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West Deuteronilus Mensae, which lies along the lowland/upland boundary of Mars at
45° latitude, 345° longitude, exhibits both gradational (L. A. Rossbacher, 1985, in
Models in Geomorphology (Woldenberg, Ed.), pp. 343-372, Allen & Unwin, Boston)
and fretted terrain (R. P. Sharp, 1973, J. Geophys. Res. 78, 4073-4083) boundary types.
To the west, the boundary is gradational and to the east it is defined by fretted terrain.
The two types of boundaries do not merge with one another within the west Deuteronilus
Mensae region, however. The gradational boundary materials appear to overlap the
fretted terrain by about 500 km. Contacts between units associated with the gradational
boundary and the fretted terrain boundary can both be recognized in the region of
overlap. The fretted terrain can be identified as much as 300 km north of the gradational
boundary in this region. Lowland units associated with the gradational boundary embay
canyons of the fretted terrain in a topographically conformal fashion. Changes in the
fretted terrain across the gradational boundary (from uplands to lowlands) include a
reduction of canyon wall slopes and depths, such that the fretted terrain north of the
gradational boundary appears mantled but not obscured. There are at least two major
classes of processes which might explain the lateral overlap: (1) erosion of stratified
upland terrain and (2) deposition of plains materials onto the sloping upland margin and
fretted terrain. Erosion of stratified upland terrain does not adequately explain the
plainward decrease in crater densities across the gradational boundary nor is it consistent
with evidence that lowland plains material appears to onlap the sloping upland margin in
several places. Of the possible plains emplacement mechanisms, eolian deposition would
not produce the sharp, apparently topographically conformal gradational unit contacts.
Volcanic plains emplacement would not preserve the complex geometry of the underly-
ing fretted terrain. Sediment deposition in either a liquid or ice-covered sea could pro-
duce the draped appearance of the fretted terrain. Outflow channels along the lowland/
upland boundary, particularly those of the circum-Chryse and west Elysium regions, may
have flooded the northern lowlands to depths of tens to hundreds of meters. The grada-
tional unit contacts may represent the shorelines of such a sea. The scale of characteristic
morphologies along these contacts may require an unfrozen condition of sufficient dura-
tion to allow lacustrine-style wave erosion and redistribution of material along the con-
tacts. Our limited understanding of the Martian paleoclimate and H,0 inventories allows
the possibility of clement periods in the past, and other geological evidence (e.g., small
valley networks and outflow channels) strongly suggests an extensive role of liquid
water. © 1989 Academic Press, Inc.

INTRODUCTION

* Present address: SNR Company, Inc., Geotechni- The northern lowlands of Mars are sepa-
cal and Environmental Consultants, 25301 Cabot rated from the southern uplands by a prom-
Road, Suite 212, Laguna Hills, California 92653. inent topographic boundary (Carr 1986,
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Fi1G. I. Polar projection of northern lowland plains of Mars relative to major bounding provinces
(adapted from Scott and Tanaka 1986, Greeley and Guest 1987, Tanaka and Scott 1987, and indicated
by thin black lines). General location of lowland/upland boundary is indicated by a broad gray line
(adapted from Scott and Tanaka 1986, Greeley and Guest 1987). The two principal types of lowland/
upland boundary are indicated as either ‘‘gradational” or *‘fretted.”” Major outflow channels are
indicated by stippled areas and by alternate dot—dashed thin black lines. Global distribution of unit
boundaries described in the text is indicated by heavy black lines labeled | and 2 (dashed where
positive ideatification is limited by available image resolution). Contact No. | separates cratered
uplands from lowland unit A. Contact No. 2 separates lowland unit A from lowland unit B. Location of
the Ismenius Lacus Quadrangle (Fig. 2) is indicated by a diagonal pattern.

Lucchitta 1984a, Mutch et al. 1976, Scott gently northward into the lowland plains
and Carr 1978, Squyres 1978, 1979). Lo- over several tens of kilometers and appear
cally this boundary is defined by two princi- onlapped by plains materials along a dis-
pal types (Fig. 1). In the first type of bound- tinct contact (Carr 1981, Rossbacher 1985).
ary, described by Rossbacher (1985) as Placement of the lowland/upland boundary
‘‘gradational,”” the cratered uplands dip by Scott and Carr (1978), Scott and Tanaka
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(1986), and Lucchitta (1978) corresponds,
for the most part, with this contact. A sec-
ond contact, delineating a transitional
plains surface between the first contact and
the bulk of the northern plains, in most
cases lies a few tens of kilometers
plainward of the first contact (Fig. 1). The
gradational boundary is best expressed in
southwest Chryse Planitia, along the north-
east margin of Tempe Terra, in southeast
Acidalia Planitia, and in southern Isidis
Planitia.

In the second type of lowland/upland
boundary, termed fretted terrain (Sharp
1973), a pronounced escarpment clearly
separates lowlands from uplands and sug-
gests erosion of the upland material at the
cliff face (Carr 1981, 1984, Sharp 1973).
Fretted terrain occurs in two major belts
along the lowland/upland boundary sepa-
rated by the Isidis Basin and along the
northwest margin of Arabia Terra in Cy-
donia Mensae (30 to 40° latitude, 10 to 20°
longitude). Mareotis Fossae (40 to 55° lati-
tude, 65 to 85° longitude) also exhibits
fretted terrain morphology to some extent,
though it is likely more tectonic than ero-
sional in origin. The fretted terrain north-
west of Isidis is defined by the Deuteroni-
lus—-Protonilus—-Nilosyrtis Mensae system
(30 to 50° latitude, 280 to 350° longitude).
East of Isidis lies the Nepenthes—Aeolis
Mensae system (210 to 260° longitude, —10
to 15° latitude). The difference in gross
morphology between thesc regions is
largely due to the greater topographic sepa-
ration between uplands and lowlands at the
fretted terrain escarpments northwest of
Isidis than is observed to the east. The
fretted terrain of both regions exhibits a
complex transition zone consisting of up-
land plateau and knob outliers and lowland
plains reentrants. This transition zone may
be several hundred kilometers wide in
places.

Because the two principal boundary
types are so different morphologically and
perhaps genetically, their relationship is im-
portant in understanding how the lowland/
upland boundary evolved globally. Charac-
terizing the relationship between the two
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boundaries requires evidence of lateral con-
tinuity from one boundary type to the other
or superposition of surface units associated
with one boundary type by those of the
other. It should be pointed out, however,
that the genesis of the two boundaries may
be relevant only to the late development of
the lowland/upland boundary, rather than
to the origin of the crustal dichotomy itself.
We are concerned here with characterizing
the lateral transition from a gradational
boundary to a fretted terrain boundary and
its geologic implications, rather than with
the origin of the planetary dichotomy. Six
major occurrences of lateral transition from
a fretted terrain to a gradational boundary
are noted, including northeast of Mareotis
Fossae, southwest and northeast of Cydo-
nia Mensae, west of Deuteronilus Mensae,
east of Isidis Basin, and east of Aeolis Men-
sae (Fig. 1). For this characterization, we
will examine the west Deuteronilus Mensae
region (Figs. 2 and 3) as it exemplifies this
lateral change and is well covered by high-
resolution Viking Orbiter images.

