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Theoretieal seismic properties of the planet Mars are investigated on the basie of the various
meodels which have been proposed for the internal composition of the planet. The latest inter-
pretation of gravity field data (Reasenberg, 1977), assuming a lower value of the moment of
inertia, wonld require a less dense mantle and & larger core than previous models, Tf Mars ig
chondritic in composition, the most reasonable models are an mcompletely differentinted
H-chondrite or a mixture of H-chondrites and carbonaceous chondrites. Sejgmic profiles,
travel times, and free oseillation periods are coraputed for various models, with the aim of
establishing which seismic data is crucial for deciding smong the alternatives. A detailed
discussion is given of the seismic properties whieh could—in principle—help answer the follow-
ng two guestions: Is Mars’ core liquid or solid? Does Mass have s partially molten astheno-

sphere in ite upper mantle?

INTRODUCTION

The purpose of this paper is to provide
a number of seismic models of the planct
Mars, derived theoretically from various
recent models of the internal constitution
of the planet, and to examine what kind of
future seismic experiments could vield
answers to crueial questions concerning the
origin and state of Mars, namely, the
physical state of its core and the possible
existence of an asthenosphere involving
partial melting,

The study of the internal strueture of
Mars can be traced back to Jeffreys (1937),
who first proposed the existence of o dense
core, on the basis of astronomical observa-
tions of the oblateness of the planet. Little
further progress was made until 1965, when
the Mariner 4 fivby mission provided close
photographs of the surface. On the basis of
this early data, a similarity o the Moon
was inferred, leading to the idea of a
possibly nondifferentiated planet, its core,
if any, being very small (Binder, 1069).

In 1971, the Muariner 9 Orbiter experi-
meny yvielded a considerable amount of
new data, including the value of the sceond
harmonic of the gravity field:

Jo = (196 = 0.01) X 10~

(Lorell et al., 1972). Assuming hydrostatic
equilibrium, one could infer a value of the
normalized moment of inertis about the
polar axis

K =C/ME = 0.377.

This value was used by Anderson (1972)
to propose two models for the Martian
interior, hereaiter called Al and A2:

Model Al deseribes Mars as a mixture
of 75% ecarbonaceous and 259, ordinary
chondrites, totally differentinted.

Model A2 deseribes Mars as a partially
differentiated ordinary chondrite, some Te,
Ni, and a little T'e¥ remaining in the solid
mantle. Johnston ef al. (1974} computed two
possible models for the thermal history of
the planet, depending on an initially cool
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(0°C) or hot {500°C) accretion. Their
models {J1 and J2) differ by the presence
of an olivine-spinel transition in the “hot”
case (Model J2), which is absent from the
cool one. Their models have smaller and
denser cores than Anderson’s. These authors
alse disecuss the possible petrology of the
mantle and the possibility of partial melting
due to water in the upper mantle. Anderson
(1973) also discussed the possibility of
water in the interior of Mars. All four
models (A1, A2, Ji, J2) assume a liquid
core. Although Ringwood (1977) has re-
cently proposed that oxygen may be the
light alloying element in the Farth's core,
thiz requires temperatures larger than
1500°C which are improbable for Mars.
This leaves sulfur a strong ecandidate as the
light alloying element in Mars' core. A
liguid core is then likely (Anderson, 1971).
Although there remaing a controversy on
the existence of a Martian magnetic ficld
{Dolginov et al, 1972: Bogdanov and
Vaisherg, 1975}, an upper bound of 60y
has been propoged. According to Anderson
(1972), this low magnitic field may be due
to the small size and high resistivity of the
Mazxs core, compared to the terrestrial core.

Another important disecovery of the
Mariner 9 mission was the evidence for
tectonic activity on Mars (Masursky,
1973). Although no precise timetable of
the evolution of the planet s available yet,
evidence for tectonic and voleanic activity
has been confirmed by the 1976 Viking
missions. The nonhydrostatic shape of Mars
suggests that high stresses may be main-
tained in the lthosphere. The previous
interpretation of the gravitational field
constant Jy in terms of K is probably
erronegus, and lower values of K| resulting
from various models allowing for at least
partial isostatic compensation of the crust
bave been proposed. Binder and Davis
{1973) deseribe two models (hereafter Bl
and B2) corresponding to K = 4.376 and
K = (0.872, Both of these assume a solid
core, which in their opinion is necessary

518

to explain the absence of a substantial
magnetic fleld. Model Bl allows for a
spinel-postspinel transition in the deep
mantle, which is absent from mode] B2,
Reagenberg’s (1077) model of a spheroid
cloge to isostatic equilibrium with an extra
mass in the Tharsis area, yields X = (.2654
=+ 0.001 for the body which would result
from the relaxation of the rigidity support-
ing Tharsis. This helps reconcile the optical
and dynamieal Hattening data.

The question of the physical state
{iquid wvs soiid} of the Martian core i
still uonresolved. Similarly, it is not known
whether Martian voleanism orginates in
an upper mantle zone of partial melting,
as suggested by Johnston ef al. (1974),
Young and Bchubert {(1074) have shown
that the answers to both questions might
be related. One of the goals of the present
paper is fo examine which seismic experi-
ments can potentially vield angwers to these
crueinl  questions, 1t will be assumed
throughout the paper that seismie sources
exist on the planct.

