Table 1. Values for gases in water calculated for conditions at the surface and for a depth
of 10 km, on the assumption that both the concentration and partial pressure are affected

by depth.
. Relative
Partial pressure : i
of gas (atm) M /partial concefnttatlon rzsasr;;?of
Gas B Y molal volume o e gpas in water
At At (mole/ml) At At at a depth of
sur- 10 sur- 10 10 km (atm)
face km face km
He 1.0 117 4/29.7 1.0 0.35 14
0, 1.0 3.55 32/32 1.0 1.0 4.0
CO, 1.0 57 44/34.8 1.0 1.39 5.7

justs until the force of diffusion tending
to equalize the chemical potential (but
not the partial pressure) is just bal-
anced by the force of gravity. In water,
the partial pressure is a function not
only of the concentration but also of
the buoyancy of the gas. For He the
diffusion is downward, but the gravity
factor is upward, whereas the reverse
is true of CO,. For O, there is no buoy-
ancy factor because M is 32 and the
partial molal volume is 32 ml/mole. In
thermodynamics the molar free energy
or the chemical potential for any gas
is constant at complete equilibrium at
all depths, but the total chemical po-
tential becomes the sum of two terms,
one of which is the work done against
gravity (as by He) and the other is
the work done on the gas by gravity (as
on CO,). Thus the total chemical po-
tential is

w=u 4+ My 3)

where p' is the chemical potential and
My is the potential of the gravitational
field.

These considerations lead one to the
conclusion that the theoretical Teflon
tube experiment permits one to calcu-
late the partial pressure of any gas in
water at any depth (Table 1). If so,
then the chemical potential must also
be the same at depth in the Teflon tube
and in the water. Likewise, this relation
ought to be true for any fluid. In every
field there will be a certain solubility,
partial molal volume of the gas, and
density of the fluid for a given tempera-
ture, but somehow all these varying
factors must balance out to give the
same partial pressure of the gas that
one calculates for a gas-filled tube with
a membrane permeable only to that
one gas. Such a tube is approximated
by a Teflon tube when only one gas is
present. Permeability to water might be
a complicating factor, and for this rea-
son it is assumed in theory that the
membrane is permeable only to the
single gas in question. It seems a rather
large order to expect that such a
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“theoretical” Teflon tube could reach
equilibrium with the same gas in any
other fluid in much less than 108 years
and a depth of 108 cm, but otherwise
it would seem possible to use this ex-
periment for a perpetual motion
machine.

What is needed is a rigid thermo-
dynamic proof that the partial pressure
in the water at a given depth is actually
equal to the partial pressure in the gas-
filled Teflon tube. If this were not true,
there could be diffusion of the gas
either into the water or out and this
would constitute perpetual motion, I
have seen a proof of this kind provided
by thermodynamicists whom I have
consulted, and there have been many,
including Klotz, whose equation was
used above.

I would like to know what happens

outside the Teflon tube to “tell” the
water molecules how much harder they
will have to “squeeze” the O, to pre-
vent the O, in the tube from diffusing
into that long fanciful reservoir of oxy-
genated water. Actually, the water
would have to act on the few O, mole-
cules so that their partial pressure in-
creases exponentially from its sea-level
value (without any change in O, molar-
ity). In the O, tube the process is well
known, and the pressure increases be-
cause there is an increasingly higher
pressure of O, pushing down from
above. The O, in the O, tube is com-
pressed but the O, in the main tube
outside the Teflon tube is in a nearly
incompressible watery medium, and I
do not clearly understand the mecha-
nism required to bring about the nec-
essary rise in the partial pressure of the
0,. Nor do I clearly understand why
the effect of pressure is exponential and
rot linear.

WaLLAcE O. FENN*
Department of Physiology, University
of Rochester School of Medicine and
Dentistry, Rochester, New York 14620
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Lunar Crust: Structure and Composition '

Abstract. Lunar seismic data from artificial impacts recorded at three Apollo
seismometers are interpreted to determine the structure of the moon’s interior to
a depth of about 100 kilometers. In the Fra Mauro region of Oceanus Procel-
larum, the moon has a layered crust 65 kilometers thick. The seismic velocities
in the upper 25 kilometers are consistent with those in lunar basalts. Between
25 and 65 kilometers, the nearly constant velocity (6.8 kilometers per second)
corresponds to velocities in gabbroic and anorthositic rocks. The apparent velocity
is high (about 9 kilometers per second) in the lunar mantle immediately below

the crust.

