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My	  first	  encounter	  with	  “Kumazawa”	  

Shimazu	  (1967)	  
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“The	  Kumazawa	  principles”	  
(as	  I	  understand	  them)	  

•  Do	  what	  anyone	  else	  does	  not	  do.	  
•  Develop	  your	  own	  method	  (methodology).	  
•  Challenge	  the	  big	  problems.	  
à	  history	  (+	  “philosophy”	  (methodology))	  

Bragg’s	  principles	  (1938)	  (from	  Dyson	  (1970)):	  
(1) Don’t	  try	  to	  revive	  past	  glories.	  
(2) Don’t	  do	  things	  just	  because	  they	  are	  fashionable.	  
(3) Don’t	  be	  afraid	  of	  the	  scorn	  of	  theoreYcians.	  
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Composi'on	  and	  Origin	  of	  the	  Moon	  

•  A	  challenge	  to	  the	  “dry”	  Moon	  paradigm	  
	  “Wet”	  Moon	  from	  geochemistry	  (Saal	  et	  al.,	  2008;	  Hauri	  et	  al.	  2011)	  	  
à How	  about	  the	  lunar	  interior?	  
à Why	  wasn’t	  water	  lost	  by	  a	  giant	  impact?	  

•  A	  giant	  impact	  model	  has	  difficulYes	  in	  explaining	  lunar	  chemistry.	  
	  (according	  to	  numerical	  modeling	  (Canup,	  2004),	  the	  Moon	  is	  formed	  mostly	  from	  
	  the	  impactor,	  not	  from	  the	  proto-‐Earth)	  

à Use	  (geo)physics	  to	  address	  these	  ques'ons	  
	  Water	  in	  the	  Moon	  from	  geophysical	  observaYons	  
	  Physics	  and	  chemistry	  of	  Moon	  formaYon	  processes	  
	  

Mo'va'on	  
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•  Geophysical	  observa'ons	  show	  that	  the	  lunar	  mantle	  is	  as	  “wet”	  as	  
the	  Earth’s	  upper	  mantle.	  

•  A	  majority	  of	  water	  could	  be	  acquired	  to	  the	  Moon	  if	  
accreYon	  occurs	  quickly	  compared	  to	  the	  cooling	  Yme-‐scale.	  

•  The	  Moon	  was	  formed	  from	  the	  magma	  ocean	  of	  the	  proto-‐Earth.	  
•  A	  giant	  impact	  heats	  and	  vaporizes	  the	  pre-‐exisYng	  magma	  
ocean	  on	  the	  proto-‐Earth	  but	  not	  the	  solid	  impactor.	  

	  
•  Many	  aspects	  of	  lunar	  composi'on	  can	  be	  interpreted	  as	  a	  natural	  

consequence	  of	  planetary	  forma'on	  (if	  one	  applies	  (geo)physics	  
properly)	  as	  opposed	  to	  by	  processes	  controlled	  by	  chance.	  
	  

Conclusions	  

Composi'on	  and	  Origin	  of	  the	  Moon	  
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“dry”	  Moon	  paradigm	  	  
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The	  Moon	  is	  depleted	  with	  volaYles	  
relaYve	  to	  Earth.	  à	  “dry”	  Moon	  
	  

Earth	  is	  depleted	  with	  volaYles	  
relaYve	  to	  the	  primiYve	  materials	  (CI).	  
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giant	  impact	  à	  intensive	  heaYng	  à	  volaYle	  loss	  
Are	  all	  the	  volaYle	  elements	  depleted	  in	  the	  Moon?	  
	  
(similariYes	  and	  differences	  in	  composiYon	  between	  Earth	  and	  the	  Moon	  à	  
How	  can	  this	  model	  explain	  them?)	  

A	  giant	  impact	  model	  	  



Not-‐so-‐dry	  Moon!	  
measurements, and Cl contents of <50 ppm that
were limited by electron microprobe detection
limits. Reheated Apollo 12 melt inclusions, con-
taining medium-Ti magmas (5 to 6 wt % TiO2),
show sulfur contents that are 20% higher than
our data on average (23). In our data set, we
observe a correlation of all the volatiles with
each other (Fig. 3), pointing toward the degassed
compositions of the matrix glass rinds and vol-
canic glass beads (4).

Themost important aspect of our volatile data
on lunar melt inclusions is their similarity to melt
inclusions from primitive samples of terrestrial
mid-ocean ridge basalts (MORBs), like those
recovered from spreading centers located within
transform faults (24); the melt inclusions from
74220 are markedly similar to melt inclusions
from the Siqueiros Fracture Zone on the East
Pacific Rise, some of the most primitive mid-
ocean ridge magmas that have been measured
(Fig. 3). These similarities suggest that the vol-
atile signature of the lunar mantle source of the
high-Ti melt inclusions is very similar to that of
the upper mantle source of MORB.

It is important that we have made these
measurements on inclusions from olivine crys-
tals contained within primitive lunar volcanic
glasses. These inclusions were quenched within
minutes after their eruption (4), providing min-
imal opportunity for posteruptive hydrogen dif-
fusion out of the inclusions and affording a
direct H2O measurement on primary lunar mag-
ma samples that have not experienced poster-
uptive degassing and associated loss of volatiles.
The water concentrations that we measured are
20 to 100 times as high as previous direct mea-
surements of the lunar glass beads from this
same sample, which was estimated to have suf-
fered 95 to 98% loss of H2O via degassing (4),
and they are higher than estimates derived from
lunar apatite measurements, which require a 95
to 99% correction for fractional crystallization
to estimate primary magma volatile contents
(5, 6). Our results are direct measurements on
primary lunar magma compositions that require
no such extrapolations.

Our melt inclusion data allow us to place
some constraints on the volatile content of the
lunar mantle source that generated the high-Ti
picritic magmas. Using the most water-rich melt
inclusion composition after correction for post-
entrapment crystallization, and an estimation that
the high-Ti magmas originated from 5 to 30%
batch partial melting with partitioning similar to
that of terrestrial mantle-derived melts (17), we
estimate lunar mantle volatile concentrations of
79 to 409 ppm H2O, 7 to 26 ppm F, 193 to 352
ppm S, and 0.14 to 0.83 ppm Cl. These estimates
overlap most estimates for the volatile content of
the terrestrial MORB mantle (24–27) and are
much higher than previous estimates for the lunar
mantle based on the volatile content of lunar
apatite (5, 6) and the variation of Cl isotopes in
lunar rocks (28), including the sample 74220 that
we have studied here. The melt inclusions indi-

cate definitively that some reservoirs within the
interiors of Earth and the Moon not only have
similar water contents, but also similar contents
of fluorine, sulfur, and chlorine associated with
this water, a volatile abundance signature shared
by both bodies.

These results show that the Moon is the only
planetary object in our solar system currently

identified to have an internal reservoir with a
volatile content similar to that of Earth’s upper
mantle, and that previous estimates of the lunar
inventory for highly volatile elements are biased
to low concentrations owing to the degassed na-
ture of lunar samples thus far studied. The Moon
has erupted a wide variety of magmas during its
history, and it remains to be seen whether other

A
B

FED

C16OH/30Si

Fig. 2. (A to F) NanoSIMS scanning isotope images of olivines A1, A2, N3, N6, N8, and N9 fromApollo 17
sample 74220, showing the distribution of water within melt inclusions from the olivine grains shown in
Fig. 1. The images show the distribution of the isotope ratio 16OH/30Si indicated by the color scale shown
in (A), which ranges from dark regions corresponding to low 16OH/30Si ratios (e.g., olivine surrounding
melt inclusions), to red regions within melt inclusions with 16OH/30Si ratios approaching 0.25
(corresponding to ~1400 ppm H2O). The color scale is the same in all images, and all images show a scale
bar of 1 mm. Rectangular areas are regions of interest within which each isotope ratio is calculated and
converted to a concentration.

A C

E

B

D F

Fig. 1. (A to F) Optical photographs of olivines A1, A2, N3, N6, N8, and N9 from Apollo 17 sample
74220. Inclusions within circles indicate the inclusions that were imaged in Fig. 2. Scale bars are 10 mm
in all photos.
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lunar mantle sources are as volatile rich as the
source ofApollo 17 high-Timagmas.Nevertheless,
the hydrated nature of at least part of the Moon’s
interior is a result that is not consistent with the
notion that the Moon lost its entire volatile in-
ventory to the vacuum of space during degassing
after a high-energy giant impact, which would
be expected to leave a highly desiccated lunar
interior.

