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16. Abstract
Baseu on photogeologic mapping of Viking /ivtiiter images of Mars, four distinct informal strati-

graphic ua.ts can be defined for the region nortl, uf 70°N latitude. luey are: (a) bulbous plains,
(b) mantied plains, (c) dune deposits, and (d) l.yured deposits/perennial ice.

The bulbous plains vnit underlies all other north polar units and rupresents a sub-unit of the
mottled cratered plains. Based on crater size-frequency data, bulbous plains is equivalent in age to
the relatively old cratered plains unit at Tempe Plateau (90°W, 30°N). The low albedo of bulbous
plains and the appearance of what appears to be a .like suggest that bulbous plains has a volcanic
origin, Cumulative crater size-frequency distributi1on functions for bulbous and mantled plains
dispiay two-segment curves with a crater-production slupe of -2.0 and a cratering-obliteration equilib-
rium slupe of -0.7. This supports the interpretati.n that mantled plains were formed by dust blanket-
ing of bulbous plains. As calculated from crater s: «-freyuency distribution functions, the relative
surface-nbliteration rates are 1-°9:88 for bulbous, mudcrately mantled, and heavily mantled plains,
respectively,

The layered deposits probably represent a facivs of mantled plaius in which dust has been
deposited onto the perennial ice cap rather than directly onto the ground. Thus, the areal extent
of the layered deposits at the north and south poles :ay indicate the maximum extent of the perennial
ice caps as controlled by changes in Martian orbital j; irameters.

Dune deposits occur in the form of longitudinal, tiansverse, and barchan dunes, and possibly as
sheet sand deposits. Actual dunes are gencrally confined to mantled plains, suggesting that mantling
provides a proper substratum for dune accumulation.

Surface winds for the north polar region were de¢. iuined from dune orientations to flow pre-
dominantly counterclockwise around the polar cap, alth. gh there is evidence for dune modification by
secondary winds spiralling clockwise off of the cap.

A gradation from densely spaced transverse dunes (.. more dispersed barchan and transverse
dunes implies a genesat thinning of circumpolar dune dep.s1ts downwind of extensive areas mapped as
bulbous plains. The author suggests that dune material .- being stripped from bulbous plains and is
accumulating as dunes downwind on mantled plains.
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SUMMARY

Based on photogeologic mapping of Viking Orbiter images of Mars, four
distinct informal stratigraphic units can be defined for the region north
of 70°N latitude. They are: (a) bulbous plains, (b) mantled plains, (c) dune
deposits, and (d) layered deposits/perennial ice.

The bulbous plains unit underlies all other north polar units and
represents a sub-unit of the mottled cratered plains. Based on crater size-
frequency data, bulbous plains is equivalent in age to the relatively
old cratered plains unit at Tempe Plateau (90°W, 30°N). The low albedo of
bulbous plains and the appearance of what appears to be a dike suggest that
bulbous plains has a volcanic origin. Cumulative crater size-frequency
distribution functions for bulbous and mantled plains display two-segment
curves with a crater-production slope of -2.0 and a cratering-cbliteration
equilibrium slope of -0.7. This supports the interpretation that mantled
plains were formed by dust blanketing of bulbous plains. As calculated from
crater size-frequency distribution functions, the relative surface-obliteration
rates are 1:9:88 for bulbous, moderately mantled, and heavily mantled plains,
respectively.

The layered dep>sits probably represent a facies of mantled plains
in which dust has been deposited onto the perennial ice cap rather than directly
onto the ground. Thus, the areal extent of the layered deposits at the north
and south poles may indicate the maximum extent of the perennial ice caps as
controlled by changes in Martian orbital parameters.

Dune deposits occur in the form of longitudinal, transverse, and barchan
dunes, and possibly as sheet sand deposits. Actual dunes are generally confined
to mantled plains, suggesting that mantling provides a proper substratum for
dune accumulation.

Surface winds for the north polar region were determined from dune
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orientations to flow predominantly counterclockwise around the polar cap,

although there is evidence for dune modification by secondary winds spiralling
clockwise off of the cap.

A gradation from densely spaced transverse dunes to more dispersed
barchan and transverse dunes implies a general thinning of circumpolar dune
deposits downwind of extensive areas mapped as bulbous plains. The author
suggests that dune material is being stripped from bulbous plains and is

accumulating as dunes downwind on mantled plains.



BACKGROUND 3

Telescopic Observations

Man first became interested in the polar regions of Mars when white
polar spots were reported by Cassini in 1666 and again by Huygens in 1672.
In 1784, Sir William Herschel studied the changing size of the polar caps
with seasons and interpreted the polar spots as seasonal accumulations of
ice and snow. The melting of the polar caps was found to be intimately
related to the "wave of darkening" of the Martian surface during summer (1).

Although Wilhelm Beer and Johann Madler reported the presence of a dark
band around the receding north pole of Mars in 1830, 1ittle further attention
was given to the observation until 1894 when Percival Lowell reported a
similar band around the south polar cap. This sparked controversy as to
whether the dark bands were real features of the Martian surface or just
an optical illusion (2). Since the circumpolar bands were interpreted as
moistened ground, their presence would imply actual meiting of the retreating
polar water ice rather than sublimation (1). Lowell envisioned his Martian
"canals" as an irrigation system designed to bring water from the melting
caps to the arid lower latitudes (2).

Two distinct types of Martian polar "caps" have been recognized since
1907. The spring and summer caps are surface deposits whereas the "caps”
observed in autumn and winter are cloud mantles (i.e. the polar hood). The
polar hood begins forming as the summer ends and disappears rather abruptly
at vernal equinox (1).

Two major differences between the north and south polar ice caps have
been recognized from telescopic observations. Whereas the north polar cap
is centered almost precisely on the rotation axis of Mars, the center of the

south polar cap deviates from the rotation axis by 5°. Also, the north polar

L
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cap is larger than the southern cap. probabhly due to the fact that the subsolar

latitude during perihelion is presertly in the southern hemisphere. It is
probable that during this period of excess insolation in the southern hemi-

sphere, the north polar cap grows at the cxpense of the southern cap (3).

Mariner Mission Results

Neither polar cap was imaged by the 20 pictures returned by the Mariner 4
Mars flyby mission in 1965. However, spectrometry data taken during Mars
occultation determined that the Martian atmosphere was essentially carbon
dioxide at}a few millibars. This led many to argue that the polar caps may
also be primarily carbon dioxide (2).
The first "close-up" images of the south polar cap were taken by the
Mariner 7 spacecraft as it flew by Mars in 1969. No dark circumpolar band
was observed for the south polar region, placing serious doubt on the possibility
that a dark "melt band" might occur around the north pole (2).
The Mariner 9 orbiting spacecraft photographed Mars from November 1971
to March 1972, and provided excellent south polar coverage. This was, in
part, due to the fact that the south pole was the only feature clearly seen ‘
through the global dust storm which enshrouded Mars during the early mission,
and because the orbit of the spacecraft traversed the south pole every rev- /
olution during the orbit's periapsis. The entire south pole was imaged at
3-4 km resolution with 20% covered by 300-400 m resolution (3).
One of the most striking features of the south pole is the "quasi-linear,
swirl-Tike" pattern seen in the ice cap. The north polar cap was later
found to display an even more pronounced swirl pattern (see figure 1). Based
on Mariner 9 images, several mechanisms have been proposed to account for these
features. Murray and Malin (4) proposed that the curvilinear features repre-

sented the edges of stacked plates of ice and suggested that an offsetting
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of these plates provided evidence for polar wandering. Others believed the

features represented troughs rather than the edges ~f plates, and suggested
spiralling polar winds (5), or mass-wasting (6) as the dominant erosion
mechanisms.

The excellent Mariner 9 coverage of the south polar region provided a
clear understanding of its stratigraphic sequence (7). The ancient cratered
terrain, which is the oldest unit on Mars and covers most of th2 southern
hemienhore, n~dnrlies the south pnlar region as well. Massive (i.2. un-
Tawanad) hlankets, probably compnsed of fine, wind-transonrted dust, overlie
1o aanient eratered terrain in the south polar region.  These hlankeis have
hann rviansivaly ernded to form nitted terrain and etched terrain (3). The
massive hlankets are overlain, sometimes unconformahly, hy Yaynred deposits
vhich bava hean subhsequently eroded to expnse the layn~ing in t-nuqghs and
scarps. In addition to the thin manties of C02 jce viyvich adyannn nad eabeen,
rach year (7), permanent ice caps cover both poles though Ma~ian~ 9 invns-

tigations could not determine whether the permanent caps consist nf 1.0 o+

2
002 ice.

The layered deposits probably form by cyclic deposition of wind-hlown
dust carried in from the mid-latitudes (9). Deposition models using 50,000
and 25,000 year climatic cycles have been proposed to account for the layers
(4), although Cutts concludes that such a period is too short to allow transport
of sufficient material to the poles. However, a 2 million-year cycle of
orbital ellipticity of Mars may modify the intensity of global dust storms
cnough to cause the layering, and allow time for a sufficient amount of
material to be transported to the poles (9).

Compared to the south polar coverage, Mariner 9 coverage of the north

pole of Mars was relatively poor. Not only was the spacecraft's orbit much

higher over the north pole compared to the orbital range during south polar



traverses, but the polar hood obscure:! the north polar region during most of

the standard mission. Although visibility improved greatly during the Mariner 9
extended mission, north polar coverage was severely limited because of a shortage
in the spacecraft's attitude-control gas.

Mariner 9 imagery products showed the north polar cap and its associated
layered deposits to be very similar to deposits of the south pole. Minor
differences include the more pronounced "swirl-like" pattern of the north
polar cap and the greater extent of the northern permanent ice cap. Layered
deposits in the north are more extensively covered by permanent ice than at
the south pole.