The lateral change from a gradational to a
fretted terrain boundary in west Deuteroni-
lus Mensae is expressed by the apparent
overlap of the fretted terrain by the upland
and lowland surfaces associated with the
gradational boundary for hundreds of
kilometers. Plains units embay canyons of
the fretted terrain. The fretted terrain ap-
pears subdued north of the gradational
boundary, yet it is still easily recognized.
Development of this lateral overlap may
have at least two plausible origins. First,
unit contacts associated with the grada-
tional boundary might represent strati-
graphic contacts exposed through erosional
development of the fretted terrain and slop-
ing upland margin. This erosion might in-
clude scarp retreat through thermokarstic
removal of interstitial ice (e.g., Carr and
Schaber 1977, Guest et al. 1977, Ross-
bacher 1985, Weiss er al. 1981). Second,
the apparent overlap of the fretted terrain
by units associated with the gradational
boundary might indicate emplacement of
plains materials onto the northward-dipping
plateau surface and fretted terrain.
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Several mechanisms of emplacement of
plains materials in the northern lowlands,
through volcanism or sediment deposition,
have been postulated. Volcanic plains em-
placement processes include large-scale ba-
saltic flood volcanism (e.g., Carr 1981,
Theilig and Greeley 1979) or flood volcan-
ism onto ice-rich substrates (Frey et al.
1979, Frey and Jarosewich 1982). Sedimen-
tary plains emplacement mechanisms in-
clude eolian deposition (Grizzaffi and
Schultz 1987, Soderblom et al. 1973) or out-
flow channel deposition either subaerially
(e.g., McGill 1985, 1986, Lucchitta et al.
1986) or into an ice-covered standing body
of water (Lucchitta et al. 1986). In this pa-
per, we propose that sediment deposition
within a standing body of liquid water war-
rants careful consideration. Lacustrine or
shallow marine erosion and deposition may
provide explanations for specific morpho-
logic elements of the lowland/upland
boundary that are inadequately accounted
for by other processes.

METHODOLOGY

In the following section, the lateral over-
lap of the fretted terrain by units associated
with the gradational boundary in west
Deuteronilus Mensae is examined. Empha-
sis is placed on the characterization of mor-
phological changes across the gradational
boundary of the fret canyon centered at 46°
latitude, 346° longitude, since it is well cov-
ered by both medium-resolution (approxi-
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mately 200 m/pixel) and very-high-resolu-
tion (9~11 m/pixel) images. This includes
local and regional topographic information
as well as physical descriptions of specific
morphologies. Comparisons are then made
between the regional distributions and mor-
phologies of the surface units associated
with the gradational boundary in the me-
dium- and high-resolution (approximately
50 m/pixel) images.

Canyon depths south of about 46° lati-
tude were determined from shadow mea-
surements using Viking Orbiter image
673B43, which has a resolution of 204 m/
pixel and a Sun elevation of 9° above the
horizon. An error in shadow determination
of two pixels (corresponding to a vertical
error of 64 m) was assumed to account
reasonably for rounding of either the top or
the base of the slope and for errors in deter-
mining the exact location of shadow mar-
gins. The actual errors introduced by
rounding of the slope should be least where
the slopes are steep, and greatest where the
slopes are gentle. North of about 46° lati-
tude, rounding of the top and base of the
slope appears so significant that photoclino-
metric profiles were considered more reli-
able than shadow measurements. A sym-
metrical model, which determines the
albedo of a symmetrical feature (such as a
crater, or in this case a canyon) from the
lighting geometry relative to the brightness
of the up- and down-Sun sides of the fea-
ture, was used to generate these profiles.
The profiles were acquired from Viking Or-

FiG. 3. (a) Computer mosaic of southwest Deuteronilus Mensae compiled from 78 Viking Orbiter
images. Medium-resolution (~200 m/pixel) images: 675B32, 34, 36, 52, 54-59. High-resolution (50-70
m/pixel) images: 52A34-52, 60A49, S1-60, 61A11-13, 15-30. Very-high-resolution (9-11 m/pixel) im-
ages: 458b45-51, 61-72. (b) Generalized geomorphic map of study area. Regional downslope is toward
the north northwest at the center of the figure. The contact between the cratered uplands and lowland
unit A is easily identified crossing plateau surfaces in the fretted terrain. Its position within the fret
canyons cannot be determined with certainty at medium resolution, however. Based on the very-high-
resolution images (see Fig. 4) and for the sake of simplicity, however, fret canyon floors and debris
aprons are included within lowland unit B. The contact between lowland units A and B is traceable
throughout the west Deuteronilus Mensae region, interrupted only by relatively fresh impact craters
and ejecta blankets. This contact crosses plateau outliers and fret canyon floors. Shading across at
least two of these canyon floor crossings (at C and D) suggest that the contact may be defined by a
narrow ridge. Striped and Mottled Plains are subunits of lowland unit B. Narrow, closely spaced rills
are indicated at R. Footprints for subsequent figures are indicated with labeled boxes.
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biter image 675B59, with a resolution of 198
m/pixel and a Sun elevation of 22° above
the horizon. Additional photoclinometric
profiles were obtained from the very-high-
resolution (9—-11 m/pixel) images of orbit
458B. Since only one side of the fret canyon
is covered by these images, an asymmetric
model was used. In this method, a flat field
D.N. value was derived from the plateau
surface. The asymmetric model assumes a
uniform albedo for the entire profile, how-
ever, so the high-resolution profiles were
used for qualitative comparison with the
low-resolution symmetric profiles in sup-
porting visual estimates of the shape of spe-
cific slope elements rather than quantitative
depth values. Between about 44 and 46° lat-
itude, shadow measurements taken from
Viking Orbiter image 673B43 and photo-
clinometric profiles taken from Viking Or-
biter image 675B59 could be compared to
one another. Values for the total depth of
the canyon derived by both methods agree
to within 20%.

Crater distributions for the three photo-
geologic units associated with the grada-
tional boundary were derived by counting
all recognizable craters within each unit
and then separating individual crater popu-
lations using the technique of Neukum and
Hiller (1981). Identification during the
counting phase of ‘‘fresh’’ (i.e., those cra-
ters that clearly postdate a given surface)
versus degraded crater populations would
be the preferred method of separating the
various populations (e.g., Maxwell and
McGill 1988, Tanaka 1986). But, because of
the wide range in image resolution from
which these data were acquired, and be-
cause we were dealing with crater diame-
ters that are typically smaller than those
counted by other investigators, we felt that
it would not be possible to make a clear
separation. We found that many craters
that appeared ‘‘fresh’” at 200 m/pixel might
appear modified at 50 m/pixel, and most
showed evidence of degradation at 10 m/
pixel.

In the Neukum and Hiller (1981) tech-
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nique, individual crater populations are
identified on a plot of the derivative of the
cumulative plot for each unit. ‘‘Plateaus’
in the original cumulative plot have positive
slopes on the derivative cumulative plot,
making them more apparent. Each separate
population curve is then compared to the
Mars Standard crater curves of Neukum
and Hiller (1981) and Neukum (1983) to de-
termine the crater retention age of each re-
surfacing event. This value is presented as
the cumulative number of craters greater
than or equal to a given diameter per mil-
lion square kilometers. The reliability of the
crater ages derived via this technique is
subject to the placement of the diameter
break between individual populations. In-
terpretations based on crater populations
acquired in this way must therefore be
made with caution.

The Neukum (1983) curve is much flatter
in the diameter range 2-20 km than the
Neukum (1981) curve, so crater numbers
derived by fitting to the 1983 curve are
lower than those derived by fitting to the
1981 curve for populations that include cra-
ters greater than 2 km in diameter. Also,
since the Neukum (1983) curve is flatter it is
not always necessary to separate popula-
tions in this range to get a reasonable fit to
the production curve, even though the
break may appear distinct on the derivative
cumulative plot. In general, however, we
found that the Neukum and Hiller (1981)
production curve tended to provide a better
fit to our crater data in the diameter range
2-20 km than did the Neukum (1983) curve.