If the bulk of the lunar interior has a volatile
content similar to our estimate for the high-Ti
mantle source, then our results present difficulties
for late-accretion models that require volatile
delivery to Earth and the Moon after their for-
mation, because these two bodies have very dif-
ferent accretion cross sections that would predict
different internal volatile contents. An Earth-Moon
similarity in volatiles could indicate that chemical
exchange of even the most volatile elements be-
tween the molten Earth and the proto-lunar disc
might have been pervasive and extensive, result-
ing in homogenization at the very high temper-
atures expected after a giant impact; this could
have been aided by the presence of a high-
temperature convective atmospheric envelope sur-
rounding Earth and the proto-lunar disc as the
Moon solidified (29). Alternatively, it is con-
ceivable that a portion of the lunar interior

escaped the widespread melting expected in the
aftermath of a giant impact and simply inherited
the inventory of water and other volatiles that is
characteristic of Earth’s upper mantle. Any model
for the formation of Earth-Moon system must
meet the constraints imposed by the presence of
H2O in the lunar interior, with an abundance sim-
ilar to that of Earth’s upper mantle and with a
complement of fluorine, sulfur, and chlorine also
present at terrestrial levels. To the extent that lu-
nar formation models predict very different vol-
atile contents of Earth and the Moon, our results
on the volatile content of lunar melt inclusions
suggest that we lack understanding on some crit-
ical aspects of the physics of planetary moon for-
mation by collisional impact.

Our findings also have implications for the
origin of water ice in shadowed lunar craters,
which has been attributed to cometary and
meteoritic impacts (30). It is conceivable that
some of this water could have originated from
magmatic degassing during emplacement and
eruption of lunar magmas (31). These results also
underscore the importance of pyroclastic volcan-
ic samples in unraveling the history and compo-
sition of theMoon’s interior; indeed, such deposits
have been identified and mapped on the surfaces
of all the terrestrial planets and many satellites.
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Fig. 3. (A to C) Volatile abun-
dances for lunar melt inclusions
(orange circle with black rims) and
matrix glasses (orange circles) from
Apollo 17 sample 74220. Melt in-
clusions show the highest concen-
trations (>600 ppm H2O) whereas
matrix glasses show the lowest con-
centrations due to degassing (!30
ppm H2O). The black curves show
lunar magma degassing trends,
scaled from the volatile-volatile
correlations observed in core-rim
NanoSIMS data on a lunar glass
bead reported by Saal et al. (4);
the core-rim data were scaled by
multiplying the originally reported
data for each element, by the ratio
of the highest melt inclusion com-
position to that of the core com-
position reported in table 2 of (4).
The gray field surrounds data for
melt inclusions from the Siqueiros
Fracture Zone on the East Pacific
Rise, as an example of depleted
MORB (24).
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Saal	  et	  al.	  (2008)	  
Hauri	  et	  al.	  (2011)	  

Some	  lunar	  samples	  (inclusions	  in	  olivine)	  contain	  water	  (+	  other	  volaYle	  
elements)	  similar	  to	  Earth’s	  upper	  mantle	  (depleted	  but	  not-‐so-‐dry).	  	  
	  	  	  
	  	  	  	  	  	  	   	  But	  does	  this	  imply	  globally	  “wet	  (not-‐so-‐dry)”	  Moon?	  	  
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Need a microscopic model 
(theory) based on mineral 
physics 

Geophysical obs.  
(global, indirect) 

Geological (geochemical) obs. 
(direct, limited regions and depth) 

How do we study the water 
content? 
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Geophysical	  approach	  

•  Deep	  interior	  (spaYal	  distribuYon)	  
•  Which	  observaYons?	  

– Seismic	  wave	  velociYes	  
– Electrical	  conducYvity	  
– Seismic	  wave	  aienuaYon,	  Ydal	  dissipaYon	  (Q)	  

13/10/08	   10	  

same analysis as above. Fig. 2 summarizes the resolution analysis
where the depth of the 400-km discontinuity is shown at the top, the
transition zone thickness in the middle, and depth of the 660-km
discontinuity at the bottom. In the left column the posterior pdfs
(blue) are shown together with the prior pdfs (red) and the known
value of the underlying model (dashed), whereas in the right column
the mean from all 10000 posterior pdfs is plotted against the known
value of the underlying models. Compared to the S-wave Voigt
averages it is obvious that the 400- and 660-km topographies are not
that well constrainedwith respect to the prior pdfs, but on average the
mean MDN predictions still correlate well with the known values of
the underlying models. From the broadness of the scatter plots it
seems that the transition zone thickness is the best resolved
parameter, the 660-km discontinuity depth is slightly less well
resolved and the 400-km discontinuity depth is the least resolved
parameter. The broadness of the posterior pdfs (left, column) is
caused by trade-offs between the various model parameters and the
measurement uncertainties.

A good correlation between network predictions and the known
values of the underlying model is a !rst requirement if we hope to
invert observed data successfully. A lack of correlation indicates that
the parameter of interest is not resolvable given the prior assump-
tions. Since the prior over the data space (i.e. the measurement
uncertainties) is generally !xed for a given problem, the prior over the
model space has to be adjusted in order to constrain the inversion
better. Furthermore such an analysis serves as a debugging exercise:
successfully inverting synthetic data indicates that the algorithm
works.

5.2. 2-D joint pdfs

So far we only modeled marginal posterior pdfs of the individual
parameter of interest and attributed the posterior uncertainties partly
due to trade-offs between model parameters and partly due to the
measurement uncertainties. In order to separate uncertainties from
trade-offs in the inversion it is most illustrative to plot 2-D pdfs. Here
we analyze trade-offs between velocity structure within the transition
zone (Vs

TZ) and the depth of the 660-km discontinuity bymodeling the
conditional posterior pdf p(H_660|Vs

TZ,d), the marginal posterior pdfs
p(Vs

TZ|d), p(H_660|d), and the corresponding 2-D joint posterior pdf
p(H_660,Vs

TZ|d). All these pdfs are conditional on a given set of dis-
persion curves. In order to be comparable to other studies we decided
to show all the pdfs from the inversion of a set of dispersion curves
computed from PREM (d=dprem). Note however that inverting a
different set of dispersion curves might result in quite different pdfs.

In Fig. 3 all the pdfs are normalized such that they integrate to
unity (i.e. each vertical slice of the conditional pdf (top, left) integrates
to unity, whereas the joint pdf (bottom, right) is normalized such that
the double integral integrates to unity). The conditional pdf p(H_660|
Vs
TZ,dprem) (top, left) shows that inverting dprem and assuming rela-

tively (with respect to PREM) high/low Vs
TZ, the data require a

depressed/uplifted (with respect to PREM) 660-km discontinuity in
order to counterbalance the effect of the relatively high/low velocity.
If we assume that one of the two parameters is !xed, increasing/
lowering Vs

TZ has the same effect on the dispersion data as an uplifted/
depressed 660-km discontinuity. If there were no trade-offs between
the two parameters, the conditional pdf would not change with

Fig. 4. Comparison of Vs
LID (top), Vs

UM (middle) and Vs
TZ (bottom) between our mean MDNmodel (A), S20RTS (B) and FER2007 (C). Deviations of the local from the global mean are

plotted.
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Strategy	  
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from	  two	  observables	  

from	  one	  observable	  



Seismic	  wave	  velocity	  depends	  weakly	  on	  water	  content	  
but	  strongly	  on	  the	  major	  element	  chemistry	  and	  T	  

Karato	  (2011)	  

variation in temperature and/or major element chemistry occurs. If
the in!uence of anelasticity is included, the effect of water on seismic
wave velocities will be larger (e.g., Karato, 2006b). For instance, if one
uses the absorption band model, then the maximum amount of
anelasticity is related to the magnitude of Q. For the PREM model
(Dziewonski and Anderson, 1981), the in!uence of anelasticity on
seismic wave velocities is up to ~0.5%. However, the details of the
in!uence of water on anelasticity are not known including the validity
of the absorption band model.