In the first scetion we show that Reasen-
berg’s model (K = 0.3654) is still com-
patible with Anderson’s (1072} two postu-
lates concerning the composition of Mars,
i.e., an incompletely differentiated ordinary
{high iron) chondrite, or a mixture of
ordinary and earbonaceous chondrites. In
the second secltion, we use these models
to calculate seismic veloeity profiles, travel-
time $ables, and free oscillation periods.
In the third seetion, we disouss the specifie
properties of these models, in relation to
the physical state of the core, and the
possibility of a zone of partial melting in
the upper manile of the planet.

1. THE POSSIBLE COMPOSITION OF MARS,
REESULTING FROM REASENBERG'S
MODEL

In this scetion, we use Anderson’s (1972}
approach to investigate how Reasenberg’s
value (A = (.3664) congirains the possible
composition of the planet. In Fig. 1,
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Tria 1. Radiug and mass of the core v density
of the core for Martian models with either K = 0.377
(daghed Hpe) or K = 0.3654 (solid line), The dots
represent various chondrites (see text and Table I1)
under the assumption of total differentiation [as in
Anderson {1972, Fig. 1)

adapted from Anderson (1972), we plot the
density of the core, as a function of its
radius for both wvalues of K {0377 in
Anderson’s model ; §.3654 in Reasenberg’s).
Similarly, Table I is adapted from Ander-
son’s Table I. The assumption of a chon-
dritic composition for Mars leads to values
of the relative radius and mass of the core:

TABLE ¥

Paramuwrers ror Mars Moowrns, Assuming
K = (/ME* = (.3654

Core Mantle Core Core
radius density denaity INass
E/R pr (g/em®)  p. (g/cm¥) M. M
0.20 3. 450 34.322 0.07
0.25 3.444 19.809 (.08
0.36 3.437 13,344 (.09
0.35 3.427 10,026 G111
.40 3.415 8,145 0.14
0.45 3.401 (.895 0.17
0.50 3.382 6.250 .21
0.55 3.359 5.745 0.26
0.60 3.328 5.389 0.31

TABLE TX

Paravmrers ror Pore CrONDRITE
Pranerany Moberng

Choadrite type Mo/ M ™ m
{g/emd}  {g/cm3)
High iron, low metal {HIL) 0.11 5.95 3.88
Low iron, low metal (L1} ¢.10 .83 3.3%
Low izon kypersthene {1} 0.15 G.29 3.31
High iron (3 0.24 G.95 3.26

R.,/E = 0.50 and M,/3 = 0.21, The core
ig therefore larger than in previous modals.
This resuits directly from the lower value
of K. The density of the mantle is found to
be lower than in previous models : p, =~ 3.38
g/em?®, which is less than the density of the
gilicate phase of most ordinary chondrites.
Table 11 gives the fraction of core-forming
material (Fe, Ni, I'e8}, the density of the
siderophile fraction, and the density of the
silicate fraction for several classes of ordi-
nary chondrites. These figures are hased on
compositions given in Keil (1969), and on
the assumption that all the sulfur reporied
as I'ed 15 actually present in the potentially
core-forming sulfide form,

HEL {(high iron, low metal) chondrites
(ornasites), LL (low iron, low metal or
amphetorites) and I (low iron or hyper-
sthene-olivine) chondrites all have lower
amounts of potentially core-forming ma-
terial than is reguired for Mars in this
modal, although HL and LI have about
the right silicate density (3.38 g/em®). If
completely differentiated, H (bigh iron}
chondrites have tos much core and also
too small a silicate density {3.26-3.29
g/em®). As in Anderson (1972), we can
match the properties of H chondrites with
Mars if we assume that the planet is
incompletely differentiated. If tha composi-
tion of the core-forming material is on the
Fe side of the Fe-FeS eutectic, and tem-
peratures in the mantle arc above the
eubectic composition, but below the liquidus,
then the core will be more sulfur-rich and
therefore less dense than the potential
core-forming material, and the density of
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the mantle larger than for the silicate
fraction. In fact, if we reduce the Te
content of the pobeatial core-forming
material in T chondrites to the wvalue
required by Reasenberg’s K, and place the
remaining Fe in the mantle, the density of
the mantle {silicate phase plus solid fraction
of frec iron) {g 3.3% g/cm?®,

A meteorite mixture is also possibie:
Anderson’s model Al can easily be adapted
to fit Reasenberg’s dats. The resulting
model (hereafter called AR) differs from
Al principally in s lower mantle density
{pm = 3.38 g/em®) and larger core radius
(Bo/BE = 0.50). In the following section,
we will derive a full seismic model for
model AR, and will also mention results
obtained for models J1 and J2 (Johnston
et al,, 1974) and Bl and B2 (Binder and
Davis, 1973), the latter two having a solid
core.