GEOMORPHIC ELEMENTS

Overlap of the fretted terrain by lowland
plains units north of the gradational bound-
ary suggests that the upper surfaces of
some plateau outliers may be composed of
lowland plains materials. This may appear
to be a contradiction in terminology. The
terms ‘‘upland’’ and ‘‘lowlands’’ are gener-
ally applied in the literature in a regional
sense to indicate surfaces to either side of
the planetary dichotomy. For the purpose
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of this discussion we will adhere to the
clear separation of upland and lowland sur-
faces exemplified by the gradational bound-
ary west of Deuteronilus Mensae and desig-
nate all surfaces to the north as lowland
surfaces, to the extent that the gradational
boundary can be identified in the fretted ter-
rain within Deuteronilus Mensae.

Surfaces associated with the gradational
lowland/upland boundary southwest of
Deuteronilus Mensae can be divided into
three principal photogeologic units (one
cratered upland unit and two northern low-
land units) with differences in morphology
and crater densities. We will refer to these
surfaces as cratered uplands, lowland unit
A, and lowland unit B.

GRADATIONAL BOUNDARY

Cratered Uplands

General description. The cratered up-
lands have a varied albedo that, on average,
is higher than that of lowland unit A to the
north. In very-high-resolution images (Fig.
4) the cratered uplands appear to have a
texture generally rougher than that of low-
land unit A. Wrinkle ridges are common
and trend north to northwest, similar to the
orientation of many of the fret canyons in
the region. Small valley networks are com-
mon in the cratered uplands outside the
study area. A few shallow, branching net-
works only a few hundred meters wide and
few tens of kilometers long can be seen on
isolated plateau remnants on the east side
of Fig. 3. These small valleys terminate at
the contact between the cratered uplands
and unit A. An unnamed outflow channel
also terminates at the contact between the
cratered uplands and unit A within the 75-
km crater Semeykin and west of Semeykin
(at 42° latitude, 353° longitude). This is a
shallow channel up to 30 km or more wide
and over 400 km long that appears to origi-
nate in an intercrater region at approxi-
mately 35° latitude, 349° longitude (Fig. 2).

Crater ages. Three crater populations
have been identified within the cratered up-
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lands using the Neukum and Hiller (1981)
technique (Fig. 5). The oldest, most distinct
population consists of craters between
about 5 and 30 km in diameter. This popula-
tion corresponds well with a Mars Standard
curve with a crater retention age between
about 25,000 and 35,000 (population 1, Fig.
5). This places the unit in reasonable agree-
ment with crater ages derived by other in-
vestigators for surfaces associated with the
lowland/upland boundary (e.g., Frey and
Semeniuk 1988, Frey et al. 1986, Grant and
Frey 1988, Grant et al. 1988). The remain-
ing two populations indicate limited resur-
facing events, affecting craters less than 5
km in diameter, that ended at crater ages
from about 3200 to 7000 and from 1700 to
2400 (populations 2 and 3, Fig. 5). In fitting
the data to the Neukum (1983) production
curve, populations 1 and 2 were not sepa-
rated, giving a retention age of 7000-15,000
for the combined plot. Population 3 has the
same Neukum and Hiller (1981) and
Neukum (1983) crater retention age be-
cause the two production curves are essen-
tially the same for craters smaller than
about 2 km in diameter.

The lower part of the curve for popula-
tions 1 and 2 (craters from population 1) is
noticeably steeper than the Neukum (1983)
curve, yet fits the slope of the Neukum and
Hiller (1981) curve well. It is easier to ex-
plain a population curve slope that is flatter
than the crater production curve (through
more advanced degradation of smaller cra-
ters than large ones) than it is one that is
steeper than the production curve (possibly
requiring reevaluation of the production
curve). For this reason, we feel that the
Neukum and Hiller (1981) curve provides a
more realistic fit.

Contact with lowland unit A. The cra-
tered uplands are separated from lowland
unit A by the sharp, irregular contact that
defines the gradational lowland/upland
boundary. Locally, this contact is deflected
southward into topographic lows, such as
the crater Semeykin and the fret canyons,
such that the plains material appears to em-
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Fi1G. 4—Continued

bay the cratered uplands. High-resolution [owland Unit A

coverage of this contact is limited, but

where it is available, evidence for both on- General description. Lowland unit A is
lapping of the cratered uplands by the equivalent to the smooth plains unit
plains material and erosion of the cratered mapped by Rossbacher (1985) in southeast
uplands at the contact can be seen (Fig. 6). Acidalia Planitia. It has an albedo distinctly

Fi1G. 4. (a) Computer mosaic of medium- and very-high-resolution images of fret canyon at 46°
latitude, 346° longitude (see Fig. 3 for location). (b) Generalized geomorphic map of fret canyon.
Regional downslope is to the north. The escarpment separating lowland unit A into a northern poly-
gonally patterned and a smooth southern surface is indicated at F. A similar, though less prominent,
feature, parallel to and midway between this escarpment and the contact between the cratered uplands
and lowland unit A is indicated at G. The northern limit of prominent debris aprons is shown at H.
Benches and breaks in slope identified in the very high resolution images are numbered 1-4, from
topographically lowest to highest. An additional break in slope, not numbered, separates the cratered
uplands and lowland unit A on the canyon’s west wall. A break in slope on the east side of the canyon,
at J, may be the expression of the contact between the cratered uplands and lowland unit A on this side
of the canyon. (c) Schematic cross-profiles of fret canyon based on shadow measurements and photo-
clinometry. Full-canyon profiles (uppercase letters) are based on medium-resolution images. Inset
profiles (lowercase letters) are based on comparison of medium-resolution data with photoclinometry
of very-high-resolution images. Contacts between surface units relative to canyon profiles are indi-
cated by vertical dashed lines and labeled. Vertical exaggeration is approximately 7 times.
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Fi16. 5. Cumulative crater size—frequency curves for the cratered uplands and lowland units A and
B. Data were binned using the technique of Neukum and Hiller (1981) and compared to their Mars
Standard curve (left column) and that of Neukum (1983) (right column) to determine the crater reten-
tion age (cumulative number of craters greater than or equal to a given diameter/million km?) of
resurfacing events. Total cumulative plots (not separated into multiple populations) reflect a pro-
nounced plainward decrease in crater density with maximum retention ages given by the oldest
populations for each unit. Area of cratered uplands = 74,208 km?. Area of lowland unit A = 81,230
km?. Area of lowland unit B (including both *‘striped’’ and ‘‘mottled’’ plains subunits) = 109,578 km?.
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lower and more uniform than that of the
cratered uplands (Figs. 3 and 4). Wrinkle
ridges are less numerous in unit A than in
the cratered uplands. Shallow, branching
small valley networks are absent. Instead, a
system of closely spaced rills (Fig. 7) is
present on many of the plateau remnants in
west Deuteronilus Mensae east of the fret
canyon in Fig. 4 (Fig. 3). They are also
found in a band 5-10 km wide from 45° lati-
tude, 349° longitude, southwest for about
250 km to 43° latitude, 352° longitude (Fig.
3). These rills are very narrow (typically
less than 200 m wide) and nonbranching
and are oriented perpendicular to the gen-
eral trend of the lowland/upland boundary
and regional topography. This orientation
seems to predominate, though there does
appear to be some local topographic control
in places (i.e., at plateau margins). The rills
are very sharply defined relative to the fret
canyons, and are lightly cratered, suggest-
ing that they postdate the fretted terrain.

At least two nonbranching, or stem, val-
leys (Pieri 1980) lie within unit A at 45° lati-
tude, 349° longitude, and at 43° latitude,
357° longitude (Fig. 3). These are deeply
entrenched valleys a few kilometers wide.
The westernmost of these is over 150 km
long and is covered by the high-resolution
images, in which it appears softened or
mantled by unit A.

