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A Prediction of Mars Seismicity from
Surface Faulting

Matthew P. Golombek, W. Bruce Banerdt, Kenneth L. Tanaka,
David M. Tralli

The shallow seismicity of Mars has been estimated by measurement of the total slip on
faults visible on the surface of the planet throughout geologic time. Seismicity was cali-
brated with estimates based on surface structures on the moon and measured lunar
seismicity that includes the entire seismogenic lithosphere. Results indicate that Mars is
seismically active today, with a sufficient number of detectable marsquakes to allow seismic

investigations of its interior.

The level of tectonic and geologic activity
on Mars suggests that it should be seismi-
cally more active than the moon but less
active than the Earth (I1). Although the
Viking seismometer failed to detect a mars-
quake, the poor sensitivity of the instru-
ment does not preclude Mars from being a
seismically active planet (2). In addition,
calculations (1) indicate that stresses in-
duced by cooling of the martian lithosphere
should give rise to seismicity that exceeds
the rate of shallow lunar seismicity (28
events in 8 years) thought to be of tectonic
origin (3).

The seismic scalar moment is defined as
M, = uSA;, with uniform rigidity p and
average slip S over fault area A;. Measure-
ment of the total slip on a fault of known or
estimated depth and length allows a deter-
mination of the cumulative seismic mo-
ment. This value provides an estimate of
the total seismic energy released by simple
double-couple source mechanisms. The re-
lease of the total seismic moment can be
distributed according to event size by an
assumed relation between moment and fre-
quency of occurrence.

Tectonic features on Mars are found
primarily around the Tharsis region, a large
elevated volcanic plateau with associated
tectonic features that cover the entire west-
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Institute of Technology, Pasadena, CA 91109.

K. L. Tanaka, U.S. Geological Survey, Flagstaff, AZ
86001.

ern hemisphere of the planet. Tharsis tec-
tonism has occurred mainly during two
periods (4, 5), the Late Noachian—Early
Hesperian and the Late Hesperian—Early
Amazonian. They correspond to time peri-
ods of 3.8 to 3.1 billion years ago (Ga) or
4.0 to 3.7 Ga, and 3.1 t0 0.7 Ga or 3.7 to
2.5 Ga, respectively, depending on which
crater—absolute time scale is used to cali-
brate martian stratigraphy (6). Tectonic
features that formed during the first period
include (i) a dense radial swarm of narrow
grabens, (ii) a sweeping system of concen-
tric wrinkle ridges, (iii) large grabens and
rifts of Tempe Terra, and (iv) deep rift
valleys of Valles Marineris. Structures that
formed during the second period include (i)
an enormous set of radial grabens that
extend up to thousands of kilometers from
the center of the plateau; (ii) large, partic-
ularly dense grabens around Alba Patera;
(iii) rift zones of Valles Marineris; and (iv)
the Thaumasia rift, on the south flank of
Tharsis. Tectonism and volcanism contin-
ued through the Middle and Late Amazo-
nian (perhaps to the present) at lower
levels. Faulting during the Middle Amazo-
nian [0.7 to 0.25 Ga or 2.5 to 0.7 Ga (6)]
was localized around the center of the
plateau and around the large Tharsis Mon-
tes volcanoes. Late Amazonian [0.25 or 0.7
Ga to the present (6)] faulting surrounded
the Tharsis Montes volcanoes and was as-
sociated with late stage caldera collapse.
Faulting also continued in the rift valleys of
Valles Marineris throughout Middle and
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Late Amazonian time.

The most common tectonic feature on
Mars is the simple graben (7), which is
bounded by two ~60° inward-dipping nor-
mal faults (8). These faults extend about
2.5 km into the martian interior and have
experienced an average of 150 m of slip (9).
Faulting on narrow grabens has been esti-
mated from a data set (10) that includes the
locations and lengths of all visible grabens
(approximately 7000), about half of which
formed during each of the two tectonic
periods (4, 5).

