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Martian Craters: Number Density 

Abstract. The incremental frequency distribution of Martian crater diameters 
larger than 2*0 to 30 kilometers follows an inverse-square law, with density equal 
to that of craters on the lunar continents. This finding accords with the prediction 
that lunar continents and the Martian surface carry an equilibrium density (satura- 
tion) of craters originating in meteoroidal impact. Therefore crater statistics alone 
cannot be used for estimation of the age of the Martian surface. 

Mariner IV discovered that Mars has 
a heavily cratered and surprisingly 
Moon-like surface. The major difference 
between craters on Moon and on Mars 
is that the former seem to be very much 
shallower, with lower rims and flatter 
floors than "sharp" lunar craters of the 
same diameter. This flattening is usually 
attributed to processes operating on the 
Martian surface, such as erosion by and 
deposition of wind-blown sand. Never- 
theless, craters on Moon and Mars 
have large-scale similarities. 

The expected number density of 
craters, as a function of diameter, can 
be related to the crucial parameters of 
the processes by which craters are 
formed and then destroyed by oblitera- 
tion, flooding, erosion, and sedimenta- 
tion. The consequences of the meteor- 
oidal-impact hypothesis (1) are applied 
to the Mars data; the hypothesis, which 
adequately predicts the size distribution 
of large lunar craters in continental and 
mare regions, also adequately predicts 
the distribution of craters on Mars. 

Early counts of Martian craters (2), 
based essentially on the first press-kit 
photographs, yielded a number density 
roughly intermediate between those of 
the lunar continents and maria. Later 
counts (3, 4) essentially verified these 
densities; they were based on 70 to 110 
craters for all the usable Mariner IV 
photographs [for this purpose, frames 
3 to 16 (2)]. Although these densities 
were generally accepted, they were 
known to be low by a large factor (5) 
since only relatively sharp and pristine 
craters were counted; the many "ghost" 
craters, often conspicuous in spite of 
their low relief, were ignored (6). 

Because their corners overlap, each 
consecutive pair (for example: frames 
3 and 4, 5 and 6) of Mariner IV photo- 
graphic frames is published (7) on a 
single-sheet mosaic, except for frames 
1 and 2. No frame taken after frame 
16 showed enough detail to merit car- 
tographic reduction. The poor photog- 
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raphy in frames 1, 2, 15, and 16 dis- 
couraged their use in this analysis. 

The basic crater counts (Table 1 and 
Fig. 1) are displayed in "incremental" 
rather than the more familiar "cumula- 
tive" form. Incremental counts preserve 
the essential shape of the number den- 
sity while giving a much better picture 
of the fluctuations than do the cumula- 
tive counts (9, 10). Each bar on the 
graphs represents the number of craters, 
between x and x(2Y2) km in diameter 
(x = 2k/2 for k = 3, 4, 5, and so on), 
per square kilometer. The parameters 
of the two forms are easily related in 
the case or which we have an inverse- 
power-law type of distribution: [cumu- 
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Fig. 1. Incremental number densities 
of Mars. 

lative number of craters per unit area 
whose diameters are between x and 
x(22) km] = C(x-8) (1 - 2-8/2) where 
s and C are positive constants known as 
the population index and the density co- 
efficient, respectively. On a log-log 
graph, both cumulative and incremental 
counts of inverse-power-law type appear 
as straight lines with slope - s. 

Lunar continents are known to be 
characterized by s = 2.0 and C = 
0.10/km2 for craters larger than 1 km 
in diameter (8). This lunar area in- 
cludes both the Southern Highlands on 
the near side and the most densely cra- 
tered regions on the far side. Craters 
on the lunar maria are much lower in 
density and characterized by a smaller 
population index (s- 1.55 to 1.80 and 
C = 1 X 10-3 to 2.5 X 10-3/km2 
according to the mare being consid- 
ered). The straight line in Fig. 1 gives 
the lunar-continental incremental den- 
sity, 0.05x-2/km2, for craters of diam- 
eters between x and x(2Y2) km, which 
should be compared with the left ends 
of the bars on the graphs, since the left 
end of each bar corresponds to the di- 
ameter x in the smoothed incremental 
density. 