Although the lack of a dark circumpolar band in the south had placed
serious doubt on the presence of such a band in the north, a very low albedo
band around the northern pole was confirmed Ly Mariner 9. However, the feature
was found to beifixed in position, rather than a halo surrounding a retreating
ice cap. Sagan pt. al. (10) attributed the presence of the dark band to the
scouring of a thﬁn layer of bright dust by strong polar winds.

Mariner 9, %or the first time, allowed determination of the stratigraphic
sequence of the porth polar region (11). Like the south polar region, the
sequence in the ﬁorth was found to include an underlying cratered unit, a i
massive deposit interpreted as wind-blown dust, and layered deposits capped N
by permanent ice,

However, the underlying moderately cratered unit is not the ancient
cratered terrain, but rather a younger unit designated as mottled cratered
plains. These plains are characterized by Soderblom et. al. (11) as having
an abundance of small craters (10-20 km diameter), lower average albedo than
most of Mars, and a highly mottled appearance which results from numerous

bright and dark streaks and bright materia) highlighting crater rims and



interiors. As mapped by Soderblom et. al. the mottled cratered plains are
distributed rather extensively between 55° to 80° north latitudes.

Overlying the mottled cratered plains is a bright debris mantle which
was subdivided into smooth, etch-pitted, and rippled plains (11). Rippled
and etched-pitted plains were interpreted as depositional «nd erosional
modifications of smooth plains. Because of the severely limited extent and
poor quality of the Mariner 9 north polar coverage, the geologic mapping of
Soderhlom et. al. (11) is labelled by the authors as "preliminary" and contains

numerons implied houndaries between units.

Viking Mission Results (Auqust 1976-November 1978)

Comnaved %o Mariner 9, the Viking Orhiter spacecrafts, particularly
V0?2, nvnyided much improved coverage of the north polar region of Mars.
Follawing tha curcassfyl landings of Viking Landers 1 and 2, the inclination

? in apdnv o

nT thn arhit n® Yiking Orbiter 2 was changed from 55° *n 75
parmit extensive north polar coveraqe bhefore polar hond formation (33).
Graund resnlutinn of the nnorth pnlar images taken with tha V02 in this arbit
wa., 100-180 mnters as compared to 300-400 metars for Marine~ 9 high-rensnlntion
coverage of the south pole (3). During the extend Viking mission, the orhital
inclination of V02 was further increased to 30° and the periapsis Towered
from 1500 km to 778 km (33). This improved the ground resolution of the north
polar imagery to about 60 meters.

In addition to the Viking Orbiter imaqging capahilities, the Orbiters
included an infrared thermal mapper (IRTM) which provided conclusive
evidence that the residual ice cap at the north pole was composed of a "dirty
water ice" (12). Summer temperatures at the south pole have not dropped low

enough to allow a similar determination of the composition of the south polar

cap (34).

.



The spiral patterns within the polar caps have cnntinued to intrigue
Viking investigators. Although it is now generally accepted that these features
are troughs rather than plate edges, there is still much controversy as to the
origin of the troughs. As an alternate hypothesis to the rotating wind
erosion and mass wasting processes mentioned earlier, Howard (13) has suggested
that isolation-controlled ice ablation and accumulation could account for the
spiral pattern of the troughs, with wind action only serving to redistribute
dust across layered deposits.

The circumpolar dark band, which had been confirmed by Mariner 9
investigaticns, was determined from Viking images not to be a deflation
feature as had been predicted earlier, but corresponded instead to large dune
fields partially surrounding the north polar ice cap (14). It will be shown
in this paper, however, that not all of the dark areas can be explained by
the presence of visible dunes.

Determining the source of such a large supply of dune material has
become a very intriguing problem. Any model attempting to define the source
of the north polar dune deposits must consider: (a) the unique geographic
association of large fields with ‘he north polar region, (b) the very low
albedo of the dune deposits (AL < 0.20) (12), and (c) the particle size
required for saltation in the Martian environment (diameter = 200-250 um; 15).
An added complication to the grain size requirement is that sands appear to
be absent at the Viking Landing sites, possibly due to self-destruction of
saltating grains during the impacts with rocks (i.e. the "kamikaze" effect;
16). Therefore, the model must account for sand-cized particles being
present at high latitudes while apparently absent at Tower latitudes. Source
models proposed fall into three general categories: (a) dune sands have been
transported from lower latitudes predominantly by saltation (14), (b) dune

material consists of aggregates of atmospherically-derived dust, which have
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been deposited either directly onto the ground as "dirty iceballs" (17), or onto

the polar cap where it is subsequently eroded from the layered deposits (14),
and (c) dune sands have a regional source implying processes unique to the
north polar region (15, this paper). Fach model proposed has certain problems
which must be accounted for.

Blasius et. al. (35) have suggested that aeolian carving of many of the
channels leading into Chryse Planitia may have supplied both suspended and
saltating material to the northern plains. Although conditions may have
been different in the past, neither wind streak data (3, [0) nor atmospheric
models based on present corditions (18, 19) support such an atmospheric
flov direction.

A major complication with the proposed atmospheric-dust models is that
they require aggregation of fines to form sand-sized particles, using
aqqregate honding mechanisms such as alectrostatics (20), ien (17}, or
evanorites (14). A more serious problem is that the atmospheric-dust models
fail tn account for the low alhedo of the dune depnsits, since atmaspheric
dust on Mars is cammonly known to have a high alhndo.

A regional-source model must exnlain the uniqueness of the large supply

— o

of dune material in the north polar reqion, by assiming either a unique

. o,

source unit, a unique polar process, or hoth. Sauvres (15} has suggested that

a regional source of "coarse-grained" hasalt may produce low-alherdo dune

material which retains its sand-size and low albedo hecause of Tow UV weathering

rates. Retention of an adequate sand supply may be aided hv high mechanical

weathering rates which result from freeze-thaw processes and glacial arinding.
Based on the improved coverage by the Viking Orbiter spacecrafts, Squyres

(15) revised the stratigraphic sequence in the north polar region to include

dune material. Following much the same sequence as set ferth by Soderblom et. al.,




10

Squyres divided the stratigraphy into moderately-cratered plains material,
debris mantle (massive deposits), dune material, laminated (layered)
deposits, and perennial ice. Using results derived through photogeologic
mapping and from crater size-frequency distribution data, it will be shown
in this paper that the stratigraphic mapping of Squyres is inconsistent
with his description of the units.

The results of the present paper were primarily obtained from photo-
geologic mapping of Viking Orbiter imagery in the form of mosaics and individual
enlarged frames. The goals of the research were (a) to redefine and map
distinct informal stratigraphic units in the north polar region of Mars
(i.e. > 70°N latitude), (b) to define and interpret crater size-frequency
distribution functions for particular units, (c) to map the directions of
dune-driving winds based on the orientation and form of circumpolar dunes,
and (d) to irfer a source for the north polar dune deposits based on the

relationships between dune-driving winds and the distribution of stratigraphic

units.
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Figure 1: Mariner 9 mosaic of the north polar region of Mars (from Mars
as Viewed from Mariner 9, NASA SP-329, 1976). Note the well developed
spiral pattern within the ice cap. The low-albedo band surrounding the
cap corresponds in part to the presence of dune fields.
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Figure 2: Stratigraphic map of the north polar region of Mars: (1) dunes,
(z? layered deposits/perennial ice, (3) mantled plains, and (4) bulbous
plains. Mantled plains include moderately- and heavily-mantled plains;
bulbous plains include bulbous and 1ightly-mantled bulbous plains.
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DESCRIPTION OF STRATIGRAPHIC UNITS

Bulbous Plains

The most'heavily-cratered terrain in the north polar region is informally
referred to as bulbous plains by this author. It is characterized by an
abundance of small craters (<2 km diameter) relative to other north polar
units (figure 9), by numerous debris-flow craters, and by 5 mottléd, bulbous
appearance (figure 3). The mottled, bulbous appearance is predominantly a
result of bright material surrounding dark, highly irregular polygons, which
are 3-8 km wide. Mottling is also due to concentrations of bright material
inside and on the exterior rims of many craters. Within the same Viking
Orbiter frame, the albedo of bulbous plains is generally intermediate

between very dark dune deposits and bright mantled plains.

Mantled Plains

Mantled plains display a higher albedo than either bhulhous plains or
duné deposits, and has a crater population characterized hv a deficiency
of small craters relative to bulbous plains (fiqure 9) and by shallow craters
commonly lacking visible ejecta (i.e. the appearance of hurial). Mantled
plains generally have a smooth appearance except for mesas and polygons in

some areas {figure 4). Polygons seen in figure 4 are approximately the same

s £ v

widtk s those in bulbous plains (2-6 km) and are outlined by low-albedo

rarkings or large troughs.

The gradational relationship of mantled plains to bulbous plains is
seen in figire 5. Since craters and other surface features which are high in
relief are the last features to be obscured with an increase in mantling,
mantled plains are clearly shown to be overlying bulbous plains. The presence
of a small bowl-shaped crater in the lower portion of the mosaic in figure 5

confirms that the obscuring of surface features in the lower portion is due to
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surface mantling and not to cloud cover.

Dune Deposits
Dune depocits are characterized by a very low albedo relative to a'l

other north polar units and commonly, though not always, by the presence of
linear and arcuate patterns which have been interpreted as dunes (14). An
excellent example of the relationship of dunes to mantled and bulbous plains

is seen in figure 6.