Another potentially important seismological observation is the
depth of seismic discontinuity. Most of the seismic discontinuities are
caused by phase transformations. Wood (1995) suggested that the
depths of phase boundaries may be affected by water if water
partitions differently between two co-existing minerals. This phe-
nomenon leads to two observable changes in themantle discontinuity
(Fig. 1b): a change in the sharpness of a phase transformation and a
change in the depth (pressure) of a phase transformation. Both of
these aspects have been studied experimentally (Chen et al., 2002;
Frost and Dolej!, 2007; Litasov and Ohtani, 2007) and have been used
to infer the water contents in theMTZ (Blum and Shen, 2004; Meier et
al., 2009; Suetsugu et al., 2006; van der Meijde et al., 2003). In some
studies, the anomalies in the width of the MTZ are used to infer the
water content together with the anomalies in velocities (Meier et al.,
2009). However, a recent experimental study showed that the
contrast in water solubility between co-existing minerals such as
olivine andwadsleyite becomes small at high temperatures and hence
such effects are dif"cult to detect under most of the MTZ conditions
(Frost and Dolej!, 2007). In contrast, other factors such as the
in!uence of major element chemistry on seismic discontinuities are
large and complex leading to the presence of multiple discontinuities
(particularly near 660 km) (Deuss et al., 2006; Weidner and Wang,
2000). Therefore, again, I conclude that it is dif"cult to use these
observations to infer the distribution of water. Meier et al. (2009)
inferred puzzling water distribution from the anomalies in seismic
wave velocities and the width of the MTZ: a water-poor MTZ in the
western Paci"c and below eastern Asia and a water-rich MTZ in the
central Paci"c. It is possible that such puzzling conclusions are caused
by the insensitivity of these observations to water content. However,
the problem of major element chemistry is less serious if regions of
study have nearly homogeneous composition. The results of regional
studies by Blum and Shen (2004), Coutier and Revenaugh (2006), and
Suetsugu et al. (2006) showed conclusions similar to this study, and in
these cases, seismological approach may also be useful.

Among the various seismological observations, seismic wave
attenuation is likely sensitive to water content (Karato, 2003; Shito
et al., 2006). However the resolution of attenuation measurements is
limited (Dalton et al., 2009) and experimental studies are still
exploratory (Aizawa et al., 2008). Further studies on the in!uence of
water on seismic wave attenuation are needed to obtain better
constraints on water distribution from seismological observations.

Some technical details on seismic wave velocities are given in
Supplemental Material 1.

2.2.2. Electrical conductivity

2.2.2.1. General background. Although the resolution is less than some
of the seismological observations, electrical conductivity of the Earth's
interior can be inferred from the analysis of electromagnetic induction
(Rikitake, 1966). Because electrical conductivity is sensitive to water
content as "rst suggested by Karato (1990), geophysically inferred
electrical conductivity of Earth's interior provides important con-
straints on the distribution of water (hydrogen). However, electrical
conductivity of minerals is also controlled by the migration of other
charged species, and therefore the relative contribution from different
mechanisms must be evaluated carefully.

Table 1
Water content dependence of seismic wave velocities. Parameters in the relation
VS/P
! (T,CW)=VS/P, 0

! ! (1"!S/P,W(CW"CW0)) are given using the unit of wt.% for
water content, CW. VS/P

! is the S (P) wave velocity at the in"nite frequency. The
uncertainties in velocity measurements are typically 0.2–0.5% and the uncertain-
ties in the estimated parameters of !S/P,W are typically ±10%.

!P,W !S,W Reference

Olivinea "0.0042 "0.0052 Jacobsen et al. (2008)
Wadsleyiteb "0.025 "0.029 Mao et al. (2008)
Ringwooditec "0.006 "0.018 Jacobsen and Smyth (2006)
a Results at room pressure and temperature.
b Results at P=12 GPa and room temperature.
c Results at P=20 GPa and room temperature. Calculated from Figure 7 of Jacobsen

and Smyth (2006).
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Fig. 1. Sensitivity of seismological observations to water content and other parameters.
(a) Seismic wave velocities ("V/V: variation of velocity, CW: water content) (for data
see Table 1). Solid lines are for P-wave velocities, and broken lines are for S-wave
velocities. For olivine, results at room pressure and temperature are used. For
wadsleyite, the results at 12 GPa, and for ringwoodite, results at ~20 GPa are used.
(b) Depth of “410-km” discontinuity as a function of water content for two different
temperatures (results for a pure Mg2SiO4–H2O) system (Frost and Dolej!, 2007). Above
the solid lines only wadsleyite exists, and below the broken lines only olivine exists.
Water affects the positions of these lines and hence both the depth of the “410-km”

discontinuity and its sharpness (the distance between the solid and broken lines). A
similar effect was observed for the “660-km” discontinuity.

415S. Karato / Earth and Planetary Science Letters 301 (2011) 413–423

(water	  content)	  

à Useful	  for	  inferring	  major	  element	  composiYon	  
à But	  water	  effect	  is	  too	  small	  to	  be	  detected.	  

range	  of	  typical	  water	  content	  



An	  experimental	  set-‐up	  for	  conduc'vity	  
measurements	  



13/10/08	   14	  

Electrical	  conduc'vity	  depends	  strongly	  on	  water	  content	  
(relaYvely	  weakly	  depends	  on	  T	  and	  other	  factors)	  

Karato	  (2011)	  

! =! o1
fO2
fO2,o( )q1 exp " H! 1

*

RT( ) +! o2
CW
CWo( )r! fO2

fO2,o( )q2 exp " H! 2
*

RT( )

à	  Useful	  for	  inferring	  water	  content	  



TesYng	  the	  method	  

13/10/08 

well known but it may be due to the in!uence of
small water-"lled inclusions that may be mineral
speci"c. In any case, this SIMS versus FT-IR dis-
crepancy for olivine is well documented,14),15),35) and
we consider both cases. Water partitioning between
olivine and orthopyroxene is strongly dependent on
water content (water fugacity) and temperature be-
cause of the di#erent dependence of water solubility
on water fugacity and temperature for these min-
erals. A large fraction of water is dissolved in ortho-
pyroxene for the low total water content and/or low
temperature. The calculated results of partition co-
ef"cient depend on the method of water content
measurement.

The electrical conductivity of a pyrolite was cal-
culated using a model of electrical conductivity of a
mixture. At a given conditions (temperature, pressure
and water content), hydrogen partitioning among co-

existing minerals was calculated, and corresponding
electrical conductivity of each mineral was calculated.
Then the electrical conductivity of a mixture (pyrolite
composition) is calculated. Several models for electri-
cal conductivity of a mixture were proposed,36) but
we use the Hashin-Shtrikman bounds. The choice of
a model does not make much di#erence because the
conductivity contrast is small (Hashin-Shtrikman
upper and lower bounds give only less than a few %
di#erence in electrical conductivity if the conduc-
tivity contrast is less than 2). In this calculation,
we adjusted olivine data on electrical conductivity10)

for SIMS-based water content. Therefore the water
content in this "gure corresponds to water content
determined by SIMS. If FT-IR based water content
is used, then the water content estimated from elec-
trical conductivity should be interpreted as FT-IR
based water content, and hence a factor of !3 correc-
tion must be multiplied to olivine water content to
convert it to SIMS-based water content. As far as
such a conversion is made, water content inferred
from electrical conductivity is not sensitive to the
method of water content measurement.

The results of such calculations are shown in
Fig. 6. For a plausible temperature of 1600 K for the
asthenopshere,29) we obtain 0.04 wt% for a conduc-
tivity of 10"1 S/m and 0.01 wt% for 4# 10"2 S/m.
This is in good agreement with the petrological in-
ference of water content for the MORB (mid-ocean
ridge basalt) source region37)–39) (0.01{0.02 wt%). How-
ever, there is a large regional variation in electrical con-
ductivity of the asthenosphere exceeding more than a
factor of 10.40)–42) If such a variation is attributed
solely to the temperature variation, it would corre-
spond to the variation in temperature of more than
!500 K that is not plausible in the asthenosphere.43)

Consequently, we conclude that a large fraction of
the lateral variation in electrical conductivity of the
asthenosphere is caused by the variation in water
content. Note that if we were to use the results by
Yoshino et al.5) using SIMS-based water content cali-
bration for olivine together with the present results
for orthopyroxene, we would need a water content
of !0.1 wt% or more to explain the observed electri-
cal conductivity. Such a value exceeds petrologically
inferred water content (0.01{0.02 wt%). This is due to
the inappropriate method used by Yoshino et al. in-
cluding the use of a single, low frequency data at low
temperatures as discussed by Karato and Dai.8),11)

What about partial melting? Partial melting is

Fig. 6. Relationship between the electrical conductivity of a
pyrolite upper mantle (olivine : orthopyroxene : garnet$ 60 :
35 : 15, Mg# $ 88) and the water content and temperature
at 5 GPa

SIMS-based water content is assumed. Di#erent relation-
ship will be obtained if FT-IR based water content is used.
However, if the correction between FT-IR and SIMS-based
water content (for olivine)14) is applied, the water content
inferred from electrical conductivity will not be sensitive to
the method of water content measurements. Orange region
represents a typical range of electrical conductivity in the
asthenosphere,40),41),47) and the green region corresponds to
a range of water content in the asthenosphere inferred from
petrological (geochemical) studies.37)–39)

7Water content of the Earth’s asthenosphereNo. 10]

15	  

	  electrical	  conducYvity	  à	  ~0.01	  wt%	  
(Dai-‐Karato,	  2009)	  

MORB	  chemistry	  à	  ~0.01	  wt%	  
Dixon	  et	  al.	  (2002)	  

Geophysics	  (mineral	  physics)	   Geochemistry	  
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from	  two	  observables	  

from	  one	  observable	  

(from	  seismology)	  

X:	  electrical	  conduc'vity,	  Q	  
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Bulk	  composiYon	  from	  seismology	  (aoer	  Khan)	  !

