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which average crater density data has been obtained.
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Comparison of original stratigraphic sequence proposed

by Scott and Carr (1976) with average crater density
values compiled in this study. Values with greatest
statistical strength are underlined; those with less
strength are (in descending order) contained in paren-
thesis and finally in brackets. A general agreement

in relative age -is apparent from this fiqure. Rock

unit  symbols can be found in figure 8 caption. . . . . 19
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geolbqic unit plotted against the relative percent of
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excluded. The vertical axis (average number of crater/
loskmz) is a linear scale; the horizontal axis is
logarithmic, The statistical strength of the crater
density values becomes increasingly lower for geologic
units further to the right of this figure due to the
smaller areal extent of the units (and thus fewer data
points). Rock unit designations can be found in fig-
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Comparison of Mariner-9 cratering data to cratering data
collected from Viking images. Last column gives the num-
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Introduction

One of the major problems in planetarv geology is the stratigraphic
correlation of photogeologic-geomorphic units, Stratigravhic correlations,
inferred from spacecraft images which afford little vertical control, are

»

difficult to assign. One of the tools which has been aPPIiéd to this
problem is crater density data (that is, the number of craters per square
unit area). Given the assumption the flux of impacting bodies has been
4reasonab1y constant since planetary accretion, geologists han counted
the number of craters on a surface and inferred a different age for a more
. or less‘Aensely cratered surface; Using various size ranges of craters,
~ this technique has been applied to small areas on Mars with reasonable
success. This study extends the scope of such work to examine the global
distribution of 4-10 km diameter craters and their relationship to
pPlanetwide geologic-geomorphic units.

In order to examine fhis relationship, the distribution of 4-10 km
diameter craters on the surface of Mars between about *65° lat., based
on Mariner 9 images, has been digitized and displayed as a Mercator pro-
jection at 1:25,000,000 (1:25 M) scale. For the purpose of this study,
the open file 1:25 M geologic map of Scott and Carr (1976) between 165°
lat. has also been digitized and displayed. The density of 4-10 km
diameter craters (hereafter referred to as intermediaté craters) for 23
of the equatorial geologic units has been compiled using a computer to
compare the two digitized data sets. The age relationships among the
23 geologic units was examined by using the data generated by this

comparison. ,



The objective of this paper is to present these data, and a
description of the techniques used in obtaining them, in an effort
to better define the strétigraphic relationships of these 23
éeologic units on Mars. The digitized intermediate crater density
data have been used previously by Soderblom and others (1974) in a
paper which gxplains the justification:for selectiﬁg a 4-10 km crater
diameter size range whose densities are considered valid indicators
of relative surface ages. A preliminary comparison of Viking I and
Marine; 9 data has been made in order to substantiate the reliability
of thé planetwide Mariner 9 photographic covefage with respect to
the density of intermediate craters:
Collection and digitization of
intermediate craters
Crater densities were obtained from 1600 Mariner 9 MTIVS (Mission
Test and Video System) wide angle frames by using the reseau marks as
sampling grids. These data were normalized to the density of craters
per 108kxm2 by establishing the altitude of éach image and calculating
the area within each reseau grid. These aata were then compiled on
1:5 m scale photomosaics by averaging the normalized crater densities
within the reseau grid into a more systematié array comprised of
approximately 1.5° square grids (with 1.07°by 1.40° sides). When the
1:5 m arrays iere mosaicked into a 1;25 M scale map, the composite
array contained 122 lines (horizontal rows) of data (equivalent to
130° lat., or #65° lat.) and 258 samples (vertical columns) of data
(eqﬁivalent to 360° long.). Because of poor Mariner 9 images. above

45°N lat., no crater density data were collected in this zone.