2. CONBTRUCTING THIE SEISMIC MODELS

The goal of this section is to investigate
the differences between the various pro-
posed medels, particularly in their seismic
response. The basis for the derivation of
the seismic profiles from the assumed
densities and compositions is Anderson’s
(1967) seismic equation of state,

¢ = golo/M)5,

where ¢ = Vp® — Ve = L/p is the
seismic parameter, p is the density, M is
the mean atomic mass of the chemicals in
the assumed phase, and ¢, and & are
constants, depending only on the type of
material involved (silicate, liguid Fe-rich
metal, or solid Fe-rich metal). Ve and Vg
are fthe scismic compressional and shear
velocities, and % is the modulus of in-
compressibility. Following Birch (1952), we
will assume that ¢ is a function only of p,
regardless of the nature of the effect which
causes p to vary (pressure, femperature,
phase change). The parameters ¢, and F
depend only on the type of material

involved, and can be taken from various
Farth models: In the case of the core,
assumed liquid except in Binder and Davis’
{1973y models Bl and B2, the values of ¢,
and & were computed from Anderson and
Hart’s (1976) seismic profile in the outer
core of the Karth, In the case of the solid
core of models B and B2, the values were
taken from the inner-corc part of the above
model. In the case of the mantle, the
theoretical medels of Anderson  (1967)
were used, in ovder to avoid possible
variations in the equation of state due to
partzal melting in the low veloeldy zone of
the Barth. Values of M were computed
from the wvarious chemieal eompositions
involved. IFinally, values of the Poisson
ratic, ¢, were assigned as follows: Inside
the mantle silicates, a value of 0.28 was
taken, by analogy with the values derived
from. the Farth model €2 (Anderson and
Hart, 1976). Inside the solid core of models
Bl and B2, a value of 0.30 was adopted,
corresponding to pure iron under normal
conditions: 1 seemed unwarranted to take
the very high value (o = 0.444) associated
with the Earth’s inner core, since the
extreme pressure and temperature condi-
tions respoensible for it are not appropriate
for the interior of Mars, Table III summa-
rizes all the numerical data used in the
computation of the various models.

Figure 2 and Table IV show the resuliing
seismic profile for model AR; Fig. 2 also
shows seismic profiles for models JI, J2,
BL, and B2 Three major features are
apparent on this figure:

{2) The veloctlics are usually lower than
in the Earth. This is due mainly to Marg’
lower density, itsell due fo lower gravity.
The onty exception is Binder and Davig’
model BI which has a relatively smaller
core, with a dense, highly compressed, and
congequently fast, postspinel phase in the
lower mantle.

{it) The velocilies are relatively constant
within a given mineralogical phase. This is
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TABLE 11

SomMmanry 0F Papssprers Usen v vae CoMPUTATION OF THE VARIOUS SprsmMio MoprLs

Model Phase Radius M (g) pm (g/cm®) B o e K
range
(e}

AR Jore 0-1694 50.2 3.38 0.381 4519 0.5 0.3634
Spinel 1694--2255 22.1 0.323 12 102 0.28
Olivine 2255-353% 221 0.323 12102 (.28
[Crust] 3338-3388

Ji Jore (3-1338 30,25 3,649 {.351 451G 0.5 0377
Mantle 1338-3338 23.79 0.323 12102 .28
[Crust] 33383388

J2 Core 0-1238 50.25 3.65 4,381 4519 a.h 0.377
Hpinel 1238-2164 23.79 {4.323 i2 102 0.28
Olivine 2164-3338 23.79 0.323 12102 0.28
[Crust] 33383388

Bl Core 0-1031 53.97 3.62 1.3935 3 882 .30 0.376
Postapinel 16311553 22.54 0.323 12162 (.28
Spinel 15532275 22.54 0.323 12 162 .28
Olivine 2ATH-3328 22 .54 0.323 12102 (.28
[Crust] 3328-3388

B2 Core 0-1359 49 47 3.52 {.3935 o 882 0.30 0.372
Spinel 13592410 22.16 (.323 12102 9.28
Olivine 2410-3328 22,16 0.323 12302 .28
FCrust ] 3328-3388

= Units for ¢, ave such that ¢ is in (km/sec)?, M in g, and p in g/em?

due to the lower compression in Mars’
interior, resulting from the lower density
and lower gravity. Consequently, the
seismic rays inside a given chemical phase
arc expected to be substantially less re-
fracted than in the Barth.

(it} The discontinuity of the core—
mantle boundary (CMB) is lorge. The
velocity drops from wvalues ranging from
10 to 13 km/sec to valtues of 4.7 km/sec
in the case of a liquid core and 6-7 km/sec
in the case of models Bl and B2, This is
again due to the small size of the pianet,
which implies less pressure in the core.
Refraction at the CMB is therefore
expected to be drastic.

Tor each of the models studied, it is then
possible o obtain travel-time tables for
various scismic phases, and to computbe an

estimate of the free oscillation periods of
the pianet.