The	  Moon	  has	  a	  higher	  FeO	  
content	  than	  Earth.	  

Mg#=100xMgO/(MgO+FeO)	  



Geophysical	  observaYons	  I:	  	  
electrical	  conducYvity	  

13/10/08 

the	  Moon	  
(Hood	  et	  al.,	  1982)	  

18	  

Sonei	  (1982)	  



Temperature	  and	  water	  content	  in	  the	  Moon	  

13/10/08 

à 	  “Dry”	  Moon	  predicts	  very	  high	  T	  
à 	  Some	  water	  ??	  
[no	  unique	  solu'on	  from	  conduc'vity	  alone]	  
	   19	  

! =! o1
fO2
fO2,o( )q1 exp " H! 1

*

RT( ) +! o2
CW
CWo( )r! fO2

fO2,o( )q2 exp " H! 2
*

RT( )



Geophysical	  observaYons	  II:	  
AnelasYcity	  

GEOPHYSICAL DATA AND THE INTERIOR OF THE MOON 161

the thermal evolution models and also require a high magnetizing field at the time
of the lunar accretion.

In summary, the magnetization of the lunar crust is a fact, but the source of the
magnetizing field is not yet resolved.

III. SEISMIC DATA AND STRUCTURE OF THE LUNAR
INTERIOR

A seismic network which consists of four stations at the present (Apollo 12, 14, 15,
and 16 sites) is operating on the moon. Seismograms from moonquakes, meteoroid
impacts, and man-made impacts (Saturn SIV-B stage and LM ascent stage) have
been recorded and analyzed. In Figure 5, typical seismograms from moonquakes
and impacts are shown. They are very long and reverberating and are dissimilar
to terrestrial seismograms. These reverberating characteristics have been explained
by strong scattering of seismic waves in the upper 10-15 km of the lunar crust
(20, 42, 43). Topographic features~ lunar regolith, compositional boundaries, and
especially cracks and joints in the crust become very efficient scatterers in the
absence of water and the absence of damping. The Q-value for the lunar crustal
material is about 3000-5000, an order of magnitude greater than that of the earth’s
crust. This high Q is primarily because of the absence of water and volatiles.

III.1 Moonquakes and Lunar Tectonisrn

The moon is very aseismic compared to the earth. The seismic energy release is
about 10t 5 ergs/year, ten ordereofmagnitude less than that in the earth (44). Although
each one of the seismic stations detects, on the average, between 600 and 3000
moonquakes per year, all moonquakes are very small (Richter magnitude 2 or less).
There are many more very small micromoonquakes correlated with lunar sunset
and sunrise at a given station. These may be thermally activated near surface
events (45).

Category C (meteoroid impact)
8:09 hr, 8 Aprit 1970

Category A1 (moonquake)
1:$:09 hr, 23 May 1970

Z

Figure .5 Typical seismograms of impacts and moonquakes recorded by Apollo Passive
Seismic Experiment instruments.
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168 TOKSOZ 

With this background, the compositional implications of the lunar velocity 
models can be explored with the aid of high-pressure laboratory measurements on 
lunar and terrestrial rocks. Velocity measurements have been made on lunar soils, 
breccias, and igneous rocks from six Apollo missions (7, 16, 17, 34, 49, 51, 78, 79, 
80,90,91, 93,94). Regardless of composition, these rocks are characterized by very 
low velocities at low pressures relative to terrestrial rocks. This can be attributed 
to the absence of water in the lunar rocks combined with the effects of porosity and 
microcracks. 

The measured velocities of appropriate lunar samples are shown in a generalized 
form along with the observed compressional velocity profile in Figure 10. 
Compressional velocities of terrestrial pyroxenites and olivines (6, 15, 60) shown 
on the figure specify general bounds between which most values fall. 

From the comparison of the laboratory data and the lunar velocity profile, the 
following units can be identified: 

(a) Near the surface the extremely low seismic velocities (about 100 m/sec near 
the surface) correspond to those of lunar regolith. 

Figure I I  Schematic diagram of lunar structure with the thickness of the crust exaggerated. 
The earthside is to the left of the figure. Basalt filling under maria is shown in black. The 
possible limited extent of the high-velocity zone is indicated by stippling. 
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Toksöz	  (1974),	  Nakamura-‐Koyama	  (1982)	  

AnelasYcity	  ßà	  viscosity	  (temperature,	  water	  content)	  
Q:	  low	  Q	  à	  high	  energy	  dissipaYon	  (high	  degree	  of	  anelasYcity)	  

Tidal	  Q	  (Williams	  et	  al.	  (2001))	  

High	  seismic	  Q	  (large	  errors)	  
Low	  'dal	  Q	  (37-‐60:	  small	  errors)	  

Qtide
!1 = tan2"

3 7 6  P. GOLDREICH AND S. SOTER 

B ~ ,  
m 

FIG. 1. The force of attraction between the satellite m and the nearer tidal bulge A exceeds that  between 
m and B; a component of the net torque retards the rotation of the planet M and accelerates the satellite 
in its orbit. 

The asymmetrical position of lhe tidal 
bulges with respect to the line of centers, 
Mm, introduces a net torque between the 
planet and satellite. Because the satellite is 
a t t racted more strongly by  the near side 
bulge which is leading it in longitude, the 
torque acts to transfer angular momentum 
and energy from the planet's rotation into 
the satellite's orbital revolution. The excess 
planetary spin energy is dissii.~ated as heat 
in the planet's interior. As a familiar exam- 
ple, the Earth 's  rotation is gradually slowing 
down while the lunar semimajor axis is 
expanding. In addition to affecting the 
satellite's semimajor axis, the frictionally 
retarded tides on the planet also produce 
secular changes in eccentricity, inclination, 
and obliquity. As we are particularly inter- 
ested in the changes of eccentricity, we shall 
briefly describe the mechanism by which 
they are produced. 

The tidal torque on a satellite which 
moves in an eccentric orbit is larger at 
pericenter than at apocenter. For  this rea- 
son, we may  approximate the total addition 
of angular momentum to the satellite orbit 
by one impulse at pericenter and by another, 
somewhat smaller impulse at apocenter. Due 
to the periodic nature of bound orbits in an 
inverse-square-law force field, it is evident 
that  an impulse at pericenter increases the 
apocenter distance without altering the 
distance to pericenter. Similarly, an impulse 
at apocenter increases the pcricenter dis- 
tance but doesn't affect, the distance Co 
apocenter. Because the larger impulse occurs 
at pericenter, the net effect of the ~idal 

torque is to increase the eccentricity, as 
well as the semimajor axis, of the sateIlite's 
orbit. The tangential component of force 
on the satellite, which is responsible for the 
tidal torque, is not the only component 
which affects the eccentricity. The radial 
component also plays a role in this process. 
Consider the situation where the satellite's 
orbital period just equals the planet's 
rotation period. High tide on a perfectly 
elastic planet would occur when the satellite 
was at pericenter. In reality, the maximum 
occurs some time after pericenter due to 
dissipation in these radial tides. Now con- 
sider the more usual case of relative rotation 
between the planet and satellite: the tides 
still retain a periodic radial component, pro- 
vided e ~ 0. Although this component in- 
volves no net torques that  transfer angular 
momentum between the planet and satellite, 
it nonetheless dissipates mechanical energy 
of the system. Because they decrease the 
orbital energy without changing the orbital 
angular momentum, the radial tides must 
diminish the eccentricity of the relative 
orbit. The net change in eccentricity, due to 
both the tidal torque and the radial forces, 
may be shown to be positive if the planet 
rotates much faster than the satellite 
revolves in its orbit. For  constant Q, the 
planet's spin rate must be at  least 50% 
faster than the satellite's mean motion in 
order that  the eccentricity be increasing. 