Layered Deposits/ Perennial Ice Cap

Figure 7 shows an example of the Jayered deposits and the overlying
perennial ice cap in the north polar region. The reader can refer to numerous
other papers (8, 13, 14, 15) for detailed description and discussion of these
units. The present paper will not examine these deposits in detail but
will instead concentrate on stratigraphic units surrounding the north polar

cap.

i
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538B01-538B16). Note the characteristic mottled, bulbous appearance
resulting from bright material within and on the rims of craters and
surrounding highly-irregular polygons.

Figure 3: Tyge area for bulbous plains at 72°N, 290°W (Viking frames

[43]




16

50 km

Figure 4: Type area for heavily-mant]ed plains, at the "mouth" of Borealis

Chasma, 80°N, 65°W (Viking frames 70B31-70B35). Note polygons within mant]ed
plains and layering in the scarp wall at the top of the mosaic (i1umination
is from the bottom right of the mosaic).




4 \ TIIE
onORUCIBILITY OF
REPROPUCY it 18 POORy

ORIGINA

Figure 5: Viking Orbiter mosaic showing gradation of bulbous plains in the
upper part of the mosaic to heavily-mant]ed plains in the lower part; at
70°N, 260°W (frames 576B10-576B20). The sharp appearance of the bowl-shaped
crater (marked by arrow) indicates that the area is mantled rather than
obscured by clouds. Also, note the two large "survivor" craters protruding
through bulbous plains in the upper part of the mosaic.
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Figure 6: Excellent example of the relationships among bulbous plains,
mantled plains, and dunes; at 72°N, 59°W (Viking frames 525B01-525B16).
There is a relatively rapid gradation from bulbous plains near the bottom
of the mosaic (south) to bright mantled plains and dark dunes in the

north. Dunes in this mosaic are transverse and barchan dunes. Note the
close. correlation between the presence of dunes and the presence of mantled

plains.




Figure 7: Viking Orbiter frame showing the bright perennial ice cap overlying
layered deposits, which are exposed in the walls of troughs within the ice cap
(frame 56B61).
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INTERPRETATION AND DISTRIBUTION OF STRATIGRAPHIC UNITS

Bulbous and Mantled Plains

a. Interpretations from visual observations

Though certainly not the only possible interpretation, bulbous plains
are interpreted here as having a volcanic origin. This is based primarily on
its generally low albedo, though a history of near-surface igneous activity
is also suggested by the presence of what appears to be an exposed dike
(figure 8). Llarge “survivor" craters from the underlying older terrain can
be seen protruding through bulbous plains in figure 8 and figure 5.

The highly-irreguiar polygons which characterize bulbous plains are
somewhat different from polygons seen in lower latitudes. A belt of polygonal
ground occurs between 40° and 50° N latitude, with typical polygons up to
20 km across (21). Polygons within bulbous ground are generally not larger
than 8 km in diameter. Also, the patterned nature or bulbous plains appears
to be more irregular than the polygonal appearance in the lower latitude
belt, although this could be a result of the characteristic mottling of bulbous
plains which tends to accent the irregular polygonal nature. As will be
shown below, this mottling probably results from bright dust filling the low
areas surrounding polygons and within craters. Thus, as the amount of
dust-filling increases, polygon centers can be seen to stand out as highs.

The presence of the polygons in the lower latitudes of Mars has been
attributed to contractive lava cooling or freeze-thaw ice wedging in a
permafrost layer (21), although a scale problem exists when comparing Martian
polygons to terrestrial analogs. Polygons formed by ice wedging or lava
contraction on Earth are typically 100 m wide, whereas those in the 40°-50°
N latitude belt of Mars are up to 20 km across (21). Although the highly

irregular polygons within bulbous plains are generally not larger than 8 km,
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this is still larger than terrestrial analogs. Still, the interpretation that
polygonal ground on Mars may have formed by lava contraction or ice wedging is
plausible. The unique occurrence of polygonal ground at latitudes greater
than 40° N tends to favor the interpretation that polygonal ground cn Mars
results from ice wedging (21). However, since bulbous plains are confined to
the northern latitudes, and may be volcanic, it is reasonable that eitter
process might have formed its characteristic polygons.

As seen in figure 5, there is a gradation between mantled ¢ *' : i1lbous
plains, such that mantled plains range from 1ightly-mantied plaine . which
some features of bulbous plains, such as a relative abundance of small craters
and a mottled, polygonal appearance, are retained [reference Viking Orbiter
frames 531821-531B36], tc moderately- and heavily-mantled plains, where
bulbous characteristics are replaced by a relatively smooth, crater-deficient
appearance [reference Viking mosaics 211-5573 (frames 71BA1-71B62; 71RA1-71B45)
and 211-5562, respectively]. Due to this blanketing nature, mantled plains
is interpreted as a deposit of wind blown dusi covering bhulhnus plains in
varving thicknesses.

Recause of the difficulties involved in defining distinctive houndaries
within highly aradational units, lightly-mantled plains are henceforth combined
with bulbous plains to form a distinct mappable unit (figure 2). 1lhus. as
presently defined, bulbous plains include all terrain which retain the
characteristics of an abundance of small craters and a mottled, hu]hou§
appearance. Likewise, moderately- and heavily-mantled plains which as will
be discussed later could be arbitrarily separated on the basis of relative
deficiences of small craters, are for convenience combined into a single
map unit called mantled plains.

The presence of mesa-1ike landforms within mantled ground suggests that

mantled plains have experienced a period of deflation. The origin of the
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Figure 8a: Viking Orbiter mosaic showing what appears to be a linear dike
and two "survivor" craters within lightly-mantled to moderately-mantled
bulbous plains; at 70°N, 244°W (frames 505Bo1-505B13). Figures 8b and 8¢
are enlargements of these features and allow better discrimination of the
underlying bulbous nature of the area.
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Figure 8b: Enlargement of an ancient "survivor" crater seen in figure 8a,
allowing better discrimination of the underlying bulbous plains character-
istics, which are somewhat obscured by mantling.
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Figure 8c: Enlargement of a possible linear dike seen in figure 8a. Note .
that the length of the feature is greater than 20 km. The dike apparently
protrudes through the mantling and the bulbous plzins.
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polygons within heavily-mantled plains is as poorly understood as the origin of

the polygons which characterize bulbous plains. The similarity in size, however,
suggests that either the process of formation is similar. or the polygons of

mantled plains are controlled by underlying bulbous plains polygons.

b. Cumulative crater size-frequency distributions

Cumulative size-frequency distribution plots for small craters ( < 10 km)
on bulbous and mantled plains are presented in figure 9. The two plots for
bulbous plains (figures 9a and 9b) represent the areas seen in figures 3 and
6, respectively. Clusters of similar-sized craters. like those seen in
figure 3, result from secondary impact of ejecta from large impact events,
and are generally not representative of the unit as a wrole. Therefore, all
craters which appeared to be associated with crater clusters were not included
in the counts.

Bnth plots for bulbous plains display a power-law slope of ahout -2.0.
A linear fit to the data gives a one-kilometer intercept "age" (22) of 4000
craters per ]06 km?.

An unrealistic decrease in the number of small craters counted in
images can result from imagery degrading as crater diameters approach the
resolution limits of the images. This results in a shallower slope, or a
"volling over," of the cumulative size-frequency distribution curve at small

diameters. However, 'rollover " due to resolution degradation for Viking

1

Orbiter imagery occurs at 6 times the pixel resolution (23), or at 1.7 x 107" km

for figure 9a. Since in figure 9a the break in slope occurs at 27 times the

)

pixel resolution, or at 7.6 x 107" km, the slope of -0.7 for smaller crater

diameters is probably a true feature of the crater population and not a res-
olution effect.

Crater size frequency distributions for mantied plains are seen in
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figure 9¢, with the plot for heavily-mantled plains representing the area at
the mouth of Borealis Chasma (figure 4). The plots for both moderatcly- and
heavily-mantled plains show a repetition of the shallow -0.7 slope observed
for smaller craters of bulbous plains. Moderately-mantled plains also display
a two-segment distribution curve, with a slope of -2.1 for crater diareters
larger than about 6 km. A slope of -2.1 is equivalent to the -2.0 to -2.2
slope values for large craters of bulbcus plains.

A composite of figures 9a and 9c is seen in figure 9d. The curve
segments are for bulbous (curve A), moderately-mantled (curve B), and
heavily-mantled {curve C) plains. When adjusted for cumulative size-frequency
functions rather than differential size-frequency functions, the Jones and
Chapman model for crater obliteration (24) states that two segment curves,
such as A and B in figure 9d, represent a balance between a production

function,

! = T
y(x) -»/l; cd(x) ‘/;-te ct(t) dx dt [1]

and a cratering-obliteration equilibrium function,

0

¥(x)g = [ cyT) 7 o(1) ] fD a(x) c4(x) dx [2]

where x = the crater diameter, te = the retention age of a crater of a
given diameter, ct(T) = the time dependence of the cratering rate, cd(x) =
the diameter dependence of the cratering rate (cd(x) = D’k). o(T) = the
obliteration rate, and a(x) = the amount of obliteration needed to render a
crater indiscernable. Since the amount of chliteration, a(x), needed to
remove a small crater is less than that needed for a larger crater, the

cumulative size-frequency plot for an obliterated (e.g. dust-mantled) surface
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would show a shallow slope for small diameters, and a steep slope for larger

diameters. Such is the case for curves in figure 9d. The repetition of
-2.0 and -0.7 slopes for plots of both bulbous and mantled plains strongly
suggests that the curves represent an equilibrium, or post-transient,
cratering-obliteration process. Thus, using the Chapman-Jones model, -2.0
would define the slope of the production function, while the slope of -0.7
would represent a cratering-oblitcra* on equilibrium function.