A, Travel times for surface focus P, PAP,
Pel, 8, SKS, Se8 in model AR are listed
in Tables Va—e. No atterapt was made to
tabulate P and S at the shorter distances
(A < 20°): these seismic phagses would be
very dependent upon the nature of the
Martian crust and upper mantle, which is
still poorly known. Figure 3 shows a set
of travel-time curves.

a. Mantle waves (P, S). Apart from the
low curvature of the travel-time curves,
due o the planet’s low compression, the
main feature of this model is the triplication
due to the olivinge-spinel transition. Such a
feature is ubsent from the “‘eool” model
J1 of Johnston ef al. (1974), and two sach
triplications are observed for Binder and
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Davis’ (1973) maodel Bl, which haz a
postspinel phase in the lower mantle, The
range of distanees at which this transition
is observed is characteristic of the various
models: If varies from 45° in model AR to
61° in model J2, Thus, besides resolving
the absence or presence of the transition,
the study of the triplication could prove
vory useful in the investigation of the
planet: due fo Mars’ low density, a small
variation in the temperature field moves the
trangition up or down in the mantle sub~
stantially, thereby displacing the triplica-
tion econsiderably along the surface.

b. PeP and SeS, phases reflected from
the core, could provide a strong constraing
on the core’s radiug and physical state.
Both models Bl and B2 give very low
(~109%) reflection coeflicients for vertical

Se8, which implies that these phases
should not be observed if the core is solid.

¢. The core phases PKF and SKS are,
for diagnostic purposes, the most promising
phases in Martian seismology. As a result
of the general features listed earlier, P
waves reaching the core are very sharply
refracted Into the core, and then continue
along nearly straight ray paths across the
core. At their emergence, they arc again
sharply refracted, the result being thas
nearly cvery ray going through the core,
in every model, emerges at a distance larger
than 180°, Figure 4 illustrates this situation
and compares it with the Harth, as de-
seribed by Julian and Anderson (1968).
The resulting shadow zone is apparent
on Iig. 3, in which the PKFP branch
has been folded about the 180° axis. This
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TABLE IV

Suismic Vevoorries aND Dengrrms v Mobri AR

Radius  Depth Vo Va P Radius  Depth Ve Va »
(km} (km) (kem/sec)  (km/sec}  (g/cma?®) {km) {km}  {km/sec) (km/sec) {g/om®}
0 3388 4,891 3.0 6.815 1750 1638 16,169 5.621 4.008
50 3338 4,883 0.0 6,807 1800 1588 10,136 5,603 4.000
100 3288 4,875 0.0 6,795 1850 1538 10,163 5.585 3.9%1
150 3238 4,867 0.0 6.700 1900 1488 10.071 5,567 3.983
200 3188 4. 850 0.0 6,782 1950 1488 10.038 5.549 3.975
250 3138 4.851 0.0 6.773 2000 1388 10,008 5.531 3,966
300 3088 4,844 0.0 G.765 2050 1338 9.973 5.513 3.958
350 3038 4. 836 0.0 6.757 2100 1288 9.941 5,495 3.950
400 2085 4,828 0.0 6,748 2150 1238 4.908 5.477 3.941
450 2938 4,820 0.0 6.740 2200 1188 9. 876 5.459 3.933
e 2888 4.812 4.0 6.732 2250 1138 9. 843 5441 3.925
550 2838 4.805 0.0 G.723 2255 1133 9. 840 5.439 3.924
600 2788 4.797 0.0 6.715 2255 1183 §.493 4.695 3.568
654 2738 4, 78% 0.0 6,707 2300 1088 §.4465 4,679 3.560
704 2688 4.781 0.6 6.668 2350 1038 8.435 4.683 3.852
750 2638 4.773 3.0 6.690 2400 088 8.404 4. 648 3.544
300 2588 4,765 4.4 6.682 2450 938 8.374 4.629 3.535
850 2538 1.758 8.0 6.673 2500 8288 8.343 4.612 3.527
900 2488 4,750 4.0 6,665 2550 838 8,313 4,595 3.514
050 2438 4,742 9.0 &, 857 2604 788 8.282 4,578 3.510
1000 2388 4.734 4.0 G.648 2650 738 8.252 4. 561 3.502
1050 2338 4.728 0.0 §.640 2700 684 8,221 4,544 3.494
1100 2288 4.719 .0 6.632 2750 638 8.191 4. 528 3.485
1150 2238 4,714 0.0 6.623 2800 588 8.161 4,511 3.477
1200 2188 4,703 0.0 6.615 2850 538 8,130 4,494 3.469
1256 2138 4.695 0.0 6.607 2900 48% &.100 4.477 3.460
1300 2088 4.688 3.0 6. 598 2050 438 &.070 4461 3.452
1350 2088 4. 680 0.0 6.590 3000 388 8,040 4,444 3.444
1400 1088 4,672 0.0 6,582 30464 338 8.010 4,427 3.435
1450 1988 4. 664 0.0 6.573 3100 288 7.980 4,411 3.427
1500 1888 4,656 6.0 §.565 3150 238 7.949 4.304 3.419
1550 1838 4,649 0.0 6.557 3200 188 7.91% 4578 3.410
1600 1788 4,641 0.0 6.548 3250 138 7.890 4.361 3.402
1650 1738 4. 633 0.0 6,540 3300 88 7. 860 4.345 3.394
1694 1694 4.6206 0.0 6.532 3338 50 7.843 4.335 3.389
1604 1694 10.206 5.641 4,017 3338 50 §.000 3,360 2,700
17049 1688 10,202 5,639 4.016 3388 G G.00G 3.360 2,708

branch is extremely sensitive to variations
in the seismic model. As expected, the size
of the core plays a dominant role: the rays
are :morc sharply bent around s smaller
core. Anderson’s (1972) original model Al
exhibits & PKP branch extending all the
way back fo 241° (or 110°), thereby
considerably reducing the shadow zone.
Alse, in a recent study, Johnston and

