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Figure 1. Crater diameter versus cumulative frequency
plot for all craters 1 km in diameter or greater on plains
materials of quadrangles MTM 40017, 45007, 45012, and
45017 (n=341). Note kink in plot for crater diameters
between 6 and 12 km. Craters larger than 10 km project to
Late Hesperian age; craters smaller than 10 km define
Early Amazonian age. However, a single straight line that
remains between 1 o error limits can be fit to entire plot.
This line defines a Late Hesperian age for all craters. Red
dots are calculated values; green triangles are 1 o error
limits.
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Figure 8. Hvertfjall, a tuff ring near Myvatn, north-central Iceland,
that is morphologically similar to abundant pitted cones shown in fig-
ures 6 and 7. Tuff rings result from magma and water interacting and
thus imply presence of shallow water at time of formation. U.S. Air Figure 10. High-resolution image of bright patches characterizing
Force aerial photograph, 3 m/pixel. North toward top, illumination mottled plains material (see fig. 6). Patches are resolved as clusters of
from left. closely spaced edifices with pits that are wide relative to diameters of
individual features and with low-relief rims. Many of these features
are morphologically very similar to the type pseudocraters found
along shores of Myvatn in north-central Iceland (see fig. 11). Part of
MOC image M0705393, 4.99 m/pixel; centered at lat 38.1° N., long
347.3° E. North approximately toward top, illumination from left.

Figure 6. Examples of typical speckled plains material (AHpsp) and
mottled plains material (AHpm). Former is characterized by abundant,
individual pitted cones (see fig. 7) with albedos higher than underly-
ing plains, whereas latter is characterized by much larger patches of
material mostly without resolvable individual cones but with same
albedo as cones (see fig. 10). Part of Viking Orbiter image 72A02, 42
m/pixel. North approximately toward top, illumination from left; cen-
tered at lat 37.8° N., long 347.3° E.
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Figure 3. Surface texture of homogeneous plains material (unit
AHph) where streaked with higher albedo material that is either eolian
or very thin far distal material derived from adjacent large impact cra- 0
ters. Part of MOC image M0300375, 5.99 m/pixel. North approxi-
mately toward top, illumination from left.
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Figure 5. Volcanic features superposed on plains in quadrangle MTM
40007. A rille (r) extends from northeast to center, with two apparent
lava fields (Av) associated with it. A third lava field occurs in south-
west corner of figure area. At bottom center is a ringed knob (Akr).
Part of mapping base mosaic, 48.5 m/pixel; centered at lat 39.3° N.,
long 352.1° E. North toward top, illumination from left.
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Figure 4. Albedo boundary (arrows) within homogeneous plains
material (unit AHph). This boundary may relate in part to ejecta from
cluster of large craters within and northwest of image area. It also
approximately coincides with north limit of ~100-m-deep depression
in plains. More subdued character of large troughs north of boundary
may be due to deposition of very thin layer of distal crater ejecta
from these large craters or, alternatively, to thin layer of eolian sedi-
ment. Figures 2 and 3 indicate that plains surface is streaked north of
albedo boundary but not south of it. Viking Orbiter image 673B54,
213 m/pixel. North approximately toward top, illumination from left.

Figure 2. Typical surface texture of homogeneous plains material
(unit AHph). Part of MOC image M1003053, 3.65 m/pixel. North
approximately toward top, illumination from left.
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Figure 7. Typical pitted cone (c) of type found in abundance within
speckled plains material. Part of MOC image M0304566, 3.33
m/pixel; centered at lat 40.4° N., long 350.3° E. North approximately
toward top, illumination from left.

Figure 11. Typical pseudocraters on shore of Myvatn, north-central
Iceland. Pseudocraters imply presence of surface water at time of for-
mation. U.S. Air Force aerial photograph, 3 m/pixel. North toward
top, illumination from left.

Figure 9. Example of dome with multiple pits. Part of MOC image
MO0301636, 3.60 m/pixel; centered at lat 40.0° N., long 348.0° E.
North approximately toward top, illumination from left.
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DESCRIPTION OF MAP UNITS

SURFICIAL MATERIALS

Bright material —High albedo material in large irregular patches, com-
monly with wispy boundaries. Interpretation: Thin eolian veneer
overlying plains materials

Debris apron material —Very smooth to strongly lineated material sur-
rounding knobs and mesas; albedo variable but generally similar to
plains materials; commonly slightly elevated above adjacent plains
materials. Interpretation: Sheets and lobes of material derived from
knob and mesa slopes by mass-wasting processes

Very smooth material —Featureless, smooth material generally moder-
ately elevated above surrounding plains materials. Interpretation:
Erosional remnants of a once more widespread, thin deposit covering
plains materials

VOLCANIC MATERIALS

Ringed knob material —Materials of circular knobs in quadrangle MTM
40007 with contourlike, bright, concentric rings on their flanks; asso-
ciated with putative lava channels and small volcanic deposits. Inter-
pretation: Volcanic constructs

Volcanic material —Small patches of material characterized by a swirly
pattern of variable albedo; slightly elevated above surrounding
plains; closely associated with lava channels. Interpretation: Lava
flows

PLAINS MATERIALS

Smooth plains material —Featureless and very smooth at scale of Viking
images; albedo somewhat higher than plains materials; on floors of
many cg impact craters. Interpretation: Eolian deposits

Rough plains material —Same as homogeneous plains material but with
a surface characterized by small hills, ridges, and troughs from sev-
eral hundred meter scale down to limit of resolution; albedo slightly
higher than that of homogeneous plains material. Interpretation:
Probably water-deposited sediment, but may be volcanic; surface
somewhat modified, probably by erosional processes

Etched plains material —Similar to homogeneous plains material but
characterized by small, irregular depressions. Interpretation: Eroded
sediments or volcanics

S

Hummocky plains material —Similar to homogeneous plains material
but characterized by abundant, small, rounded hills. Interpretation:
Probably water-deposited sediment with superposed small volcanic
constructs

Pitted plains material —Material with a smooth to rough surface and
with abundant small round or ovoidal pits. Interpretation: Sedimen-
tary or volcanic material with collapse pits

Knobby plains material —Hybrid unit consisting of very abundant small
knobs, too small to map individually, that are separated by plains and
debris apron materials. Interpretation: A combination of older knob
material of uncertain origin and younger plains materials and mass
wasting debris
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Homogeneous plains material —Generally smooth at Viking image reso-
lution; albedo moderate; mostly uniform gray, but locally with very
faint bright streaks; generally cut by numerous troughs defining a
roughly polygonal pattern at kilometer to tens of kilometers scale.
Interpretation: Probably water-deposited sediment, but may be vol-
canic

Speckled plains material —Same as homogeneous plains material except
covered with abundant bright spots that range in diameter from sev-
eral hundred meters down to the limit of resolution; on MOC images
the spots are resolved as irregular domes, pitted domes, and pitted
cones; albedo higher than underlying plains. Interpretation: Plains
material probably water-deposited sediment, but may be volcanic;
bright cones and domes volcanic

Mottled plains material —Same as homogeneous plains material but
with abundant irregular patches of hilly material that is much
brighter than underlying plains material; patches range in diameter
from ~100 m to several kilometers. Interpretation: Plains material
probably water-deposited sediment, but may be volcanic; bright
patches volcanic

MESA AND KNOB MATERIALS

Mesa material —Generally smooth, featureless material with albedo simi-
lar to homogeneous plains but forming mesa and butte landforms.
Interpretation: Origin enigmatic, but probably residual inliers of a
once more widespread deposit

Subdued mesa material —Similar to mesa material but scarps rounded
and softened rather than sharply defined. Interpretation: Origin enig-
matic; probably mesa material modified by mass-wasting processes