Up to now we have discussed the tides 
raised by a satellite on its planet. Tides 
raised on a satellite by its planet work to 
retard the satellite's spin (e.g., the Moon's 



Experimental	  studies	  

21	  13/10/08	  

Jackson	  (2009)	  
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AnelasYcity	  (Q)	  and	  water	  

“wet”	  

“dry”	  

Aizawa	  et	  al.	  (2008)	  



Formula'on	  based	  on	  micro-‐physics	  of	  Q	  

•  “Power	  law”	  	  
•  Maxwell	  Yme	  scaling	  

– analogy	  with	  creep	  (Karato	  (1995,	  2003),	  McCarthy	  et	  al.	  (2011))	  

– experimental	  support	  (Jackson	  (Faul,	  Aizawa);	  Takei;	  Cooper)	  

•  “anchored	  value	  approach”	  

13/10/08	   23	  
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Qo (= 80) :	  Q	  of	  the	  Earth’s	  	  asthenosphere	  
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Tidal	  Q	  suggests	  lunar	  interior	  has	  	  some	  water	  (similar	  to	  Earth’s	  
asthenosphere).	  
But	  the	  results	  depend	  on	  the	  assumed	  T	  (z)	  (no	  unique	  solu'on).	  

Q !CW
"rQ

Q(z)à	  QYde	  	  (for	  a	  given	  T-‐z)	   Qtide
!1 = Q!1 z( )" #W z( )dz



Constraining	  water	  content	  and	  temperature	  
using	  both	  conduc'vity	  and	  Q	  

13/10/08	   25	  

à Lunar	  mantle	  is	  cooler	  than	  Earth’s	  mantle,	  	  
but	  contains	  water	  similar	  to	  the	  Earth’s	  asthenosphere.	  

Earth’s	  asthenosphere	  



“not-‐so-‐dry”	  Moon	  	  
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Hydrogen	  is	  not	  much	  depleted	  in	  
the	  Moon	  relaYve	  to	  Earth.	  

H	  

H	  

à Moon	  forma'on	  process	  did	  not	  remove	  much	  water	  
(although	  much	  of	  water	  was	  lost	  during	  Earth	  formaYon)	  
à	  Why?	  (what	  is	  the	  difference	  between	  Moon	  and	  Earth	  formaYon?)	  
	  

Hydrogen	  is	  depleted	  in	  Earth	  
(relaYve	  to	  CI	  chondrite).	  
	  



	  
Why	  wasn’t	  much	  water	  lost	  during	  the	  Moon	  formaYon	  
(although	  much	  water	  was	  lost	  during	  Earth	  formaYon)?	  
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Although the mechanism by which the Moon was formed is currently unknown, several lines of evidence point to its
accretion from a circumterrestrial disk of debris generated by a giant impact on the Earth. Theoretical simulations
show that a single large moon can be produced from such a disk in less than a year, and establish a direct relationship
between the size of the accreted moon and the initial configuration of the debris disk.

Many models have been proposed for formation of the Moon1, but
no one has succeeded in showing the formation satisfactorily. The
popular ‘‘giant impact’’2,3 model states that a Mars-sized proto-
planet hit the proto-Earth and generated a circumterrestrial debris
disk from which the Moon accreted. This model has been favoured
as it may well account for the dynamical and geochemical char-
acteristics of the Moon (large angular momentum of Earth–Moon
system, depletion of volatiles and iron). Many hydrodynamic
simulations (a smoothed particle method) have modelled the
impact process4–7. They calculated the impact between two large
protoplanets with iron cores and silicate mantles and followed the
orbital evolution of the debris after the impact for short timescales
(on the order of a few orbital periods). It is found that an impact by a
Mars-sized body usually results in formation of a circumterrestrial
disk rather than direct formation of a clump. (This trend is most
clear in recent simulations5–7.) The disk mass is usually smaller than
2.5ML, where ML is the present lunar mass (0.0123M�; M� is the
Earth mass). Most of the disk material is distributed near or interior
to the radius aR of the Roche limit (�2.9R�, where R� is the radius
of the Earth) if the orbital angular momentum of the impact is 1–2
JEM, where JEM is the angular momentum of the present Earth/Moon
system. Within and near the Roche limit, the tidal force of the Earth
inhibits accretional growth.

In contrast, little has been done to simulate the accretional
process of the Moon. The only published accretion calculation is
that of Canup and Esposito8 with a gas dynamic approach. They
approximated disk particles as particles in a box and tracked the
evolution of the mass distribution function at individual regions of
the disk, modelling velocity evolution, accretion and rebounding of

the disk particles. They showed that, in general, many small moon-
lets are formed initially rather than a single large moon and
concluded that the simplest way to form the present-sized moon
is to begin with at least a lunar mass of material outside the Roche
limit. However, in gas-dynamic calculations it is difficult to
include non-local effects such as radial migration of the disk
material and global interaction between formed moons and the
disk. The importance of the radial diffusion out from the Roche
limit has been pointed out through analytical argument9.

Here we perform directly N-body simulations, which automati-
cally include non-local effects, to investigate global lunar accretion
processes. The sequence of accretion of the moon from an impact-
generated disk might be as follows8,10 (see Fig. 1). Initially, the disk
would probably be a hot, silicate-vapour atmosphere/torus6,7. Solid
particles condense owing to cooling of the disk, possibly after some
radial migration10. Subsequent collisions and fragmentation of the
particles would damp initially large orbital eccentricities and
inclinations of the particles to moderate values in a few orbital
periods. Our simulations start from this stage and follow the
collisional evolution to a moon(s). On a longer timescale, one or
more formed moons gradually migrate outwards by tidal inter-
action with the Earth8,10, sweeping remnants. We do not pursue such
long-term evolution here.

We present the results of 27 simulations with different initial disk
conditions. We found that a single large moon, rather than multiple
moons, is usually formed at similar distance from the proto-Earth in
100–1,000 orbital periods (about a month to a year). We also found
that the final moon mass is mostly determined by a simple function
of initial total mass and angular momentum of the disk. To estimate

Figure 1 Schematic illustrationsof the formation of the Moon by a giant impact: a,

a Mars-sized body’s impact on the proto-Earth; b, a hot, silicate vapour

atmosphere/torus; c, a solid particle disk from which one or more moons

accrete; d, outward migration of the formed moon(s) by tidal interaction with the

Earth. We adopted stage c as the initial conditions for N-body simulations. The

particle disk is modelled as follows. The disk consists of solid particles with a

power-law size distribution as nðmÞdm � m� p
dm, where m is mass of the

particles. The surface density of the disk is given by SðaÞ � a� q
for

0:35aR � a � amax, where a is the semimajor axis. The orbits of the disk particles

are integrated bya fourth-order hermitian integrator
16

with a hierarchical individual

time step
17
, calculating all gravitational interactions between the particles, in

geocentric cartesian coordinates. We take out particles from the system if they

collide with the Earth or are scattered into hyperbolic orbits. We adopt the

accretion criteria of Canup and Esposito
11

(see text).

! cooling

! accretion

FormaYon	  of	  the	  Moon	  occurred	  in	  the	  much	  smaller	  space	  than	  the	  	  
formaYon	  of	  Earth	  in	  the	  solar	  nebula.	  
à	  high-‐pressure	  vapor	  (liquid	  condensa'on?),	  short	  accre'on	  'me	  

Condensed	  materials	  
(liquids	  dominate?)	  

Lunar-forming impacts 441

Fig. 2. Continued.

