
tion density. This issue will be discussed later in Section 3.

Fig. 2 shows the calculated Q(z) for both seismic (~1 Hz)
and tidal (~107% Hz) frequency. The temperature-depth relations
similar to the one by Khan et al. (2007) is used in this calcula-
tion (see the inset). The results for Q at seismic frequency may
be compared with seismological observations (Garcia et al., 2011;
Nakamura and Koyama, 1982; Nakamura et al., 1982). These ob-
servations show that the shallow lunar mantle has remarkably
high seismic Q compared to Earth’s mantle, consistent with cold
(and dry) interior. However, deep interior shows much lower Q
(Garcia et al,, 2011; Nakamura et al.,, 1982). Note, however, that
seismic Q cannot be determined precisely when energy loss is
small (large Q). When intrinsic energy loss due to anelasticity
is small (high Q), inferred Q could come partly from scattering,
and this leads to the underestimate of intrinsic Q (the frequency
dependence of Q inferred by Nakamura and Koyama (1982) sug-

W(z2), 1073 /km

depth, km

Fig. 3. The weighting function W (z) for calculating tidal Q from the depth depen-
dent Q. Tidal energy dissipation calculated by Peale and Cassen (1978) is used.

gests a contribution from scattering). Similarly, geometric focusing
and defocussing effects can significantly affect the inferred Q. Con-
sequently, seismic Q reported in these previous papers has large
uncertainties particularly in shallow regions. Therefore seismolog-
ically determined Q values are used only as a guide, and the
inference of water content and temperature will be made using
tidal Q as constraints.

The tidal energy dissipation is the integrated energy dissipation
of a planet, the relation between depth dependent Q and tidal Q
is given by

R
Qe (@ride) = / Q! (@iide-T) - W(r) -dr (5)

where W (r) is a normalized weighting function ( fOR W) -dr=1)
related to the distribution of tidal energy dissipation rate E(r)
as W(r) - dr = 4wr2E(r) - dr. The energy dissipation rate associ-
ated with tidal deformation of the Moon was calculated by Peale
and Cassen (1978) and the weighting function calculated from this
model is shown in Fig. 3. It is seen that the tidal dissipation is
most sensitive to the energy dissipation in the middle mantle of
the Moon.

Fig. 4 shows the results of calculated tidal Q as a function of
water content where a range of tidal Q inferred from geodetic
measurements is shown. Tidal Q is determined from the shape of
the Moon (Williams et al., 2001) and consequently, the accuracy
of tidal Q measurements is much better than that of seismic Q.
For instance, Williams et al. (2001) reported estimated values of
tidal energy dissipation through the analysis of the shape of the
Moon yielding Q =40-60 at monthly and annual period with the
errors of +10-30%. The results show that the water content of
~0.01 wt% is consistent with the observed tidal Q but the dry
model is not, a result consistent with the inference from electri-
cal conductivity. However, the inferred water content depends on
the assumed temperature, and is not unique. Later, I will combine
Q and electrical conductivity observations together to evaluate the
degree of trade-off between temperature and water content esti-
mates.

The nominal uncertainties of tidal Q are +10-30% (Williams
et al., 2001) that correspond to the uncertainty in temperature of
+60 K (for the activation enthalpy, HB‘ of ~110 kJ/mol and the
frequency exponent (a) of ~0.3). The larger uncertainties come
from the uncertainties in the anelastic properties of minerals and
the uncertainties associated with the choice of an anchor value,
Qo. One of the important sources of uncertainties is the valid-
ity of extrapolating the experimental results of grain-size sensitive
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r,=0.6

r,=0.3

Qtide

Cw, wt%

Fig. 4. Tidal Q versus water content. Tidal Q was calculated using Q (z) profile for
10~ Hz and taking the weighted average based on the strain energy versus depth
profile for tidal deformation (Peale and Cassen, 1978). ro = is the exponent repre-
senting the sensitivity of Q to water content (Q o C;qu o%; Cw: water content, w:
frequency, o = 0.3). In order to explain the observed tidal Q (40-60, shown by a
green region), water content of ~0.01-0.001 wt% is required.

anelasticity to coarse grain-size in Earth and the Moon. There are
two issues. One is that we do not know the grain-size in the lunar
mantle with any confidence. Another uncertainty is the competi-
tion between grain-size sensitive and dislocation mechanisms of
anelasticity.