Banded mesa material —Smooth, featureless material forming a single
large mesa near the center of quadrangle MTM 45007; characterized
by bands of differing albedo outlining the plan-view shape of the
mesa. Interpretation: Origin enigmatic, but probably a large inlier of
a once more widespread deposit

Knob material —Makes up numerous knoblike landforms that are
rounded to irregular in plan form and that generally occur in clusters
that may be roughly equidimensional or elongate. Interpretation:
Origin enigmatic, but probably inliers of older materials

HIGHLAND MATERIAL

Highland terrain—Generally bright, high-standing terrain in southeast
corner of quadrangle MTM 40007; characterized by abundant small
ridges not well resolved on best available Viking images (~150
m/pixel); clearly embayed by surrounding plains materials. Interpre-
tation: Inlier of old highland terrain; ridges probably eolian

IMPACT CRATER MATERIALS

Fresh crater material —Rim, floor, and ejecta materials of craters with
complete and little modified rims and ejecta blankets and no younger
fill. Interpretation: Hypervelocity impact materials
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Fresh distal ejecta—Relatively bright crater ejecta material too thin to
obscure underlying landforms and materials; distal to main ejecta
blanket. Interpretation: Material due to hypervelocity impact

Moderately degraded crater material —Rim, floor, and ejecta materials
of craters with complete but somewhat modified rims and ejecta
blankets; commonly partly filled by younger material. Interpretation:
Hypervelocity impact materials

Moderately degraded distal ejecta—Bright crater ejecta material too
thin to obscure underlying landforms and materials; distal to main
ejecta blanket. Interpretation: Material due to hypervelocity impact

Material of crater Bamburg—Ejecta from 55-km-diameter crater Bam-
burg, which lies east of quadrangle MTM 40007. Interpretation:
Hypervelocity impact material

Degraded crater material —Rim, floor, and ejecta materials of craters
with mostly complete rims and with incomplete and highly modified
ejecta blankets. Interpretation: Hypervelocity impact materials
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Very degraded crater material —Rim and, locally, floor and ejecta mate-
rials of craters with only fragments of a rim and generally with no
surviving ejecta or floor materials. Interpretation: Hypervelocity
impact craters

Contact—Dashed where approximately located. Internal contact sepa-
rates material from different impacts

—  Fault—Ball and bar on downthrown block
———— Wrinkle ridge crest—Size of symbol may vary
——4—— Dome ridge crest

—Y¥  Scarp crest—Barb points downslope
Polygonal trough
Lava channel
O Pitted cone
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Edge of irregular depression
O Crater rim — Showing crest; diameter between 1 and 3 km
Q Crater rim— Showing crest; diameter greater than 3 km

Radially grooved ejecta (schematic)
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L8 Secondary craters

—(:)— Central peak

( __ Rimless crater

INTRODUCTION

Cydonia Mensae lie adjacent to the boundary separating the highland terrain of
western Arabia Terra from the northern lowlands (the dichotomy boundary), where this
boundary is gradational rather than abrupt, as is generally the case. Cydonia Mensae
are characterized by abundant knobs and mesas, most of which occur in well defined
clusters that commonly are long and narrow. The adjacent lowland of Acidalia Planitia
contains abundant troughs that define a crude, very large scale polygonal pattern. This
pattern, and the troughs, are similar in size and spacing to those in Utopia Planitia (for
example, McGill and Hills, 1992; Hiesinger and Head, 2000). The six 1:500,000-scale
quadrangles mapped are MTM 40007, 40012, 40017, 45007, 45012, and 45017, which
include northern Cydonia Mensae, part of southern Acidalia Planitia, and a small area
of Arabia Terra highlands. These six quadrangles are combined into a single map at
1:1,000,000 scale for this publication. Issues of interest addressed by this mapping
include the crustal history implied by the knobs and mesas of Cydonia Mensae, the
implications of the gradational dichotomy boundary, the age of the Acidalia plains
materials, the origin and age of the giant polygons, the validity of putative shorelines
inferred to be present in this area, and the origin of the very abundant small cones and
domes, specifically if these imply the past presence of water or ice within the plains
materials. Earlier maps (Witbeck and Underwood, 1984; Scott and Tanaka, 1986;
Tanaka and others, 2003) that included the area mapped for this study addressed some
or all of these issues, but these maps were more regional in coverage and were at
smaller scales. In addition, new orbital data from Mars Global Surveyor and Mars
Odyssey missions were available only to Tanaka and others (2003). The intent of this
present study is to address the issues listed by mapping at a scale large enough to per-
mit greater map detail and to better understand the areal distribution of the materials
and features of interest.

During the Viking mission Cydonia Mensae and adjacent southern Acidalia Plani-
tia were subjected to several studies, in part prompted by the possibility of a Viking
landing site in this area (Masursky and Crabill, 1976). These studies addressed the
overall stratigraphy of the area, and most focused on the relative age and possible ori-
gin of the abundant mesas and knobs of Cydonia Mensae or on the origin of the equally
abundant small domes and cones of Cydonia Mensae and southern Acidalia Planitia.

Two competing models for the age and origin of the mesas and knobs in the map
region are in the literature. One infers that these are erosional remnants of an old, prob-
ably Noachian, highland plateau and that the plains of Acidalia Planitia were deposited
after the erosional event that left the mesas and knobs as remnant inliers (Witbeck and
Underwood, 1984). The second model proposes that the plains of Acidalia Planitia
were emplaced before the mesas and knobs, implying that the mesas and knobs are
remnant outliers of a deposit younger than the plains and, therefore, that the erosional
event also must be younger than the plains (Guest and others, 1977; Etzler, 1981; Bor-
ello, 1991).

Most of the very abundant small domes and cones are less than 1 km in diameter.
Most models for their formation involve interaction between magma and water or ice
(Frey and others, 1979; Frey and Jarosevich, 1982; Greeley and Fagents, 2001; McGill,
2002b), but they also have been inferred to be cinder cones (Wood, 1979; Borello,
1991), pingos (Rossbacher and Judson, 1981), or mud volcanoes (Tanaka, 1997). The
present mapping effort provides some new constraints on these models because it puts
these features into areal and stratigraphic contexts. Of major interest to Martian crustal
and climate history is the hypothesis that the northern lowland was the site of an ocean
at one or more times in the past (Parker and others, 1989, 1993; Baker and others,
1991; Clifford and Parker, 2001). Putative ocean shorelines are present within the map-
ped area, and thus can be related to the stratigraphic units defined and mapped in this
study.

METHODS AND DATA USED

Mapping was based on Viking orbiter images, most with resolutions between 41
and ~100 m/pixel, but with local areas imaged at resolutions as poor as 166 m/pixel.
These images are available in raw form on CD-ROMs prepared by the U.S. Geological
Survey and were processed on a Sun SPARCstation 2 through Integrated Software for
Imagers and Spectrometers (ISIS) level 1 to remove reseaus and artifacts and to make
photometric corrections. During mapping, both hard and digital versions of these
images were used. The map bases are mosaics of Viking images at a scale of 1:500,000
prepared by the U.S. Geological Survey. These bases were used in both digital and
hard-copy versions. The actual drawing of contacts, symbols, and lettering was done
digitally using Adobe Illustrator. However, spot mapping of particularly difficult
regions was first done on acetate overlaid on individual Viking images. Stratigraphic
material units were defined primarily by distinctive surface textures and albedos, but
the definition of some units also included association with a specific topographic fea-
ture, such as an impact crater or a mesa. Superposition relations were used to deter-
mine the stratigraphic sequence but were not generally instrumental in the original def-
inition of these units. Units were placed within the standard Mars time-stratigraphic
scale (Tanaka, 1986) by means of crater diameter/frequency plots and superposition.
Individual orbital tracks of Mars Orbiter Laser Altimeter (MOLA) data were useful in
permitting quantitative measurements of slopes and relief. MOLA also provided data
needed to prepare topographic images of the individual quadrangles mapped, using
data gridded by the MOLA team and available on the world wide web or by gridding

the original tracks of MOLA altimetry data in ArcView. Mars Orbiter Camera (MOC)
images did not influence the definition of mapping units, but they did provide useful
data concerning surface texture of several units, and they provided critically important
clues concerning the probable origin of the abundant small cones and domes.