The repetition of the -0.7 equilibrium slope for all crater sizc-
irequency distribution plots given above implies that the functions D'k
and a(x) do not change from one area to another. Otherwise, tho slopes
would not be the same. Thus, making the reasonable assumption that the time-
dependent cratering rate, ct(T), is also constant for all areas of concern,
then the value of the equilibrium function, ve(T), for a given diameter
range, is dependent only on the obliteration rate, o(t). Thus, the ratio
of equilibrium freguencies, Yoo for two such areas, would allow a relative

obliteration rate, o(t), to be calculated:

| I
A \lf(x)e i} [ ct(T)l / o(T), ] 5, a(x), cd(x)l dx

A ¥(x) ) 3].

€2 [ c(T)2 / o(T)y ] _/; b a(x)a c4(x)y dx [
. a

For ¢ (T)y= ¢, (T)2 » a(x)y = a(x)2 , and cy(x)y = c4(x)y

A ¥(x) (T)

e L T2 [4]

A \'(X)ez O(T)l

From figure 9d, the relative obliteration rates for bulbous : moderately-

ma.tled : heavily-mantled plains are calculated as 1:9:88.

v e P ap
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The change of slope of about 1 botween crater-production and obliteration-
equilibrium functions of the north polar units is consistent with the simple
dust-filling model of Chapman (25). This supports this author's interpretation
that mantled plains are deposits of wind-blown dust covering bulbous ground
in varying thicknesses. The break in slope between crater-production and
obliteration-equilibrium functions is a result of the presence of "survivor
craters" which have not been obscured by the obliteration process (22). Thus,
if dust mantling is the only obliterating process acting, the diameter at
which the function slope changes ( i.e. the "kink point") should be an indi-
cation of the average thickness of the dust mantle. Based on crater data for
the Martian surface, Cintala and Mouginis Mark (26) empirically derived that

0.962 for craters less than 12.3 km in

the crater depth = 0.104 x diameter
diameter. By substituting the kink-point diameter for moderately-mantled
plains into the equation, the thickness of the dust layer comprising moderately-
mantled plains is calculated to be about 600 m. Since the crater-function
kink for heavily-mantled plains does not occur within the range of diameters
plotted, the thickness of dust deposited in this region is, at least, the
depth of the largest crater measured, or 770 m. These values are somewhat
higher than the 200 m maximum predicted by Squyres (15).

The data points seen on the composite‘plot (figure 9d) are not data from
north polar units, but are instead the data from Neukum and Wise (22) for a
cratered plains unit at Tempe Plateau (30°N, 90°W). The excellent correlation
between their data and the composite plot for bulbous and moderately-mantled
plains suggests first that the crater function for bulbous plains may follow
the moderately-mantled plains curve in the region of diameters greater than
5 km. Since only smaller craters would be buried by an obliteration episode,
this is a reasonable assumption if moderately-mantled plains result from

obliteration of bulbous plains. However, such a theory should certainly be
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Figure 9a: Cumulative size-frequency distribution plot for small craters
on bulbous plains. Area represented is from the bulbous p1§ins type area
seen in figure 3. N = 156 craters; total area = 5,419.1 km~. Error bars
signify one standard deviation confidence intervals and equal *+m for

the nth crater.
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Figure 9b: Cumulative size-frequency distribution plot for small ( < 4 km)
craters on bulbous plains, representing the area seen in figure 6. N = 97
craters; total area = 5,400.7 kmZ.
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Figure 9c: Cumulative size-frequency distribution plots for small ( @ 13 km)
craters on mantled plains. The heavily-mantled plains plot represents the
type area at Borealis Chasma seen in ficure 4. N = 9 craters; total area

= 55,120.6 km<. The curve for moderately-mantled plains is for the area at

76°N, 90°W (V;king frames 70B04, 71B61-71B64). N = 71 craters; total area
= 24,344,6 kn<,
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Figure 9d: Composite of cumulative crater size-frequency distribution
curves seen in figures 9a and 9c. Curve A - bulbous plains; curve B -
moderately-mantied plains; curve C - heavily-mantled plains. Data points
are from Neukum and Wise (22) for a cratered plains unit at Tempe Plateau,

30°N, 90°W.
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tested by plotting the crater distribution curve for greater than 5 km craters

on bulbous plains.

0f more importance is that the correlation of the bulbous plains
crater plot with that of the cratered plains unit at Tempe Plateau, places
bulbous plains within the Martian global stratigraphic sequence as one of the
relatively old cratered plains units. According to the time scale of
Neukum and Wise (22), bulbous plains has an “"absolute" age of 3.8 b.y. (note:
according to the same scale, the oldest cratered plains unit, Lunae Planum,

is 3.9 b.y.).

Dune Deposits

Dunes in the north polar region of Mars are predominantly transverse and
barchan dunes, although some longitudinal dunes are also present. They are
similar in size to megadunes (draa) found in the Sahara, Arabia, and the
Algndones dune fields on Earth (36).

As suggested below, dune deposits might also occur as "sheet-sand"
deposits. Figures 1 and 2 show the stratigraphic map and a Mariner 9 mosaic
of the north polar region of Mars. A visual comparison between the strati-
graphic map and the Mariner 9 image between 30° - 290° W longitude confirms

that the dark circumpolar band seen in the mosaic correlates well with the

-presence of dunes. However, in the region 290°-0°-30° W longitude, the

dark band extends into much of the area mapped as bulbous plains, whereas
other areas of bulbous plains, including the type area, are not as dark.
Though this region was often cloudy during much of the Viking Orbiter imagery
sequences, some relatively clear images (e.g. 531B21 - 531B36) confirm the
duneless, bulbous nature of the area. The presence of the low-albedo band

in duneless terrain suggests either a very thin "sheet-sand" deposit of dark

dune material overlying much of the most northern exposures of bulbous plains,



34
or that the albedo of bulbous plains in other areas is more influenced by
a thin mantling of bright dust. Notice that even the type area for bulbous
plains appears to have dust in many depressions (figure 3).

Actual dunes are generally confined to mantled regions, as illustrated
in figure 6 and the stratigraphic map in figure 2. If dune deposits overlie
bulbous plains, they occur predominantly as "sheet sand" deposits rather than
dunes. This suggests that, unlike bulbous plains, mantled plains provide
the proper substratum for the accumulation of cunes. Mantling probably
creates a smooth, crater-deficient surface which might favor dune formation.

An observed eastward gradation from densely-spaced to more dispersed
dunes provides valuable information for determining the source of the circum-
polar dune deposits. Fields in the region of 130°-270° W longitude are exten-
sive, uninterrupted fields with distinct boundaries and consisting of transverse
dunes with very narrow interdune areas (figure 10, and Viking Orbiter Mosaics
211-5269 (rev.61), 211-5272 (revs. 60,61), 211-5431 (revs. 62,63), and 211-5583
(rev. 72)). Dunes within the 30°-130° W longitude region occur in more
dispersed fields and are generally transverse and barchan dunes with wide,
bare interdune areas (figure 11 and Viking Orbiter Mosaics 211-5269 (rev. 59),
and 211-5562 (revs. 50,69)). Between 30°-0°-270° W longitude, dune deposits 3
are predominantly in the form of very isolated dunes, or possibly as sheet
sands. The overall view is one of counterclockvise giadaiion frcm dense
transverse dunes in the region between 270° and 150° W longitude to more
highly dispersed transverse and barchan dunes and eventually to possible
sheet sands and isolated dunes. Although the presence of mantling appears to
be required for dune formation, the degree of mantling does not appear to
control the morphology of the dune fields. On Earth, transitions from trans-
verse to barchan dunes and from narrow to wide interdune areas are generally

related to a decrease in the supply of dune material (27). This relationship
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is typically encountered as one moves progressively away from the source of

sediment. Thus, the situation observed in the north polar region may be

one of a counterclockwise thinning of the supply away from the source.

Layered Deposits

The layered deposits are probably a facies of mantled plains in which
wind-blown dust is deposited onto the perennial ice cap rather than directly
onto the ground (15). Although it is not clearly understood which changes
in Mars' orbital parameters most affect the eventual growth and decay of the
perennial ice caps (3), the extent of layered deposits at the poles probably
indicates the maximum extent of the perennial ice caps i the past.

Relationships of units at Borealis Chasma may illustrate an interfingering
of mantled plains and layered deposits. Layering can be seen in the scarp
which overlies mantled plains at the "mouth" of Borealis Chasma (figure 4).
However, the surface of much of'Borealis Chasma does not display the laminations
within minor topography as is typical of north polar layered deposits. The
surface of Borealis Chasma instead has the appearance of mantled plains,
suggesting a transition from mantled plains to layered deposits and back to
mantled plains. Such a transition is not unreasonable since the extent
of the perennial ice cap is expected to fluctuate with time.

Comparison with Previous Research

The north polar stratigraphy presented in this paper has been compared
to the stratigraphy proposed by Soderblom et. al. (11), and that of Squyres
(15). Although the preliminary stratigraphic map of Soderblom et. al. has
been greatly altered, their basic stratigraphic sequence for the north polar
region has not changed drastically. Bulbous plains are certainly a sub-unit
of the "mottled cratered plains" unit which includes a large portion of the

northern hemisphere. However, bulbous plains with their characteristic highly-
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irregular polygonal appearance are probably confined to the northern portion
of the mottled cratered plains. Mantled plains are equivalent to the debris
mantle and etch-pitted plains in the stratigraphic sequence of Soderblom et.
al., whereas dune deposits replace the rippled plains.