Larger grabens and rifts that involve
more of the lithosphere are also found on
Mars, principally in Valles Marineris,
Thaumasia, Tempe Terra, and Alba. Faults
bounding the Thaumasia rift (from the Late
Hesperian to Early Amazonian periods) and
the canyons in Valles Marineris (from both
periods) likely extend through the entire
brittle lithosphere, estimated to be ~40 km
thick (7). Slip was determined from the
observed topographic relief (4 to 8 km for
Valles Marineris, 1.5 km for the Thaumasia
rift) . Geologic mapping of Valles Marineris
(11) indicates that trough-bounding faults
tens of kilometers long cut Amazonian
landslides and floor materials in the can-
yons and have offset trough walls as much as
several hundred meters. On the basis of
these relations, the latest fault activity in
Valles Marineris during Middle and Late
Amazonian time is represented as 20 faults,
each 50 km long and having undergone 100
m of slip. Grabens at Alba and Tempe
Terra are more narrow and probably in-
volve the upper 5 to 10 km of the litho-
sphere (7). Grabens at Alba formed mostly
during the Early Amazonian and have ex-
perienced 0.2 to 0.5 km of slip (12). Tempe
Terra rifts appear to be ~0.5 km deep and
were formed in the Late Noachian (4).
Fault lengths were measured directly from
surface maps.

Abundant compressional wrinkle ridges
around Tharsis formed during the Early
Hesperian. A model in which subsurface
thrust faults were assumed to dip about 25°
and extend 5 km down dip with ~150 m of
slip (13) was applied to the lengths of about
2000 ridges around Tharsis (10). In addi-
tion, the length, average width, and depth
of Middle and Late Amazonian grabens
were measured to derive fault areas and slips
for the two youngest time periods. Caldera
collapse also was included in the measure-
ments of Late Amazonian activity because a
detailed seismological study (14) on Earth
shows that collapse occurs by an equivalent
shear process and produces fairly large
earthquakes. The length, extent [10 km
deep (15)], and slip [from present relief
(16)] of circular caldera faults on the tops of
Olympus, Ascraecus, Pavonis, and Arsia
Mons were included in Late Amazonian
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Fig. 1. Plot of the logarithm of
cumulative moment release rate
through time on Mars, estimated
from surface faulting. Solid lines
are for the time scale of Hartmann
and colleagues in (6); dotted
lines are for the time scale of
Neukum and Wise in (6). Arrows
show the increase in the esti-
mates for Middle Amazonian mo-
ment release rate with the addi-
tional contribution inferred from
caldera collapse. The total mo-
ment release rate during the first
two periods is dominated by the
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Table 1. Predicted recurrence interval of seismic events on Mars.

log (Moment) Terrestrial Recurrence interval Recurrence interval
(dyne-cm) magnitude from surface faulting for entire lithosphere
26.5 6.7 35,587 years 356 years
25 5.8 4,484 years 4.5 years
235 4.9 565 years 6.8 months
22 4 71 years 0.9 month
20.5 3.1 9 years 3.3 days
19 2.2 1 year 9.8 hours
17.5 1.3 52 days 1.2 hours
activity. Because the volcanoes were also N(M,) = AM, B 1)

active in the Middle Amazonian (6), a
similar level of activity was added to this
earlier period. A rigidity of 10'! dyne/cm?
was assumed, on the basis of likely proper-
ties of the outer layers of Mars (4).

The total moment release per year was
greatest during the earliest period of Tharsis
deformation and decreased through time to
the most recent period (Fig. 1). This de-
crease appears to follow an exponential
decay toward the present, which is expect-
ed if seismicity is governed by simple lith-
ospheric cooling. An exponential extrapo-
latipn to the present supports the argument
that Mars is nearly as seismically active
today as it was for the entire Late Amazo-
nian. An estimate of the present moment
release rate, inferred from the Late Amazo-
nian (the past 250 million years) is 1.3 X
1022 dyne*cm/year.

To interpret the measured moment re-
lease rate in terms of seismicity, relations
between moment and frequency of occur-
rence as well as moment and magnitude
were derived from a catalog of intraplate
oceanic earthquakes (17). Such earth-
quakes make up a class of seismic events
that are thought to be analogous to the type
of event expected on Mars [those primarily
due to lithospheric cooling and relatively
free from plate boundary effects (1)].

