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Ganymede: A Relationship Between Thermal

History and Crater Statistics

Abstract. An approach for factoring the effects of a planetary thermal history into
a predicted set of crater statistics for an icy satellite is developed and forms the basis
for subsequent data inversion studies. The key parameter is a thermal evolution-
dependent critical time for which craters of a particular size forming earlier do not
contribute to present-day statistics. An example is given for the satellite Ganymede
and the effect of the thermal history is easily seen in the resulting predicted crater
statistics. A preliminary comparison with the data, subject to the uncertainties in ice
rheology and impact flux history, suggests a surface age of 3.8 X 10° years and a
radionuclide abundance of 0.3 times the chondritic value.

Geomorphic evolution of impact cra-
ters on planetary surfaces, created over
a wide range of geologic time and a wide
spectrum of sizes, provides insight into
the temporal behavior of endogenic mod-
ification processes. This report presents
a simple architecture for generating a set
of predicted cumulative impact crater
curves reflecting endogenic modification
processes on Ganymede. The study was
motivated by Voyager spacecraft obser-
vations of a relative deficiency of large
impact craters (Fig. 1).

A thermal history model is specified
and related directly to the viscosity his-
tory, the functional forms being fairly
well known in terms of flow laws for geo-
logic materials (/). The mechanism of
crater modification is viscous relaxation,
dependent on crater size and the explicit
behavior of viscosity with depth. A cra-
ter of size D on the surface of Ganymede
will have a limited lifetime that depends
explicitly on the time of crater forma-
tion. This initial model adopts a practical
definition of lifetime in terms of a detect-
ability limit based on a critical crater
depth, d.(D). Craters shallower than
d.(D) are not detectable; the specific val-
ue of this parameter is an empirical mea-
sure from any photograph and is based
on resolution, lighting angle, and albedo
variation. The lifetime of a crater,
L(t,D), is the time differential between
creation at time ¢ and the moment when

crater depth is less than d (D). A critical
time T,(D) is that point in geologic his-
tory when L(t,D) extends exactly to the
present (2).

The predicted cumulative crater statis-
tic, 3(D,?), is written as the integral over
a differential functional N(D,r*) such
that

S(D.1) = J © N’ %) dD’ a)

and is the number of craters of size = D
that exist on a surface formed at time ¢;
the variable ¢* is max[¢,T(D)]. The inter-
pretation of t* in N(D,t*) is clear if we
envision a surface, formed at time ¢, that
collects craters to the present. We count
those craters in the present epoch, but it
is clear that by definition if ¢ < Ty(D),
craters of size D on the surface formed at
t will not last to the present and be
counted today. Conversely, if t > Ty(D),
craters of size D will persist and be
counted.

For a thermal history we assume a sce-
nario starting 4.6 X 10° years ago with a
silicate core containing a chronditic com-
plement of radiogenic heat sources, a lig-
uid water mantle, and a surface temper-
ature, T,, of 100 K. At all times in the
history of Ganymede, the Rayleigh num-
ber for the mantle is supercritical and
convection is the dominant mode of heat
transport. The freezing time of the liquid
water mantle has been described (3). Us-
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Fig. 1. Cumulative size-frequency curves for
normal and relic craters on heavily cratered
terrain on Ganymede. The normal crater rela-
tionship shows a deficiency of craters larger
than ~ 30 km in diameter, which is attributed
to viscous degradation of topography due to
the material properties of the ice-rich satellite.
Relic craters fall close to the projection of the
normal crater population, indicated by the
least-squares line. Error bars are calculated as
+ /N, the cumulative number of craters
= D. An equilibrium population curve at 10
percent saturation is shown for reference.