Although the stratigraphic sequence proposed in this paper agrees in
theory with that proposed by Squyres (15, 28), theie are very serious discrep-
ancies in the defining and mapping of the cratered plains and mantled units.
The previous author's type locale and only exposure of his underlying "cratered
plains" unit is at the mouth of Borealis Chasma. This same area, seen in
figure 4 and represented by the crater plot for hea;ily-mantled plaias in
figures 9c and 9d, is the present author's most heavily-mantled unit in the
north polar region. Both the imagery and the crater size-frequency distributior
data for this area show an obvious deficierncy of craters relative to moderately-
mantled and bulbous plains. Also, as discussed earlier, the shallow slope of
-0.7 confirms that the unit is a highly-obliterated surface, probably resulting
from a dust mantling which may be at least about 700 m thick. Units repre-
sented by curves A and 3 in figure 9d are one to two orders of magnitude
more cratered than the "cratered plains" unit of Squyres. Both units repre-
sented by curves A and B have been mapped by the previous author as a debris
mantle which formed by dust obliteration of craters on the "cratered plains"
unit represented by curve C. Such an interpretation of these units is
obviously not consistent with the crater size-frequency distribution function

for these areas.
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Figure 10: Viking Orbiter frame showing circumpoiar dune field typical of
those within the area between 130° and 270° W longitude (frame 59B35). Dunes
in this region are predominantly uninterrupted and closely-spaced transverse
dunes. Also note the crisscross pattern of the northwestern dunes indicating
modification from secondary winds sweeping off the cap.
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WIND DIRECT A3

Numerous investigators (29, 30, 31 ), including the present author
(this paper), have independently inferred near-surfac: wind directions
within the north polar region of Mars, on the basis of dune orientations.
Figure 12 shows dune orientations mapped from orthographic images which
minimize distortions resulting from "oblique viewing" of the spacecraft.

The map presents data in the form of orientations of arcuate (barchan)
dunes and the trend of linear (transverse and longitudinal) dunes. The
crisscross pattern ¢f the dunes between 150° and 210° W longitude can be
seen in figure 10.

Caution must be exercised when interprcting wind directions based on
dune orientations derived from Viking Orbiter images. In such cases, barchan
forms provide the most reliable indicators of near-surface wind orientations.
Transverse and longitudinal dunes in the circumpolar images generaily only
allow determination of a wind trend rather than a wind direction. Thus,
interpretations based on transverse and longitudinal dunes must rely on
indirect evidence, such as wind streaks or directions based on nearby barchan
dunes. Tsoar et. al. ( 31) have attempted to determine absolute wind dir-
directions based on the asymmetry of transverse dunes. However, it is again
cautioned that the resolution of Viking north polar images may not allow
reliable separatior of true dune slope asymmetry from illusory effects dur
to shadows or oblique viewing.

In figure 13 is the present author's interpretation of wind directions
based primarily on orientations shown in figure 12. Interpretations of wind
directions for the transvsrse dune fields between 120° and 240° W longitude
relied on the assumption of a continuity of wind flow relative to barchan

dunes which occur at the edge of the field. Wind directions in figure 13
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indicate a predominantly counterclockwise flow of dune-driving winds around the
jce cap along with dune modifying winds which spiral clockwise off of the ice
cap, possibly during a change in season. Such an interpretation of wind
directions is consistent with north polar wind circulation patterns derived
from streak orientations (29), from lee cloud orientations (32; R.G. French,
personal communication, 9/25/79), and from other interpretations based on

dune orientations (29, 30, 31). Leach (30) attributes the clockwise pattern

to the influence of Coriolis force acting on katabatic winds spiralling off

the ice cap.

Thus, data derived from dune, wind streak, and lee cloud orientations
indicate a polar atmospheric circulaticn pattern consisting of winds travelling
around the ice cap in a counterclockwise direction, modified by katabatic
winds spiralling clockwise off of the ice cup. Such a pattern is similar to

the wind circulation around the Antarctic ice cap on Earth (30).
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Figure 12: DOune trends within the north polar region of Mars. (1) linear
trends within dune fields, and grocves in ice, (2? direction of arcuate forms
in dunes (asymmetry of symbols corresponds to asymmetry observed), (3) complex
dunes with no distinct linear or arcuate patterns, and (4) possible sheet sand
deposits. Symbols signify general trends of dunes rather than individual dunes.
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270

Figure 13: Near-surface wind directions based primarily on orientations seen
in figure 12. There is a predominant counterclockwise direction of flow around
the ice cap, with modification by winds spiralling off the cap.
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IMPLICATIONS FOR THE SOURCE OF CIRCUMPOLAR DUNE MATERIAL

As discussed earlier, the gradation of extensive, uninterrupted
transverse dune fields to scant fields with widely spaced transverse and
barchan dunes implies a general decrease in the supply of dune material as
one moves eastwardly (or counterclockwise) away from the area between 270°
and 180° W longitude. Circumpolar winds were found to flow predominantly
counterclockwise, suggesting a general thinning of dune deposits in a downwind
direction. This, combined with the presence of gxtensive exposures of
bulbous plains upwind of extensive dune fields, may indicate that dune material
is stripped from bulbous plains and deposited on mantled regions.

Such a conclusion might be further supported if one considers the dark
circumpolar band extended into duneless bulbous plains areas. Two possible
interpretations were suggested earlier to account for this, one being that
a very thin sheet sand deposit of dark dune material blankets bulbous plains
in this area, and the other suggesting that bulbous plains in this area are
more ccmpletely stripped of a thin bright dust layer than bulbous plains in
other areas. The first interpretation is consistent with dune material being
continually derived from bulbous plains only to be slowly stripped from the
region and deposited onto mantled plains downwind. If the second interpretation
were true it would lend very strong support to the suggestion that bulbous plains
are the source of the dune deposits. Not only would it provide evidence that
this possible source area is significantly stripped, but more importantly
it would indicate that bulbous plains and dune deposits have the same Tow

albedo.
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CONCLUSION

The stratigraphic sequence of the north polar region of Mars can be
separated into four distinct informal units: (a) bulbous plains, (b) mantled
plains, (c) dune deposits, and (d) layered deposits/perennial ice.

Bulbous plains is a relatively old "mottled" cratered plains unit
equivalent in crater-distribution age to the cratered plains unit at Tempe
Plateau (90°W, 30°N). According to the time scale of Neukum and Wise, the
"absolute age" of bulbous plains is 3.8 b.y.. Due to its relatively low
albedo and because of near-surface volcanics suggested by the presence of
what appears to be a dike, bulbous plains are interpreted as having a volcanic
origin. Polygons within bulbous plains are 3-8 km and may have formed by
contractive cooling of lava or freeze-thaw ice wedging within a permafrost
layer.

Mantled plains are interpreted as wind-blown dust deposits covering
bulbous plains in varying thicknesses. A deficiency of small craters seen
in crater size-frequency distribution functions for bulbous and mantled
plains supports the interpretation that mantled plains formed by obliteration
of bulbous plains, while a change of slope of about 1 between crater-production
and obliteration-equilibrium functions for north polar units is consistent
with obliteration by dust-filling. The relative surface-obliteration rates
are 1:9:88 for bulbous, moderately-mantled, and heavily-mantled plains,
respectively.

Previous stratigraphic mapping proposed by Squyres for the north polar
region of Mars is inconsistent with interpretations based on crater size-
frequency distribution data. Such evidence strongly supports.that his
"cratered plains" unit at the mouth of Borealis Chasma is instead a heavily-

mantled plains, whereas many areas mapped by the previous author as "debris
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mantle" are instead cratered plains.

Layered deposits probably represent a fécies of mantled plains in which
dust is deposited onto the perennial ice cap rather than directly onto the
ground. Thus, the extent of the layered deposits at the north and south
poles may indicate the maximum extent of the perennial ice caps in the past.
A possible interfingering of layered deposits and mantled plains can be
seen at the mouth of Borealis Chasma.

Dunes in the north polar region of Mars have a very low albedo and
occur as transverse, barchan, and to a minor extent, as longitudinal dunes.
Actual dunes are generally confined to mantled plains, suggesting that
mantling provides a proper substratum for dune formation. The extension of
the dark circumpolar band into duneless areas mapped as bulbous plains
suggests that thin sheet sand deposits overlie bulbous plains in this area
or that the most northern exposures of bulbous plains have been more effect-
ively stripped of bright dust than bulbous plains in other areas. If the
latter interpretation is true, it indicates that the albedo of bulbous
plains is similar to the albedo of the dunes. The distribution of dune forms
and dune field styles reveals thinning of the supply of dune material in an
eastward direction away from the area between 270° and 180° W Tongitude.

As determined from dune orientations, near-surface north polar winds
consist of a counterclockwise flow around the ice cap modified by katabatic
winds spiralling clockwise off the cap. This is analcgous to the atmospheric
circulation pattern around the Antarctic ice cap on Earth.