With the successful recording of im-
pacts of the lunar module (LM) ascent
stage and Saturn (S-IV B) rocket by the
Apollo 12, Apollo 14, and Apollo 15
seismometers, discrete seismic phases
that can be interpreted in terms of a
velocity structure inside the moon have
become available. Travel times, ampli-
tudes, and wave shapes of compression-
al (P) waves have been obtained for
distances from source to receiver be-
tween A =67 km and A =357 km.
These data are inverted to determine
the seismic velocity structure in the
outer 100 km of the lunar interior. In
this report we briefly describe the data,

the inversion techniques, and the veloc-
ity model and its compositional signifi-
cance in the light of laboratory mea-
surements of velocities characteristic of
lunar and terrestrial rocks.

Data used in the study of the earth’s
interior have come from a large number
of earthquakes of all magnitudes and
from numerous artificial sources (such
as underground nuclear explosions) and
have been recorded at more than a
thousand seismic stations. In the case
of the moon the natural seismicity (the
number and energy of moonquakes) is
many orders of magnitude lower than
that of the earth (I). With only three
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stations it is not possible at this stage
to specify the epicenter coordinates,
focal depth, and time of origin of these
events with sufficient accuracy to use
them in structural studies. It has not
been possible to detect long-period sur-
face waves or free oscillations of the
moon from such small moonquakes.
Thus, we must rely on P waves from
six artificial impacts, as recorded by
three seismometers, for the study of the
lunar interior.

The locations of the three operating
stations and the impact points and
wave paths are shown in Fig. 1. In their
general characteristics all impact sig-
nals are similar. They are extremely
prolonged with gradual buildup of the
signal and long exponential decay of
the signal intensity. Typically, the dura-
tion of the signals is about 2 hours.
These characteristics, which are be-
lieved to be caused by intensive scat-
tering, have been discussed (2) and will
not be treated here. The signals corre-
sponding to the arrival of discrete seis-
mic phases can be identified in the
early parts of the records. These are
of most interest for our study.

The initial portions of the impact
seismograms are shown in Fig. 2. In
order to understand this figure, it is im-
portant to keep in mind that the S-IV B
impact precedes the lunar landing and
thus is recorded by stations operating
prior to the landing. The impact of the
LM ascent stage, which occurs after
the lunar landed mission is completed,
can be recorded with the instrument of
the same mission. Furthermore, the ki-
netic energy of a typical S-IV B impact

is about 13 times larger than that of a
typical LM impact. Hence, the signals
generated by S-IV B impacts have larger
amplitudes than those generated by
LM impacts. A change in the signal
characteristics from one record to
another at different distances such as
A =135, 172, and 357 km, is also ob-
served.

The travel times of first arrivals pro-
vide the most direct means of looking
at the lunar interior. For P waves
times are read from high-pass filtered
or unfiltered traces. Positive identifica-
tion of the signal is made by the linear
polarization of the particle motion. The
curve for travel time plotted against
distance shown in Fig. 3a is a compos-
ite of data for first arrival P waves and
later phases (surface-reflected PP and
PPP). Since both source and receiver
are at the surface of the moon, for
phases such as PP and PPP the times
can be plotted at equivalent distances
(one-half and one-third the distances
for first arrivals, respectively). The
overall characteristics of the travel times
indicate rapidly increasing velocities
near the surface. An intermediate zone
in which the velocity is nearly constant
and a high-velocity zone below this are
indicated by the two branches of the
travel time curve between 186 and 357
km. In addition to these, later arrivals
observed at 186 and 357 km indicate
the presence of very high velocity gra-
dients or discontinuities inside the
moon.