ing nominal values of the thermal and
viscosity parameters ) and the decay
characteristics of chondritic sources
starting 4.6 X 10° years ago, we obtain a
freezing time of about 3 X 108 years.
Subsequent to mantle freezing, heat is
transported by subsolidus convection
through the mantle to the base of an out-
er ice shell, or lithosphere, a boundary
layer that transports heat conductively
to the surface. The thermal evolution is
conveniently described by the relation-
ships of parameterized convection (5),
utilizing the conservation of thermal en-
ergy. A solution is obtained for the tem-
perature, T, of an isothermal central re-
gion that forms in high-Rayleigh-number
convection and for the thickness, A, of a
thin lithospheric boundary layer at the
surface. The results for 7 and A show
that at the end of mantle freezing, there
is an initial sharp change in both of these
variables representing the loss of the re-
maining primordial heat from the mantle.
Subsequently, the mantle is in a steady
state, convectively transferring the core
heat flux to the surface. With increasing
time, however, the values of T decrease
and the values of A increase, represent-
ing the normal decline in radiogenic heat
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production over the lifetime of the plan-
et. The variables A and T completely de-
fine the thermal profile necessary to cal-
culate the time-varying viscosity profile
for crater relaxation.

A Newtonian viscosity profile is re-
lated to the temperature profile as

T

1,1 “ @
where z is depth; the temperature profile
T(z,¢) is linear across A, varying from 7T,
to T, and then of constant value T de-
rived from the parameterized convection
solution; the creep constants 0, and a are
from (3); and T, is the melting temper-
ature. The Navier equations for dis-
placement in an elastic medium are de-
composed into horizontal wavelengths
with Hankel transforms and then solved
as differential equations in z. Following
McConnell (6), the viscosity profile is ap-
proximated as a piecewise constant func-
tion in z (7) and solved by matrix tech-
niques. The elastic equations are
changed to viscous equations by the cor-
respondence principle (8) and the time
dependence thus introduced is solved
explicitly by Laplace transform tech-
niques. Since the viscosity profile is a
function of time, the problem is solved in
successive time stages, with the viscosi-
ty profile approximately constant at each
stage.

The viscous solution yields displace-
ment at the surface as a function of time;
all craters start with unit displacement
(depth) and shallow with time. At some
point the depth is less than the (normal-
ized) critical depth d (D) and the crater is
assumed to have disappeared from view
(9)—that is, vanished in terms of mor-
phologic detection (for example, of a
rim). Other characteristics may survive
and allow the crater to be identified. Rel-
ic craters, identified as craterlike albedo
features, fall into this class (see Fig. 1
and below).

In Fig. 2 we plot L(t,D) for the nominal
thermal model; zero time is 4.6 x 10°
years ago. For example, a 60-km crater
will survive 107 years when formed at 0.6
billion years, but will survive about 10°
years when formed at 3.0 billion years.
The general trend is for increasing life-
times with decreasing crater size and in-
creasing geologic time. Craters 13 km in
diameter or smaller persist from ¢ = 0 to
the present time 7, (4.6 X 10° years), and
for any ¢ = 0 the trend is for larger cra-
ters to persist to the present with in-
creasing time of formation. The exact
boundary of the surviving craters is de-
termined graphically by finding the value
of ¢ such that ¢, — ¢ = L(¢,D). This

n,t) = mo €Xp l—a[l -

150 T T

Lifetime, L

100 107 years

50

Crater size, D (km)

0 1.0 2.0 3.0 4.0

Time from formation,t (10° years)

Fig. 2. Crater lifetime L(z,D) for the adopted
thermal model (chondritic heat sources in sili-
cate core of Ganymede) is contoured with sol-
id lines. The dashed line bounds the region
where craters persist to the present and de-
fines the critical time To(D). Craters forming
in the white area are not counted in present-
day statistics; craters forming in the stippled
area are counted.

boundary defines the functional relation-
ship between T, and D.