The results above suggest a general thinning of the supply of dune
material downwind of the area between 270° and 180° W Jongitude. Immediately
upwind of this area are extensive exposures of bulbous plains. Thus, the author
suggests that dune material is being stripped from bulbous plains and is

accumulating as dunes downwind on mantled plains.
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APPENDIX A
List of Viking Orbiter Imagery Used

Fremes From Mosniz
59861-80 ¢ 60BALwL40 .4
56B71-90 ; 57B21-40
5983144t | 60BOL-14 ¢
56B51-69 ; 57B01-18
COMPOSITE

7788194

COMPOSITES

56L91-95 1 S7B41-45 4
60BIL.4S ¢ 61BU2-44 4
65R73-75

62B41-62 ; 63B21-42
52B61-80 ; 84BO1-21
7782144 § 7785170 4
76B11-31 § 76B41-53 4
70301-17 3 70R23-35 1
73B11-28 1 7384160 4
50B21-38 3 69801-18
77B81-94

71B11-26 1 71B41-53 1
82B22,28 ; B2B31-38 ;
83851-62

81B51-74 ¢ B1B77-96
79B43-63 4 79B65-76 4
64B01-08 § 66BO1-14
72B01-16 ; 7243142
MBI b PUNSL.57
78B11-30 ¢ 78BA41-52
488H21-34 | 4B7ROS-14
518B37~52

12082138 ; 120B41-58
120161 -94

122801-23 ¢ 12233141
122p81-91

561B74=84

525B01~16 § S41B21-34
538B01-16 ¢ 54150114
L99Bi1-60 5 514BUL-70

in Research

61B21-42
58B26-42
61801-15
58B01-17

58B43-4S
62B62-64

65851-72
84837 43
80B11-28
76B61-65
70B41-45
75B51-54

21861-65
83B11-26

s 62b22-3)

3 S9B81-8)
t 6384345

1 B4Bstass
¢+ B0B31-38

1 8383144

82812,14,16,18

79B79-83
6780112

72851 -5b

7686165

1 120B61-76

t 122851-75

s ShUBOL1-16
1 551R83-98

- e ..
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211-575)

2115758
2115765

211-5776
211.5805
211-5806
2115808
211-5810
211-5812
2115814
211-5846

211-5854
211-5857

211-5869
211-5875

2115885

Individual Vikin~ Prames Reoroduced

070B31~35
50580116
51480120
516R88-94
51832736
£23821-34
H2slwl =16
525801~16
531821-36
$32B21-36
538801-16
S41BO1-14
5b4BO1-16
551883-93
560872-80
576801-20
580B16-20
669801 -24

1 505B17-40

1 523841-56
1 524B21-36

1 576B41-60
1 580B21-34

51884481
560882-97
538801-10
53682136
560B61-80
532p21-36
570801-20
579855-74
560881-98
669801 =24
710A71-94
67280124

501B01 =20

67680124
205801 -20

560B41-60
801A21-24
806821-26
753A11-54

560853-66

53654156

541B21-36
§74B01-20
580801 ~20
56686180
66982548
714A01-22
672B25+48

67632548
726A41-57

BO1ALL-Ib

756A21-3€

56086780

560B41 =60

579875-94
57680120
582B01-20
577871-90

717421 =40
672B51-72

676B849-72
?71A21=30

804B01-06
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APPENDIX B

Computer Programs for Crater Size-Frequency Distributions
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SUBROUTINE CRMOD1.FTK (CRATER DISTRIBUTION MODULE #1)
SRRARRRERREERRREEARKEREE RN XNEREERRRRRARERKEREKXXRRRELERRRREREREREK

232>3>> CUMULATIVE SIZE-FREQUENCY DISTRIBUTION PLOT <<<<<<<
MIKE BOTTS 2711779

COMPLETE SUPROUTINE FOR CALCULATING AND PLOTTING CUMULATIVE
S8IZE-FREQUENCY DISTRIRUTION DATA (ALONG WITH ERROR BARS).

OUTPUT INCLUDES TABLE OF VALUES NEEDED FOR PLOTTING CUMULATIVE
SIZE-FREC. DISTRIBUTIONs AND GRAFH OF VALUES AND ERROR LIMITS.

INPUT: D = ARRAY OF UNBINNED CRATER DIAMETERS ARRANGED IN

DESCENDNING ORDER

N = NUMBER OF CRATERS

NDIM = ROW DIMENSION GIVEN ‘CUMPLT’ IN MAIN PROGRAM
(DIMENSION GIVEN ‘BARCUM’ SHOULD RE 24NDIM)

A = TOTAL AREA (KMkx2) OF CRATER COUNTS

XAXIS1 = LOWER BOUND OF X-AXIS

XAXIS2 = UPPER ROUND OF X-~AXIS

YAXIS1 = LOWER ROUND OF Y-AXIS

YAX1IS2 = UPFER BOUND OF Y-AXIS

NOTES: IF LIMITS OF GRAPH ARE NOT KNOWNs SET XAXIS1 AND XAXIS2
EQUAL TO 0.0 .PROGRAM PLOT.FTN WILL THEN COMPUTE
ITS OWN INCREMENTS.
X INCREMENT = (XAXIS2 - XAXI1S51)/100.
Y INCREMENT = (YAXIS2 ~ YAXIS1)/50 .
(PROGRAM WILL ASK IF YOU RESIRE A REPLOT).

RETURNS $
DIA = DIAMETERS OF CRATERS
CuM = CUMULATIVE NUMRER OF CRATERS LARGER OR EQUAL TO
DIAMETER AT THAT POINT
DIALOG = LOB (D)
CUMLOG = LOS (CUuM)
ERRLOG = LOG (1ST SET OF ERRNR LIMITS)
AIRLOG = LOG (2ND SET OF ERROR LIMITS)
CUMPLT = 2-COLUMN ARRAY OF MEASURED DATA WHERES
CUMPLT(I»1) = DIALOG(I)
CUMPLT(1+2) = CUMLOG(I)
BARCUM = 2-COLUMN ARRAY OF ERROR BAR DATA WHERE:
* BARCUH(I»1) = DIALOG(I)
BARCUM(I»2) = ERRLOG(I)
BARCUM(I41»1) = DIALOG(I)
BARCUM(I+1,2) = AIRLOG(I)
.) = DIMENSION VARIABLE OF DIALOG»CUMLOGYERRLOG+AIRLOG

SUBROUTINES NEEDED?

CUMFRQG.FTN (CALCULATES VALUES NEEDED FOR FLOT)
SQUEEZ.FTN (FREFARES MEASURED DATA FOR PLOTTING PROGRAMS)
SQUISH.FTN (PREPARES ERROR BAR DATA FOR PLOTTING PROGRAMS
PLOT.FTN (PLOTS DATA + ERROR BARS)

SISTER PROGRAMS?
CRMODZ.FTN (DIFFERENTIAL SIZE-FREQUENCY PLOT)
CRMOD3.FTN (BINNED RELATIVE SI.E-FREQUENCY PLOT)

51
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aona onn

100
120
140
150

1680
200

829
523

600

SUBROUTINE CRMOD1(DsNeNDIMs»A»XAXIS1sXAXIS2»YAXIG1 s YAXIS29DIACUN)
1DIALOGs CUMLOGYFRRI NG 2 ATKLOG» CUMPLT » RARCUM» J)

DIMENSION D(N)sDIA(N) »NTALOGIN) »CUMIN) » CUMLOG(N) »ERRLOG(N) » AIRLOG(N) ¢
{CUMPLT(NDIM»2) » BARCUMC 2ANDINM» 2)

Oooooooooc'oouoooohotlocolinoot‘.tont0ooooootoooooo‘ooboooo.o..oo

CALL ROUTINE FOR CALCULATING CUNS
CALL CUMFRG(DsNrA»DIA»DIALOG,CUM»CUMLOG,ERRLOGFAIRLOG,J)

GOPOP R0 00 0000008800 BR0000RNRL000000000R00000000000000000 8

LIST VALUES NEEDED FOR PLOT: D»CUM»DIALOG»CUMLOGsERRLOC,AIRLOG

WRITE (5:100)

WRITE (5»120)

WRITE (3s140)

WRITE (51507

FORMAT (‘1°972(°%’))

FORMAT (’0°»3X» 'CUMULATIVE SIZE-FREGUENCY DISTRIBUTION’)

FORMAT (°0°»72¢(’%x’))

FORMAT (‘0 DIAMETER’»5Xs‘BUM. NO./AREA‘+SX»s LOG(DIAMETER)’
195X ‘LOG(CUM. NO./AREA)“»SXe ‘LOG(ERROR LIMITS))

DO 200 Ks1,J

WRITE (S»180) DIA(K)»CUM(K)»DIALOG(K) »CUMLOG(K) »ERRLOG(K)»AIRLOG(K)
FORMAT €’ ‘»F10.358XrG10.394Xs " ! »4XsF10.3»13XrF10.393X22F10.3)
IF (AIRLOG(K) .EG.~9999.999) AIRLOG(K) = TUMLOG(K)

CONTINUE

PSP B0 0000000600002 8400200000000 00000000000800000000000000200

PREPARE DATA FOR PLOT

CALL SPUEEZ(DIALOG»CUMLOG JyNDIMsCUNPLT)
CALL SQUISH(DIALOGsERRLOG»AIRLUG Jy 2XNDIM» BARCUM»JJ)

loi..l..l.....’o..00000‘00‘000000000.'.0000.00'0'0'0.0'0000000000

PLOT DATA AND ERROR LIMITS

URITE (5»300)

WRITE (59320)

WRITE (5,330)

FORMAT (’0X = LOG( DIAMETER (KM) )°)

FORMAT (’ Y = LOG( CUMULATIVE NUMBER OF CRATERS PER KMX%2 )°)

FORMAT ¢’ PHI = ( CuUM, NO. += SORT( CUM. NO. ) ) / AREA’)

CALL PLOT(CUMPLT»JsNDIMs»BARCUM» JJe 2XNDIMs XAXIS1yXAX ISy YAXIS1» YAXIS2)

Y T Y N R AN R

ASK FOR REFLOT OF GRAPH

WRITE (5»500)

FORMAT (’S$WOULD YOU LIKE TO REPLOT THIS GRAPHT(0=NO,1=YES):’)
READ (5»503) NSER

FORMAT (I1)

IF (NSER.ER.0) GO TO 400

URITE (35,520,

FORMAT (’SLIST XMIN:XMAXsYMINs YMAX?: )

READ (5:525) XAXIS1:XAXIS2yYAXIS1svAXIS2

FORNAT (4F10.5)

call PLDT(CUHPLT;J'NDIHvBARCUH:JJ;?‘NDIH-XAXISIvXAXIS"yY&YIq!oYAXISZ)
60 TO 490

RETURN

END
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ORIGINAL PAGE IS POOR
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SUBROUTINE CUMNFRG.FTN  (CALCULATES CUM-SIZE FREQUENCY VALUES)
SRRBURERRREREERERRURALUREARLAR AR LR AR KX AL ARRRRRXRERUXARRSAKESARERR L
NIKE BOTTS 1731779
CALCULATES VALUES NEEDEDR TO PLOT CUMULATIVE SIZE~FREGUENCY
DISTRIBUTIONS ACCORDING TO STANDARDS SUGGESTED BY
*STANDARD TECHNIQUES FOR PRESENTATION AND ANALYSIS OF
CRATER SIZE-FREQUENCY DATA® (NASA TM-79730).