Figures 3c–3e show a mapping of final particle state
(escape, orbiting, or in planet) onto the original objects
(Figs. 3c–3d), and the objects just after the initial impact
(Fig. 3e); here yellow–green particles are those that com-
prise the final disk, red particles escape, and blue particles
are accreted by the planet. Most of the material that ends
up in orbit originates from the leading face of the impactor
that was just exterior (e.g., at greater radial distance from
the center of the target) to the primary impact interface.
A region of escaping particles on the impactor just below
this region is associated with the front edge of the initial
impact site, which from Figs. 3a–3b is shown to be highly-
heated/vaporized material; this is likely a result of “jetting”
(e.g., Vickery and Melosh, 1987) from the initial oblique im-

pact. Figure 3f shows the instantaneous particle temperatures
at the time step shown in Fig. 3e; only particles within a
4000-km slice centered on the z = 0 plane are plotted, to-
gether with vectors whose length is proportional to particle
velocity. From the velocity vectors in Fig. 3f, it can be seen
that the leading material in Fig. 3e that eventually escapes
has been significantly accelerated as a result of the initial
impact (e.g., the highest magnitude velocity at this time is
! 14 km/sec, vs. an impact velocity ! 9 km/sec).
Comparison of Fig. 3d with the temperature map in

Fig. 3b shows that the impactor material that eventually
comprises the orbiting disk is primarily the least thermally
heated of all of the material originally in the impactor, hav-
ing for the most part avoided direct impact with the pro-

13/10/08	   27	  



Moon-‐forming	  disk	  was	  at	  high-‐P	  à	  liquid	  phase	  
Liquids	  can	  dissolve	  a	  substanYal	  amount	  of	  water	  

	  
3424 S. Yoneda and L. Grossman 

Temperature (K) = 
1600 1800 2000 2200 2400 

2 

7 6.5 6 5.5 5 4.5 4 

. 1/T(K) x 10 4 

FtG. 5. The ranges of total pressure and temperature over which 
CMAS condensate liquids are stable in a system of solar composition. 
Liquid in and liquid out refer to the appearance and disappearance 
of liquid, respectively, upon isobaric cooling. Liq, liquid; V, vapor; 
Xls, crystalline phases. Other abbreviations as used previously. 

1.5 atm except for a progressive shift of  the equilibria to lower 
temperatures with decreasing total pressure, temperature gaps 
where liquids do not exist which widen with decreasing P " ' ,  
and small changes in the relative temperatures of  the inflection 
points as the sequence of  appearance of  solid phases with 
falling temperature changes slightly with decreasing P"'.  Ex- 
amples of  the latter at 1 atm are the break in the rate of fall 
of the A1203 content where melilite precipitates (b) at 1821 K, 
the crystallization of  spinel at the temperature at which the 
liquid first disappears, and the complete melting of melilite 
(d) at the temperature at which the liquid reappears. At P "  
= 0.3 atm, the liquid first disappears when melilite, rather 
than spinel, crystallizes from it, with spinel forming in the 
absence of  liquid at a temperature above that at which the 
liquid reappears. As p,o, falls, truncation of  the increase in 
MgO content of  the liquid with falling temperature by con- 
densation of forsterite occurs at progressively lower MgO 
concentrations, causing the low-temperature parts of  the MgO 
and CaO curves to come closer together until, at 0.1 atm, the 
CaO contents of  the liquids are higher than the MgO contents. 

These liquids are highly non-ideal. Using the liquids which 
form at 1 atm as examples, the activity coefficients for CaO, 
MgO, A1203, and SiO2 are 3.3 x 10 ~, 0.21, 0.35, and 4.5 
! 10 2, respectively, relative to pure liquid oxides at 1991 K, 
the temperature of  initial condensation of  liquid. When the 
liquid disappears due to precipitation of  spinel and melilite at 
1781 K, the activity coefficients are 7.1 ! 10 4, 0.17, 0.27, 
and 0.11, respectively. They are 3.5 ! 10 4, 5.1 ! 10 2,0.19, 
and 0.25, respectively, when forsterite condenses at 1717 K 
and 1.2 ! 10 -s, 9.6 ! 10 3, 4.0 x 10 2, and 1.01, respec- 
tively, when the liquid disappears due to precipitation of  fas- 
saite and plagioclase at 1526 K. 

The variation of  XAk in melilite with temperature is shown 
at different total pressures in Fig. 7. At all pressures, XAk is 
lowest in the highest-temperature melilite to form, rises 

steadily with falling temperature, and reaches a maximum at 
a temperature just above the temperature of melilite disap- 
pearance. In all cases, the maximum XAk reached increases 
with the width of the temperature interval for melilite stability. 
With increasing total pressure, the latter increases up to O.l 
atm and then decreases, the reversal being due to the fact that 
melilite disappears by reaction with the gas to form either 
fassaite or rankinite at P'"' - 1 x 10 2 atm but by a different 
mechanism, dissolution in condensate liquids, at higher pres- 
sures. As a result, the maximum XAk increases from 0.13 at 1 
atm to 0.57 at 0.1 atm and then decreases to 0.16 at 1 ! 10 *' 
atm. The fiat top on the curve for 1 x 10 2 atm is due to the 
coincidental coexistence of both spinel and forsterite with 
melilite, making the XAk/Xc,,. ratio of  the latter almost constant 
over a small temperature range at this ptot. The unusually 
large gap between the curves for 1 X 10- 2 and 0.1 atm is due 
to our use of the thermodynamic data of Berman (1983) for 
5kermanite at P~"' ----- 0.1 atm, where liquids are stable, and of  
the data of  Charlu et al. ( 1981 ) at lower pressures. The added 
stability of ~kermanite in Berman's  data shifts all the high- 
pressure curves higher by about 15 K. 

The variation of the composition of  high-temperature, A1- 
rich spinel with temperature is shown at different total pres- 
sures in Fig. 8b and d. The form of the variation of the molar 
Fe/Fe + Mg ratio with temperature is different at different 
total pressures, due entirely to the pressure-dependent varia- 
tion of  the relative condensation temperatures of the metal 
alloy, spinel, and forsterite. At P~'" -> 0.1 atm, the ratio is a 
maximum at the initial formation temperature of spinel, falls 
rapidly with decreasing temperature as co-condensing metal- 
lic iron removes Fe from the gas, then increases gradually 
with decreasing temperature after forsterite condensation be- 
gins to remove significant Mg from the gas. With increasing 
P'" ' ,  the fraction of  the Fe already condensed as metal prior 
to spinel formation increases steadily, causing the initial mo- 
lar Fe/Fe + Mg ratio in the spinel to fall from 1.7 x 10 3 at 
0.1 atm to 1.1 x 10 3 at 1.5 atm. In this pressure range, the 
minimum and final molar Fe/Fe + Mg ratios are 3 .7-4.5 
x 10 4 and 5 .6-6 .3  x 10 4, respectively. At 1 x 10 2 and 
1 x 10 3 atm, Al-rich spinel condenses at a higher tempera- 
ture than metallic iron. The resulting curves are similar to 
those at higher pressures except for the addition of high-tem- 
perature segments in which the molar Fe/Fe + Mg ratios fall 
gradually with decreasing temperature due to formation of 
MgAI204 as a by-product of  Mg enrichment of melilite. In the 
pressure range of 1 x 10 ~ to 1 x 10 6 atm, the final Fe/Fe 
+ Mg ratio is higher than the initial one. At high temperature, 
the ratio falls with decreasing temperature due to the melilite 
reaction, then rises after forsterite condensation begins to con- 
sume Mg. At 1 x 10 4 atm, forsterite and metallic iron con- 
dense at almost the same temperature, but iron condenses after 
forsterite at lower pressure. At 1 x 10 4 and 1 x 10 5 atm, 
the relative rate of  condensation of  Mg in forsterite is faster 
than that of Fe in the alloy, allowing the Fe/Fe + Mg ratio of 
coexisting spinel to continue to rise with falling temperature 
after metal alloy condensation. At 1 ! 10 6 atm, spinel dis- 
appears prior to metallic iron condensation. The initial, min- 
imum, and final molar Fe/Fe + Mg ratios vary from 6.0 
! 10 4, 4.9 ! 10 4, and 7.1 ! 10 4 respectively, at 1 

Yoneda-‐Grossman	  (1995)	  

Solar	  nebula	  

Moon-‐forming	  disk	  
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Cooling	  and	  accreYon	  Yme	  scale	  
(in	  order	  to	  keep	  water,	  accreYon	  must	  be	  quick)	  
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the final moon mass, we do not need to know the details of initial
mass, size and velocity distributions of the disk particles. The
predicted moon mass from the disks obtained by the previous
impact simulations might be as large as the present lunar mass in
some cases. However, we cannot make a definitive conclusion at
present, as the previous impact simulations did not provide enough
data about the disk angular momenta. Improved simulations are
needed to provide total mass and angular momentum of the disk.
The combination of more refined N-body and impact simulations
would clarify whether a giant impact could indeed have produced
the Moon or not.