In very-high-resolution images, surface
textures suggest lowland unit A may be di-
visible into two subunits. In Fig. 4 these
surfaces are separated by an east-west
trending escarpment. The surface south of
this escarpment is characterized by its dis-
tinctly smooth texture and relatively uni-
form albedo. The surface north of the es-
carpment has a more mottled appearance.
Its most notable characteristic is the pres-
ence of well-defined polygons several tens
of meters to as much as 300 m across (Fig.
8) (Lucchitta 1984b). Similar, though some-
what larger, polygons can be seen in high-
resolution images more than 200 km to the
southeast (Fig. 9). These lie in the same
position relative to the unit contacts as do
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those in Fig. 4, and may indicate regional
continuity of this surface.

The escarpment separating the two sur-
faces can be traced in the medium-resolu-
tion images for about 50 km west of the fret
canyon in Fig. 4, and appears to parallel the
contacts between the cratered uplands and
unit A and between units A and B. At least
one other feature exhibiting this parallel as-
pect is a narrow, irregular albedo feature
(Fig. 4). The unit A surfaces on either side
of this feature do not seem to differ signifi-
cantly at this scale, though the northern
surface may have a slightly higher albedo.

Crater ages. Three crater populations
were identified within lowland unit A. Cra-
ters larger than about 10 km in diameter are
rare. Most of those counted are highly de-
graded ghosts. These correspond to a
Neukum and Hiller (1981) Mars Standard
curve with a crater retention age between
11,000 and 22,000 (population 1, Fig. 5),
and likely represent a remnant of popula-
tion 1 of the cratered uplands plot that was
not completely obliterated by formation of
unit A. Populations 2 and 3 (Fig. 5), corre-
spond to Neukum and Hiller (1981) crater
retention ages from 3000 to 4500 and from
1100 to 1500, respectively. Population 2 ap-
pears to be essentially the same age as pop-
ulation 2 of the cratered uplands plot, while
population 3 appears slightly younger than
population 3 of the cratered uplands. When
compared to the Neukum (1983) curve,
populations 1 and 2 together provide a good
fit to a retention age between 5000 and 6000
(Fig. 5). This may be a coincidence, how-
ever, because many of the craters in popu-
lation 1 are degraded ghosts and should ex-
hibit a flatter cumulative plot than a fresh
population would.

Contact with lowland unit B. The contact
between lowland units A and B can be eas-
ily traced across the entire region in Fig. 3,
interrupted only by relatively fresh impact
craters and ejecta blankets. Though it may
correspond approximately to low escarp-
ments in places (Carr and Schaber 1977,
Rossbacher 1985), it can be traced across
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FIG. 8. Very-high-resolution coverage of lowland units A and B on west side of fret canyon (see Fig.
4 for location). The northern surface of unit A is characterized by polygons several tens to ~300 m
across (at left). Similar, though somewhat larger, polygons are visible on the canyon floor south of the
contact between lowland units A and B and may indicate a topographically conformal offset of the
surface on the canyon floor. Note the mantled appearance of the 10-km degraded crater by the
polygonally patterned surface. A striped or *‘thumbprint’’ texture of lowland unit B is revealed in the
very-high-resolution images as disconnected arcs of bright, low-relief mounds (at center). Benches and
breaks in slope on the canyon wall are numbered 1-3. Bench 2 intersects the top of the wall near the
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Fi1G. 9. High-resolution coverage of lobate contact between lowland units A and B (see Fig. 3 for
location). Polygons similar to but larger than those to the east are recognizable at lower right. Scene
width, approximately 35 km. Viking Orbiter images: 61A21,2224.
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top of the frame. Bench 3 intersects the top of the canyon wall just south of the 10-km degraded crater.
Bench 1 is the only one of the 3 that intersects the canyon floor in the very-high-resolution images,
where it defines the contact between lowland units A and B. The gentle ridge-and-swale structure
along this contact grades into bench | at the base of the canyon wall. Shading immediately above
benches 1 and 2 suggests that the stecpest slopes are above, rather than below, cach bench. opposite
the profile shape typical of stratigraphic benches. Canyon wall slopes here probably average close to
6°, making preservation of well-defined stratigraphic benches unlikely. Scenc width, approximately 25
km. Viking Orbiter images: 458B65-70.
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Fi1G. 10. High-resolution coverage of plateau outliers surrounded by striped terrain (see Fig. 3 for
location). The regional slope is down to the northwest. Higher plateau surfaces consist of lowland unit
A material. Contact between lowland units A and B on small plateaus at lower left appears to onlap the
upper surface of each, particularly on their north and west sides. This contact also onlaps the larger,
roughly triangular plateau outlier (center), though much more extensively on its north and west sides
and appears to embay a shallow depression at A. Scene width, approximately 80 km. Viking Orbiter
images: 52A43-46, 60ASS,58-60.

plateau outliers (Figs. 3 and 10) and fret
canyon floors (Figs. 3, 4, 8, and 11) as well.
Where it crosses the canyons, it exhibits a
smooth, lobate or arcuate pattern concave
down-canyon. These arcs can be identified
in several fret canyons. In at least two
places, shading along the contact suggests
the arcs may be defined by a narrow ridge
(Fig. 3). In very-high-resolution images, an-
other of these arcs appears to consist of a
system of parallel, low-relief ridges and
swales (Fig. 8).

Lowland Unit B

General description. Lowland unit B is
equivalent to the hummocky cratered

plains unit mapped by Rossbacher (1985) in
the southeast Acidalia Planitia region. No
small valley networks occur within lowland
unit B in the study region. In the high-reso-
lution images, unit B can be divided into
two subunits (Figs. 3 and 12). The southern
subunit consists of the striped or ‘‘thumb-
print’’ terrain described by Guest er al.
(1977). The prominent striping effect is due
to a system of bright, low-relief mounds or
pits viewed against relatively dark, smooth
plains. In places these mounds are distrib-
uted in parallel arcs (Fig. 8). They are most
pronounced in fret canyon reentrants in the
east half of Fig. 3, where they are arranged
with their concave sides facing down-can-
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Fi1G. 11. High-resolution coverage of smooth, lobate contact between lowland units A and B across
shallow fret trough (see Fig. 3 for location). The ‘*thumbprint’’ terrain of unit B consists of numerous
bright, low-relief mounds viewed against the relatively dark plains surface. Scene width, approxi-

mately 35 km. Viking Orbiter images: 52A38-40.

yon (northward). Individual mounds are
typically ovate to elongate features up to
300 m across and as much as 3 km long
(Figs. 8 and 11). The northern subunit con-
sists of ‘‘mottled’’ plains, described by Carr
(1981) and Witbeck and Underwood (1984).

The mottled appearance is caused by the
presence of numerous flow ejecta craters
with bright ejecta blankets superposed on
relatively dark plains (Carr 1981). The con-
tact between these subunits typically is
quite sharp (Fig. 12).
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FiG. 12. High-resolution coverage of contact (arrowed) between striped or *‘thumbprint’’ terrain and
mottled plains subunits of lowland unit B (see Fig. 3 for location). Scene width, approximately 65 km.
Viking Orbiter images: 60A53,55,58.

Crater ages. Two crater populations
were identified for lowland unit B. These
correspond to crater retention ages from
4000 to 5500 and from 800 to 1400 (popula-
tions 1 and 2, respectively, Fig. 5). Popula-
tion 1 appears similar in age to population 2
of both the cratered uplands and lowland
unit A, Population 2 correlates well with
population 3 of lowland unit A. Fitting the
Neukum (1983) curve yields an age from
2200 to 4000 for population 1 (population 2
is the same as for a Neukum and Hiller 1981
fit). Like that of the cratered uplands, popu-
lation 1 of unit B has a slope noticeably
steeper than that of the Neukum (1983) pro-
duction curve, but fits the Neukum and
Hiller (1981) curve well. The oldest popula-
tion of the cratered upland surface, par-
tially preserved in lowland unit A, appears
to be completely absent from unit B.