STRATIGRAPHY

The stratigraphic units mapped fall into six categories based on inferred origin or
on association with specific landforms: surficial materials, plains materials, volcanic
materials, mesa and knob materials, highland material, and impact crater materials.
There are 26 units: 3 surficial units, 9 plains units, 2 volcanic units, 4 mesa and knob
units, 1 highland unit, and 7 crater units. Most of these units occur over areas too small
to yield statistically significant densities of superposed impact craters. Most of the area
mapped is underlain by homogeneous plains material, and thus its age serves as a refer-
ence for the entire area. Moreover, the lack of any evidence for significant age differen-
ces among plains materials indicates that this is a valid crater age for all of them except
smooth plains material. Much of the plains material within the Cydonia Mensae/south-
ern Acidalia Planitia region was mapped as part of the Vastitas Borealis Formation in
past hemispheric-scale studies (Scott and Tanaka, 1986). Because this unit is essen-
tially a conglomeration of various materials (Tanaka and others, 2003), it would be
counterproductive to retain it in a mapping study intended to provide more detailed
spatial information.

The crater age of the plains is based on combined counts from quadrangles MTM
40017, 45007, 45012, and 45017, which are almost entirely underlain by homogeneous
plains material. The crater plot (fig. 1) has a break in slope at diameters between 6 and
12 km. This slope break suggests a dual age; the large craters define a Hesperian age,
the small ones an Amazonian age. However, a single straight line lying entirely
between the 1 o error limits fits the entire plot; this line indicates a Late Hesperian age
for all of the homogeneous plains material. There is a marked clustering of the craters
larger than about 10 km in diameter in the northern half of the area mapped, suggesting
that the northern plains are Hesperian, the southern plains Amazonian. If real, this
apparent dual age raises a significant stratigraphic issue. Another important strati-
graphic issue involves the age of the mesa and knob materials relative to the older
plains units, as discussed in the section “Introduction.”

HIGHLAND MATERIAL

Two exposures of highland terrain (unit Nh) occur in the southeast corner of quad-
rangle MTM 40007. This terrain is continuous with Arabia Terra highland terrain pres-
ent in the adjacent quadrangle to the south (MTM 35007), but unfortunately the zone in
which this highland terrain grades into lowland terrain occurs where the best Viking
coverage is at resolutions of 155-166 m/pixel. The highland terrain has a higher albedo
and is topographically higher than adjacent plains materials. Adjacent plains materials
embay highland terrain. The age is based on the known age of the contiguous highland
terrain of Arabia Terra (Witbeck and Underwood, 1984).

MESA AND KNOB MATERIALS

Mesa and knob landforms are especially abundant in quadrangles MTM 40007
and 40012, but they also occur in the eastern part of quadrangle MTM 40017, as
sparsely scattered individuals in the southernmost parts of quadrangles MTM 45007
and 45012, and in the northern part of quadrangle MTM 40017. Most of these occur in
an east-west-trending zone from east-central quadrangle MTM 40017 across quadran-
gle MTM 40012 to the eastern part of quadrangle MTM 40007; this is the area named
Cydonia Mensae. The mesas range in size from about 1 km in diameter to a very large
mesa or small plateau in quadrangle MTM 40007 that is about 25 x 37 km across. All
mesas are elevated above surrounding plains, but the relief varies from about 800 m to
less than 200 m. Most mesas are mapped as mesa material (unit HNm), but those that
appear to be degraded are mapped as subdued mesa material (unit HNms). Based on
very limited crater data, at least some of the mesas consist of Noachian material. Knob
material (unit HNKk) is intimately associated with mesas and thus probably has a similar
origin; knobs differ from mesas in not having a flat top. Knobs range in size from about
1 km to as much as 100 km in diameter. Within Cydonia Mensae, all three of these
mesa and knob material units are assumed to be the same age and they are assumed to
be the same material. These assumptions are reasonable if the mesas and knobs are ero-
sional remnants of a once more widespread unit. Because it is difficult to envision
processes that would form these features independently of each other, the erosional
remnant model is strongly favored. This model also is favored by relations present east
of the mapped area in Deuteronilus Mensae where evidence for erosion of a wide-
spread Noachian plateau unit to form isolated plateau and mesa remnants is especially
clear (Sharp, 1973; McGill, 2000). A single, large mesa landform in quadrangle MTM
45007 is mapped as a separate unit, banded mesa material (unit HNmb), that may have
a different origin than the other mesa and knob materials. The age and origin of the
scattered knobs and mesas occurring throughout much of southernmost Acidalia Plani-
tia may be the same as for the features within Cydonia Mensae itself, an issue that will
be addressed in the discussion below.

Where exposed on the flat tops of mesas, mesa material (unit HNm) is generally
smooth and featureless at Viking resolutions with an albedo that is similar to that of the
surrounding plains materials. At MOC resolution, the surface texture of mesa material
is similar to the surface texture of homogeneous plains material (unit AHph). Some of
the larger mesas in quadrangle MTM 40007 and adjacent quadrangle MTM 40012
have rougher surfaces; the cause of this roughness is unclear but may be related to cg
craters superposed on the mesas, an inference supported by one MOC image. Subdued
mesa material (unit HNms) is similar to mesa material but the scarps bounding the
mesas are rounded and softened rather than being sharply defined. Banded mesa mate-
rial (unit HNmb) also is smooth and featureless but is characterized by bands of differ-
ing albedo that outline the plan-view shape of the large mesa that is made up of this
material. Knob material (unit HNk) occurs in numerous rounded to irregular knoblike
landforms that are intermingled with mesas. Because knobs are entirely in slope it is
not possible to infer an albedo.

PLAINS MATERIALS

Nine plains units have been defined, based mostly on differences in surface tex-
ture and the presence or absence of superposed small-scale landforms. These differen-
ces are very likely superficial in large part, and the underlying materials are believed to
be the same for all plains units except smooth plains material (unit Aps). Five of the
remaining eight plains units are shown on the correlation chart as possibly younger
than the other three, although the evidence for this is not very robust. One of the
younger units, knobby plains material (unit ANpk), is a composite unit; the other
four—rough plains material (unit AHpr), etched plains material (unit AHpe), hum-
mocky plains material (unit AHphm), and pitted plains material (unit AHpp)—appear to
consist of younger materials resting on plains similar to those making up the three
older plains units. These last four plains units cannot be separated chronologically from
each other by means of superposition or cross-cutting relations. The three oldest plains
units—homogeneous plains material (unit AHph), speckled plains material (unit
AHpsp), and mottled plains material (unit AHpm)—are believed to consist of the same
plains material, differing only in secondary characteristics, such as the presence or
absence of abundant small cones and domes. The three oldest plains units also cannot
be separated chronologically by means of superposition or cross-cutting relations. The
most common and texturally simple unit is homogeneous plains material (unit AHph),
and thus this is the reference unit with which other plains materials are compared.