Tokstz (1977) have proposed a range of
gelsmic models of Mars, based on theo-
retical calculations of the thermal evolution
of the planet. In general, their results ask
for wvelocities slower than in model AR,
especially in the decp mantle. This model
doss not allow for PP phases at & > 180°,
This difference arises from the fact that
Johnston and Tokstz’s model allows only
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for a small density increase at the oliving—
spinel transition (3.2% in density or 5.3%
in Vg); as a result, their velocities at the
base of the mantle ars only on the order of
8.8 m/see (as compared with 10.2 km/sec
in model AR) and the veloeity contrast at
the CMB is not sufficient to bend the PKP
rays past 180° However, the model of
these authors predicts & shadow zone from
S0 to 150°,

The pessibility of actually observing
PEP on Marg from a moderately sized
event seems fair, despite the large geo-

metrical spreading at the CMB. The
theoretical relative amplitudes (Bullen,
1953,

A = [fan i di/dA] (1/]sin A2

(7 being the angle of incidence of the ray
at the IBarth’s surface), are found fo be
0.272 for P at 100° and 0.167 for PEKP at
209° in model AR, a ratio smaller than 2.
Thus according to Anderson ef ol. (1976),
ant event with my = 6.3 at 210° (150°)
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should yield observable PKP's, for a
detection threshold of & X 10~? m surface
displacement (Anderson et al., 1977). Note
that on Fig. 4, the incidence sampling is
increased from 1 to 0.1° near eritical
incidence at the CMB., However, these
figures could be altered by the attenuation
factor €, a quantity totally unknown for
Mars and the Martian core ad the present
time.

On Fig. 3, SKS appears not to be linked
continuously %o 5, ag is the case in the
Barth. This is due to a drop in velecity
between lower mantle S waves (8 = 5.64
m/sec) and K waves (@ = 4.62 km/see)
at the CMB. This results in a shadow zone
for S, extending from 104 to 145° in model
AR, (The faet that the upper limil of the
S shadow zone roughty coincides with that
of the PKP one is a pure artifact of the
folding of the PKP branch about the 180°
axis.) This 8 shadow zone is very small in
model B2, and is absent from the “eool,”
homogeneous mantle, model J1. However,

@ e
I [ | i T o)
T A
2" geg
gf — f
PrP
v -
Lt
=
ot
Lad
ge) =
[
—
- E
ot i ! \ i ' L ‘ ! o
0 20 40 &G &0 100 120 140 Hz4l 140

ISTANCE CDEGS

Fra. 3. Travel-dime curves for P, PeP, PKP, 8, 8¢S, SKS in model AR. Note that PKFP has

been folded abhout the 180° axis.
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Hurkacn FPocus P Tives ror Monen AR
A P A P A P
(deg) {sec) {deg} {sec) {deg) (see)
20 158.6 49 250.9 77 5128
21 165.9 B0 366.4 78  516.5
22 173.2 51 3728 79 520.2
23 180.4 A2 379.2 80 523.9
24 187.6 53 385.5 81 527.8
25  164.R 54 39L.8 82 531.2
26 202.0 B8 2081 83 B34.8
v 209.2 a6 464.3 84 B3R.4
28 216.3 a7 414.5 85 541.9
29 223.5 58 416.6 %6 545.5
30 230.8 50 4227 87 549.0
31 237.7 6 428.8 %8 K525
32 2447 61 434.8 84 555.9
33 251.7 62  440.7 G0 559.3
34 2587 63 446.6 41 5062.7
35 265.7 64 4525 B2 566.0
36 272.8 65 488.3 63 560.4
37 278.5 66 464.1 94 B72.7
38 286.4 67  469.8 95 575.9
39 263.3 68 475.5 96 57G.2
40 3001 69 481.1 97 BR2.3
41 306.9 706 486.3 a3 5855
42 313.6 Y1 460.1 99 BR8.6
43 320.3 T2 4093.9 00 591.7
44 327.0 73 497.7 101 594.8
45 833.7 74 BUL.B 102 597.8
46 340, 3 7a 505.3 103 6007
47 3486.% 76 B09.0 104 603.7
48 3h3.4

normal-mode counterpart of the different
behavior of S¢S, in ray theory. Therefore
the overfones were not computed. It should
ke pointed out that, due to the relative
homogeneity of the mantle, the modes have
a rather constant phase velocity, itself
regulting in a smooth group velocity.
Table VIb shows that the phase velocity
varies only from 4.92 km/sec at 412 see
to 5.12 km/sec at 757 sec for model AR
{a 49, difference), ag opposged to the corre-
aponding figures for the Larth (6.40 km/see
at 739 sec and 5.59 km/sec at 409 sec, a
15% difference). This property of relatively
constant phase velocities along the funda-
mental branch might help identify normal
modes by using a sequence of them to
assign angular orders: A family of modes
should closely obey a relation of the form
(I -+ 2)/wi = ¢st. Thig makes it possible to
diseriminate between models with other-
wise gimilar periods (e.g., 4T for model B2
and 75 for J1 have about the same period :
405 sec).