FRETTED TERRAIN

General Description

West Deuteronilus Mensae consists of
extensive cratered upland ‘‘peninsulas’’
or plateaus cut by long, finger-like canyons
typically 10 to 20 km wide and upwards of
300 km long. The longest of these canyons
trend roughly north to northwest, approxi-
mately perpendicular to the lowland/upland
boundary, and may indicate some local
structural or topographic control. To the
east of the study area (Fig. 2), dissection of
the cratered uplands is more advanced,
such that the highlands are expressed as
isolated plateau remnants a few tens of
kilometers or less across surrounded by
smooth lowland plains (Lucchitta 1978).
Much of southern Deuteronilus Mensae ex-
hibits circular and arcuate escarpments that
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likely indicate preferential degradation of
buried large impact structures (Sharp 1973,
Lucchitta 1978).

Detailed Description

The morphological changes in the fretted
terrain across the gradational boundary in
west Deuteronilus Mensae are typified by
the fret canyon in Fig. 4. Cross-profiles of
this canyon (Fig. 4¢) exhibit up to five prin-
cipal elements. These are: the plateau sur-
face; the canyon wall; a slope intermediate
in steepness between the canyon wall and
the debris apron; the debris apron; and the
canyon floor. The plateau and canyon floor
surfaces appear to be essentially horizontal
surfaces in all profiles. Slopes for the re-
maining three surfaces tend to decrease
from south to north.

Canyon Adjacent to Cratered Uplands

Canyon walls. The total depth of the can-
yon within the cratered upland unit ranges
from about 300 m just south of the contact
between the cratered uplands and lowland
unit A (Fig. 4), to more than 650 m south of
Fig. 4. These values are significantly lower
than those measured by Soderblom and
Wenner (1978) and Carr (1986) for the fret-
ted terrain to the east. The canyon walls are
expressed as relatively steep cliffs (Figs.
13a-13¢). The presence of shadows in
places along the cliff (Figs. 13b and 13c)
suggests slopes similar to the Sun elevation
angle of 32° above the horizon for the very-
high-resolution images. The cliffs comprise
about 300 m of this depth in the south (Fig.
4c, profile E) to less than about 50 m of the
total canyon depth at a point about 10 km
south of the contact between the cratered
uplands and lowland unit A (Fig. 4c, profile
C). If this decrease in cliff height is pro-
jected northward, the cliff should wedge
out between the upper plateau surface and
the intermediate slope in the vicinity of the
contact between the cratered uplands and
lowland unit A. The base of the cliff, there-
fore, may be the expression of the contact
between the cratered uplands and unit A on
the canyon wall.
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Intermediate slope. The intermediate
slope is a gentler, smoother slope (Figs.
13a-13c). Comparing the medium- and
very-high-resolution images of this surface
on the canyon’s east side (Fig. 13a) with
that on the west side (Fig. 13b), suggests it
has both a lower albedo and steeper slope
than the adjacent debris aprons. This is
borne out by the photoclinometric profiles
of the same areas, which indicate slopes
between S5 and 12° for this surface. This
slope has been interpreted as a trough or
‘“‘moat’’ between the canyon wall and the
debris apron (Weiss and Fagan 1982). Al-
though we interpret it as a sloped surface,
we recognize that the upper apron margin
appears elevated slightly above the base of
the intermediate slope (Fig. 13a). A system
of low ridges and swales, parallel to the cliff
base, can be seen on this intermediate sur-
face (Figs. 13a and 13b).

Debris aprons. The debris aprons occur
as sharply defined, gently sloping surfaces
whose distal margins are either concentric
to isolated plateau outliers or parallel to
canyon walls. They are typically less than
10 km wide and occur at the bases of ali fret
escarpments adjacent to the cratered up-
lands except those within a few tens of kilo-
meters of the contact between the cratered
uplands and lowland unit A (Fig. 3). Photo-
clinometric profiles support the observation
that the aprons are convex in profile (Carr
and Schaber 1977, Squyres 1978) with
slopes averaging less than 5° (Fig. 4¢). The
aprons exhibit a complex, hummocky sur-
face of small hills and hollows (Figs. 13a
and 13b). The proximal and distal margins
of the debris aprons are typically sharp in
both medium- and very-high-resolution im-
ages (Fig. 4).

The complex surface morphology is ab-
sent on the debris apron surface to the
north (Fig. 13c), though the distal margin of
the apron is well defined in medium-resolu-
tion images. The northern limit of occur-
rence of prominent debris aprons lies just
north of 45° latitude in this canyon (Fig. 4),
about 40 km south of the contact between
the cratered uplands and unit A. A similar
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F1G. 13. Very-high-resolution detail of fret canyon adjacent to the cratered uplands (see Fig. 4 for
locations). Plateau surface is indicated at A, canyon wall at B, intermediate slope at C and debris apron
at D. (a) East side of fret canyon. Intermcdiate slope is separated from the canyon wail by a discontinu-
ous bench, which can be identificd within the breached 5-km crater at top right. Note the gentle ridge-
and-swale structure parallel to the slope margins on the intermediate slope. The debris apron appears
raised slightly above the base of the intermediate slope. Scene width, approximately 5 km. Viking
Orbiter images: 458B45.46. (b) West side of fret canyon midway between (a) and (c). The canyon wall
is narrower here than in (a). Ridges and swales, similar to those in (a), can be identified on the
intermediate slope. but are discontinuous. Scene width, approximately 10 km. Viking Orbiter images:
458B47,48. (c) West side of fret canyon just south of contact between the cratered uplands and lowland
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unit A. The cliff here is very narrow. The bench between the cliff and the intermediate slope may be
the continuation of the contact between the cratered uplands and lowland unit A onto the canyon wall.
The hummocky texture of the debris apron and the ridge-and-swale structure of the intermediate slope
are absent in this area. The intermediate slope and debris apron both appear smooth. Scene width,
approximately 10 km. Viking Orbiter images: 458B49,50.
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FiG. 13—Continued

relationship occurs in other fret canyon re-
entrants (Fig. 3), though the distances vary
somewhat. The canyon floors adjacent to
the cratered uplands consist of smooth
plains partially to completely buried by the
debris aprons.

Canyon Adjacent to Lowland Unit A

Canyon walls. The total depth of the can-
yon adjacent to lowland unit A ranges from
less than 200 m at the top of Fig. 4 to as high
as about 300 m north of the contact between
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the cratered uplands and unit A. The can-
yon walls here are less steep than are those
adjacent to the cratered uplands (Fig. 4c).
Slope estimates range from 9 to 22°, based
on the presence and lack of true shadows in
medium-resolution images with these Sun
elevations. North of the escarpment at F,
Fig. 4b, the walls do not exhibit true
shadows in images with a Sun elevation of
9°. Using the photoclinometric profiles to
further constrain these values yields wall
slopes between 6 and 11°, in which the
lower value corresponds to the wall toward
the top of Fig. 4 and the higher value to the
wall near the contact with the cratered up-
lands. These values are comparable to
those of the intermediate slope to the south.

Perhaps the most interesting aspect of
the canyon walls adjacent to lowland unit
A is the presence of three or four parallel
benches or breaks in slope (numbered 1
through 4, figs. 4, 8, and 14). Slope breaks 1
and 2 exhibit recognizable benches at very
high resolution (Fig. 8). Shading across
these benches suggests that the steepest el-
ements of the slope profiles lie immediately
above the benches, with the profile between
benches having a convex upward shape.
Benches 3 and 4 are defined by sharp
breaks in slope (Fig. 14). Benches 1-3 are
traceable for several kilometers along the
canyon wall. Each bench occurs progres-
sively higher up the canyon wall when
traced from south to north (Fig. 4). Bench 1
defines the contact between lowland units
A and B on the canyon wall.