Homogeneous plains material (unit AHph) is by far the most widespread unit in
the six quadrangles. Within most of quadrangles MTM 40007 and 40012, it is smooth
at Viking image resolution (40 m/pixel and higher) and characterized by a uniform,
homogeneous, moderate albedo. In most of the remaining area mapped, this unit is
characterized by a background homogeneous albedo with abundant small patches that
are slightly brighter, yielding a small-scale “blotchy” texture. At MOC resolution, the
surface of homogeneous plains material is characterized by a uniform texture consist-
ing of closely packed round to somewhat elongate mounds ranging between ~10 and
~50 m across (fig. 2). Albedo at MOC resolution is generally homogeneous, but some
subtle variations occur as patches and bands. In the northwest corner of quadrangle
MTM 40012, the surface is characterized by a background homogeneous, moderate
albedo with superposed brighter streaks. MOC images suggest that these streaks repre-
sent a very thin discontinuous cover over homogeneous gray plains material that has
the same mound texture found elsewhere within homogeneous plains (fig. 3). The
southern limit of the streaked variant coincides with a boundary separating sharp poly-
gon troughs to the south from more subdued appearing troughs to the north. This boun-
dary is mostly in quadrangle MTM 40012 and can best be seen as an albedo contrast in
low-resolution images (fig. 4). It is possible that a very thin layer of younger material
has been deposited over the streaked homogeneous plains, subduing the troughs, as
proposed by Borello (1991). This thin layer could be eolian or could be derived from
the large c4 crater present just northwest of the northwest corner of the quadrangle and
to the cluster of large c3 craters to the north and northeast of the albedo boundary.
Troughs become sharp again to the north, but without any albedo contrast. The area of
sharp troughs is about 100 m lower than the area of subdued troughs and streaked
plains immediately to the north and northwest. It is unlikely, however, that this differ-
ence represents the thickness of a deposit subduing the troughs, because a deposit that
thick would completely fill and obscure the troughs rather than simply subduing them.
Over most of the area mapped, homogeneous plains material is cut by large troughs
that define a roughly polygonal pattern at kilometer to tens of kilometers scale. How-
ever, the plains material appears identical with or without the troughs. Scattered small
cones and domes are superposed on homogeneous plains material in places.

Speckled plains material (unit AHpsp) consists of plains material identical to that
making up homogeneous plains, but this unit is characterized by very abundant super-
posed cones and domes that are less than 1 km in diameter. Many of these clearly are
cones with resolvable summit pits. The cones and domes have a higher albedo than the
plains material on which they are superposed. Mottled plains material (unit AHpm) also
consists of plains material identical with that making up homogeneous plains, but this
unit is characterized by large, irregular patches of material with the same albedo as the
cones and domes that characterize the speckled plains unit. Speckled and mottled
plains have been mapped as separate units in order to emphasize the abundance of
superposed bright material, but the contacts between them and the adjacent homogene-
ous plains are not sharp because the underlying plains are the same for all three units.
In the south-central part of quadrangle MTM 40012 both of these units are cut by large
troughs identical to those that cut homogeneous plains over most of Acidalia Planitia.
The nature and possible origin of the superposed bright material will be discussed later.

Knobby plains material (unit ANpk) is a hybrid unit consisting of a chaotic assem-
blage of very abundant, generally small knobs surrounded by homogeneous plains and
debris-apron materials. Exposures of this unit occur as patches and long, narrow strips
within the southern halves of quadrangles MTM 40007 and 40012. The small knobs
within knobby plains most likely represent remnants of a collapsed and eroded plateau,
an interpretation proposed by Witbeck and Underwood (1984).

Rough plains material (unit AHpr) occurs as scattered, generally small, patches.
The unit is similar to homogeneous plains, but its surface is characterized by small
ridges and troughs of uncertain origin, suggesting that the plains material has been
modified by erosion or deposition after emplacement. Etched plains material (unit
AHpe) occurs as a single patch along the eastern boundary of quadrangle MTM 40007.
The unit is characterized by a complex texture including small irregular depressions
and small, irregular, and locally angular hills. The unit is overlain by very smooth
material (unit Avs), and it appears as if the exposed surface of etched plains material
has been exhumed by erosion of very smooth material. Hummocky plains material
(unit AHphm) occurs in the central and northeastern parts of quadrangle MTM 40007.
The unit is somewhat similar to etched plains, but the surface is characterized by more
rounded rather than angular hills. Pitted plains material (unit AHpp) occurs in one patch
southwest of the center of quadrangle MTM 40012. The surface is smooth to locally
rough, and the unit is characterized by small, round to ovoidal pits. The pitted plains
material appears to be a thin layer superposed on plains similar to homogeneous plains
(unit AHph). Rough, etched, hummocky, and pitted plains materials are probably
homogeneous plains material that has been modified by younger deposition or erosion.
These younger processes have changed the surface appearance of the plains material
such that the nature of the underlying material is now ambiguous.

Smooth plains material (unit Aps) occurs on the floors of many impact craters. For
large craters containing smooth plains material it is possible to estimate the thickness
of the deposits by comparing the depth measured with MOLA altimetry with the
expected depth for an unmodified crater of the same diameter using the morphometric
equations of Pike and Davis (1984) or of Garvin and others (2003). Thicknesses deter-
mined this way vary widely but generally are on the order of several hundred meters.
Smooth plains material is characterized by a smooth, featureless surface, very rare
superposed impact craters, and an albedo that generally is somewhat higher than for
other plains materials. The age of smooth plains material is relatively well constrained;
it occurs within craters that are superposed on four of the other plains units (units
AHphm, AHph, AHpsp, and AHpm). Smooth plains material occurs on the floors of
many c3 and ¢ craters, but is absent in ¢4 craters, and it is overlain by ejecta from one
¢4 crater in quadrangle MTM 40007.

VOLCANIC MATERIALS

Superposed on homogeneous and mottled plains materials in west-central quad-
rangle MTM 40007 are features resembling lava channels, flow fields, and small vol-
canic constructs. The volcanic interpretation of these features is strengthened by their
close spatial association, particularly the association of the flow fields and lava chan-
nels (fig. 5). This relatively small area is the only place within the six quadrangles
where this combination of features exists, although putative lava channels are present
but not common elsewhere. There is no direct way to date these features and materials
other than that they must be younger than the plains materials on which they occur, but
their very fresh appearance suggests that they are relatively young; hence the Amazo-
nian age assignment.

Ringed knob material (unit Akr) forms six cone-shaped edifices that are larger and
darker than the very abundant small cones and domes present throughout the area map-
ped; three of these occur in association with the channels and flow fields mentioned in
the previous paragraph, the other three occur as isolated individuals farther north. Most
of the material in these ringed knobs has an albedo similar to that of the underlying
plains, but the knobs are girdled by brighter bands, one at the base of the knob, the
other at an intermediate elevation. They appear to have summit pits as well. Most of the
volcanic material (unit Av) is characterized by a swirly texture of ribs and grooves; it
occurs as small patches that are somewhat elevated above surrounding plains. Some of
these patches are closely associated with (and apparently fed by) channels, others are
not. The albedo of the patches is slightly higher than that of the surrounding homoge-
neous and mottled plains materials. Although believed to be features of magmatic ori-
gin, it also is possible that the textured patches and associated channels were formed by
mud volcanism. One area of unit Av is smooth and darker than surrounding plains. This
patch surrounds a pitted edifice that appears to be a volcano.