The final element needed to relate our
computational model to the observed
craters on Ganymede is the temporal
relationships for the formation of impact
craters. For this simplified model, we
have adopted the following relationship
as a reasonable cratering flux history;
many more complicated models exist.
The cumulative number of craters per
square kilometer =A that have formed
since time ¢ is

3.D,p) = C)D™* 3)

where i denotes the statistics of the flux
of impacting objects and differs from the
cumulative statistics 3(D,7) of the sur-
viving craters on the surface. This is a
crater production curve, and the func-
tional relationship between the size and
velocity distributions of impacting ob-
jects and the size distribution of the cra-
ters produced depends on, among other
factors, the physical properties of both
the impacting object and the target. The
variable C; denotes the time dependence
of the flux; the constant « is assumed to
be ~ 2 (in more complicated and perhaps
more realistic models, « is a function of
D). The time-dependent portion of the
production model is assumed to consist
of a linear contribution that dominates in
recent periods and an exponential contri-
bution that dominates in early times

Cit) = R)(t, — 1) + Ar&—0 (4

where R, is the present production rate
of craters, A is the exponential intercept,
and A is the decay constant of the ex-
ponential flux (/0). The time dependence
of the survivors on the surface, C, has
the same form as C; but is a function of
t*. However, 2(D,t) is not obtained from
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3.(D,1) by replacing Ci(f) with C(t*) be-
cause of the integral nature of %, (all cra-
ters greater than D) and the selectivity of
t* for a specific size. Rather, the dif-
ferential number of craters of size D is

N(D,t*) = C(t*) aD™@*V ®)

and 3(D,?) is obtained from Eq. 1 by in-
tegration. This final step serves, then, to
predict crater statistics from a given flux
model and thermal history through the
critical time To(D). Use of this model re-
quires that external modification from
other impacts has been minor for the
largest crater diameters—this criterion is
met on Ganymede.

The crater statistics that result for the
specific flux model and two thermal his-
tories are shown in Fig. 3. The solid
curves are for chondritic abundances of
radiogenics in Ganymede’s silicate core.
All ages approach a slope of —2 for small
D, but these slopes persist to increasing
crater size with decreasing age. This in-
dicates that, as Ganymede or any other
icy body cools, there is an increase in the
size of the largest crater that is unaf-
fected by relaxation processes. The un-
even spacing of the curves for equal time
increments is a reflection of the com-
petition of the linear and exponential
fluxes in the total population, as well as
the logarithmic presentation. The dashed
curves are for one-tenth chondritic heat
sources in the core. It is immediately evi-
dent that, for any given age, the size of
the largest unaffected crater is increased
as the heat source abundance is de-
creased.

The observed crater relationships
(Fig. 1) show two important results.
First, the population of normal (nonrelic
craters) displays a progressive defi-
ciency of craters larger than about 30 km
in diameter, and second, the population
of very subdued circular forms (relic cra-
ters) follows the trend established by
normal craters smaller than 30 km.
These results suggest that relic craters
evolved from large normal craters, in a
manner analogous to that shown in our
model.

A comparison of Figs. 1 and 3 leads to
an example of the types of interpretation
possible with this model. A heat source
approximately 0.2 to 0.3 chondritic and a
surface age of about 3.8 x 10° years is
suggested. However, there are a great
many simplifications, uncertainties, and
assumptions, and these results must be
considered with caution (7). The chief
uncertainty may be the creep properties
of ice at low temperatures. For example,
it appears that a viscosity about two or-
ders of magnitude greater allows the
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chondritic curves to mimic the one-tenth
chondritic curves. However, accurate
laboratory measurement of low-temper-
ature ice viscosity is within present ex-
perimental capability.

We reemphasize that the model used
here is preliminary and simplistic and is
intended as an illustration of the tech-
nique. Our chief point here is that an ar-
chitecture, the establishment of Ty(D),
exists for folding thermal models and
flux models into a scheme for predicting
crater statistics. Complications (11) are
details that do not alter the basic ap-
proach. The ultimate goal is to use the
observed crater statistics to invert for
both the thermal and flux histories of the
icy satellites. The problem is clearly
fraught with ambiguity and one would
hope to obtain plausible sets of parame-
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Fig. 3. The crater statistics resulting from
TyD) of Fig. 2 and the adopted flux model are
shown as solid lines. Curves show predicted
populations on surfaces of various ages.
Dashed curves are the results when the heat
source is reduced to a value one-tenth chon-
dritic. On both sets of curves, the slopes ap-
proach —2 for small crater diameters, in-
dicating that viscous relaxation processes
have not affected these craters.