The amplitudes (Fig. 3b) provide
further evidence for velocity discon-
tinuities. Because the geometric focus-

ing, defocusing, and reflection of seis-
mic rays are controlled by the velocity
gradients (see ray paths in Fig. 3c), the
amplitudes are sensitive indicators of
rapid velocity variations. The data in
Fig. 3 come from both the LM and S-
IV B impact records. Since the sources
have different energies, the amplitudes
need to be scaled. We chose an empir-
ical approach for this purpose and re-
quired a smooth transition from LM
signal amplitudes to S-IV B signal am-
plitudes as a function of distance. This
required a correction (multiplication)
factor of 20 for LM amplitudes, a value
larger than the square root of the energy
ratios. However, since the angles of
impact (about 3° from the horizontal
for the LM and 62° or greater for the
S-IV B) and the sizes of the impacting
objects were different, it is reasonable
to assume that S-IV B impacts would
be more efficient generators of seismic
waves at frequencies below 1 hz. The
agreement between the theoretical
curves and the observed amplitude and
travel time data is good.

A more definitive approach to inter-
preting the lunar seismograms is to
compute their theoretical equivalents
(3). This requires, in addition to the
velocity structure inside the moon,
knowledge of the seismic source pulse
due to the impact and the exact impulse
response of the seismometer emplaced
at the surface on a very low velocity
regolith complex. To isolate the effect
of the velocity structure, one must
keep the other variables fixed. We
chose the three S-IV B impact seis-
mograms recorded at the Apollo 12

Fig. 1. (A) Location map showing the region (in frame) of the moon where most of the seismic observations have been madg.
Three operating seismic stations are shown as black triangles. (B) Enlarged picture showing the Apollo 12 and Apollo 14 seismic
stations, the impact points, and the seismic ray paths.
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station. This had the advantage of
keeping the instrument response fixed
while the distance from source to
receiver increased for three nearly iden-
tical impacts. Because of the low sig-
nal-to-noise ratios, LM impact seismo-
grams were excluded from matching.

The observed and computed seismo-
grams at distances A = 135,.172, and
357 km are shown in Fig. 4. The source
function was chosen such that at 172
km the seismograms were matched ex-
actly for the first 8 seconds. The gener-
al characteristics of the observed seis-
mograms change significantly from 135
to 172 km and again from 172 to 357
km. These are matched closely by the
theoretical seismograms.

The velocity model finalized on the
basis of the fit to the travel times, am-
plitudes, and synthetic seismograms is

shown in Fig. 5a. The main features of
the velocity profile are:

1) Very rapid increase at very shal-
low depths from 0.1 km/sec (4) at
the surface to about 5 km/sec at a
depth of 10 km. The details of the
model and whether the velocities in-
crease smoothly or stepwise in the up-
per 5 km cannot be resolved without
additional data at distances (A) closer
than 30 km.

2) A sharp increase (discontinuity)
at a depth of about 25 km.

3) A nearly constant value (about
6.8 km/sec) between 25 and 65 km.

4) A significant and discontinuous
increase at the base of the lunar crust
(65 km).

5) As determined from a single data
point correspondng to A =357 km,
very high apparent velocity (greater

than 9 km/sec) below the lunar crust.

From comparisons with the velocities
characteristic of the earth’s crust and
mantle, it is appropriate to define the
base of the “lunar crust” at the dis-
continuity at 65 km. Although this is
greater than the average thickness of
the earth’s crust, the jump of the veloc-
ity at this interface from about 7.0 to
9.0 km/sec is similar to the increase at
the Mohorovicic discontinuity. If hy-
drostatic pressure instead of depth is
used as the variable, the base of the
lunar crust occurs at a pressure of 3.5
kbar, which is reached at a depth of
10 km inside the earth.

The compositional implications of the
lunar velocity model can be explored
with the aid of high-pressure laboratory
measurements on lunar and terrestrial
rocks. Velocity measurements have been
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Fig. 2 (left). A composite illustration of vertical components of seismograms recorded from all artificial impacts. :I‘he notation
LM 14 at 14 means the LM-14 impact recorded at the Apollo 14 seismic station. The amplitude normalization sca}e is denoted by
dmax; to yield true relative amplitudes, seismogram amplitudes must be multiplied by this factor. The distance is in degrees; 1

degree = 30.3 km. Arrows indicate the first arrivals. Note the change of character of S-IV B seismograms with distance.

Fig.