Debris aprons. The debris aprons within
lowland unit A are expressed as narrow,
smooth, slopes about 1.5 km wide at the
base of the canyon wall (Figs. 4, 8, and 14).
Photoclinometric profiles suggest a slope
averaging between 2 and 5° for this surface.
The contact between this debris apron and
the canyon floor is marked by a gradual
change in slope and texture rather than by a
prominent toe.

Canyon floor. The northern 30 km of can-
yon floor within lowland unit A covered
by the very-high-resolution images (Figs. 4
and 8) is characterized by polygons similar
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to, but somewhat larger than, those to the
northwest, and may indicate continuity of
this surface onto the canyon floor.

DISCUSSION

EROSION OF REGIONALLY STRATIFIED
MATERIAL

The topographic relief of the fretted ter-
rain provides compelling evidence that ero-
sional retreat of the lowland/upland bound-
ary has been a significant process. This
erosion is generally thought to have in-
volved sapping of interstitial ground ice or
ground water at the cliff faces within the
fretted terrain and transport of the material
away from the cliffs down the fret canyons
(Lucchitta 1984a, Sharp 1973, Sharp and
Malin 1975, Squyres 1978, Carr 1980, 1986).
However, fluvial transport of the material
out of the fret canyons is insufficient to ex-
plain the advanced state of degradation of
the upland terrain evident in the fretted ter-
rain to the east (Lucchitta 1984a) and the
lack of evidence of fluvial activity on the
canyon floors.

One way to produce the lateral overlap of
the fretted terrain by units associated with
the gradational boundary might be through
exposure of stratigraphic horizons by ero-
sion. In this model, the cratered uplands,
lowland unit A, and lowland unit B define
lithologic units of regional extent that pre-
date both the lowland/upland boundary and
the fretted terrain. Unit B would be the old-
est of the three.

The presence of parallel contacts sepa-
rating units with easily recognizable albedo
and morphologic differences on a slope is
perhaps the most compelling reason to in-
voke an erosional stratigraphic model. The
contacts trend up canyons and around pla-
teau remnants in the fretted terrain just as
would be expected of horizontal strati-
graphic units exposed on an incised, slop-
ing surface. Development of the lowland/
upland boundary by this model requires
two separate events: An erosional event to
carve the fretted terrain; and an erosional
or tectonic event to produce the broad,
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Fi16G. 14. Very-high-resolution detailed view of west wall of fret canyon (see Fig. 4 for location). The
plateau surface is labeled A; canyon wall, B; debris apron. C. Bench 2 and slope breaks 3 and 4 are
numbered. “*Bench® 2 is expressed as a gradual change in slope between the canyon wall and the
debris apron in this part of the canyon. Scene width, approximately 10 km. Viking Orbiter image:
458B66.
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sloping lowland/upland boundary surface.
Though the scale of down-cutting implied
by the fretted terrain is large, explaining it
is not as difficult as accounting for erosion
of the sloping lowland/upland boundary.
Tectonic warping of the crust may provide
an adequate explanation for the gross to-
pography but would have warped strati-
graphic horizons along with the surface.

Detailed examination of the unit contacts
has revealed additional inconsistencies
with a stratigraphic interpretation. If the
contacts truly are stratigraphic contacts ex-
posed by erosion, the cratered uplands
should appear to onlap unit A and unit A
should onlap unit B, never the other way
around. Continuity of stratigraphic con-
tacts across degraded crater floors implies
deposition after formation of the crater in-
stead of erosion, since the impact would
have disrupted a stratified target.

Differential erosion of resistant strata is
probably the most common terrestrial ex-
ample of bench morphology. Stratigraphic
units with high erosional resistance tend to
be cliff formers. In a cross-profile of a slope
of this type, benches lie at the tops of cliffs
and the profile shape between benches is
concave upward. The concave slope is pro-
duced by accumulation of debris wasted
from the cliff. In contrast, the west
Deuteronilus Mensae benches 1 and 2 ex-
hibit the opposite shape and bench position.
Stratigraphic benches are more likely to be
well expressed where slopes are greatest,
so that debris wasted from the slope can be
easily removed. Benches 1-3 in west
Deuteronilus Mensae all lie on gentle
slopes.

A stratigraphic interpretation is further
complicated by a need to explain the crater
densities for the three units (Fig. 5). If the
gradational lowland/upland boundary sur-
face had been produced by a single ero-
sional event, crater populations should re-
flect the timing of the event, rather than the
age of the stratigraphic units, and therefore
exhibit a single crater age. The fretted ter-
rain represents an additional erosional

137

event and should therefore exhibit a sec-
ond, lower crater density. But because the
lowland units display distinct crater densi-
ties, formation of the gradational boundary
by this model requires the unlikely se-
quence of separate erosional events af-
fecting only those surfaces below a given
stratigraphic boundary or exhumation of
previously cratered surfaces.

If lowland units A and B had been buried
before their surfaces had accumulated
many craters and later exhumed, they
might exhibit lower crater densities than
the overlying cratered upland material. But
craters within the lowland units tend to be
more pristine than those within the cratered
uplands. The exhumation process would
have to have removed the overlying mateial
without degrading the exhumed craters.
Population 1 of lowland unit A (Fig. 5),
which appears to be a remnant of popula-
tion 1 of the cratered uplands, cannot be
explained by this model. The most difficult
problem to overcome, however, is that ex-
humation implies removal of the overlying
cratered upland and lowland unit A mate-
rial from the entire northern lowlands. Re-
deposition of so much material would be
difficult to account for with known deposits
elsewhere on the planet, even if a suitable
exhumation mechanism could be found.

Removal of interstitial ice through subli-
mation resulting in scarp retreat has been
suggested as a mechanism by which the
contact between lowland units A and B and
the striped appearance of unit B might have
developed (e.g., Carr and Schaber 1977,
Rossbacher 1985). This ice might have been
present throughout the Martian megarego-
lith prior to formation of the global dichot-
omy (Carr and Clow 1981, Clifford 1980,
Sharp 1973, Soderblom and Wenner 1978,
Soderblom et al. 1973) or it may have been
emplaced through volatile-rich eolian sedi-
mentation (Grizzaffi and Schultz 1987, So-
derblom et al. 1973) or ice-rich outflow
channel sedimentation (e.g., Carr 1981,
Guest et al. 1977, McGill 1985, 1986). How-
ever, the contact between the two units
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does not always coincide with an escarp-
ment. Subdued plateau outliers may lie sev-
eral tens of kilometers north of the contact
between units A and B, their surfaces being
composed solely of unit B material. The es-
carpments, therefore, likely indicate fretted
terrain that predates emplacement of low-
land units A and B.

PLAINS EMPLACEMENT

Eolian Deposition

There is abundant evidence in the form of
wind streaks and vast dune fields that indi-
cates that eolian sediments may be present
over much of the northern plains (Breed e?
al. 1979, Grizzaffi and Schultz 1987,
Thomas 1982, Soderblom et al. 1973, Ward
1979). Analysis of Viking Orbiter images
has revealed that many of these features are
currently active, or at least in equilibrium
with Martian global wind circulation
(Thomas 1982). Could lowland units A and
B represent successive eolian loess blan-
kets onlapping the cratered upland margin?
Because both units are cratered, whereas
the wind streaks and dunes are not, they
would have to be relatively old, stabilized
deposits to avoid their redistribution by re-
cent Martian wind activity.

The boundaries of the two plains units
are difficult to produce with an eolian
model. An eolian blanket would probably
thin gradually toward its margin, resulting
in a diffuse contact whose placement would
be subject mainly to available image resolu-
tion (Zimbelman 1987). Even more impor-
tant, eolian deposits are not gravitationally
confined as are fluids like low-viscosity la-
vas or water, and therefore would not likely
produce a topographically conformal con-
tact.