Model description
We simulated the formation of a moon from a (three-dimensional)
circumterrestrial debris disk initially consisting of 1,000–2,700
particles with mass m � 10 � 5 to 10!2

ML (see Fig. 1), assuming
that solid particles had condensed and attained such sizes through
accretion. (In the inner part of the disk, the particles might remain
very small, as accretion becomes increasingly inhibited inside the
Roche limit. Furthermore, the disk material might remain liquid
owing to the longer cooling time in the inner part. We will comment
on these effects later.)

We calculated disks with as many different initial conditions as
possible, as we do not have enough knowledge about disk con-
ditions after the vapour/liquid phase and initial collisional
evolution. The parameters we examined are summarized in
Table 1, where we show 19 runs of the 27 simulations for which
we retained detailed output data. As shown below, the final outcome
of accretion has only a weak dependence on the details of conditions
of a starting disk. We scale the orbital radii by the Roche radius
defined by aR ¼ 2:456ðr�=rÞ1=3

R� where (r�/r) is the ratio of the
internal density of the Earth to that of the disk particles. For disk

particles with r ¼ 3:34 g cm � 3 (the bulk density of the Moon), aR is
located at about 2.9R�. Using aR, the physical radii of disk particles
with mass m are given by R ¼ ð1=2:456Þðm=M�Þ1=3

aR, independent
of (r�/r).

Near the Roche radius, tidal forces of the proto-Earth affect
whether colliding particles rebound or accrete. Within �0.8aR,
tidal forces preclude accretion, whereas in the transitional zone,
0.8–1.35aR, limited accretional growth can occur11. Exterior to
this zone, accretion is largely unaffected by tidal forces. This
transitional zone will be referred to as the Roche zone. We adopt
here the accretional criteria of Canup and Esposito11, which include
this transition in addition to the impact velocity condition that,
for accretion, the calculated rebound velocity must be smaller
than some critical value corresponding to the (mutual) surface
escape velocity11. If the colliding bodies in our simulation satisfy
the criteria, we produce a merged body, conserving momentum.
If not, the bodies rebound with given restitution coefficients
(Table 1).

Characteristics of moon accretion
Below we present the results from several of the 27 disk simulations
that were calculated. In most of the simulations, a single large body
is formed near the Roche radius. In Figs 2 and 3, we show snapshots
of the results for the disks with initial mass Mdisk ¼ 0:03M�

(¼ 2:44ML). The unit of time is the kerplerian rotation time at
aR, which is �7 h; t ¼ 100 realistically corresponds to 1 month.
Figure 2 shows a centrally confined disk case (run 4 in Table 1) in
which the semimajor axes of all the particles are initially within the
Roche radius, whereas Fig. 3 is a rather extended disk case (run 9).
The extension of a disk is indicated by Jdisk/Mdisk, where Jdisk is the
total angular momentum of the starting disk. For the disks in Figs 2
and 3, Jdisk/Mdisk are 0:692 GM�aR and 0:813 GM�aR, respectively.

articles
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Figure 2 Snapshots of disk particles plotted in geocentric cylindrical coordinates

(r; z). (Particles at negative z are plotted at z jj .) The units of length and time are

the Roche limit radius, aR, and Kepler time, TKep at aR (�7h). The solid and dotted

circles are disk particles and the Earth, respectively. The sizes of the circles

indicate physical sizes. The snapshots here are the result of run 4 in Table 1. The

mean specific angular momentum, Jdisk/Mdisk, is initially 0:692 GM�aR. At

t ¼ 1,500 the moon has mass 0.40ML, semimajor axis 1.20aR, eccentricity 0.09

and inclination (radian) 0.02. The second body’s mass is only 0.025ML. The

masses ejected from the system (M�) and that hit the Earth are 0.026ML and

1.95ML, respectively.

Figure 3 The same snapshots as in Fig. 2 but for run 9 of a more extended disk

(Jdisk=Mdisk ¼ 0:813 GM�aR). At t ¼ 1,000 the largest moon mass is 0.71ML.

t=1000~1	  year	  
(Ida	  et	  al.	  ,	  1997)	  

Cooling	  Yme-‐scale~	  30	  year	  
(Desch-‐Taylor,	  2011)	  

à 	  Cooling	  Yme	  scale	  is	  longer	  than	  accreYon	  Yme	  scale	  
à 	  Accreted	  materials	  are	  mostly	  liquids	  
à 	  IniYal	  materials	  for	  the	  Moon	  are	  “wet”	  (not	  so	  “dry”).	  
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“Not-‐so-‐dry”	  Moon	  could	  be	  explained	  by	  a	  quick	  accreYon	  
model	  in	  the	  small	  space.	  
Can	  a	  giant	  impact	  model	  also	  explain	  other	  major	  geochemical	  
features?	  



Earth	  

Moon	  

Very	  similar	  Ti	  isotope	  composiYon	  	  
(Zhang	  et	  al.,	  2012)	  

Different	  Fe/(Fe+Mg)	  (higher	  Fe	  content	  
in	  the	  Moon)	  
(Khan	  et	  al.,	  2006;	  Kuskov-‐Kronrod,	  1998)	  

Earth	  Moon	  

Isotopic	  composi'on	  is	  very	  similar	  between	  the	  Moon	  and	  Earth	  à	  from	  the	  same	  materials	  
Major	  element	  composi'on	  is	  not	  similar	  à	  some	  fracYonaYon	  (without	  isotopic	  fracYonaYon)	  

	   	   	  How	  can	  we	  explain	  these	  two	  apparently	  conflic'ng	  observa'ons?	  
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Giant	  impact	  and	  the	  composi'on	  of	  the	  Moon	  

Canup	  (2004)	   Cuk-‐Stewart	  (2012)	  

Problems	  with	  previous	  models	  
1.  Most	  of	  materials	  are	  from	  the	  impactor.	  Only	  in	  a	  small	  parameter	  space	  
(with	  unreasonably	  high	  impact	  velocity)	  one	  can	  have	  composiYon	  similar	  	  
to	  Earth	  (by	  chance?).	  
2. 	  Does	  not	  explain	  difference	  in	  the	  major	  element	  composiYon.	  
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Terrestrial	  magma	  ocean	  origin	  of	  the	  Moon?	  

•  Similarity	  in	  isotope	  composiYon	  but	  lower	  Mg#	  
(higher	  FeO)	  than	  Earth	  à	  Moon	  from	  the	  magma	  
ocean	  of	  the	  proto-‐Earth?	  

•  Is	  this	  a	  physically	  plausible	  model?	  

– Physics	  of	  shock	  hea'ng	  
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Collision	  à	  pressure,	  volumetric	  strain	  
liquid-‐solid	  collision	  leads	  to	  the	  large	  compression	  of	  liquid	  
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Liquid	  is	  more	  heated	  than	  solid	  

Large	  volumetric	  strain	  
NegaYve	  q	  (the	  Grüneisen	  parameter	  becomes	  large	  at	  high	  compression).	  

dT = ! T"
V + 1

2C#
P ! Po( ) + Vo !V( ) dPdV$% &'{ }dV
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Fate	  of	  ejected	  materials	  

x = h
R!
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A:	  escape	  
B:	  orbiYng	  Earth	  à	  Moon	  
C:	  re-‐impact	  



Probability	  of	  ejected	  materials	  to	  go	  to	  the	  proto-‐Earth	  
surrounding	  orbit	  (case	  B)	  

x = h
R!

Stevenson	  (1987)	  

Gaseous	  phase	  expands	  (large	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  )	  	  
	  
à	  more	  chance	  to	  get	  into	  the	  proto-‐Earth	  surrounding	  orbit	  
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Conclusions	  

•  Mineral	  physics	  (+	  geophysics)	  helps	  understand	  the	  
composi'on	  and	  the	  origin	  of	  the	  Moon.	  

•  Water	  content	  in	  the	  lunar	  mantle	  
– Geophysical	  obs.	  +	  mineral	  physics	  	  
à the	  Moon	  is	  as	  “wet”	  as	  Earth	  
à	  quick	  accreYon	  compared	  to	  cooling	  Yme-‐scale	  

•  Collisional	  heaYng	  
– Mineral	  physics	  +	  thermodynamics	  à	  heaYng	  the	  pre-‐
exisYng	  magma	  ocean,	  not	  much	  heaYng	  on	  solid	  part	  

à	  the	  Moon	  from	  the	  magma	  ocean	  of	  the	  proto-‐Earth	  ?	  
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Aoer	  a	  giant	  impact,	  pre-‐exisYng	  magma	  ocean	  
vaporized	  à	  volume	  expansion	  

Melosh	  (2007)	  
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Why	  don’t	  you	  look	  around	  
any	  other	  places	  with	  your	  own	  torch?	  