3 (right). (a) Travel times and (b) amplitudes of P-wave pulses. Second arrival P denotes a pulse of relatively large amplitude
that arrives after P and is associated with a travel time cusp; PP and PPP are surface-reflected phases. The lines are theoretical
curves for the velocity model given in Fig. 5. Note the large amplitudes associated with travel time cusps. Digitization unit is
abbreviated D.U. (c) Seismic ray paths inside the moon, for a surface source and the velocity model shown in Fig. 5. Ray crqssings
correspond to multiplication of travel times. The high density of the rays indicates focusing of enmergy and hence large amplitudes.
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made for lunar soils, breccias, and ig-
neous rocks (5). Regardless of com-
position, 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 ef-
fects of porosity and microcracks. Lab-
oratory measurements on terrestrial ig-
neous rocks with about 0.5 percent
porosity have demonstrated this effect
(6).

From a comparison of the laboratory
data and the lunar velocity profile (Fig.
5), the following units can be identified:

1) Near the surface the extremely
low seismic velocities (starting at 0.1
km/sec) are similar to those of lunar
fines (soils) and broken rocks. The ve-
locity increases very rapidly as a result
of self-compaction under pressure. The
exact depth to the bottom of the lunar
regolith and brecciated and fractured
layer cannot be determined without ad-
ditional travel time data in the range
A=0.1 to 5.0 km.

2) Below a few kilometers the mea-
sured velocities characteristic of lunar
basaltic rocks fit the velocity profile to
a depth of about 25 km, the observed
values falling between those of rocks
10057 and 12065. The rapid increase
of velocity to a depth of about 10 km
can be explained by the pressure effect
on dry rocks having micro- and macro-
cracks. Whether this layer (to 25 km)
consists of a series of flows or fairly
thick intrusive basalt cannot be resolved
with our data. Nor is it possible to rule
out other compositions or rock types
that may have similar velocities in a
lunar environment.

Other data support our result for the
thickness of mare basalts. A model pro-
posed by Wood et al. (7) on the basis of
the densities and relative elevations of
basaltic mare and “anorthositic” high-
lands requires 25 km of basalt in the
mare for isostatic compensation to oc-
cur. The latest gravity data from Apol-
lo 14 observations fit a model of about
20 km of basalt filling in mascon basins
3.

3) The second layer of the lunar
crust (25 to 65 km) appears to be made
of competent rock. The increase in
pressure affects velocities very little (the
velocity at the bottom is about 7.0 km/
sec). The petrologic interpretation of the
velocity curve is not simple. It can be
seen in Fig. 5a that the velocities for
the available lunar samples do not fit
the observed curve. Thus, we must re-
sort to laboratory data on terrestrial
rocks [see (9) for compilations]. The
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— Observed
===~Theoretical

Fig. 4. Observed (solid line) and synthetic
(dashed line) seismograms for three S-IV
B impacts recorded at station 12. The
shapes and relative amplitudes of the
seismic pulses of first and later arrivals
change with increasing distance. At 357
km the first two peaks of the observed
seismogram are noise pulses and can be
identified as such in unfiltered seismo-
grams.

data plotted in Fig. 5b represent some
possible candidates. The observed veloc-
ity curve falls in the middle of the lab-
oratory data for gabbros and is close to
the anorthosite values. The lower bound

Velocity (km /sec)

for terrestrial pyroxenite is slightly high-
er than the observed curve. Eclogite
velocities are definitely higher than the
observed velocities, and eclogite cannot
be considered as a serious possibility.
Petrologic evidence (10) as well as ve-
locities favor a composition of anortho-
sitic gabbro or gabbroic anorthosite, al-
though other interpretations cannot be
ruled out. .

4) The discontinuity at a depth of
65 km is required to satisfy the ampli-
tudes, travel times, and seismogram
characteristics at A = 357 km. The ap-
parent velocity below this discontinuity
increases to about 9 km/sec. Although
this velocity is based on a single point
and is tentative until more seismic data
become available from future impacts,
the discontinuity represents a major
structural boundary, the interface of the
lunar crust and the mantle. If the high
velocity in the outer portion of the lu-
nar mantle persists, it cannot be
matched with terrestrial laboratory val-
ues. '