SURFICIAL MATERIALS

Three units are mapped as surficial because they appear to represent very thin
superficial layers overlying all other units, except possibly smooth plains material,
which is not in contact with any of the surficial materials. Superposed impact craters
are very rare on all three of these units. Very smooth material (unit Avs) is present as
several small patches near the eastern boundary of quadrangle MTM 40007 where it
occurs as a layer overlying and standing higher than adjacent etched plains and
Bamburg ejecta. One small patch also is mapped in the southwest part of quadrangle
MTM 40007 where very smooth material overlies ejecta from a cg crater that is in turn
superposed on a large mesa. Very smooth material is homogeneous and has an albedo

somewhat higher than the adjacent materials. The inferred fine grain size and relative
youth of very smooth material is supported by Thermal Emissions Imaging System
(THEMIS) images 103096002 and V03096003 showing the patch of very smooth
material within the large graben in the southeastern part of quadrangle MTM 40007 (lat
38.4° N, long 354° E.). This material is smooth and featureless at 18 m/pixel and is
superposed by very few impact craters, the largest of which is about 150 m in diameter.
Very smooth material also is brighter than surrounding materials in daytime infrared.
Debris apron material (unit Ada) occurs adjacent to most of the knobs and mesas of
Cydonia Mensae and is similar in appearance to material inferred to form by debris
flow elsewhere on Mars (Squyres, 1978, 1979; Lucchitta, 1984; McGill, 2000; Mest
and Crown, 2001; Pierce and Crown, 2003). The albedo of most debris-apron material
is similar to that of homogeneous plains material, but locally its albedo is higher or
lower. The surface is most commonly very smooth and featureless at Viking resolution
(40 m/pixel), but locally it is corrugated into parallel ridges and grooves. MOC images
indicate that at high resolution the surface is very complex and probably generally
corrugated. Where in contact with plains units the debris apron material is at a higher
elevation, and the edges of the aprons may be characterized by either abrupt or
gradational elevation changes. Where gradational, the contact between debris apron and
plains materials is difficult to define precisely. Bright material (unit Ab) occurs as
isolated patches of various sizes in the southeast corner of quadrangle MTM 40007. Its
albedo is much higher than for other materials, it is very bright in daytime infrared
images, and its contacts with other units commonly are wispy in appearance,
suggesting that this material represents a very thin eolian cover.

IMPACT CRATER MATERIALS

Impact craters in the area mapped range in diameter from the limit of image reso-
lution to about 25 km. Rims of all craters 1 km in diameter and larger have been map-
ped, although crater materials are not mapped for most of the smallest of these. Craters
are classified into four categories based on morphological characteristics related to
extent of degradation: c4 craters have complete and apparently unmodified rims, com-
plete ejecta blankets, and little or no younger material deposited on their floors; c3 cra-
ters have complete but slightly modified rims, complete ejecta blankets except where
covered by younger materials, and significant deposits of younger materials covering
their floors; co craters have complete but modified rims, incomplete and degraded
ejecta blankets, and significant deposits of younger materials covering their floors; c4
craters have only fragments of rim and ejecta.

Crater materials are mapped as central peak, floor, wall, rim, and ejecta materials,
undifferentiated (units c4, Co, C3, and c4). Central peaks and crater rims are indicated by
symbols. Some crater ejecta exhibit a radial structure, as indicated on the map. Chains
and clusters of secondary impact craters occur locally. Most of these probably are
derived from the scattered large c4 craters, including crater Bamburg, which lies just
east of quadrangle MTM 40007. Distal to the main ejecta blankets of some ¢4 and c3
craters, the plains surfaces are brighter than surfaces distant from the craters. This
brightness is inferred to result from the presence of material ejected from the craters
that has an albedo higher than typical plains surface albedo but which is not thick
enough to obscure topographic features present on the plains. These distal ejecta mate-
rials are mapped as units c4d and c3d.

Unit ¢4 craters are superposed on all plains materials, mesa and knob materials,
debris apron material, and the surficial bright material; none is in contact with either
volcanic material or the surficial very smooth material. The largest c4 craters are in
contact only with homogeneous plains materials, and because degradation is a function
of both crater age and crater diameter, this results in significant uncertainty concerning
the relative ages of these large c4 craters and other materials. Unit cg craters are super-
posed on all plains materials except smooth plains material, which is clearly younger
because it covers the floors of most c3 craters, and they also are superposed on knob
and mesa materials. The ejecta blankets of some cg3 craters are embayed by debris
apron material, but other, generally small, cg craters appear superposed on debris apron
material. No c3 craters are in contact with the other two surficial materials. One c3 cra-
ter may be superposed on a lava channel; otherwise, the age relations with volcanic
materials is not known for lack of direct contacts. Unit ¢, craters are very rare, but most
are superposed on homogeneous plains or knobby plains materials, and are superposed
by ejecta from c3 craters. Two craters mapped as co occur within the ejecta blanket of
the large c4 crater Arandas. It is not clear if these are actually older than the c4 crater or
whether they appear very degraded because the target materials—crater ejecta—were
not conducive to the formation of a typical fresh crater morphology. Unit cq crater
material occurs only in the southeast corner of quadrangle MTM 40007 where it
appears embayed by homogeneous plains material. Ejecta from the 55-km-diameter c4
crater Bamburg, which lies east of quadrangle MTM 40007, cover a significant portion
of this quadrangle and thus are mapped separately. Bamburg ejecta (unit Be) are super-
posed on mottled, speckled, homogeneous, knobby, hummocky, and etched plains
materials but are not in contact with other plains materials. Bamburg ejecta also are
superposed on highland material. However, both bright material and very smooth mate-
rial appear superposed on Bamburg ejecta.

DISCUSSION

Major stratigraphic issues concern the age or ages of Acidalia Planitia plains and
the age of mesa and knob materials relative to Acidalia Planitia plains materials. Some
of these issues stem from contradictory interpretations of relative ages by past workers.
Several key observations are relevant:

1. The crater population present on Acidalia Planitia suggests two ages of materials,
one Hesperian, the other Amazonian (fig. 1), as noted by Borello (1991, fig. 4 and
table 2). A simple visual inspection of the geologic map indicates that the larger c3
fluidized ejecta craters responsible for the Hesperian age are generally absent in
the southern part of the plains within the area mapped, suggesting the presence of
two areally distinct plains units. However, no contact is evident in the imagery. A
poorly constrained zone may be defined approximately coinciding with the boun-
dary between quadrangles MTM 45007 and 45012 to the north and quadrangles
MTM 40007 and 40012 to the south and then angling northwestward across quad-
rangle MTM 45017 to about the north-south center of that quadrangle’s west
boundary. North of this zone the craters appear to indicate a Late Hesperian age,
south of it an Early Amazonian age.

2. Mesas and knobs similar to some occurring within Cydonia Mensae are present as
scattered individuals within the plains of southern Acidalia Planitia. However, they
are very rare north of the poorly constrained zone defined in observation 1 above.

3. All impact craters in contact with the large troughs of the Acidalia Planitia polygo-
nal terrain are younger than these troughs, with one possible exception, a c4 crater
at lat 45.8° N., long 17° W. that exhibits an ambiguous age relation with a small
trough. Similar relations are noted in Utopia Planitia (McGill, 1986, 2001; McGill
and Hills, 1992). This requires that the troughs form immediately following
emplacement of the plains material, “immediately” meaning so quickly that no
impact craters resolvable in the images formed after material emplacement but
before trough formation.

4. All c3 and c4 craters in contact with knobs and mesas in the Cydonia Mensae area
are younger than these landforms, indicating that the back-stripping event that left
knobs and mesas as residuals occurred prior to the formation of these craters.
These craters also are younger than the plains materials in the same area, except
for smooth plains materials. Because craters in the mapped area indicate a Late
Hesperian to possibly earliest Amazonian age of the plains, this back-stripping
must be earliest Amazonian or older.

5. Smooth plains material commonly partially fills ¢ craters. But because, where in
contact, these cg craters are superposed on mesas and knobs, the smooth plains
material filling the craters cannot be a residual left by the inferred back-stripping
event that left the mesas and knobs as erosional remnants.