TABLE Vb

Sousract Foors PEKP Tiaes ror Mobpio AR

a major difference between JI1 and B2
remaing the very low amplitudes of trans-
versely polarized S¢S in model B2.

B. Free oscillation periods were computed
for the wvaricus models involved. Tables
VIa, b ligt the values of the periods of the
torsional modes (7' (I < 10). As expected,
the size and state of the core are the main
factor governing the eigenperiods for low
values of I. A solid core sharply decreases
the sigenperiods, as does, to a lesser extent,
an inerease in the size of a lquid core.
Overfones .7 would undergo a totally
differant behavior, depending on whether
the core is solid or liquid (Okal, 1977).
However, these are most unlikely to be
observed and also, this property ig the

A PKP A PKP

(deg) {sec) {deg) {sec)

178 1166.0 198 11530
179 1167.5 199 1155.8
180 11409.2 200 1158.6
181 1113.2 201 1163
182 1113.3 202 1164.1
183 1115.4 203 1166.9
84 1117.6 204 1169,7
i85 1119.9 205 1172.5
186 1122.2 206 1175.3
187 1124.6 207 11781
188 11271 208 1180.9
189 1129.6 200 1183.7
190 11321 210 1156.6
191 1134.6 211 1159 .4
192 1137.1 212 1192.3
193 1139.7 213 11951
194 1142.3 214 1198.0
195 1144.9 215 1200.8
196 1147.6 216 1203.7
1497 1150.3
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Tables Vila, b similarly st periods and
surface-wave phase and group velocities
for the spheroidal oscillations of the planet.
Models with a solid core (B1, B2) have
fundamental pericds for 8; on the order
of 13001400 see, much shorter than the
corresponding periods for models with a
guid core {1800-2400 gec). The period
of 48z 18 & very powerful eonstraint on the
Martian interior. Its observation would,
howsver, depend on the installation of
long-period ingtraments.

3. TWO QUESTIONS WHICH SEISMOLOGY
MIGHT ANSWER
A. Ts Mars’ core Uguid or solid? The
exigtence of a Martian core has been proved
TABLE Ve

Surrack Focus 8 Tives ror Mobny AR

A 8 A 8 A 8
(deg) (sec) {deg) {sec) {deg)  {sec)

20 286.4 449 650.6 7 927 .4
21 299.5 50 662.3 78 934, 1
22 3127 51 673.9 74 940.8
23 325.8 b2 6855 30 947 4
24 338.9 &3 687.0 #1 4h4.0
25 3419 54 TU8.4 82 9645
26 364.9 53 7197 83 967. 1
27 377.9 & 7310 84 973.5
28 390.8 57 7421 85 080.0
29 403.7 8% Th3.2 86 986 .4
30 4186.6 5% 764.3 87 9927
3l 420.4 60 T775.2 88 999.0
32 4421 61 786.0 86 1005.2
33 454.8 62 T96.8 80 10114
34 467.5 63 807.5 91 1017.5
a5 4831 64 818.1 92 1023.6
ah 4926 G5 B28.6 93 1020.46
37 805.2 66 8301 94 1035.6
38 5L7.8 67  84%.4 95 1041 .4
39 530.0 68 859.7 96 1047.3
46 542.3 69 868.9 97 16530
41 554.6 70 879.1 a8 1048.7
42 Hh66.8 71 8861 49 1064.4
43 579.0 74 8931 100 1070.0
44 591.1 73 0001 101 1075.5
45 603.1 74 006.9 102 1080.9
4G 615.1 75 913.8 103 1086.3

47 627.0 w920,
48 638.8

[=>

104 10917

TABLE Vd

Surrace Focus SKS Travin Tives
ror Moprn AR

A SKSar SI{S,HO
{deg) (sec) (see)
146 13648 1365.0
147 1368.7 1369.8
148 1372 .4 1374.6
149 1376.0 1379.5
150 137%.4 1384.5
51 1382.6 1389.6
152 1385.6 1304.6
153 1388.¢ 1309.8
154 1391.38 1404, 9
155 1364.2 1410.0
156 13667 1415.2
157 1369.2 1420.3
158 1401.5 1425 .4
159 1403.6 1430.8
160 1405.7 1435.8
161 1407.6 1441.0
162 1409.5 1446.2
163 1411.2 1451 .4
164 1412.9 1456.6
165 1414 .4 1461.9
166 1415.8

167 1417, 1

168 1418.3

169 1419.3

170 1420.3

171 1421.%2

172 1422.0

173 1422.6

during the Mariner 9 mission: The value
of J; and the upper bound on that of
K = C/MR? are incompatible with the
hypothesis of an undifferentiated planet,
It would be extremely important to solve
the guestion of the state of the core of
Mars: If Mars has a liguid core, then it had
a hot thermal history and the models of
Anderson (1972) and Johnston et al. (1974)
show that the core has to inelude an alloying
element—opresumably sulfur—to account
for its low density. The decrease in core
resistivity could in turn be responsible for
the planct’s low magnetic field. This would
put new constraints on possible mecha-~
nisms driving the Earth’s dynamo. If, on
the other hand, Mars hag a solid core, its
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TABLE Ve