To minimize the uncertainties, I used Q of Earth’s astheno-
sphere as a reference Q (an anchored Q, Q,) corresponding to the
well-constrained temperature (pressure) and water content (e.g.,
Hirschmann, 2006; McKenzie and Bickle, 1988), and Q at different
conditions were calculated relative to this reference value. There-
fore the main factors that affect the conclusion are those used in
calculating Q at temperature and water content that are different
from those in the Earth’s asthenosphere. These are the activation
enthalpy and the water content exponent, ro. Among them the
activation enthalpy is well known, but the water content exponent
is poorly constrained. Therefore I used a range of water content
exponent (ro = 0.3-0.6; Fig. 4) although rq ~ 0.3 is a preferred
value if the Maxwell-time scaling is assumed.

The estimates of water content from either electrical conduc-
tivity or Q have large uncertainties if the estimate is made sep-
arately. In order to reduce the uncertainties, I now calculate the
temperature and water content that are consistent with the geo-
physically inferred electrical conductivity and Q simultaneously.
I chose the values of electrical conductivity and Q at 800 km
depth (this depth is chosen because electrical conductivity is well
constrained at that depth and the tidal Q is most sensitive to
Q in the mid-mantle, Fig. 3). The results are shown in Fig. 5.
The temperature of ~1200-1500 K and the water content of
~1073-10~2 wt% are consistent with these geophysically inferred
properties. I conclude that the deep lunar mantle is cooler than
Earth’s mantle (compared at the same depth) but the water con-
tent is not much different from that of Earth’s asthenosphere. The
temperature in the mid lunar mantle inferred from this study is
in good agreement with various thermal models (see a review by
Nimmo et al., 2012) as well as the temperatures inferred from seis-
mological as well as gravity measurements (Khan et al., 2007).

3. Discussion
3.1. Comparison to previous studies

In some previous studies where electrical conductivity of the
lunar mantle was interpreted in terms of the temperature and
composition, temperatures less than the solidus were inferred

%, @ 800 km
-1 (2 %

o 10 Q‘/
L s
g %
£ 10
*g opx
S 10° 4
E olivine
©
2 4

10

10°

800 1000 1200 1400 1600 1800
temperature, K

Fig. 5. Temperature-water content combinations (T, Cy/) that are consistent with
the inferred electrical conductivity and Q value at 800 km depth (rq = 0.3). For
conductivity, the results for olivine and orthopyroxene are used to show the range
of uncertainties caused by the mineralogy (results are for Fe-FeO buffer). Hatched
regions show (T, Cy ) combinations consistent with electrical conductivity and Q.
If both electrical conductivity and Q need to be explained, the temperature-water
content combination at this depth must be 1200-1500 K and 103 to 1072 wt%.