At large diameters the Martian crater 
counts are in excellent agreement with 
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Table 1. Numbers of craters having diameters between x and x(2,). 

x (km) Field 
Frames ( X 10 

2.8 4 5.6 8 11.3 16 22.6 32 45 64 90 128 180 km2) 

3 and 4 0 4 0 8 8 12 15 18 8 4 3 0 0 2.45 
S and 6 0 10 13 19 22 13 8 4 5 2 0 0 0 1.64 
7 and 8 5 4 31 13 20 23 16 8 3 0 0 0 1 1.34 
9 and 10 0 4 17 33 17 20 18 11 4 3- 1 1 0 1.18 

11 and 12 0 2 17 28 7 20 7 4 1 3 0 1 0 1.16 
11 0 2 8 22 6 12 3 3 1 1 0 1 0 0.548 
13 and 14 0 2 4 21 16 13 7 3 0 1 0 0 1 (?) 1.00 

the lunar-continental counts when one 
takes into account the small number of 
observations (Table 1). We note first 
of all that the index s = 2.0 is justified 
in every instance. The density coeffi- 
cients may vary slightly from region to 

region. Table 2 shows the density ratio 
of large craters on Mars and on the 
lunar continents, as well as the mini- 
mum diameter xm,, at which an inverse- 
square law is applicable to the Martian 
counts. 

Note that the number densities in 
Fig. 1 are not simply number: area 
ratios from Table 1. There is an impor- 
tant practical reason for this. I counted 
all craters of which any parts of the 
perimeters extend into the Mariner 
frame; consequently the true area within 
which we are looking for craters of di- 
ameter x comprises the field of the 
photograph plus a strip roughly x/2 in 
width surrounding the region photo- 
graphed. For lunar counts, this factor 
is seldom important, but on the Mariner- 
IV frames the craters are large relative 
to the size of the photograph, so that 
the effective search area for large craters 
is significantly greater than the area 

photographed. This very significant 
factor greatly modifies the estimated 
densities. 

Important problems remain in the 
(necessarily) subjective identification as 
craters of objects in the Mariner IV 
photographs. 

I have developed a detailed sta- 
tistical theory of the formation and sur- 
vival of craters; it takes into account the 
randomness, in space and time, of the 
birth of primary and secondary craters, 
the destruction or obliteration of older 
craters by newer ones that formed 
nearby, and the obliteration of craters 
by flooding or filling (1). I assume that 
the most important factor in the survival 
of large craters on the lunar continents 
and on Mars is obliteration of old 
craters by new. It can be shown quite 
generally that, if the size distribution of 
newborn craters does not change with 
time, the observed distribution ap- 
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proaches a statistical state of equilibri- 
um (saturation) in which smaller 
craters are formed and destroyed by 
larger ones at the same rate. Thus one 
cannot estimate, from the number of 
craters observed on a heavily cratered 
surface, the total number of craters that 
have been formed on that surface-a 
fatal defect in attempts to estimate the 

ages of heavily cratered surfaces from 
crater statistics. (It is assumed that the 
equilibrium density has been reached 
for all large craters present in statisti- 
cally significant numbers.) 

The expected equilibrium number 
density (x) (expected number of cra- 
ters of diameter x per unit area, per unit 
diameter interval) is simply related to I j. . 

the probability density p(x 
diameter at the time of birt 

(x) p(x)/ [JX7 r(y -x) 

It is assumed that a crater i 
circular object that destroy 
within its perimeter but le 

thing outside intact. I have; 
the approximation that a cr 
erated if and only if it is 
overlapped by a larger cra 

The hypothesis of meteor 
predicts that the function 
p(x) is an inverse-power la) 

p(x) -= yx-- for x 
p(x) 0 for x 

where the diameter of the s 
servable" crater is taken as 
distance (1 km is conveni 
purpose). The constant y is 
of two rather poorly know] 
the cumulative population 
the masses of planetesima 
sumably bombarded the surj 
exponent y, in the scaling 
lates crater diameter x to ti 
of the explosion that caused 

x = (constant) W' 

The most plausible ranges c 
values are 0.6 < yl <? 0.8 

< 4. The extreme range of possible 
values of y is 1.8 to 3.2, but the most 
likely range is 2.1 < y < 2.7. 

Assuming that the inverse-power-law 
form for p(x) is correct, I derive an ex- 
pected equilibrium density (for y>2): 

l (x) = 2y7(- 1)(y--2)/qrx3 

an expected cumulative equilibrium 
density: 

f? t(y)dy = y( - l)(r - 2)/2rx' 

and an expected incremental equilibri- 
um density: 

f (21/) t(y)dy= 7y(y 
- l)(y-2)/rx2 

c) of crater For any y>2, the cumulative or incre- 
h (1): mental equilibrium density is an inverse- 

square law. Equating the observed 
2- lunar-continental density coefficient to 

p(y)' dy/41 this value, I derive y = 2.13, which is 
J rather uncertain. Although the Martian 

s a perfectly crater statistics are too poor to permit 
s everything definite determination of whether the 
caves every- index of the observed distribution is 
also invoked 2.00, the lunar-continental observations 
ater is oblit- are accurately characterized by this 

completely value. The lunar-continental and Mar- 
iter. tian crater counts are therefore con- 
oidal impact sistent with the hypothesis that these 
lal form of surfaces have an equilibrium density of 
w: primary impact craters. As usual one 

cannot preclude the hypothesis that 
> 1 most large craters are of internal origin, 
< 1 because there is no quantitative theory 
mallest "ob- 
the unit of 

ient for my Table 2. Density ratio of large craters on Mars 
the product and on the lunar continents (C: C); Xm in 

is the smallest diameter for which an inverse- 
n constat: square-law incremental frequency distribution 

index v,/ of is valid. 
ls that pre- 
face, and the 
law that re- 
ie energy W 
the crater: 