Age of Acidalia Planitia Plains Materials

The ages of Acidalia Planitia plains materials are largely constrained by two of the
observations listed above. Most of these plains are probably Hesperian age, but some
may be of Amazonian age, as suggested by the kink in the crater plot (fig. 1). What
must be determined is if two ages of homogeneous plains material actually exist and, if
so, whether these ages represent formation ages or exposure ages, an uncertainty that
applies mostly to the possible Amazonian crater age of the southernmost Acidalia
plains. If both are formation ages, then the consistent age relation between craters and
troughs requires that troughs formed at least twice, once in the Hesperian, once in the
Amazonian. Because there is no difference in trough morphology across the zone sepa-
rating Amazonian and Hesperian crater ages and because there is no discernible contact
within the plains material, a dual age for troughs seems unlikely. It thus is most likely
that the formation age for all of the plains materials of Acidalia Planitia is Hesperian.
Some event may have modified the crater size distribution such that large areas of the
plains yield an Amazonian crater retention age. An erosional event seems unlikely
because it is the larger craters that appear deficient in the southernmost part of Acidalia
Planitia, not the smaller craters. A second possibility would involve burial of the south-
ernmost Acidalia plains by a cover material soon after emplacement and trough forma-
tion. This, in turn, requires that an erosional episode removed the cover material, an
event that must have occurred (or terminated) in the Early Amazonian, a constraint
imposed by the apparent Early Amazonian crater age of the southernmost plains. The
inferred Hesperian emplacement age for Acidalia Planitia plains material derives
largely from the presence of a population of c3 fluidized ejecta craters between about 9
and 14 km in diameter, a population that is represented by notably fewer individuals in
the southernmost part of the plains. Fresh craters in this size range should have rims
that stand between 125 and 185 m above surrounding plains and depths in the range 1.1
to 1.3 km (Garvin and others, 2003). This implies that the inferred cover material over
the southernmost plains would have had to be on the order of a kilometer thick; other-
wise degraded remnants of any large craters superposed on the inferred cover would
have survived. No such depressions are present and, furthermore, there is no independ-
ent evidence for such a thick deposit. A final possibility is that the uneven distribution
of the larger craters is simply a random clustering of low but not zero statistical proba-
bility. This is, perhaps, the most likely explanation and is supported to some extent by
noting that a single line may be fit to the data in figure 1 without exceeding the 1 o
error limits anywhere on the plot. This single line implies a Late Hesperian age for all
homogeneous plains material.

Age of Knob and Mesa Materials

Materials of the abundant mesas and knobs in Cydonia Mensae and adjacent
southernmost Acidalia Planitia could be older than plains materials or younger than
plains materials. The former model implies that the mesa and knob materials were
emplaced and then eroded to leave the surviving remnants prior to emplacement of
plains materials; the latter model implies that plains materials were emplaced early, fol-
lowed by emplacement and erosion of mesa and knob materials. Inferring the ages of
mesa and knob materials relative to the ages of surrounding plains materials is severely
hampered by the almost universal aprons of young debris-flow deposits surrounding
the mesas and knobs. These aprons cover and thus obscure the contacts between mesa
and knob materials and plains materials. Most of the examples of mesas and knobs
inferred by Borello (1991) to be superposed on polygonal terrain troughs appear to
actually represent superposition by debris-flow materials derived from the mesas and
knobs, but some of his examples are ambiguous. Etzler (1981) also argued that mesas
and knobs were superposed on polygonal terrain troughs and thus on Acidalia plains
materials as well, but his examples also represent superposition of debris-apron materi-
als on plains and polygonal terrain troughs. Both Borello and Etzler infer that at least
the larger mesas and knobs are remnants of the plateaus present in the highland terrain
immediately south of quadrangles MTM 40007 and 40012. These plateaus are Lower
Hesperian to Noachian (Witbeck and Underwood, 1984; Scott and Tanaka, 1986). One
mesa in Cydonia Mensae, next to the southwest boundary of quadrangle MTM 40007,
is large enough to permit determination of a Noachian crater age, but the age deter-
mined is based on only six craters larger than 1 km in diameter, and thus the error bars
permit an age ranging from Noachian to Late Hesperian. Witbeck and Underwood
(1984) correlate this mesa with Noachian plateau materials to the south. A number of
smaller mesas and large knobs have craters on them that may be volcanic, but if the
mesas and knobs are remnants of a Noachian plateau it is entirely reasonable for some
of them to preserve superposed impact craters. One thus must conclude that if most or
all of the mesas and knobs are Noachian, then they can be superposed on and thus
younger than the polygonal troughs only if the plains of Acidalia Planitia and the
troughs defining the giant polygons are of Noachian age.

Three stratigraphic models thus are possible: (1) The mesa and knob materials are
Noachian in age and the Acidalia Planitia plains materials are younger than the mesa
and knob materials, that is, Hesperian to Amazonian, the model favored by Witbeck
and Underwood (1984); (2) the mesa and knob materials are Noachian in age and the
Acidalia Planitia plains materials are older than the mesa and knob materials and thus
also Noachian, the model favored by Guest and others (1977); (3) the dense clusters of
mesas and knobs within Cydonia Mensae are not the same as the smaller, less densely
crowded mesas and knobs occurring as widely scattered individuals within southern
Acidalia Planitia. This would permit the plains materials to be older than some mesas
and knobs but younger than others.

The simplest model would seem to be model 1—that Acidalia plains are younger
than the mesa and knob materials of Cydonia Mensae. This implies that the plains were
emplaced around already present mesas and knobs, and thus that the back-stripping that
left these residual landforms occurred prior to plains emplacement. This model contra-
dicts the interpretations of a number of past workers (Etzler, 1981; Borello, 1991), but,
as discussed above, most or all of the evidence cited in these papers is probably invalid.
Of greater concern is that it also leaves no robust explanation for the contrast in crater
ages between southernmost Acidalia plains and plains farther north. On the other hand,
the geologic history derived from this model is essentially the same as that proposed for
the Deuteronilus Mensae area (MC-5; McGill, 2000, 2002a), which also occurs along
the highland/lowland dichotomy boundary. In Deuteronilus Mensae the evidence sup-
porting this geologic history is more robust than is the case for Cydonia Mensae and
southern Acidalia Planitia.

Model 2 accounts for all the observations, including the apparent difference in age
between northern and southern Acidalia plains materials if one infers that the plateau
cover was eroded earlier in the north, later in the south. In this model, plains and polyg-
onal troughs are all Noachian, and thus all of the crater ages determined in Acidalia
Planitia are retention ages rather than formation ages. A Noachian age for Acidalia Pla-
nitia plains is completely at variance with the interpretations favored by those who pre-
pared hemispheric-scale maps (Scott and Tanaka, 1986; Greeley and Guest, 1987).
Likewise, very similar polygonally fractured plains occur in Utopia Planitia, where
there are no erosional remnants of probable Noachian age. These plains also yield a
Hesperian age that evidently is a formation age (Greeley and Guest, 1987; McGill,
2001).

Model 3, which proposes that knob and mesa materials are not all the same age,
provides an “out” by allowing some of these materials to be Noachian and thus older
than plains materials, and some to be late Hesperian or early Amazonian and thus
younger than plains materials. This model also accounts for all the observations, but it
requires a more complex geological history for this region than either of the other mod-
els, a history that involves two episodes of extensive erosion rather than only one. One
of these episodes follows emplacement of the Noachian plateau materials but precedes
deposition of plains materials; the other follows emplacement of a hypothetical Hesper-
ian or Amazonian plateau deposit that was superposed on the southernmost plains of
Acidalia Planitia. This younger deposit would have protected the southernmost part of
Acidalia Planitia from accumulating craters during the Late Hesperian and thus would
be responsible for the Amazonian retention age of these plains. However, there are no
objective criteria for separating knobs and mesas into two units that differ in age.
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In summary, model 2 seems least likely of the three. Model 1 is favored over
model 3 because model 3 requires a significantly more complex geologic history for
which there is no independent evidence. For model 1, the apparent dual age of homo-
geneous plains material is best explained as an artifact of a low-probability clustering
of a few large craters in the northern three quadrangles.