without invoking the influence of water (Hood et al, 1982b;
Huebner et al,, 1979; Khan et al., 2006). The main cause for this
difference is the different amount of Al,03 assumed in these stud-
ies. An increase in Al,0O3 content in orthopyroxene from 0.5 wt%
to 5 wt% will increase electrical conductivity by a factor of ~10
(Huebner et al., 1979) leading to the reduction of inferred tem-
perature by ~300 K. The bulk lunar mantle is estimated to have
4-5 wt% of Al;03 (Khan et al., 2007; Ringwood, 1979; Wieczorek
et al., 2006). Hood et al. (1982b), Huebner et al. (1979), Khan et al.
(2006) considered that all Al;03 is in orthopyroxene. However, this
is inconsistent with the known thermodynamics of partitioning of
Al;03 among co-existing minerals. In the deep lunar mantle, a ma-
jority of Al,O3 should be in garnet (in shallow mantle other min-
erals such as plagioclase play a similar role), and the Al,03 content
in orthopyroxene should be less than ~1 wt% (based on the data
by Perkins et al, 1981). Also a high Fe content in some thick
layers of the lunar mantle can be ruled out from the observed mo-
ment of inertia. Grimm (2013) recently published a related work
in which he revisited the electromagnetic induction observations
(transfer function) including the effects of water. His analysis is
focused on the electrical conductivity of the shallow mantle (shal-
lower than 600 km) below the Procellarum KREEP Terrane where
the chemistry of the surface rocks suggests anomalous lunar in-
terior, whereas my analysis is on the globally averaged structure
(and the deep mantle). In contrast to my analysis where the strong
trade-off between temperature and water content is resolved by
the joint analysis of electrical conductivity and tidal dissipation,
Grimm uses thermal models to place constraints on the tempera-
ture. The thermal models in the shallow part are highly sensitive
to the assumed amount of heat production and it is not easy to
obtain a definitive conclusion on the water content.

The inferred temperature and water content from the present
analysis would be somewhat different if the electrical conductivity
model by Yoshino group were used. Essentially, Yoshino’s group
reports a factor of ~10 lower electrical conductivity than Kara-
to’s group compared at the same conditions. This would shift the
T-Cw domain consistent with electrical conductivity and tidal dis-
sipation observations to higher values (T to ~150 K and Cy to a
factor of ~5 higher). Even using these data, we have a conclusion
similar to the one with the data by Karato’s group that the lunar
interior is colder than Earth (at the same depth), but has the water
content similar to Earth’s upper mantle.
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In many previous studies on the interpretation of seismic at-
tenuation or tidal Q, Q was calculated for assumed grain-size and
temperature-depth profile and the plausibility of these assumed
values was discussed (e.g., Faul and Jackson, 2005; Nimmo et al.,
2012). However, such an approach is not quite satisfactory, be-
cause one can explain any values of Q assuming corresponding
grain-size (or other defect density) and hence no constraint on
water content will be obtained from such an approach. In addi-
tion, the sensitivity of Q to water content is not as strong as
that of electrical conductivity as seen in Fig. 5 and it is diffi-
cult to place constraints on water content from tidal Q alone.
Also it is not clear if grain-size sensitive mechanism of anelastic-
ity dominates or not. A crude estimate suggests that these two
mechanisms could contribute nearly equally (Farla et al., 2012;
Jackson, 2009). If dislocation mechanism dominates, then the ap-
proach assuming grain-size sensitive mechanism will no longer be
valid.

In addition, such an approach is subject to the large uncertainty
caused by the unknown pressure effect (lab data are collected at
0.2 GPa, but the pressures in the lunar mantle goes to ~4.5 GPa).
For a plausible value of activation volume of ~5-15 cm?/mol (e.g.,
Karato, 2010), the uncertainties in the pressure effect is to change
Q (at 4 GPa) by a factor of 2-3 that is larger than the uncertainties
caused by any other factors. Such an uncertainty is avoided in an
anchored value approach used here where we start from ~4 GPa
and the majority of contribution to tidal Q comes from deep inte-
rior.

In both Nimmo et al. (2012) and my model, seismic Q is over-
estimated compared to the reported values. As I discussed before,
this discrepancy is likely caused by the difficulties in estimating
the intrinsic Q from seismology when Q is large (intrinsic Q is
likely under-estimated from seismological observations in the shal-
low mantle).

3.2. Uncertainties associated with the anchor Q value (Q,)

The use of an anchored value of Q eliminates some of the arbi-
trariness or the uncertainties inherent to the interpretation of Q.
In this approach, one of the uncertainties comes from the possible
difference in Q value between the Earth’s asthenosphere and the
lunar mantle at the same temperature and water content. Because
parameters such as frequency, temperature and water content are
factored out when I define Q,, and because the major element
chemistry has only small influence on Q, the uncertainties associ-
ated with Q, are essentially the uncertainties on the relevant de-
fect density (e.g., grain-size, dislocation density). The defect density
relevant to Q is likely the defect density at the time of last de-
formation event (including the on-going deformation; e.g., Karato,
1984).