Surrack Focus Pl anp Se8 Traven Tives ror Mopen AR

A Pel Sl A Pep Ses A PeP SeS
{deg) (sec) (sec) {deg) {sea) {sec) {deg) {zec) (see)
H 394 .1 712.6 34 425 .1 7687 67 499 4 903.1
i 394.1 T12.6 35 426 .9 771.9 68 5021 07 0
2 304.2 7i2.8 36 438 .7 Ti%. 1 69 5348 912 .8
3 304, 4 Ti3.0 37 430.5 778 .4 70 507 .4 G917.48
4 394.6 713 .4 a8 432 .4 781.8 71 510.1 022.5
il 304 .8 713.8 a9 434.3 TR5.2 72 512.8 927 .4
G 3951 714.4 440 436.2 788.7 T3 515.6 932.3
7 395.5 7151 41 438.2 792.3 74 5183 G37.3
8 395.9 Ti5.8 42 440.2 795.9 7h 521.0 942 .2
o] 3964 Ti6.7 4.3 442 .2 TO49.6 76 523 .8 047.2
10 396.9 717.6 44 444 .3 803 .4 77 826.5 952.2
11 3075 T18.7 45 446 .4 807.2 78 529 .3 957.2
12 368.2 71%.9 46 448 .4 Ril.1 79 532.1 962.2
13 308.9 721.1 47 7 815.0 80 534.8 967.3
14 396 .6 7225 485 G 819.0 &1 537.7 972 .4
14 400, 4 724.0 49 5,2 823.1 82 H40.5 977.5
16 401.3 725.5 50 4 827.2 83 543 .4 982.6
7 402 .2 727.2 Hl .7 831.3 84 56,2 987.,7
i8 408.1 728.0 52 0 835.5 83 548.0 992 .8
19 404 .2 730.7 53 .4 839.7 86 a51.4 997.9
20 405 .2 732.7 H4 Vi 8440 87 554.7 1403 .1
21 406.3 7347 5] L1 8483 88 557 .6 1008.3
22 407 .5 736.8 56 .6 852.6 83 560.4 1013 .4
23 408.7 739.0 a7 .0 887.0 90 563.3 1018.6
24 410.9 741.3 58 .5 861.5 41 566.1 1025 .8
25 4113 743.7 549 .0 866.0 92 56% .0 1029.0
26 4127 7461 60 1.4 870.5 93 571.9 1034.2
27 414.1 748.7 G1 0 875.1 94 574.8 1039.4
28 415.5 701.3 62 3.5 897 95 577.6 10644..6
29 417.0 754.0 63 1 884.3 a6 580 .5 1049.8
30 418.6 756.8 G4 N 8849.0 a7 83,4 146551
31 420.1 759.7 65 .2 893.6 g8 586G.3 1060.3
32 421 .8 T62.6 66 1.8 8683 .4 89 H80.2 1065.5

33 425

=

765.6

thermal regime must be cool. Young and
Behubert (1974} have proposed that this
might be the result of large-scale convection
in the mantle. Martian voleanism would
then presumably be ancient. From the
former section, it is clear that, for all
plausible moedels, the following seismic
observations would resclve the nature of the
Martian core:
In favor of a liquid core:
Btrong (Se8)gy waves at near vertical
incidence,

A shadow zone for SKS at 100-140°,
A fundamental (89) period of 1800-
2400 sec.
In favor of & solid core:
Weal (SeS)gn waves at near vertical
incidence,
An SKS phase between 100 and 140°,
A fundamental (oS:) period of 1200-
1500 sec.

B. Does Mars have an asthenosphere?
The interpretation of photographic and
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MARS

D Model AR
\\

- 1800

F1a. 4. Ray paths for P and PKP inside Mars for model AR, A surface-focus event is assumed,
The take-off angle varies from. I to 50° in 1° increments, and from 16.5 to 17.5% in 0.1° increments.
The smaller disgram [reproduced from Julian snd Andersen (1068, Fig. 9)7, eompares with

the Earth.

gravity dats hag led to a pieture of a very
rugged Martian surface. Hawailan-type
voleanism has been inferred from surface
topography with altitudes as high as 23
km {(Wu ef ol., 1973). It has been proposed
that this voleanism is assceiated with a
low-viscosity flow of lavas (Carr, 1973},
and it is reasonable to think of the possi-
bility of a zone of partial melting (ZPM)
in the upper mantle. On the other hand, no
apparent present plate tectonic activity
has been reported (Masursky 1973) and the
age of the Martian voleances is still
unknown,

A ZPM should cause a selsmic low-
veloeity zone (LVZ), in a way similar fo
the Barth’s LVZ. Johnston e al, (1974}
sbudied the phase diagrams of eclogite
{their candidate for the Martian mantle)
in the presence of 0.1 to .29 water, Water

is pregent in the atmosphere, the residual
polar caps, and was formerly present on the
surface. Such a small amount of water
would be low enough not to affect the mass
and moment of inertia caleulations, but
would cause eoclogite to undergo partial
melting at a depth on the order of 200 km.
Because of the height of the relief on the
Martian surface, it is thought that the
lithosphere could, by isostasy, reach such a
depth. This figure is also consistent with
the apparent lack of plate tectonic activity
{Masursky, 1973), with a tentative estimate
of the depth of the magma chamber of Nix
Olimpica (Carr, 1973), and with the large
distances between Martian  voleanoss
(Lingenfelter and Schubert, 1074),