Putative Shorelines

A major ongoing debate concerning Martian crustal history concerns the possibil-
ity that one or more northern lowland “oceans” existed in the past and, if they did,
when they were present. Those favoring the past existence of oceans have traced fea-
tures around the periphery of the northern lowland that are inferred to represent shore-
lines (Parker and others, 1989, 1993; Clifford and Parker, 2001). In a test of the reality
of these putative shorelines, Head and others (1999) argue that at least one maintains a
nearly constant elevation for most of its global extent and that major deviations from
constant elevation could be explained as due to younger tectonic activity. On the other
hand, Carr and Head (2003) argue that the elevation data do not support the presence of
paleoshorelines, nor is there convincing geomorphic evidence to support a shoreline
interpretation. Three putative shorelines are mapped by Clifford and Parker (2001) in
the Cydonia Mensae/southern Acidalia Planitia area covered by the six quadrangles
mapped for this present study. Using terminology from Clifford and Parker (2001)
these are, from highest to lowest (inferred oldest to youngest), the Arabia, Deuteroni-
lus, and Acidalia trends. The Acidalia trend is not likely to be a shoreline because it
does not follow an equipotential surface, nor does it exhibit any morphologic character-
istics on images that would suggest shoreline erosion (Webb and McGill, 2003; Webb,
2004). The Arabia trend lies very close to the highland/lowland boundary and is pres-
ent in the southeastern corner of quadrangle MTM 40007. Westward it lies south of the
area mapped for this study.

The Deuteronilus trend is present across almost the entire width of the mapped
area. Commonly, the Deuteronilus trend coincides with material unit contacts mapped
for this present study (Webb and McGill, 2003; Webb, 2004). For much of its extent it
traces the contact between debris apron material and adjacent plains material along lat
40° N. from the east border of quadrangle MTM 40017, across quadrangle MTM
40012 and into quadrangle MTM 40007. This contact is a relief feature in most places,
with the debris aprons on the order of 200-300 m higher than the plains. If the edge of
an ocean happened to be at an elevation that fell anywhere within this elevation differ-
ence between debris aprons and plains, then the shoreline would logically be at the
contact bounding debris aprons. In quadrangle MTM 40007, the Deuteronilus trend
follows several different geologic contacts, but most commonly occurs along the north-
ern contacts of large patches and strips of knobby plains material, which includes sig-
nificant debris apron material. This trend also is shown surrounding isolated mesas and
knobs farther to the north, generally at elevations that are consistent with the elevations
along the major trace in the south. The most noteworthy of these occurrences is around
a large mesa in quadrangle MTM 45007 (unit HNmb), where the existence of shore-
lines has been challenged (Malin and Edgett, 1999).

If we assume that the Arabia and Deuteronilus shorelines are real, then from the
mapping one can place constraints on their formation ages. The Arabia trend is the
most difficult to date because it is largely along the boundary of or within a fragment
of Noachian highland terrain. The Deuteronilus trend most likely is Amazonian
because it commonly traces the boundary of debris apron material, requiring that this
material already be in place when the shoreline formed (Webb, 2004). Note, however,
that Carr and Head (2003) maintain that the debris aprons are superposed on the adja-
cent plains materials, an inference that requires many separate debris aprons to stop
flowing at precisely the same elevation along hundreds of kilometers of contact
between the aprons and the plains (Webb, 2004), a feat that seems very unlikely. Debris
apron material is inferred to be Amazonian based on the sparsity of superposed impact
craters. In places the Deuteronilus trend follows contacts between plains units or is
traced directly on homogeneous plains material. Because these plains units have latest
Hesperian or Amazonian crater ages, these relations also constrain the shorelines to be
no older than latest Hesperian.

GEOMORPHOLOGY
SMALL CONES AND DOMES

Within the area covered by the six quadrangles mapped are large numbers of
small cones, many with summit pits (fig. 6). Most of these features are less than 1 km
in diameter. Where they are extremely abundant a separate plains unit, speckled plains
material, has been mapped, as described in the stratigraphy section. Small cones are
especially abundant in the Cydonia Mensae region in quadrangles MTM 40007 and
40012, but local clusters and isolated individuals occur throughout the mapped region.
All individual cones with resolvable summit pits at Viking resolution have been out-
lined on the map with red circles. This provides a useful visual impression of the
uneven distribution of pitted cones within the area mapped. However, the apparent dis-
tribution is significantly biased by image resolution and clarity and thus is reliable pri-
marily within quadrangles MTM 40007 and 40012 where the best images occur. Even
along the southern borders of these quadrangles, there is a strip of poor resolution
images that results in a sharp decrease in the number of mapped pitted cones that
almost certainly is not real. Almost all of these pitted cones occur on plains materials
(units AHph, AHpsp, AHpm), but a very few appear to be superposed on debris apron
material (unit Ada).

Several papers address the origin of the small pitted cones of Cydonia Mensae and
elsewhere on Mars. Most of these papers conclude that the best Earth analogs are Ice-
landic pseudocraters (Frey and others, 1979; Frey and Jarosevich, 1982; Greeley and
Fagents, 2001; Lanagan and others, 2001). Icelandic pseudocraters formed where thin
basaltic flows were extruded over water or marshy ground, as best exemplified along
the shores of Myvatn, a lake in north-central Iceland. The lava flashed the surface water
into steam which then created explosion pits that are referred to as pseudocraters,
because there is no igneous plumbing beneath them (Thorarinsson, 1953). The pseu-
docraters near Myvatn are characterized by very low relief and by pits that are almost
as wide as the total constructs. Pitted cones in Cydonia Mensae have rather different
morphologies, as shown in MOC images (fig. 7). Furthermore, the requisite conditions
for forming pseudocraters essentially restrict their occurrence to small areas, as is the
case in Iceland. In contrast, pitted cones are present over a very large area in Cydonia
Mensae and Acidalia Planitia, and it is unlikely that the special conditions found in Ice-
land could be so widespread on Mars. Alternative analogs for Martian pitted cones are
tuff rings (McGill, 2002b) such as Hvertfjall (fig. 8), which also occurs near Myvatn.
The implications of a tuff ring analog are similar to those for the pseudocrater analog;
that is, both require the presence of water at or near the surface at the time of forma-
tion.

Other models for Martian pitted cones include cinder cones (Wood, 1979),
degraded impact craters (Carr and Schaber, 1977), pingos (Rossbacher and Judson,
1981), and mud volcanoes (Tanaka, 1997). Where resolution or image quality is poor, it
is difficult or even impossible to distinguish pitted cones from small, degraded impact
craters, but where imagery is good, pitted cones do not resemble degraded impact cra-
ters at all. On Earth, mud volcanoes are commonly associated with neotectonic regions
or natural gas fields and thus are probably unlikely analogs for Martian pitted cones.
The Martian pitted cones could be cinder cones, although they seem to have pit/cone
diameter ratios that are rather high for cinder cones. Unlike pseudocraters and tuff
rings, cinder cones do not imply the presence of water.

Many features associated with pitted cones do not have summit pits resolvable in
Viking images. These are not outlined with red circles. Many of these probably are pit-
ted cones, but with pits too small to be resolved. However, MOC images (fig. 9) show
that some of these are low domes, commonly with several shallow superposed pits.
These domes may be analogous to pingos, but this is rather speculative at this time.

MOC images (fig. 10) indicate that the large patches of high albedo material used
to separate mottled plains material from homogeneous plains material consist of abun-
dant small pits with narrow, low rims, very similar to the morphology of the pseu-
docraters near Myvatn (fig. 11). These pits are too small to be resolved by even the best
Viking images of this area and thus have not been included in any past studies. Because
these pits are more local in occurrence in the Cydonia Mensae area than the more com-
mon pitted cones and because of the morphology of the pits, it is likely that at least
some of them are analogous to Icelandic pseudocraters.