Let us consider a case of grain-size sensitive anelasticity. In this
case, Q depends on grain-size (d) as Q; ! ocd™# with g~ 0.25
(Jackson and Faul, 2010). Now grain-size during deformation is
controlled by stress (o) through dynamic recrystallization as d «
o~% with ¢ &~ 1.2 (Karato et al, 1980). So Q; ! oc 0%% ~ 003,
A similar relation will hold for dislocation mechanism (e.g., Karato,
1998) although detailed studies have not been made on it. Given
these relationship, the essential question is how similar is the
stress between Earth and the Moon at the same temperature and
water content. Using a standard theory of convection, stress dur-
ing thermal convection is given by (e.g., Schubert et al., 2001)
o~ ’Z—'Z(Raz/3 = ()13 (AT - pag)?/® where 7 is viscosity, AT is
temperature difference between the surface and the interior, k is
thermal diffusivity, p is density, « is thermal expansion, and g
is acceleration due to gravity. Among various factors, n« depends
essentially on temperature and water content and hence should
be the same between the Moon and Earth at the same temper-

ature and water content, and the temperature difference is also
similar if one uses the potential temperature as temperature in-
side of a planet. Therefore Q in the Moon and in Earth at the

-1
same temperature and water content is related as Q, (Moom) _

Q; '(Earthy —
(%%%)%ﬁ{ ~ 0.7. Applying the error propagation analy-
sis including all sources of uncertainties (Bevington and Robinson,
2003), I estimate that the errors in estimated temperature from Q

is ~4+100 K (errors in water content of a factor of ~3-5).
3.3. Partial melting?

High conductivity and low Q (and low seismic wave veloci-
ties) are often attributed to partial melting (e.g., Shankland et al.,
1981). Weber et al. (2011), for instance, interpreted a low veloc-
ity region inferred from their analysis of seismological data on
the Moon by partial melting. However, a relatively large amount
of melt (~1% or more) is needed for such a model, and retaining
a substantial amount of melt in the gravity field is difficult due to
the efficient compaction especially in an environment where melt
is not produced continuously (e.g., Hernlund and Jellinek, 2010;
Karato, in press; Ribe, 1985). Consequently, I conclude that a par-
tial melt model is unlikely to explain the high electrical conductiv-
ity and low tidal Q.

3.4. Frequency dependence of tidal Q

Williams et al. (2001) reported that tidal Q associated with
Moon-Earth tide is smaller than that associated with Moon-
Sun tide, implying a negative sign of frequency dependence, o =
—0.19 in Q ! x @™ (Efroimsky, 2012 also reported o = —0.09).
This is different from commonly observed frequency dependence
of Q(x ~ 0.3) both in laboratory studies (e.g., Jackson, 2009)
and in seismological studies (e.g., Anderson and Minster, 1979;
Shito et al., 2004). Two models were proposed to explain this ob-
servation.

One is to assume that this represents the edge of the absorption
band at the tidal frequency (Nimmo et al., 2012). In this model,
it is considered that there is a low cut-off frequency for the ab-
sorption band model above the frequency corresponding to the
annual tide (~10~7 Hz). However, the validity of this model is du-
bious because the low cut-off frequency has never been observed
in the high temperature experiments of anelasticity in olivine (e.g.,
Jackson and Faul, 2010). Rather, at low frequencies, the frequency
dependence of Q becomes stronger (larger « in Q ~! x w™?) sug-
gesting the gradual transition to the Maxwell behavior.