Within the final array the first 39 lines of data corresponding to
this - area from 65°N to 45°N lat. were compiled as zero crater density
points, but were eliminated from this study. Thusly digitized

(fig. 1) the data were in a format which could be compared to the

digitized geologic map.:

Digitization of 1:25 M geologic map

In 1976, D. H. Scott and M. H. Carr compiled a global geologic
map of Mars at the 1:25 M scale, an effort whfch represenﬁg the
synthesis and reinterpretation of the 1:5 M geologic map series
based on Mariner 9 dafa. This open-file map (No. 76-753) was
digitized by the author between *65° lat., using a sample grid
similar in format to that of the cratering data, containing 122
lines x 258 samples, or 31,476 data points. It should be pointed
out that the digitized map differs slightly from the finalized
version to be published in 1977. The three most marked differences
are: 1) from 35°N - 35°S lat. near 100°W long. and near 38°N, 80°W,
the fractured plains material has been deleted and incorporated into
surrounding units, 2) at 20°S lat., 250°W long., the streaked plains
material has been changed to ridged plains material, and 3) at
35°N lat., 255°W long., a patch of hilly and cratered material has
been changed to cratered plateau material. Because of the small
areal extent of the changes, it was thought unnecessary to change
the digitized map to conform with the later version of the 1:25 m

map.



Twenty-three different map units were recognized with the #65°
lat. zone. According to Soderblom and others (1974), intermediate
crater densities are thought to be reliable indicators of relative
age only in unmantled areas (roughly within the *35° latitudes);
debris mantles near the poles are thick enough to bury interﬁediate-
size craters (fig. 2). For this'reason, 16 of tge 23 map units
which occurred in areas north and south of the mantled zone were
further subdivided, so that they could be excluded from the sub-
sequ;nt sorting process. BAn image of the entige digitized geologic
map is shown in figure 3, with no subdivision of mantled geologic
units. |
Technique for separating crater

densities of geologic units

Because the geologic and crater density daté sets were compiled
in identical formats, such that éach point in one array corresponds
to a discrete point of similar areal extent in the qther, the two
data sets can be compared. In this comparison, the unit designation
in the geolbgic data set is used as a "look-up" table. This table
assigns the crater density value found in the corresponding location
to a discrete computer file for each of the 23 geologic units. By
averaging the crater density values accumulated in each file, an
Yaverage" crater density value for a geologic unit was computed (see
summary of téchnique in‘fig. 4). Before the sorting process was
appliedf cach point in both data sets was expanded to 9 points in

order to aid in the visual interpretation of the data. r
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.

Comparison of Mariner .9 and Viking
crater counts

The recent acquisition of Viking orbital images offers a
possibility to assess the accuracy of Mariner 9 crater counts in
selected areas for which Viking frames have been mosaicked. " Because
of the large scale ok the Viking images, it is dgqbtful that a
planetwide mosaic of these images will be produced and therefore,
it i§ important to evaluate the reliability of crater counts made
frém the global mosaic of Mariner 9 images. Ten Viking—mosaics
were examined, and intermediate crater count;-obtained from them
were compared to crater counts made from Mariner 9 images within
the same area (table 1). The Viking images were taken from 9900 km
to 1500 km altitude, the Mariner 9 images from 2800 k% to 1700 km
altitude. Coulumn 3 of table 1 shows the number of craters counted
using Mar:-.~r 9 and Viking images. Column 4 shows the relative
percent, .t} Viking counts considered as the total. It is apparent
from thesz {igures, that small areas which have few craters give
the highcsti percent érror. which is not surprising considering the
statistical crrors of small sample numbers. However, when the overall
number of craters counted are compared, 86 percent of all craters
found in the Viking images were recognized in the Mariner 9 data.
Because this study deals with geologic units much larger than the
small arcas represented in table 1, the au?hor believes the results
for major units would differ little if Viking data were used instead

of Mariner 9 data. Column 5 of table 1 shows the total number ?f
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craters counted in the Viking images as compared to the number of
thosg craters which had been degraded intﬁ flat-floored craters.
About 9 percent of the craters counted had been degraded, which
suggests that within the unmantled zone (*35° lat.), 4-10 km
diameter craters are lafge enough to have been prééerved since the
time of their formation and thus their net accumulation may be
used as a reliable indicatof of the relative age of the surface of

Mars. . °

.
-

Limi?ations of the éechnique

The technique used.to define relative surface ages of geologic
units is, of course, only as good as the data base (given that the
relative density of intermediate craters is an indicator of relative
age). The map used as the base for digitizing the geologic units,
and that digitization, are straightforward to discuss. The second
data base, that of crater counts and the problems inherent in their
statistical treatment, is more difficult.