*py2 

)f parameter 
and 3 < y2 

Frames C:C (Xmi (km) 

3 and 4 1.0 32 
5 and 6 0.6 45 
7 and 8 1.0 16 
9 and 10 1.1 22 

11 and 12 0.8 16 
11 1.0 16 
13 and 14 0.7 16 
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of the origin of endogenous craters. 
It is not certain that either lunar- 

continental or Martian surfaces are 
saturated with large craters. If both are 
saturated, then, even if the flux history 
of the meteoroids and planetesimals 
that presumably bombarded these sur- 
faces were accurately known (including 
now-extinct populations of primeval 
planetesimals), one could obtain at best 
only the minimum age of each surface. 
But the flux history is not well known. 
Improvements in experiments with 
satellites and in terrestrial photography 
of meteors have frequently revised sub- 
stantially estimates of the present near- 
Earth flux of small meteoroids; neither 
these uncertain data nor our data on 
present asteroidal and cometary objects 
can be safely extrapolated for prediction 
of the flux of large primeval planetesi- 
mals in the neighborhood of Mars. Fi- 
nally, internal flooding complicates the 
use of the lunar maria as historical 
impact counters (1). 

For these reasons one must regard 
with considerable caution some earlier 
attempts (2, 4, 9, 11) to estimate the 
age of the Martian surface from crater 
statistics. These statistics alone justify 
neither a long age scale (-3 X 109 
years) nor a short one (~500 X 106 
years). More accurate estimates of age 
will require better knowledge of the 
early Martian meteoroid flux and of the 
processes that modify Martian surface 
topography. 

A. H. MARCUS 
Bellcomm, Incorporated, 1100 17th 
Street, NW, Washington, D.C. 20036 
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Oxygen-Isotope Analysis of Recent Tropical 
Pacific Benthonic Foraminifera 

Abstract. Analysis by the oxygen-isotope method of samples of benthonic 
Foraminifera, collected at different depths on the continental shelf and slope 
off western Central America, yielded isotopic temperatures agreeing closely with 
the temperatures measured in the field. The validity of the oxygen-isotope method 
as a means of analysis of paleotemperatures is further supported. 
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The 018:016 ratios in the calcium 
carbonate of shells of pelagic and (to a 
much smaller extent) benthonic Foram- 
inifera have been extensively used for 
study of the temperature variations of 
surface and bottom ocean water during 
the Pleistocene (1, and references). 
The values obtained from foraminiferal 
samples, separated from the top few 
centimeters of deep-sea cores from 
different oceanic areas, indicate that 
Foraminifera deposit their calcium car- 
bonate in isotopic equilibrium with the 
ambient sea water. In order to test fur- 
ther this conclusion, 018:016 analyses 
have been made on several specimens 
of Recent benthonic Foraminifera col- 
lected from water for which actual 
temperatures were known. 
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The species were taken from core 
samples collected (2) off Central Amer- 
ica in December 1955; paired core 
samples were taken across the conti- 
nental shelf and down the slope at 
depths from 20 to 3200 m, over a 
distance of about 80 nautical miles. 
Samples were taken primarily to pro- 
vide information on the geographic and 
depth distribution of benthonic foram- 
iniferal species in the area, and in- 
formation about the physical and 
chemical factors affecting that distribu- 
tion (3, 4). The samples analyzed 
isotopically range in depth from 47 to 
885 m and include six monospecific 
samples and one multispecific. Five 
species of Foraminifera from four 
genera are represented; one species was 

The species were taken from core 
samples collected (2) off Central Amer- 
ica in December 1955; paired core 
samples were taken across the conti- 
nental shelf and down the slope at 
depths from 20 to 3200 m, over a 
distance of about 80 nautical miles. 
Samples were taken primarily to pro- 
vide information on the geographic and 
depth distribution of benthonic foram- 
iniferal species in the area, and in- 
formation about the physical and 
chemical factors affecting that distribu- 
tion (3, 4). The samples analyzed 
isotopically range in depth from 47 to 
885 m and include six monospecific 
samples and one multispecific. Five 
species of Foraminifera from four 
genera are represented; one species was 

Fig. 1. Coast of El Salvador, Nicaragua, and Honduras, and sources of samples. 
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