Another explanation is to invoke the influence of the fre-
quency dependence of the Love number, k;. Efroimsky (2012)
noted that tidal Q is observed as a combination of k;Q ~!, the
frequency dependence of tidal Q (measured as k,Q ') is dif-
ferent from that of the intrinsic anelasticity of a material, Q ~1.
As a consequence, there is a peak in k,Q ! at a certain fre-
quency defined by w; ~ w;ﬂ (M is the mass of the Moon,
G is the gravity constant, R is the radius of the Moon and p is
the density of the Moon; Efroimsky, 2012) across which the fre-
quency dependence changes its sign. If this transition frequency
were between monthly and annual tidal frequencies, then n =~
106 Pas. This is much smaller than the viscosity of Earth’s as-
thenosphere (~10'8-10%0 Pas; e.g., Nakada and Lambeck, 1989;
Pollitz et al., 1998). In fact, Nakada and Karato (2012) showed that
the Love number for Earth changes with frequency by only less
than ~10% for the frequency range from seismic to tidal frequency.
Because the Moon likely has higher viscosity than Earth, I assume
that the variation of k; with frequency in the Moon is similarly
small. Furthermore, tidal Q depends not only on Q in the hot soft
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regions but also depends on Q in the mid-mantle where viscosity
is much higher (see Fig. 3). Therefore I conclude that this explana-
tion is unlikely valid.

An alternative, and more physically plausible explanation is that
the difference in Q between two tidal deformations is due to the
difference in the stress (strain) level. Anelastic energy loss is lin-
ear when deformation occurs at low stress (low strain). However,
when deformation occurs at high stress (and high temperature),
anelasticity becomes non-linear, leading to higher energy dissi-
pation at higher stress (strain) (e.g., Karato and Spetzler, 1990;
Lakki et al., 1998). The critical strain in most oxides is ~10~5. The
average strain for the Moon-Earth tide is ~2 x 1076, while tidal
strain associated with the Moon-Sun tide is ~10~8 (Murray and
Dermott, 1999). It is therefore possible that non-linear anelasticity
is a part of the cause of this “frequency” dependence. If this in-
terpretation were correct, it would imply that the Q value for the
monthly tide is somewhat under-estimated. However, the strain as-
sociated with the Moon-Sun tide is small and anelasticity is likely
linear.

3.5. Implications for the formation processes of the Moon

How could the Moon have acquired a substantial amount of
water if the Moon were formed by a giant impact? High tempera-
ture environment was likely produced by the giant impact (Canup,
2004b), and the degassing in a growing Moon with extensive
magma ocean likely led to the depletion of volatile elements from
the shallow regions. However, the degree of volatile loss caused
by a giant impact itself may be limited: Using the plausible range
of temperature, mass and the dimension of a Moon-forming disk,
one can conclude that a majority of materials in the Moon-forming
disk (or nebula) is gravitationally bound. Therefore the key steps
for volatile loss are the condensation and subsequent accretion. If
condensed materials do not have much water, then the Moon will
be dry.

The analysis of orbital evolution suggests that the Moon was
formed close to Earth (~2.5-3.0Rg (Rg: Earth radius)) and the
size of the disk is likely several times R (e.g., Canup, 2004a;
Stevenson, 1987). If this is the case, then the hot gaseous mate-
rials ejected by a giant impact will have relatively high pressure
(10~2 MPa) (Fig. 6) (see also Ward, 2012 who also studied the ver-
tical structure of the disk) compared to the pressures in the typical
regions of the solar nebula (~107°-10—3 MPa at ~1 AU; Cameron
and Pine, 1973). Condensation under such a condition should pro-
duce a liquid phase rather than a solid phase (Mysen and Kushiro,
1988; Yoneda and Grossman, 1995). As shown in Fig. 7 liquids
can dissolve much larger amount of water than solids. However,
when liquids solidify, they will loose most of volatiles. Therefore,
the necessary condition for a growing planet to maintain a sub-
stantial amount of water is that the accretion timescale is faster
than or comparable to the cooling timescale: under these condi-
tions, before a majority of water is lost by solidification, a planet
can be formed mostly from liquids that can contain a substantial
amount of water. The cooling timescale of such a disk is estimated
to be ~10-100 years at T ~ 1500 K (e.g., Canup, 2004a) while the
timescale of accretion is on the order of ~1 year or less (Ida et
al., 1997). If the Moon formation occurs mostly from liquid, it will
take ~100 years (Salmon and Canup, 2012), but this timescale is
not much longer than the cooling timescale, so that a significant
amount of liquids should be involved in accretion.