At this time, one must conclude that the small cones and domes in this region
were formed by more than one process. The three distinct morphologies described
(figs. 6, 7, 9, 10) suggest at least three processes. It is significant, however, that with
the exception of cinder cones, the most likely analogs involve processes requiring the
presence of water at or near the surface. THEMIS data, both at visible and infrared
wavelengths, from the Mars Odyssey spacecraft as well as additional MOC images
should help define these processes more thoroughly than is now possible, as suggested
by Farrand and Gaddis (2003).

OTHER VOLCANIC FEATURES

Scattered, but sparse, narrow, sinuous rilles are found throughout the area mapped.
These are inferred to be lava channels, but only in one locality are there associated
mappable materials of probable volcanic origin (fig. 5), as described in the stratigraphy
section. The landforms consisting of these putative volcanic materials include pitted
conical hills ~2 km in diameter that are characterized by concentric bright bands on a
background albedo similar to the underlying plains materials. These are different from
the small pitted cones discussed above because they are larger and they do not have
higher albedos than plains. Also present are small, slightly elevated areas with a swirly
grooved and ridged texture; most of these are closely associated with sinuous rilles and
thus almost certainly represent lavas derived from local, low volume, probably very
young volcanic sources.

LARGE TROUGHS OF GIANT POLYGONAL TERRAIN

Most of the plains materials of Acidalia Planitia are cut by large troughs that range
in length from a few kilometers to more than 100 km, in width from the limit of image
resolution to as much as 1.5 km, and in depth up to about 100 m. Trough widths and
depths are highly variable along their lengths. Troughs are plotted on the map as thick
red lines. Where image resolution is good to excellent the troughs define a crudely pol-
ygonal pattern, with local circular patterns as well. These characteristics are very simi-
lar to those of the giant polygonal terrain of Utopia Planitia (McGill and Hills, 1992;
Hiesinger and Head, 2000). Because of the poor resolution of Viking images covering
parts of the area mapped, the number of large troughs and their lengths are both under-
stated. The troughs are inferred to be grabens. However, their wall slopes are generally
on the order of 10°, which is much less than the presumed original fault dip of ~60°
and also less than one would expect if the original fault scarp had degraded to the angle
of repose. A similar morphology characterizes the giant polygon troughs of Utopia Pla-
nitia (Hiesinger and Head, 2000). Thus, these troughs likely are more degraded than is
evident in Viking images, an inference that is supported by the many MOC images of
trough segments. Even so, characteristics supporting a fault genesis, such as lateral
benches and terminal ramps, are preserved in some troughs.

MINOR FEATURES

Typical wrinkle ridges are present but not common, and these are noted on the
map with a ridge symbol. In quadrangles MTM 45012 and 45017 are a few narrow,
arcuate ridges occurring in close association with giant polygon troughs. These ridges
are less than a kilometer wide but range in length from ~10 to ~175 km. Some appear
to have grooves along their crests, but image resolution is not good enough to be cer-
tain. Some terminate at one or both ends against a small dome or cone, hence the name
“dome ridges.” Even though their origin is unknown, dome ridges may relate to vol-
canic activity along a fissure. These arcuate dome ridges also are mapped with a ridge
symbol, but one that differs from that used for wrinkle ridges. In the southeast corner
of quadrangle MTM 40017 is an area of irregular, shallow depressions, the edges of
which are shown on the map as a thin red line. These depressions are 5-15 km across
and ~20 m deep. The cause of these depressions is not known. Scarps and faults are
mapped in a few places. Some define graben structures that are more regular and appa-
rently less degraded than the troughs of the giant polygonal terrain.
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GEOLOGIC HISTORY

The oldest events recorded within the six mapped quadrangles are the emplace-
ments of the highland material and ¢4 crater material in the southeast corner of quad-
rangle MTM 40007. The c4 crater is not in contact with the highland material and thus
their relative ages are not known. These materials are inferred to be of Noachian age
based on the known age of contiguous highland materials to the south.

Highland terrain was then resurfaced, most likely by erosion followed by
emplacement of a cap of volcanic materials, forming a plateau. Large areas of this pla-
teau still exist immediately south of the area mapped, where it has been dated as Mid-
dle Noachian (Witbeck and Underwood, 1984). This highland plateau originally
extended north of its present north limit at least as far as lat 40° N., which is the north
limit of abundant mesas and knobs. The plateau was extensively eroded during the
Hesperian. Erosional remnants of this plateau are present throughout much of the area
mapped, but they are particularly abundant within the Cydonia Mensae area as densely
crowded assemblages of mesas and knobs. The oldest plains materials surrounding the
mesas and knobs are Late Hesperian,; either the erosion of the plateau occurred in Late
Hesperian or older plains surrounding the mesas and knobs are now completely buried
by the Late Hesperian plains materials.

After erosion of the plateau the plains materials of Acidalia Planitia were
emplaced and in most of the region immediately cut by the large troughs that define the
giant polygonal terrain. Most likely all of these plains materials were emplaced in the
Late Hesperian, but the crater frequency plot for the plains permits two ages: Late Hes-
perian and Early Amazonian, with the younger age characterizing plains materials
immediately north of Cydonia Mensae. There is no obvious difference between the
northern and southern portions of the plains, no contact is discernible, and giant poly-
gon troughs do not show evidence for two episodes of formation, as would be required
if both ages are formation ages. Either the plains to the south were somehow protected
from impact for a period of time or the difference in age is simply an artifact of low-
probability clustering of large craters to the north. The latter is considered the most
likely explanation. Most of the Acidalia plains units mapped consist of the same under-
lying material, but surfaces vary because of local younger events. These superficial dif-
ferences imply that processes of emplacement and erosion were still active, but at a
more local scale than earlier.

Almost all of the impact craters used to date the Acidalia plains are in classes c3
and c4. Many of the larger cg craters are filled with up to a few hundred meters of
smooth plains material, but c4 craters are not, indicating a depositional event in the area
after cg craters formed but before c4 craters formed. It is not clear why smooth plains
deposits appear to be confined to crater interiors, although it is reasonable to expect
craters to serve as sediment traps if the smooth plains material is eolian. This deposi-
tion probably occurred in the Amazonian based on the near total absence of craters
superposed on smooth plains material.

Surficial materials are generally the youngest in the area, based on superposition
and paucity of superposed craters. Debris apron material is very widespread, occurring
adjacent to almost every mesa and knob in the area. These aprons most likely formed
by gravity-driven creep of water- or ice-rich debris derived from the scarps bounding
mesas and knobs. Very smooth material is probably a small local remnant of a once
more widespread, thin blanket of material of unknown genesis. Bright material appears
to be fields of small dunes or sand sheets, and thus is interpreted to be a thin eolian
cover over older materials. The sparse population of craters superposed on these surfi-
cial materials indicates an Amazonian age.

The small pitted cones, pits, and domes that occur throughout the area, but which
are particularly abundant within Cydonia Mensae, formed after the Acidalia plains
materials were emplaced and after formation of the large troughs. Pitted cones have
been mapped on top of all plains materials except etched plains material and smooth
plains material. A few are superposed on debris apron material, but none have been
found on the other surficial materials. All of them could be younger than debris apron
material, in which case they all would be Amazonian. However, they may have formed
over a significant time interval from Late Hesperian into Amazonian.
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Photomosaic of MC—4 quadrangle (1:5,000,000 scale) showing
location of MTM quadrangles (1:500,000 scale) in map area.

MC QUADRANGLE LOCATION

Photomosaic showing location of map area. An outline of
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