Volcanism

Emplacement of volcanic plains similar
to the lunar mare basalts within the north-
ern lowlands has been suggested by a num-
ber of investigators (e.g., Carr 1981, Wise
et al. 1979, Theilig and Greeley 1979).
Very-large-scale, lunar-like volcanic plains

PARKER, SAUNDERS, AND SCHNEEBERGER

emplacement might be expected during,
and immediately following, the planet’s ac-
cretionary phase. This is implied by the
model of Wise et al. (1979), in which the
gross resurfacing of the northern lowlands
took place very early, though the present
plains surfaces may reflect subsequent
emplacement processes. Carr (1981) and
Theilig and Greeley (1979) conclude that
the northern plains, in the lower latitudes at
least, are volcanic, based on the presence
of wrinkle ridges similar to those found
within the lunar mare. Recent work by
Plescia and Golombek (1986), however,
shows that terrestrial wrinkle ridge analogs
indicate compressional stress environments
in a variety of materials, including sedi-
ments, with a range of rheologies.
Continuity of the contact between the
cratered uplands and lowland unit A onto
the wall of the canyon in Fig. 4 would re-
quire emplacement of a lava shoreline after
formation of the fretted terrain. High stands
of lava lakes do not appear reasonable
given the great extent of the northern low-
lands. To create lava shorelines in the con-
ventional way, recession of the lava lake
surface is required. Plains volcanism on a
scale sufficient to flood most of the north-
ern plains would require tremendous vol-
umes of lava, even when compared to other
examples of planetary volcanism, relatively
late in Martian geologic history. Large
flood basalt deposits on the Earth, such as
the Columbia River Basalts, can be of the
order of hundreds of meters thick, but are
composed of many individual units that are
typically less than a few tens of meters
thick (e.g., Williams and McBirney 1979,
Mackin 1971). The volumes for these basal-
tic floods, though quite large, are still sev-
eral orders of magnitude smaller than those
required to produce shorelines along the
periphery of the northern plains of Mars.
While lunar lava shorelines or marginal ter-
races (Wilhelms 1987) bear a weak resem-
blance to these benches, they do not appear
to involve so great a reduction in height of
the lava surface. Further, lunar (and other
Martian) volcanic plains do not generally
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preserve much of the underlying topogra-
phy, but the fretted terrain north of the gra-
dational boundary is easily identified. The
smooth, arcuate morphology along the
lower contact separating lowland units A
and B does not compare well with the more
irregular, lobate morphology typical of lava
flow fronts and is not found at lunar plains
boundaries.

The polygonal surface texture within
lowland unit A could be interpreted as due
to cooling cracks on lava lakes (Carr and
Greeley 1980), though terrestrial examples
rarely exceed several meters across. The
bright, low mounds within the striped unit
of lowland unit B might be interpreted as
volcanic extrusions of material with an al-
bedo higher than that of the surrounding
plains (Frey and Jarosewich 1982}, but their
great numbers and arcuate distributions are
difficult to explain in a volcanic context.

The general decrease in crater densities
from cratered uplands through lowland unit
B is consistent with volcanic plains em-
placement onto the sloping upland surface.
The depth of crater burial should be greater
to the north, leading to progressively lower
crater densities from south to north. Fitting
the crater populations for the 3 units to ei-
ther the Neukum and Hiller (1981) or the
Neukum (1983) curve does not affect this
trend.

Deposition in Standing Water

Repeated inundation of the northern low-
lands by floods associated with outflow
channel development elsewhere along the
lowland/upland boundary is an alternative
mechanism capable of producing the topo-
graphically conformal contacts and the
draped appearance of the fretted terrain.
Lowland units A and B, by this model, rep-
resent cratered uplands and fretted terrain
that has been reworked and draped with
lake sediments. Lowland unit B represents
the latest and least extensive of the two
plains-flooding episodes.

The volume of water required to flood the
northern lowlands is consistent with many
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models of global water inventories (e.g.,
Anders and Owen 1977, Carr 1986, Fanale
et al. 1982, Kahn 1985, Pollack 1979, 1986,
Pollack and Black 1979, Rasool and Le Ser-
geant 1977, Toon et al. 1980) and is implied
by the 35-m global equivalent estimate of
Carr (1986) for the amount of water in-
volved in the formation of the circum-
Chryse outflow channels. Confined to the
northern lowland plains, approximately
25% or less of the planet’s surface (exclud-
ing Tharsis and Alba Patera, the Elysium
volcanics and the polar cap) yields an aver-
age depth of over 100 m of water from this
single event. It is difficult to imagine this
much water, discharged catastrophically,
soaking into the ground or evaporating rap-
idly enough to avoid accumulating, at least
temporarily, in some form of large body of
standing water. Lucchitta et al. (1986) pro-
posed sediment deposition in an ice-cov-
ered ocean to explain the presence of ap-
parently thick sediments within the
lowlands (the large-scale polygonal ter-
rains) and the lack of recognizable alluvial
fan morphology at outflow channel mouths.
We would add that the boundary morpholo-
gies we have observed may require multiple
floods into the lowland plains with tempera-
tures above freezing long enough to enable
the development of lacustrine shoreline
morphology.

The distribution of the unit contacts and
their relationships to pre-existing terrain
are consistent with a shoreline interpreta-
tion. The southward offset of the contacts
between units within the fret canyons indi-
cates embayment of the canyons. Plateau
outliers crossed by unit contacts may have
been partially submerged on their lower
north sides. Contacts crossing degraded
crater floors can be explained as embay-
ment of the craters. The ultimate elevation
attained by a body of standing water is less
limited than that of a lava lake, simply be-
cause tens or hundreds of meters of water
can subsequently be removed more easily
than can lava.

Strandlines may consist of both benches
or shore platforms (Bradley 1958) and
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beach ridges depending on whether mate-
rial is being removed or deposited at a par-
ticular location. This may be the only ter-
restrial analog process that can produce
boundaries that exhibit both erosional and
depositional structures and that conform to
topography over broad regions. Terrestrial
lakeshore platforms can also exhibit pro-
files (e.g., Reeves 1968) similar to those ob-
served for benches 1 and 2 (Figs. 4c and 8)
and the contact between the cratered up-
lands and lowland unit A in Figs. 13a-13c.
Beach ridges are constructional features
that may be several meters in height, tens
of meters in width, and hundreds of meters
to kilometers in length (Reineck and Singh
1980). Multiple beach ridges can exhibit
ridge-and-swale topography similar to that
observed along the contact between low-
land units A and B on the floor of the fret
canyon in Fig. 4. This feature (and the simi-
lar feature in Fig. 11) bears a strong resem-
blance to beach ridges and bars of the north
Lake Bonneville region of Utah (Fig. 15).
The arcuate patterns are caused by wave
refraction (e.g., Zenkovich 1967).

The lack of prominent debris aprons in
the fretted terrain adjacent to lowland units
A and B may be a result of reworking or
complete removal of the debris by waves as
the shoreline advanced or receded. Forma-
tion of the debris aprons themselves may
have been aided by rising and falling water
levels. The removal of debris wasted and/
or sapped from the fret canyon walls in a
near-shore lacustrine environment would
be efficient and could produce the smooth
canyon floor surfaces without affecting the
plateau surface. Near-shore lacustrine ero-
sion provides a very effective way of
maintaining cliffs by focusing erosion at the
bases of the cliffs and preventing the accu-
mulation of talus deposits.