The distribution of seismic events by
moment generally follows a relation of the
form
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where N(M,) is the rate of occurrence of
events with moment greater than M, and A
and B are constants. The exponent B
(0.60, derived empirically from the oceanic
event data) governs the relative partition-
ing of events by moment. The constant A
gives the absolute number of events and can
be related to the total moment release rate
3M, [taking into account the cumulative

nature of N (1)]:

dN
— _[M*
M, IO M. odMo

AB
= MM @

where M_* is the seismic moment of the
largest event.

For M,* = 10%-> dyne-cm (based on the
largest intraplate oceanic earthquakes) and
3M, = 1.3 x 10?2 dyne'cm (present-day
moment release rate from surface faulting),
the frequency of occurrence as a function of
moment from Eqs. 1 and 2 (Table 1, third
column) ranges from tens of marsquakes of
moment =10!7 dyne:cm per year to one
marsquake of moment =10%¢ dyne:cm per
10,000 years. '

Although seismic moment is the funda-
mental parameter related to energy release,
it is generally easier to judge the size of a
seismic event in terms of magnitude. For
the purposes of illustration, we converted
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moment into an equivalent terrestrial body-
wave magnitude (m,) by fitting oceanic
intraplate data to a relation between mo-
ment and magnitude (I17) of the form

log M, =a + bm, 3

yielding a = 15.4 and b = 1.66. These
magnitudes correspond to the magnitudes
that would be determined on Earth for a
quake with the given moment (Table 1).

The static moment measured from fault
displacements is likely greater than the
dynamic moment measured from seismic
waveforms because static measurements in-
clude pre- and postseismic slip and some
aseismic slip. However, other factors sug-
gest that the above estimates of shallow
seismicity on Mars are considerably lower
than the total seismicity. First, only struc-
tures produced by shear faulting visible at
the surface today are included; no provision
is made for buried or non-shear structures.
The estimate also does not include seismic
events that do not produce surface displace-
ment (for example, activity associated with
hidden faults, deep lithospheric processes,
or volcanism) or events due to meteoroid
impacts.

On Earth, most earthquakes occur with-
out surface breaks. In an effort to calibrate
the estimates based on surface fault slip, we
performed a similar calculation for the
moon, where results can be compared di-
rectly with measured seismicity and mo-
ment release for the entire seismogenic
lithosphere. This was done by extrapolating
to the present the total moment release on
the moon from all tectonic features now
visible. Grabens on the moon formed from
3.8 to 3.6 Ga (18) and mare wrinkle ridges
formed from 3.6 to 3.0 Ga (19). The
cumulative length of grabens on the moon
is 17,000 km (18). An average slip of 150 m
on each of the two bounding 2-km-deep
faults for each graben (20) results in a
cumulative moment release rate of 5.1 X
10?! dyne-cm/year from 3.8 to 3.6 Ga. The
cumulative length of mare wrinkle ridges on
the moon is ~26,000 km. An average slip
of 150 m on 5-km-long thrust faults for each
wrinkle ridge (13) results in a moment
release rate of 3.2 X 10?! dyne:cm/year
from 3.6 to 3.0 Ga. If this moment release
is extrapolated to the present, on the as-
sumption of an exponential decay, the total
moment release rate is ~10'° dyne-cm/year
at present on the moon, a value ~1000
times below that observed for tectonic
events on the moon (21).

If our estimates for Mars are similarly
low, then the present total moment release
rate for the entire lithosphere on Mars is
about 10%° dyne‘cm/year, three orders of
magnitude higher than estimated from sur-
face faulting alone. This observationally
based estimate agrees with theoretical lith-
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ospheric cooling calculations for Mars (1)
and is between the present total moment
release rates (21) for the moon (10%?
dyne-cm/year) and the Earth (10%°
dyne-cm/year), as would be expected from a
simple comparison of the geologic and tec-
tonic activity of the planets.