Its	  so	  dark	  
elsewhere	  

?	  



Q-‐z	  models	  for	  a	  given	  T-‐z	  
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IniYally	  condensed	  materials	  will	  be	  liquid	  phase	  if	  P	  is	  high	  
à	  how	  high	  is	  the	  pressure	  of	  the	  Moon	  forming	  disk?	  
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Fig. 3

H2-‐rich	  gas	  No	  H2	  

à	  Liquid	  stability	  region	  expands	  with	  hydrogen	  
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Tidal	  Q	  suggests	  lunar	  interior	  has	  	  some	  water	  (similar	  to	  Earth’s	  
asthenosphere).	  
But	  the	  results	  depend	  on	  the	  assumed	  T	  (z)	  (no	  unique	  solu'on).	  

Q !CW
"rQ

Q(z)à	  QYde	  	  (for	  a	  given	  T-‐z)	   Qtide
!1 = Q!1 z( )" #W z( )dz
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My	  encounter	  with	  Kumazawa-‐san	  

•  From	  the	  book	  by	  Shimazu	  (1967)	  
•  MeeYng	  in	  Nagoya	  (1974?)	  
•  MeeYngs	  in	  Tokyo	  (mid	  1980’s)	  

– Discussions	  on	  high-‐P	  deformaYon	  apparatus	  

•  At	  Albany	  (2008)	  
– At	  Miyashiro’s	  home	  with	  Shige	  Maruyama	  
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Tidal	  dissipaYon	  and	  depth-‐dependent	  Q	  
'dal	  Q	  is	  sensi've	  to	  mid-‐mantle	  proper'es	  
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WeighYng	  funcYon	  

weighYng	  funcYon	  =	  (strain	  energy)*(volume)	  
Peale-‐Cassen	  (1978)	  

Qtide
!1 = Q!1 z( )" #W z( )dz
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Fig. 4. Post-impact state of protoearth and disk from simulation shown in Fig. 2. (a) Temperatures within a 2000-km thick slice through the protoearth, parallel

with and centered on the equatorial plane of the planet; (b) same slice as shown in (a), but here color scales with the source object of the material, withred

particles originating from the impactor and blue from the target; (c) same slice as in (a), but color scales with material type, with iron particles in red and

dunite particles in blue; (d) the entire protoearth and disk, with color scaling with material type (iron vs. dunite) as in (c).

2000). Figure 5b shows numerical spreading times calcu-

lated for individual disk particles from Eq. (3); the shortest

characteristic times are ! 30 hours.

Figure 6 shows the final particle temperatures vs. instan-

taneous radial position for dunite (black) vs. iron (red). In

the final protoearth, rock temperatures are in the 2000 to

10,000 K range, with iron from the impactor reaching much

higher temperatures of tens-of-thousands of degrees K. The

disk rock has temperatures ranging from 2500 to 5000 K;

some of the disk iron is significantly hotter, with tempera-

tures in excess of 10,000 K in the inner disk.

4.2. A disk-moon producing impact

Figure 7 shows an N = 120,000 particle simulation with
a somewhat larger impactor with ! = 0.15, and a slightly
reduced total mass of MT = 0.95M". The impact angular

momentum is L = 1.26LEM, vimp = vesc, and b# = 0.726.

A very similar impact sequence results as in Fig. 2, with

an inner clump composed primarily of the iron core of the

impactor undergoing a second impact with the protoearth

(Fig. 7b). However, in this case, the outer clump remains

largely intact on a Roche-exterior orbit, yielding a final

moon-disk system.

At the end of the Fig. 7 impact, the bound planet-disk

system has an angular momentum of LF = 1.21LEM, the

mass of the central planet is 0.924M", and its rotational
day is about 4.2 hours with J2 $ 0.035. A total mass of

Me = 0.28ML has escaping orbits. The orbiting disk, de-

scribed by 4800 particles, contains 1.82ML,2.2% iron, and

an angular momentum of LD = 0.363LEM. Of the mass

having equivalent orbits exterior to aR (1.42ML), 86% orig-

inated in the impactor, 12% is vapor, and < 1% is iron. For

Lunar-forming impacts 445

Fig. 5. Properties of the disk particles at the end of the simulation shown in

Fig. 2. (a) Particle eccentricity vs. semi-major axis (computed assuming a

keplerian orbit); curves of constant periapse are shown at 1.1 planetary radii

(thick line) and the Roche limit (thin line); (b) numerical viscous spreading

timescales from Eq. (3) computed for individual orbiting particles as a func-

tion of semi-major axis.

material with equivalent orbits interior to aR(0.4ML),80%

is from the impactor, 16% is vapor, and 9.1% is iron. Us-

ing Eq. (1) with (Mesc/MD) = 0.05, the predicted mass of

the satellite that would accrete from this disk is equal to the

total disk mass. This is because there is sufficient angular

momentum in the disk to have all of the disk mass orbiting

in a single moon with a = 1.2aR. However, this case is an

example of a high angular momentum disk that exceeds the

range considered to date by accretion simulations; for such

a disk the assumptions of (Mesc/Md) = 0.05 and a = 1.2aR

may no longer be valid (e.g., Kokubo et al., 2000, Fig. 9).

We estimate the largest clump (Fig. 7e) contains 61%

of a lunar mass and is described by about 1700 SPH par-

ticles. The tendency for the formation of large intact clumps

as a direct result of the impact has been found previously

(e.g., Cameron and Benz, 1991; Cameron, 2000). For ex-

ample, the N = 3000 particle simulation shown in Cameron

and Benz (1991, their Fig. 2 and run DE11) had ! = 0.14,

L = 1.3LEM, vimp = vesc, and b! = 0.74, and produced a

disk containing 1.4 lunar masses, including a single clump

Fig. 6. Temperature vs. instantaneous radial position for all of the particles

at the end of the simulation in Fig. 2. Red particles are iron; black are dunite.

containing 0.86ML described by 32 SPH particles. Although

the time sequence in Fig. 7 has a quite different morphol-

ogy than that of DE11, the basic similarity in outcomes is

striking given the nearly two orders of magnitude differ-

ence in disk resolution. Similar outcomes to that of Fig. 7

were also found for some of the medium resolution runs in

CA01 utilizing the Tillotson EOS. Thus the direct forma-

tion of large clumps for certain impacts has been observed

over a wide range in resolution, and for all of the previously

utilized equations of state (ANEOS, M-ANEOS, and Tillot-

son). However, as a cautionary reminder we note that these

results have all been derived using SPH, which as a method

is known to be capable of producing spurious clumping (e.g.,

Imaeda and Inutsuka, 2002).

4.3. Properties of successful impacts

Table 1 lists properties of 47 “successful” lunar-forming

impacts, defined as those that leave iron-poor disks with

a predicted satellite mass ! ML from Eq. (1). The suc-

cessful impacts involved impactor-to-total mass ratios rang-

ing from 0.11 to 0.15, an impact occurring very late in

Earth’s accretion with MT ! 0.95M", impact velocities of
1.0" (vimp/vesc) " 1.1, and impact parameters in the range

Canup	  (2004)	  
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Conclusions	  

•  Water	  content	  in	  the	  lunar	  mantle	  can	  be	  inferred	  from	  
geophysical	  observaYons.	  

•  Water	  content	  in	  the	  lunar	  mantle	  is	  similar	  to	  that	  of	  
the	  Earth’s	  upper	  mantle	  (~10-‐2	  +/-‐	  1	  wt%).	  

•  Not	  much	  water	  was	  lost	  during	  a	  giant	  impact	  because	  of	  
the	  small	  volume	  in	  which	  impact-‐induced	  materials	  
were	  ejected.	  	  

à 	  High	  P	  nebula	  (disk)	  à	  liquid	  phase	  condensaYon	  
à 	  fast	  accreYon	  à	  accreYon	  of	  liquids	  (with	  water)	  	  
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•  The	  Moon	  was	  formed	  from	  the	  magma	  ocean	  
of	  the	  proto-‐Earth.	  à	  similarity	  of	  isotopic	  
composiYon,	  dissimilarity	  of	  the	  major	  
element	  chemistry	  (e.g.,	  Mg#)	  

•  The	  condensaYon	  in	  the	  Moon-‐forming	  disk	  
was	  gas	  à	  liquid	  (not	  gas	  à	  solid).	  

•  The	  Moon	  was	  formed	  before	  a	  majority	  of	  
liquid	  solidified.	  

Implica'ons	  
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