The polygons in northern lowland unit A
and the bright low mounds in the striped
plains of unit B may be more easily ex-
plained in a lacustrine than in a volcanic
context. Both giant desiccation polygons
and ice-wedge polygons form in lacustrine
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or coastal marine environments (Lachen-
bruch 1962, Leffingwell 1915, Mackay
1973, 1986). Desiccation polygons up to
several tens of meters across are common
on playa surfaces in the Great Basin of the
American southwest (Motts and Carpenter
1968, Reeves 1968). Ice-wedge polygons up
to several tens of meters across are very
common in the Arctic coasts of northern
Canada and Alaska (Black 1974, Leffing-
well 1915, Mackay 1973, 1986). Ice wedges
between polygons are typically less than a
few meters wide, though very large, buried
ice wedges may be as large as 10 m wide
(Billings and Peterson, 1979). Ice wedges
indicate thermal expansion and contraction
in frozen ground and grow as a result of the
introduction of liquid water or snow into
thermal cracks that form in the ice during
winter (Billings and Peterson 1979, Black
1974, Mackay 1986).

The bright, low-relief mounds are similar
to frost heave structures in freezing wet
sediments. Similar dome-like hills else-
where within the lowland plains may be
pingos (e.g., Lucchitta 1981, Rossbacher
and Judson 1981). Mackenzie delta-type
pingos are common structures in the Cana-
dian Arctic that form as water is concen-
trated in lenses below a downward aggrad-
ing permafrost zone in recently drained
lakes (Mackay 1962, 1973). These lenses
tend to develop in sediments with relatively
high permeabilities, particularly sandy sedi-
ments. The tendency for the bright mounds
to form arcs parallel to the contact between
lowland units A and B in the fret canyons
might indicate ice concentration along
former beach sand ridges that were formed
and later buried by finer lake sediments
during shoreline advance. The bright pits
may be deflated mounds. Deflation of the
mounds suggests that they consist of fria-
ble, entrainable materials. Sublimation of a
pingo ice core would contribute to its re-
moval.

The low crater densities in lowland units
A and B could have been produced by sedi-
ment deposition onto and reworking of the
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FiG. 15. Aeral photographic mosaic of part of the Lake Bonneville region of Utah. Numerous
arcuate ridges are beach ridges and bars associated with changing lake levels. The largest of these bars
are over 15 km long. Compare these features with the contact between lowland units A and B in Figs. 8
and 11. Scene width, approximately 50 km. North is toward the bottom of the frame. Aerial photo-
graphs courtesy of Eros Data Center.

old cratered upland surface. Burial and re- south to north as would burial by volcanic
working of cratered terrain by lake sedi- plains. It would therefore appear that,
mentation and wave action should produce while comparison of the crater population
progressively lower crater densities from curves may point to plains emplacement
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rather than exhumation, it is not sufficient
to pin down the emplacement process by
itself.

Questions raised by a lacustrine or shal-
low marine interpretation are largely re-
lated to estimates of the volume of water
responsible for carving the outflow chan-
nels and our present understanding of the
Martian paleoclimate. Models of the early
Martian climate are dependent upon a num-
ber of complexly interrelated geochemical,
climatological, and astronomical factors.
Chief among these are the CO,, H,0, and
other volatile inventories which determine
the mass and greenhouse warming of the
early atmosphere. Current estimates of the
amount of outgassed CQO, during Mars’ his-
tory range from a minimum of a few hun-
dred millibars to 3 bars (e.g., Rasool and Le
Sergeant 1977, Anders and Owen 1977, Pol-
lack and Black 1979) to as much as 10 to 20
bars (Carr 1986). In Carr’s 1986 model, the
atmospheric pressure due to CO, may not
have exceeded more than a few bars at any
given time since outgassing likely was pro-
tracted over a long period and since carbon-
ate rocks may have formed relatively rap-
idly in the presence of liquid water (Fanale
et al. 1982, Kahn 1985). Estimates of the
outgassed H,O inventory vary from as low
as the equivalent of a few meters to several
hundred meters or more averaged globally
(Carr 1986, Pepin 1986). CO, pressures re-
quired to maintain average global tempera-
tures, or at least seasonal equatorial tem-
peratures, above freezing range from at
least a few hundred millibars, assuming the
most favorable conditions and a present so-
lar luminosity (Toon er al. 1980), to 3 bars
or more (Pollack 1979, 1986). Postawko and
Kuhn (1986), however, doubted that above
freezing temperatures could be achieved
due the 20-30% lower solar luminosity in
Mars’ early history even with the higher as-
sumed pressures, unless brines (Zent and
Fanale 1985) were postulated.

To produce beach morphology at scales
sufficient for recognition in Viking Orbiter
images requires temperatures and atmo-
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spheric pressures high enough to allow sur-
face waves. Lacustrine features at compa-
rable scales in the LLake Bonneville area of
Utah and Nevada typically formed within a
few thousand years or less (Currey 1980).
The time required to produce similar fea-
tures on Mars would depend on the com-
position of the surface material and its re-
sistance to erosion, and the available wind-
driven wave energy. This time requirement
could be significantly reduced if the preex-
isting terrain had not been subject to fre-
quent shoreline advances. Some large-scale
depositional features in Lake Bonneville
apparently formed relatively rapidly during
the initial transgression, when the preexist-
ing surface was in maximum disequilibrium
with shore-zone processes (Currey 1980).

CONCLUSIONS

The implications of the lateral overlap of
the fretted terrain boundary by the grada-
tional boundary in west Deuteronilus Men-
sae are twofold. First, the two major unit
contacts may represent stratigraphic con-
tacts that were exposed by development of
the sloping upland margin and dissection of
it by formation of the fretted terrain. Sec-
ond, the contacts may define the margins of
plains emplaced onto the preexisting fretted
terrain and the sloping upland margin.

I. EROSION OF STRATIFIED UPLAND
TERRAIN

1. The gradational boundary southwest
of Deuteronilus Mensae requires an ero-
sional mechanism that can produce the
sloping upland margin on a regional scale
and another, later event to carve the fretted
terrain. Superpositional relationships in
west Deuteronilus Mensae are opposite to
what would be expected if the gradational
boundary were strictly an erosional feature.
Stratigraphic benches would not likely be
as well preserved on gentle slopes as on
steep slopes where debris can more easily
be removed. Benches in west Deuteronilus
Mensae are best defined on the gentle
slopes.
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2. Crater densities decrease plainward
across the gradational boundary and are
distinct for each unit, requiring separate
erosional events to produce lowland units
A and B, or exhumation of lightly cratered
lowland plains. The scale of erosion implied
by either process may be too large to ac-
count for with known deposits elsewhere
on the planet.

II. PLAINS EMPLACEMENT ONTO SLOPING
UpPLAND MARGIN AND FRETTED TERRAIN

1. Eolian sediment deposition onto the
sloping upland margin and fretted terrain
would not likely produce sharp, topograph-
ically conformal contacts.

2. Plains volcanism requires that the lava
recede vertically by hundreds of meters
within the northern lowlands in order to
produce lava shorelines high on the canyon
walls in the fretted terrain and not obscure
the underlying fretted terrain.

3. We feel that sediment deposition in ei-
ther a liquid or ice-covered sea provides the
best explanation for the observed boundary
relationships. Many of the observed mor-
phologies resemble those found along ter-
restrial lake shores in cold environments.
These include shore features such as wave
terraces, beach ridges, and arcuate or cus-
pate patterns and coastal plains features
such as desiccation or ice-wedge polygons
and pingos.

Transient large bodies of standing water
within the northern lowlands represent a
plausible outcome of catastrophic flooding
elsewhere along the lowland/upland bound-
ary, particularly when the tremendous
scale of the circum-Chryse and Elysium
outflow channels is considered. The vol-
ume of water required to flood the lowland
plains appears consistent with estimates of
Martian global water inventories. Tempera-
tures and atmospheric pressures sufficient
to allow large bodies of liquid water to re-
main stable at least temporarily may have
been required relatively late in Martian his-
tory.
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