Our results in this paper are quite sensi-
tive to poorly constrained assumptions of
the distribution of seismicity (values for B
and M_*) and of the relative contribution
of seismicity associated with surface faulting
versus that attributable to the entire seis-
mogenic lithosphere. Nevertheless, reason-
able assumptions based on applicable data
from the Earth and moon imply that Mars is
a seismically active planet (Table 1, fourth
column). For the total moment release rate
for the entire lithosphere and the moment
frequency distribution derived earlier, these
estimates predict that about two mars-
quakes of moment =10%3-> dyne-cm, about
a hundred marsquakes of moment =10%%->
dyne-cm, about a thousand marsquakes of
moment =10!° dyne:cm, and tens of thou-
sands of marsquakes of moment =10'7
dyne-cm occur per yeéar. The small size of
Mars and a number of other factors support
the argument that a marsquake equivalent
to a body-wave event of magnitude 4 on
Earth should be globally detectable by
Apollo-class seismometers (1). If this state-
ment is true, ~14 teleseismic events and
more than a hundred equivalent magnitude
3 or greater earthquakes on Mars would be
expected each year. Such events offer a
promising prospect for seismological inves-
tigations on future missions to Mars.
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Relation Between Long-Term Trends of Oxygen-18
Isotope Composition of Precipitation and Climate

Kazimierz Rozanski, Luis Araguds-Araguas, Roberto Gonfiantini

Stable isotope ratios of oxygen ('80/'60) and hydrogen (D/H) in water have long been
considered powerful indicators of paleoclimate. However, quantitative interpretation of
isotope variations in terms of climate changes is hampered by a limited understanding of
physical processes controlling the global isotope behavior. Analysis was conducted of time
series of 180 content (5'0) of monthly precipitation and surface air temperature available
through the International Atomic Energy Agency-World Meteorological Organization glob-
al network, “Isotopes in Precipitation.” This study indicates that long-term changes of
isotopic composition of precipitation over mid- and high-latitude regions during the past
three decades closely followed long-term changes of surface air temperature with the
average 3'80-temperature coefficient around 0.6 per mil per degree Celsius.

Current distribution patterns of deuterium
(HDO) and oxygen-18 (H,'30) concentra-
tions in meteoric waters (rain and snow)
reveal a close relation among some climat-
ically relevant meteorological parameters,
such as surface air temperature or amount
and isotopic composition of precipitation
(1-6). These relations have been used in
numerous studies to extract paleoclimatic
information from records of isotopic com-
position of ancient precipitation preserved
in polar ice cores (7-12), carbonate depos-
its in lakes (13-15), ground water (16-18),
and tree cellulose (19-21). Whereas the
link between isotope signature of precipi-
tation and climate in polar regions is rela-
tively well understood, this is much less
the case in temperate and tropical areas.
Doubts have often arisen as to whether
spatial relations between isotopic composi-
tion of precipitation and climatic variables,
derived for current conditions, can be used
with confidence to interpret isotope records
preserved in various environmental ar-
chives because they usually reflect long-
term linkage between isotopic composition
of precipitation and climate on a given
area.

The global survey of oxygen and hydro-
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gen isotope composition of monthly precip-
itation, initiated in 1961 by the Interna-
tional Atomic Energy Agency (IAEA) in
cooperation with the World Meteorological
Organization (WMO), provides an oppor-
tunity to study the link between isotopic
composition of modern precipitation and
present climatic conditions on a global
scale (Fig. 1). The most important paleo-
climatic application is an apparent relation
between isotopic composition of precipita-
tion and surface air temperature. Dansgaard
(2), in his excellent review of the data
gathered during the first 3 years of operation
of the IAEA/WMO network, noticed that
annual mean 380 of precipitation was
closely related to annual mean surface air
temperature for mid- and high northern
latitude coastal stations (North Atlantic
and Greenland); the slope of the linear fit
to the data was 0.69 per mil per degree
Celsius. This spatial relation can also be
derived from simple models describing the
evolution of isotopic composition of atmo-
spheric waters at various stages of the global
water cycle (2, 3, 22-26). The concept
most often applied assumes that rain is
formed in isotopic equilibrium with the
vapor, at the temperature of the cloud base,
and is immediately removed from the cloud
(Rayleigh model). Because heavy water
molecules (H,'80) are preferred in the
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