ters that reproduce the observations. In
that regard, simultaneous inversion of
data for different terrain types on Gany-
mede as well as Callisto data should re-
duce the level of ambiguity.
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Hydrogen Release: New Indicator of Fault Activity

Abstract. The hydrogen concentration in soil gas has been measured in the area
around the Yamasaki Fault, one of the active faults in southwestern Japan. Degas-
sing of a significant amount of hydrogen (up to more than 3 percent by volume) has
been observed for sites along the fault zone. The hydrogen concentration in soil gas
at sites away from the fault zone was about 0.5 part per million, almost the same as
that found in the atmosphere. The spatial distribution of sites with high hydrogen
concentrations is quite systematic. A hypothesis on the production of hydrogen by

Sfault movements is postulated.

The upward migration of various gases
in the earth’s crust is well known. The
best known example is the degassing of
helium (/). It has been suggested that He
migrates from the upper mantle because
of its anomalous isotopic ratio of *He to
“He (2). The degassing rate of He at the
surface is thought to be constant except
in areas of high crustal activity. Volcanic
fumaroles and the degassing observed

in geothermal areas are the most ex-
treme cases of this degassing phenom-
enon.

Degassing rates are assumed to be af-
fected by local geotectonic features such
as faulting. A significant amount of He
with a high He/*He ratio has been ob-
served along the fault zone formed by
the 1966 Matsushiro earthquake swarms
(3). From these observations, the He
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Fig. 1. Locations of the sampling sites of soil gas in the area around the Yamasaki Fault. Repre-
sentative active faults and tectonic lines in southwestern Japan are shown (5). Closed circles
indicate the sites where significant amounts of H,; were measured. Open circles designate the
sites where H? concentrations were almost the same as that of the atmosphere.
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flux along the Matsushiro fault was cal-
culated to be about 3 X 10* times (3)
higher than that of the average crust ().

Recently, the recognition of active
faults has become a very important tool
for earthquake prediction because many
large earthquakes are known to occur
along active faults. Several attempts
have been made to evaluate the move-
ments of active faults by topographic and
geodetic studies and by the observation
of microearthquakes. In order to obtain
basic knowledge on fault movements by
geochemical methods, we have carried
out a series of field experiments in the
area along the Yamasaki Fault.

This fault is one of the main strike-slip
faults in the inner zone of southwestern
Japan (5). The length of the fault system,
trending in a northwest-southeast direc-
tion, is about 80 km. The basement rock
of the area is primarily Paleozoic granite.
The sedimentary layer is less than a few
meters thick. Surface features are char-
acterized by altered shales, and a vast
amount of Cretaceous intrusives of acid-
ic rocks is seen as rhyolitic dikes (6).

Shallow microearthquakes have oc-
curred frequently along the Yamasaki
Fault zone. The vertical distribution of
the hypocenters of these shocks is con-
centrated in the region 10 to 15 km deep,
the lower part of the granitic layer (7).
An earthquake with a magnitude of over
4 occurs, on the average, once every
several years. Comparatively large
earthquakes which occurred recently
had magnitudes of 5.1 (21 September
1973), 3.7 (30 September 1977), and 5.0
(28 December 1979). The mean velocity
of the left-lateral slip motion of the major
fault is calculated to be about 1 mm/year
on the basis of neotectonic studies (8).
Since this area was designated as a test
field for earthquake prediction research,
intensive studies have been carried out
by scientists from several universities in
Japan. These include high-sensitivity mi-
croseismometry, strainmetry based on
continuous observations with an array of
extensometers across the fault, level-
ing, geochemistry, and geomagnetism,
among others (9). ‘

Since November 1978, field measure-
ments of soil gas have been made three
times in the area along the Yamasaki
Fault (10). A total of 21 sampling sites
have been located in the region between
Yamasaki and Fukuzaki, an approximate
area of 20 km by 20 km (Fig. 1). Each
sampling site consists of from 2 to 14
sampling points, so that we could obtain
a representative value of the H, concen-
tration of that site. A total of 70 sampling
points were used in this study.
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