INPUTS

D(N) = ARRAY OF MEASURED DIAMETERS (KM) OF N CRATERS
A = AREA (KME%2) OF TOTAL PICTURES COUNTED

OUTPUT? c
DIA(J) = ARRAY OF DIAMETERS MAVING DIFFERENT VALUES
DIALOG(J) = LOGC DIACI) )
CUM(J) = CUMULATIVE NO. OF CRATERS LARGER OR EQUAL TQ
pIACY)
ERRLOG(J) AND AIRLOG(J) = LOG ( PHICJ) )
PHICJ) = [CUMCJ) +- SORT( CUMCD) ) / A
J = TOTAL NO. OF CRATERS WITH DIFFERENT DIAMETERS

NOTE? ARRAY D MUST LIST DIAMETERS IN DECENDING ORDER FROM
D(1) TO D(N). USE SUBROUTINE SORTC.

NEGATIVE INFINITY MARKER = -9999,999 .

SUPROUTINE CUMFRG(D»NsA»DIA,DIALOGYCUMyCUMLOG»ERRLOG»AIRLOGYJ)
DIMENSION DCN)+»DIACN)»DIALOG(N) rCUM(N) » CUMLOG(N) yERRLOG(N) s AIRLOG(N)
=0

DO 100 I=1sN

IF (1.EQ.N) GO TO 60

IF (DCI).EQ.D(I+1)) GO TO 100

Muhity

CALCULATE VALUES FOR EACH DIFFERENT DIAMETER
DIA(H) = D(I)

DIALOG(N) = ALOG10(D(I))

C = 1.0 % FLOAT(I)

CUM(N) = C/A

CUMLOG(M) = ALOGL1O(CUM(M))
ERRLOG(M) = ALOGIO0C(C + SART(C))I/A)
IF (1.8T.1) GO TO 90

AIRLOG(M) = -9999.999

G0 10 100

AIRLOG(M) = ALOG10(¢(C- SQRT(C))/A)
CONTINUE

JuM

RETURN

END



54

aanaoaonoononnonnn

20
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100
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SUBROUTINE SORTC.FTN (SORTS COLUMNS OF AN ARRAY)

(123333t i it s itttz d ot ttidstieetifidsggizesttidtidd ]
MIKE FOTTS 1731779

SORTS ELEMENTS OF EACH COLUMN OF ARRAY A(N»M) INTO DESCENDING ORDER
FROM TOP TO BOTTOM AND RETURNS AS APRIME(NsM)

N = ACTUAL NUMBER OF ROWS IN ARRAY A
M = ACTUAL NUMBER OF COLUMNS IN ARRAY A
NGIM = ROW DIMENSION GIVEN ARRAY A IN MAIN PROGRAM

BUBROUTINE SORTC(AsNsNDIMsMsAPRIME)
DIMENSION A(NDIMsM)sAPRINE(NDIMsN)
DQ 20 l=1,N

DO 20 J=1sM

APRINECI»J) = A(I,S) °

CONTINUE

L=N-1

DO 100 K=1sL

DO 100 J=1,M

DO 100 Isi,N

IF(I.EQ.N)} GO TO 100
IF(APRIME(I+J) LE.APRIME(I+1,J)) GO TO S50
GO TO 100

TEMP = APRINE(Is.)

APRIME(IsJd) = APRIME(I+1:J)
APRIME(I+1+sJ) = TEMP

CONTINUE

RETURN

END

piett i iietetdtijeriot et st pitdtetttdifeietietidetiesediysy
SUBRGUTINE SQUEEZ.FTN (SQUEEZES 2 ARRAYS INTO 1 ARRAY)
EEESRARRRRRBRRAEARREBRERRRUKKEARERRKKERRERERKKARERRRRRN R LRARNRRE
MIKE BOTTS 271779
TURNS 2 ONE-COLUMN ARRAYS INTO 1 TWO-COLUMN ARRAY.

XY(Ie1) = X(1?

XY(I»2) = YD)

I = ACTUAL NUMBER OF X ANI' Y VALUES .
NDIM = ROW DIMENSION GIVEN XY IN MAIN PROGRAM

GO0D FOR FREPARING DATA FOR SUBROUTINE PLOTER.FTN.

SUBROUTINE SQUEEZ(X»YsIoNDIMyXY)
DIMENSION X(I)s YC(I)s» XY(NDIM»2)
DO 100 J=1r1I

XY(Jr1) = XCJ)

XY(J22) = YD)

CONTINUE

RETURN

END

C o s e e M A e AT T e
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SEEXEBLEERLERRERERARER KR RRLXEREAR SRR LRRE R AR RA XL RRAR R LR ERRRRER R
SUBROUTINE SOUISH.FTN  (SGQUISHES 2 UNEQUAL ARRAYS INTO i ARRAY)
BERRERERRRERRARER AR ERNABEREREARBRERARRRERE XXX LA X RRERE SR ERRERREBEE
MIKE BOTTS 2/2/79

SPECIAL ROUTINE NEEDED TO PUT ERROR BAR DATA INTO A 2-COLUNMN
REGQUIRED BY SUBROUTINE PLOTER.FTN.

VALUE(J) = VALUE PLOTTED ON X AXIS (SAME A8 X VALUE FOR REAL
DATA POINTS).

ERR1(J) = ONE SET OF ERROR BAR LIMITS

ERR2¢(J)> = OTHER SET OF ERROR BAR LIMITS

J = ACTUAL NUMBER OF ‘VALUE’ FOINTS

NDIM = ROW DIMENSION GIVEN ‘BAR‘ IN MAIN PROGRAM

RETURNS BAR(JJr2) WHERE JJ = JX2 AND!

BAR(1s1) = VALUE(1) . BAR(1,2) = ERR1(1)
BAR(2+1) = VALUE(1) BAR(2,2) = ERR2(1)
BAR(3¢1) = VALUE(2) BAR(3»2) = ERR1(2)
BAR(4:1) = VALUE(2) BAR(452) = ERR2(2)

3 .

3 .

. .
PAR(JJr1) = VALUE(D) BAR(JJ»2) = ERR2(J)

USED BY MAIN PROGRAM CRPLOT.FTN (CRATER PLOT) WHICH PRODUCES
CRATER SIZE-FREQUENCY PLOTS WITH ERROR BARS.

SUBROUTINE SQUISH(VALUE,ERR1,ERR2y JyNNIMsBARyYJJ)
DIMENSION VALUE(J)vERR1(J)»ERR2(J) »BAR(NDIM»2)
JJ = Js2

N=O

DO 100 I=1,J

NsN+1

BAR(N»1) = VALUE(I)

BAR(N»2) = ERR1(I)

Neh$t

BAR(N#21) = VALUE(I)

BAR(N»2) = ERR2(I)

CONTINUE

RETURN

END
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SUBRGUTINE FLOT.FTN (PLOTS 2 S8ETS OF DATA ON ONE GRAPH)
BEREBRERRARRARAERARARRAEERERRREREEEEURRERKRREEABRRRXKERKERARREARXE
MIKE BOTTS 2/14/79

MODIFIED VERSION OF DAVIS’ PLOTER.FTN #! GRAPH BOUNDARIES ChAN NOW
BE GIVEN BY USER OR CALCULATED BY PROGRAM. IF CALCULATED BY
PROGRAM» ROUTINE NOT GUARANTEED TO GIVE °*CLEAN® INTERVALS,

¢ (DAVISy J.C. (1973)»°*STATISTICS $ DATA ANALYSIS IN GEOLOGY*!PG 211

PLOTS TWO VARIABLES ON ONE GRAPH. IF THE TWO VARIABLES CONSIST OF
DATA + ERROR LIMITS, IT IS SUGGESTED THAT THE DATA ARRAY = Qi»
AND THE ERROR ARRAY = @2.

INPUTS !

@1 = FIRST SET OF VARIABLES TO BE PLOTTED» WHERE
Q1(Ir1) = VALUE PLOTTED IN X DIRECTION
Q1(I»2) = VALUE P. JTTED IN Y DIRECTION

Q2 = SECOND SET OF VARIABLES TO BE PLOTYED

N1 = ACTUAL NUMBER OF ROWS OF Q1

N2 = ACTUAL NUMBER OF ROWS OF Q2 (SET = 0 IF ONLY ONE DATA
SET IS TO BE FLOTTED)

N3 = ROW DIMENSTION GIVEN Q1 IN MAIN PROGRAM

N4 = ROW DIMENSION GIVEN Q2 IN MAIN PROGRAM

XAXIS1 = LOWER BOUND OF X AXIS

XAXiS2 = UPPER ROUND OF X AXIS

YAXIS! = LOWER BOUND OF Y AXIS

YAXIL2 = UFPER BOUND OF Y AXIS

NOTES: IF YOU WISH BOUNDARIES CALCULATED FOR YQU » SET XAXIS1 AND
XAXIS2 EQUAL T0 0.0
IF YOU WISH TO GIVE YOUR OWN BOUNDARIESs NOTE THAT 3
X INCREMENT = (XAXISZ ~ XAXIS1)/100
Y INCREMENT = (YAXIB2 ~ YAXIS1)/50 .