There are four petrologically feasible
candidates with relatively high seismic
velocities: (i) magnesium-rich olivine
(11); (ii) peridotite (12); (iii) ortho-
pyroxene, clinopyroxine, and olivine
plus spinel (I3); and (iv) a high-pres-
sure phase due to the transformation of
anorthosite to kyanite plus grossularite
plus quartz (I4). The seismic velocities
of the first three compositions are lower
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Fig. 5. Observed velocity profile (hatched

lines) and velocities characteristic of lunar

and terrestrial rocks measured in the laboratory as a function of pressure. (a) Lunar
rocks are identified by sample numbers. The curve for terrestrial basalts is an average
for basalts of the earth. (b) All the laboratory data are for terrestrial rocks. Two
curves for each rock type mark the typical lower and upper boundaries of its char-

acteristic velocities.
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than the observed apparent velocity.
The computed velocities for the high-
pressure phase (iv) could match the
observed velocities, but the nature of
this composition ctrongly depends on
minor constituents (14).

Any of the above petrologic models
implies a differentiated lunar mantle
whose composition must vary with
depth to satisfy the constraints of mean
density and moment of inertia. Thermal
evolution calculations (I5) imply that
the crust differentiated from the outer
400 km of the moon mostly within the
first 1.5 X 10° years of lunar history.
The structure of the mantle and the
extent of differentiation and layering
cannot be determined until additional
seismic data extending to greater dis-
tances (A) become available from fu-
ture missions.

Note added in proof: Seismic signals
from the Apollo 16 S-IV B impact were
recently recorded at Apollo lunar sta-
tions 12, 14, and 15. The time and
location of this impact were uncertain
due to a loss of tracking capability.
These parameters can be estimated,
however, from the arrival times of P
and S waves at the Apollo 12 and
Apollo 14 stations. The first detectable
motion at the Apollo 15 seismometer
(at a distance of 1095) indicates an
average velocity in the lunar mantle of
at least 8 km/sec near a depth of
130 km. Whether the high-velocity (9
km/sec) zone in the uppermost por-
tion of the mantle (reported above) is
a universal feature or not cannot be
determined from the new data.

The high frequencies (0.5 to 3.0 hz)
of compressional and shear waves ob-
served at station 15 from the latest
impact and also from deep moon-
quakes indicate the absence of high
attenuation, precluding widespread melt-

ing in the outer several hundred kilo-

meters of the lunar mantle.
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Crystal Structure of the Solid Electrolyte

(C;HsNH)Ag:Is at -30°C

Abstract. The crystal structure

of pyridinium hexaiodopentaargentate,

(C;H;NH)Ag;1,, is unique among those of the halide and chalcogenide solid elec-
trolytes in that face-sharing iodide octahedra as well as face-sharing tetrahedra
and face-sharing between octahedra and tetrahedra provide the paths for silver
ion transport. There are two formula units in a hexagonal cell, space group P6/
mcc (D%,). At —30°C, the lattice constants are a=11.97 =0.02, c=7.41 =0.01
A. The structure has three sets of sites for the silver ions. At —30°C two of
these sets are apparently filled with the ten silver ions per unit cell, while the
third set of tetrahedrally coordinated general positions is empty. Therefore, the
conductivity at this temperature is limited by the thermal excitation of the silver

ions into the empty tetrahedra.

It has been shown (I) that halide
and chalcogenide solid electrolytes with
ionic conductivities approaching those
of liquid electrolytes have cation-dis-
ordered structures and that these struc-
tures may be described as having net-
works of passageways resulting from
the face-sharing of anion polyhedra.
The number of polyhedra is usually sig-
nificantly larger than the number of
mobile cations.

In solid electrolytes based on a body-
centered cubic arrangement of anions
(for example, a-Agl) face-sharing tet-
rahedra only form the passageways for
the mobile cations, while in those based

on a face-centered cubic arrangement
of anions (for example, o-Ag,Hgl,)
the passageways involve face-sharing
between tetrahedra and octahedra (see
n.

In the more complex structure of
RbAgd; (2) and [(CHy)yNl,Agyslys
(3), the passageways are formed by
face-sharing tetrahedra. Each unit cell
of the former contains 56 such tetra-
hedra and an average of only 16 Ag+
ions; each unit cell of the latter contains
41 tetrahedra and an average of 13
Agt ions. In both cases, the passage-
ways are interconnecting and the equi-
librium distributions of Ag+ ions over
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