The 1:25 M geologic map of Mars is a reinterpretation and con-~
densation of the 1:5 m quadrangles mapped using Mariner 9 data as a
base.‘ The author feels that 1:25M map, if regarded as a photo-
geologic-geomorphic product and put into the context of a global
synthesis, is useful as a first approximation of the areal extent df
geologic units.- The comparison of Viking mosaics with existing 1:5 M
geolbgic maps has lead thé author to conclude that most boundaries

o2 thc 1:5 M maps will probably change very little in the equgtorial

mz2s (where the HMariner 9 images were good), although there may be

-
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reinéerpretation of lithologies and better definition of gradational
geqlogic contacts. The new Viking images will undoubtedly enable
planetary mappers to further subdivide units, but this does not
affect a smaller scale map. The 1:25 M map is at an ideal scale
for comparison with the global intermediate crater densities.
However, there is one difficulty with the digitization of the map,
this dictate& by the size of the sample cells of the digitized
crater data. Because the digitizstion is fairly coarse, small units
and abrupt changes in unit boundaries are often lost. Also, data
pointé which st?addle unit boundaries will not accurately assign
crater densities to the proper unit, Little can be done about the
former and therefore, units with mmall numbers of points must be
regarded as relatively inaccurate. 1In order to eliminate possible
data points which in digitizztion straddles unit boundaries, all
points which were in contact with dissimilar geclogic units were
eliminated from the sorting procers. Thus, crater density values
which coincide in location with gzologic unit boundaries are lost,
a trade off in that while density values will not be assigned to the-
wrong geologic unit, the statisti:al} strength (that is, the number
of data points) in each unit will suffer.

Two pro:r:lems must be add;essef wben assessing the accuracy of
the intermediate crater counts. The first is that of collection.
As has been pointed out, the Marirer 9 images, on an average showed

86 percent of the craters found ir the Vikin§ images. This quality



varied, éue to operatoxr bias &ollectinq the data but more importantly
to Mariner 9 image quality. MTVS images, from early in the Mariner 9
mission are poor in quality because of atmospheric haze. Also,
images taken from high orbital altitudes lack thg resolution of
lower-orbit images. ' The Viking mosaic at 11°N lat., 24°W long.
(area 7,.table 1) is an example of thévcomplex prdblem of collecting
data from a ;mall area (7.5 x 10“km?) in which a large percentage
of the craters are degraded and thus could not be recognized from
the 2200 km altitude of the Mariner 9 A-frames.

When dealing with the number of craters which are correlated to
a given square unit area on the surface of a planeé, several limiting
factors must be considered. While it is important to keep as high a
resolution as possible, it is also necess;ry that this area be large
enough so that the number of craters per unit area will be large
enough to be statistically accurate. This obviously becomes a trade
off -- in order to increasc the area to give a large enough sampling
of craters to be statistically reliable, résolution must be sacrificed.
The data in this paper as displayed in table 2 were treated in three
ways (fig. 4). Column 1 shows the average "raw" or unfiltered crater
dgnsity data as accumulated using the geologic data set without the
edges of the units removed. Column 2 shows the same data, but uses
a sorting routine in which crater density data from the edges of the
geologic units have been excluded. Column.3 uses a sorting routine
in vhich crater density data from the geologic edges has been excluded,

and in which the average crater density value is obtained frbm data

13
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which‘has been smoothed using a 3-line by 3-sample low-pass filter.
This filter smooths data so that such crater density data point is
averaged with its eight surrounding values and the original value
replaced with this average value. If the geologic boundaries of
the units are valid,’ the mean of the 3 x 3 low-pass filter with the
edge rémoved should give the “average"'relative agé of the geologic
unit. This éverage relative age is as valid statistically as the
area of the geologic unit defining the number of crater density
values included in the average. This numbér is given in the fourth
column of table 2 as the population number. -It should be pointed
out th#t this population number must be divided by 9 in order to
obtain the actual number of digitized points originally counted.
The total population of all crater density values useé, after units

north and south of the mantled boundaries and also all unit edges

have been excluded, is 80,242. The fifth column gives the percentage

of crater density data points in each geologic unit with respect to

the total population of 80,249. Thus units with a smaller percent

must be regarded as relatively less accurate than those with a larger

number of points.