OUTPUTS
% = 18T DATA SET
-~ = 2ND DATA SET
0 = OVERLAPPING FOINT OF 1ST & 2ND SETS

SUBROUTINE PLOT(Q1,N1sN3»Q29N2sN4yXAXIS1»XAXIS2, YAXIS1)»YAX1IS2)
DIMENSION Q1(N3»2)9Q2(N4»2)»I0UT(2101)¢XX(11)

DATA IBULNK/‘ */211/°1°/+»1IPLUS/Z*4'/91BAR/ .’/ 1 IMINUS/ =’ /» ISTAR/ 'R’/
DATA 10/°0°/

IF XAXIS1 AND XAXIS2 = 0.0 CALCULATE BOUNDARIES AND INCREMENTS

NX1 = INT(XAXIS1)

NX2 = INT(XAXIS2)

IF (NX1.NE.O.OR.NX2.NE,0) GO TO 100

(A R R NN NN NN NN NN N N N NN I NN NN NN NN NN NINN )

IF BOUNDARIES NOT GIVEN» DETERMINE MAX & MIN
FIND MAXS AND MINS OF DATA SET Q1

XAXISL = Q1(1,1)
XAXI82 = XAXIS1
YAX1S1 = Q1(1,2)

YAXIS2 = YAXIS1
DO 30 J=i,N1
IF (01¢Jr2) LT . XAXIBL1) XAXIS1=Q1(Jr1)
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IF (G1¢J91).6T.XAXIS2) XAXIS2=Q1i(Jisl)
IF (Q1¢Je2).LT.YAXIS1) YAXIG1=Q1(J»2)
IF (Q1¢Jr2) +GT.YAXIS32) YAXIS2=01(Jr»2)
CONTINUE

IF (N2.EQ.0) GO TO 100

FIND MAXS AND MINS OF DATA SET 02

DO 70 JwisN2

IF (Q2¢J»1).LT.XAXIS1) XAXIS1=Q2(Jrl)
IF (Q2¢Jr1).06T.XAXIS2) XAXIS2=Q2(J»1)
IF (Q2¢Jr2) LT .YAXIS1) YAXIS1=Q2(Js2)
IF (G2(J4r2) LT YAXIS2) YAXIS2=(2(¢Js2)
CONTINUE

VOO0 3000000002000080000000 0008000000000 00000000080000000000000000

CALCULATE INCREMENTS

DX = (XAXIS2 - XAXI81)/100.
DY = (YAXIS2 - YAXIS1)/50.
QOG0 0060000000000 000600000000000000006000000 008006000000 00080800000

GET GRAPH LINES AND DIVISIONB‘SET UF

WRITE (35,103)

FORMAT (‘OY-AXI8’s//)

Y = YAXIS2

DO 500 I=1,51

IF (MOD(I-1,5).EQ.0) GO TO 120

PO 110 J=1,101

I0UT(J) = IBLNK

IF (MOD(J-1,10).EQ.0) IOUT(J)=IIX
CONTINUE

80 TO 140

DO 130 J=w1y101

I0UT(J) = IMINUS

IF (MOD(J-1+10).EQ.0) IOUT(J) = IPLUS
CONTINUE

0000000000000 00050000000 000080000tttetRietsoeiocissnerstsentoocess

PREPARE DATA SET G1 FOR PLOTTING

DO 130 J=1,N1

1Y = NINTC( (Q1¢J»2) - YAXIS1)/7 DY ) + 2
IF ¢(S52-I).NE.IY) GO TO 150

IX = NINTC( (Q1¢Js1) - XAXIS1)/ BX ) + 2
IOUT(IX) = ISTAR

CONTINUE

00000000000 00000006000000000000000000008600006000000000000000000 0000

PREPARE DATA SET G2 FOR PLOTTING '

IF (N2.LE.O0) GO TO 200 :
DO 140 J=1,N2 .

IY = NINTC¢ (Q2(J»2) - YAXIS1)/ DY ) + 1 !
IF ((52-1).NE.1Y) GO TO 140 .
IX = NINTC (Q2¢Jr1) ~ XAXIS1)/ DX ) ¢+ 1 ¢

IF (IX.6T7.100) IX = 100 :
IF (IOUT(IX).EQ.I0) GO TO 1460

IF (IOUT(IX).EQ.ISTAR) GO TO 155

JOUT(IX) = IBAR

G0 TO 160 ’
IOUT(IX) = 10

CONTINUE

B OGP GNP 0000080000800 0 00400000000 00000000000060008000000600000800000

PLOT ONE LINE OF PLOT

IF (MOD(I--1»5).NE.O) GO TO 300
WRITE (35+250) YsIOUT
FORMAT (1X»F10.5+1Xr101A1)
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300
35¢
800

400
700
800
700

Y = Y=-5.0%DY

GO0 TO S00

WRITE (5,350) IOUuT
FORMAT (12Xr101A1)
CONTINUE

SOPLEP I IR IIPNIIIIDIIIO NN EIPRPEIIOROINIONOERIEOIINLPIDILISINOROOGIOITSDS

- PRINT BOTTOM LEGEND

XXX = XAXIS1

DO 600 I=1,11

XCI) = XXX

XXX = XXX + 10.0%DX

CONTINUE

WRITE (5+700) (XX(I)»[=1+31+2)
FORMAT (8X»6(F10.5¢10X))

WRITE (59800) (XX(I)»I=2,10,2)
FORMAT (18XsS(F10.5,10X))
WRITE (3,900)

FORMAT (50Xs ‘X~-AXIS’)

RETURN

END

-
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APPENDIX C

Crater Size-Frequency Data
R PRODULIRY TEY OF THE
ORIGINAL PAGE I3 PODR
Bulbous Ground 22°N, 290°W /

frames usod 538303.533305,538508.538309,538312
total area 1 5419,107 kp2
number of craters 1 156

diameter (km) gumulative no,/area ikm'z)
19,968 (133 X 103
5.233 266
2,319 «399
2,093 532
2,092 «665
2,000 <798
1,943 931
1,542 106 X 10~2
1.495 133
1,469 146
1,395 +160
1,345 186
1.306 +200
1,248 ’ 213
1.196 «240
1.175 0 266
1,160 «279
1,121 «319
1.101 «333
1,077 373
1,046 «399
1,015 M39
1.000 M52
".998 . oh66
972 » 546
3955 '599
.897 +652
.881 +719
870 732
.858 s
822 785
797 +798
»780 812
+ 768 825
» 748 «905
W73 971
725 102 X 10-1
702 106
692 .,108
691 113

673 A1k
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dlametor (km)

,661
652
'62u
615
L6114
-609
.598
.587
.580
.538
+523
51k
507
468
62
461
g
Wb
'“35
.390
.385
.38t
37
. 367
.362
312
.308
.307
.299
0291‘
.290
234
2231
.230
224
220
.217
159
.156
l15u
149
147
145
.077
. 075
.072

(continuod)

gumulative no,/arca (km=2)

121 x 107t
124
.125
.130
132
133
142
«150
157
.162
164
. 166
169
*170
172
176
.188
.196
.200
. 204
. 206
«209
.213
214
216
.228
229
.23?
J2ul
0250
.253
,262
.267
.273
.279
.283
.285
. 286
294
315
.329
.334
337
.31
I43
345
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Bulbous Ground ¢ - 7N, 59°w e haw
'framos uged 1 525001 - 525B06 P o eGUR
total area  5400.687 km® cr
number of arators -y 972.

dianoter (¥m) gumulative no,/eres (km~2)
3.166 .185 x 102
2,174 +555
1,871 741
1.59% 130 X 1072
1,295 148
1,160 .185
1,151 .222
1,015 .259
1,007 .296
,8720 .352
725 iy
.720 . 537
.580 .57
+576 .778
35 .107 x 101
32 122
+290 137
.268 156
(145 167

o104 «180



ely=-mantled Gro ) 26°N, 90°w
frames used s 70BO4, ?71B61 - 71864
total arca 1 24,344,584 km?

number of craters : 71

dlameter (km) cumulative no,/area (km™2)

12,878 411 x 107
10,21 .B22

9,625 123 X 1070
6.648 J164
6,576 + 205
6,241 b6
54540 288
4,818 .329
3942 370
3.042 A11
2.847 W52
2,750 L9
2.466 534
2,200 +575
2,063 616
1.787 657
1,650 698
1,314 .822
1,095 + 904
962 «986

876 107 X 1072
.831 .i11
.830 W15
825 119
. 766 127
.687 131
657 152
«550 156
. 548 .168
JM38, .177
M6 .181
11 .185
329 189
277 .208
275 ,209
27 230
219 27
138 275
137 . 283

110 .292
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Heayllyennntled Ground 80"N, 65°w

OPIGTTAL

frames used 1 70B06 - 70R10, 70827 - 720BM:

total area 1 55,120,613 km”

number of cratera : 9

dismeter (km)
8.157
b,b56
2,232
2,108
.830
.827
.689
551
.25)

.

gurulative ro,/area (km™?)
181 x 10~
0363
« Shh
0726
109 x 1077
127
145
163
181
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