The water content in the liquids depends on the water fugacity.
The water fugacity in the Moon-forming disk in turn depends on
the total water content and the gas pressure and is highly uncer-
tain (e.g., Ward, 2012). However, it is seen from Fig. 7 that in order
to have 0.01-0.1 wt% water in the molten basalt, one only needs
the water fugacity of ~10~* MPa or higher. Translating this into
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Fig. 6. Pressure in the Moon-forming disk (average pressure) as a function of its
size and total mass. For simplicity, I used an equation for a spherical homogeneous
disk, P = 3™ \vhere G is the gravity constant, M is the mass of the disk (¢ is the
mass of the disk with a unit of the lunar mass) and r is the radius of the disk (in
more detail, the pressure varies with the vertical distance, Ward, 2012). The Moon
is considered to have been formed at/or near the Roche limit (~2.7Rg; Rg: Earth’s
radius) (regions shown by an orange band). The size of the disk is about a few times
the Roche limit (Canup, 2004b). Similar results are obtained by a more elaborated
calculation by Ward (2012). The pressure range shown by a green band corresponds
to the critical pressure above which gas condenses to liquid phase that depends
on the composition (Mysen and Kushiro, 1988; Yoneda and Grossman, 1995). (For
interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)
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Fig. 7. The water solubility in molten basalt and olivine as a function of water fu-
gacity. Molten basalt has considerably higher water solubility than olivine (based
on data by Bolfan-Casanova, 2005; Silver and Stolper, 1985). The water fugacity in
a gas-rich disk is essentially the molar fraction of water times the total pressure.

the fraction of water in the disk, it will be ~0.01-0.1% or higher
for the total pressure of ~0.1-1 MPa. ~0.01-0.1% of water corre-
sponds to ~1-10 time of the current ocean mass (for Earth), and
I consider that this amount of water is not unreasonable in the
Moon-forming disk (e.g., Karato, 2011).

In this model, relatively high water content of the lunar inte-
rior is a consequence of the small size of a disk (nebula) from
which the Moon was formed that caused relatively high pressure
and quick accretion. A substantial amount of water retained in the
Moon changes many physical properties including tidal Q that has
an important influence on the orbital and thermal evolution of the
Earth-Moon system.
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4. Concluding remarks

I showed that good constraints on water content and tem-
perature in the lunar mantle can be obtained from the electrical
conductivity and tidal Q of the Moon. I conclude that the lunar
mantle is colder than Earth’s mantle but has water content similar
to the asthenosphere of Earth.

The present study also suggests some areas where further
studies are important. (i) The electrical conductivity-depth pro-
file was inferred from a limited data set using the transfer func-
tion approach (comparing the magnetic field strength along dif-
ferent directions). Similar studies using alternative approaches
such as magnetotelluric method would also be useful particularly
at different locations (these studies will also reveal the lateral
variation) (Grimm and Delory, 2012). (ii) Similarly, more obser-
vations on Q would be useful. Seismological observations con-
ducted during the Apollo mission are limited (Garcia et al., 2011;
Nakamura et al., 1982). Further studies on Q in the deep man-
tle will be critical. (iii) In the mineral physics side, experimental
studies on Q are still limited. Two issues are important in placing
better constraints on water content. First, the water effects on at-
tenuation need to be quantified. Second, the transition strain from
linear to non-linear attenuation needs to be determined experi-
mentally.

The present study provides a few new insights into the forma-
tion and early evolution of the Moon (and other planets, satellites).
In most of previous studies on the chemistry of terrestrial planets,
condensation of solid phases from the solar nebula was considered
(e.g., Grossman and Larimer, 1974; Lewis, 1972). In the formation
processes of the Moon, however, the pressure of the “nebula” (or a
“disk”) is high and consequently, the first condensed materials are
mostly liquid phases. The role of liquid phases during planetary
formation should be studied in more detail.
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