~
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Evaluation and speculations

Because of both stati;tical limitations, and those imposed by
the data base, the average crater densities given in table 2 should
be regarded as approximate values fog global wide geologic units.
When the seven largest dnits considered are subdivided into smaller
areas (as outlined in figures 5 and 6 with values given in columns
6-9 in table 2{, several-aréas of disagreement are apparent. These
areas of disagreement may arise from several sources in bgth the
crater den;ity data set and the geologic data set. Problems in the
crater density data set include: 1) crater counting techniques,
2) limitations of the photographic quality, 3) coarse digitization,
4) statistics of small ﬁumbers, and 5) lack of error bars in the
“"average"” crater density §alues. Problems iﬁ the geologic data set
include: 1) gradational' contacts, 2) possible similar geomorphic
signature of units which formed at different times, 3) the necessity
of defining stratigraphy from a photographic data base, and 4)
variations in the crater-retention ages of various materials. 1In
spite of those problems, a general agreement can be seen between
the average crater density value of the gnits, as defined in this
study, and that shown by Scott and Carr (1976) in figqure 7. 1In this
figure, average crater density values are shown witﬁ the stratigraphic
sequence of the units. Average crater density values with the best
statistical féundation are underlined, those with less foundation

are in parentheses, and those with the least are enclosed in brackets.
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A subsequent comparison of crater density data ané the stratigraphic
sequence resulted in figure 8 (Scott and Condit,.1977) which compares
the stratigraphic sequence of martian rocks as plotted against the
number (N) of intermediate (4-10 km) craters/10%km2. A good
correlation can be found between the boundaries of the younger
geologic units, and boundaries defined by the changes in crater
density map-specifically the Tharsis volcanics (unit pT), the smooth
plains (unit ps) and the plains (unit p) materials (figs. 1 and 3).

Other poss;bilities exist for the use of this type of technique
using a bétter crater data base, perhaps one incorporating the best
Mariner 9 images replaced where possible by Viking.images. Where
boundaries in geologic units are indistinct or gradational, crater
density maps may aid in defining the boundary. Also, several areas,
such as the one located at 30°N lat., 20°W long. may be re-examined
and assigned to another unit. Here thé plains materials witﬁ an
average value of 80.4 craters/loskm2 has an anomalously low value
(area 3 of plains material) of 36.7 craters/loskm2 and might better
be classified as smooth plains which has én average value of 56.6
craters/loskm2. The crater density data in areas 1 (north) and 2
(south) of the Tharsis volcanics, although poésibly reflecting the
statistics of small numbers, might lead to the observatiom that the
northern surfacé of the Tharsis volcanic material is younger than
the southern surface. These are speculations, however, but do

indicate a useful application for a strengthened data base using a

similar technique.
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' Martian Stratiqraphy
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Figure 8.

Stratigraphic sequence of martian rock units plotted

against number (N) of intermediate-size (4-10 km)
~craters/106km2 (after Scott and Condit, 1977).

Nbr-basin rim

Nhc-hilly & cratered -

Nplc~cratered plateau
Npm-mottled plains
HNpd-deflation plains
HNk-knobby terrain

Rock Units

Hvo-o0ld volcanics
Hpst-streaked plains
Hprg-ridged plains
Hpr-rolling plains
ANch-channel deposits
AHct-chaotic terrain
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AHvi-intermed. volcanics
AHcf-canyon floor
Apc-cratered plains
Avy-young volcanics
Apt-Tharsis plains
Aps~smooth plains
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Summary

The technique and data derived from it, as shown in table 2 must
be regarded in its global context. The crater density values for
the units of largest areal extent are the most reliable indicators of
the relative emplacehent‘age of the geologic units on Mars. These
include (from youngest to oldest): Tharsis volcaﬁic material,
) 20.9'craters/105km2; smooth plains material, 56.6 craters/loskmzz
rolling plains material, 66.2 craters/10%km2; Plains matef}als,
80.4 craters/10%km?; ridged plains material, 128.4 craters/10%km?;
hilly and cratered material, 137.1 craters/ldekmz; and cratered
plateau material, 137.8 craters/10%km?. Figure 9 summarizes the
average crater density for 21 of the 23 equatorial geologic units
(excluding mountain and undivided volcanic materials) as plotted
against the percent frequency of the unit. As can be seen, slightiy
more than half of the units had less than 1 percent or 80 actual
points accumulated in the crater density data and are thus, at best,
only approximate indicators of relative age. The positive correla-
tion of the average crater density values of geologic units with
the stratigraphic segquence as proposed by Scott and Carr (1976)
indicate this techniquelmay be a valuable aid in correlating the

relative age of Martian geologic units.
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