I% iz thereflore of interest to test seismic
models including an LV%, The starting
model for these computations was Ander-




TABLIS ¥Via

Prriops or Toastovnan OSCILLATIONS {sec)
¥or A Numpux oF Mopsus

Mode AR Ji J2 Bl B2
o'y 1865 1865 1843 1563 1597
ol's 1208 1207 1208 1039 1055
od'y 924 814 927 802 815
o5 Yerd 750 760 68 673
ols 645 638 647 564 576
P 564 556 565 494 5006
o 502 494 502 444) 450
ol’s 452 445 453 357 408
o 412 4035 412 362 371

TABLIL Vib

Love-Wave Pnase anp Grouvr VELOGiigs
i Monen AR

Mode Period Phage Froup
(sec) veloeity velocity
(km/sec) (km /sec)
o 1865 4.57 610
o' 1209 5.03 5 : 4:3
o 024 5.12 o os
Vi 757 5.11 L; 4
ols 645 5.08 4 ' 74
Al htd: 5.03 4 ’ 56
o'y 502 4.99 4 ’ 60
oIy 452 4,96 4 .3:7
VAT 4172 4,92

son’s (1972) original model Al. In order
t0 ease certain computations carried out
from the center of the planet, we assumed
a depth of 188 km fo the top of the LVZ.
The drop of wvelocity at that depth was
taken as equal in percentage (79)) to that
observed in the Earth {Helmberger, 1973).
It ig more difficult to decide on the botiom
depth of the LVZ: In the Earth, accumu-
fated pressure is responsible for a relatively
narrow LVZ. In the case of Mars, the effect
of pressure with depth is slow ; furthermore
the geotherms are still tenfative, and they
seem to parallel the wet solidus, according
to the phase diagram caleulations of
Johnston ef al. Three models were tested,
with LVZ's respectively 50, 200, and 350

OKAL AND ANDIERSON

km thick, these high values being due to
low-pressure gradients. As expected, a
gtrong body-wave shadow zone is developed,
whereas the rest of the travel-time curves
is mostly unaffected. However, no sub-
stantial difference is found between the
three models in terms of the size of the
shadew zone itself, which ranges from 9 to
21 in all cases. In the case of a small {29%)
velocity decrease in the LVZ, as proposed
by Johnston and Toksbz (1977), the
shadow zone would merely be replaced by a
zone of lower amplitades. Free oscillation
periods arc slightly increased by the
presence of the LVZ, especislly for the
350-km thickness {on the order of 10 sec,
or 2,59, at 400 sec). The eigenperiods would

TABLE VIIa
PrRrIoDS OF SPHEROIDAL OBCILLATIONS {sec)
ror 4 NuMmper oF MobELs

Mode AR J1 J2 Bi B2
Wy 2358 2083 1869 1284 1418
w9s 1455 1277 1156 873 928
oS 1030 932 {72 712 728
s 797 752 728 612 617
oS 658 643 6306 541 545
oSt 571 567 568 486 491
s 511 508 513 441 448
oS 485 463 4649 404 410
oSt 428 425 431 376 385

TABLE VIih

Ravisiae-Wave Prass anp Groor VeLociries
N Monun AR

Maode Period Phase CGiroup
(sec) veloeity velocity
(km/sec) {lan /sec)
05 2358 3.61 ‘
oSy 1455 4.18 e
oSy 106G 4.54 G ’ Gi-l
oS5 797 4.86 5'61
oSs 658 4.98 b o3
PR 571 4.97 4-':38
s 511 4.40 4 ‘12
o 465 4.82 .
1o 428 4.74 3.96
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nob be suficiently affected to change any
conclusion reached about the solidity of
the core,

The observation of a shadow zone (or of
8 zone of lower amplitudes) in P and S
waves between 9 and 21° (530 and 1240
km) would prove the existence of a ZPM
under the Martian Iithosphere, Together
with. the physical state of the core, the
answor to this guestion would be a great
Ieap in our knowledge of Mars, and,
retrospectively, of the Barth.

CONCLUSIONS

Models for the interior of Mars have been
constructed on the basis of the revised
moment of inertia (Heasenberg, 1877}, The
core is larger and denser than in previous
models, and the mantle is less dense. A
partially differentiated H-chondrite or a
meteorite mixture model ean still satisiy
the constraints.

A seb of theoretical values for travel
times and {ree oscillation periods has been
obtained for various models of the planet’s
interior. These seismological results ean be
wed a3 a relerence framework for future
seismic exploration of the planct. Although
these model are still tentative, they exhibit
major differences which result from different
assumptions for the Martian interior,
Hssential questions concerning Mars’ core
(is it solid or liquid?) and upper mantle
(is there partial melting under the litho-
sphere?) could be answered by seismology,
especially through the use of fong-period
ingtrumentation,
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