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Abstract. We investigate slope distributions in the northern hemisphere of Mars from topographic profiles collected
by the Mars Orbiter Laser Altimeter. Analysis of the re-

gion from about 12øSto 82øN, overdiversegeologicunits,
indicatesthat the range of regional-scaleslopesis small, generally < 3ø. Surfacesmoothnessis most distinctive in the
vast northern hemisphereplains, where slopesare typically
< 1ø. Amazonis Planitia is particularly remarkable in its
smoothness,exhibiting an rms variation in topography of
(

2 m over a 100-kin

baseline.

This

relative

smoothness

is still present when compared with other sampled areas

400-m resolution along track, a 1200-km separation across
track, a range resolution of 37.5 cm, a range precisionof 1-10

m for surfaceslopesof up to 30ø, and an absoluteaccuracy
of 30 m with respectto Mars' centerof mass[Smith et al.,
1998]. These data currently constitutethe highestquality
measurementsof Mars topography and permit quantification of slopesfrom local to hemispheric scale.
In this analysis surface slopes from MOLA observations
were obtained over a • 600 m baseline from a 3-point Lagrange slope formula applied along track, and on longer

baselines(> 10 km) from fitting a line to a set of points

of the Martiannorthernhemisphere'
andwith volcanicallyalong a track. Slope properties and statistics have been exresurfaced terrains elsewhere in the solar system. Planetary surfacesof large areal extent that are most comparable to Amazonis

in terms

of rms elevation

variation

aminedand contrastedon variousplanetarysurfaces(seefor
exampleSharptonand Head, 1985).

over

long baselinesare deposittonal in origin and include terresLocal and Regional Slopes
trial oceanic abyssalplains and certain sedimentary basins.
Slopes acrossthe Vailes Marineris canyon system show that
Figure 1 shows mean slopes on a 10-km baseline calcuthe upper portion of the walls are significantly and consis- lated by line fitting for selected passes. A number of deductently steeper than the lower walls, characteristic of exten- tions can be made upon closer examination of slopes over
sive mass wasting. The observed long-runout is consistent various baselines.
with a high-energycollapsedflow. In the neighboring NocSubtle though notable long wavelength slopes are distis Labyrinthus canyonsthe duality between the upper and played in association with the massive volcano-tectonic
lower walls is reduced, and indicates a lower energy modifi- Tharsisrise. Tharsis-relatedvolcanicunits rise gently (Fig-

cationalhistoryand/or greatercohesionof wall rock.

ure 1, pass 24) for 2500 km at 0.08ø, with a root mean
square(rms) deviation from a fiat slopingsurfaceof only

Introduction

61 m. Olympus Mons, the largest known volcano in the so-

Slopes and their statistical distribution are useful descriptors of planetary surfacesin that they can be pertinent
to the mechanismsof formation of physiographic features,
and are indicative of the style and duration of subsequent
modificationalprocesses.As a step towards quantifying the
nature of surface processesof Mars, we analyze slope distributions derived from topographic profiles of the northern

lar system,displayscomparableflank slopes(• 2.5- 5ø) to
Hawaiian shields(Figure 2). Abrupt changesin slope are
apparent in the marginal scarp of Olympus Mons, at the
headwallsof the aureole deposits,where the slope is • 19ø,
but can approach 30ø if calculated over the shortest baselines observed.

The hemisphericdichotomyboundary region, which separates the low, volcanicallyresurfacednorthern hemisphere
from the older, heavily cratered and topographicallyhigher

hemispherefromthe Mars Orbiter LaserAltimeter (MOLA)
[Zuberet al., 1992],an instrumenton the Mars Global Sur- southernhemisphere[Cart, 1981]risesupwardstowardthe
veyor (MGS) spacecraft.The profileswere collectedduring south from about -4 km to 2 km over • 400 km distance,
orbital periapses3 and 20 through 36 during the MGS cap- givinglessthan a 1ømean slope. However,in somepassesin

ture orbit and aerobreaking hiatus periods in September-

November,1997 [Albeeet al., 1998]. The data have a 300•Alsoat: Laboratoryfor TerrestrialPhysics,NASA Goddard
Spce Flight Center, Greenbelt, Maryland.

the easternhemisphereof Mars, the boundary is observedto

haveslopeson shortbaselines
exceeding
20ø (seealsoFrey et
al., this issue). Topographicroughnessalongthe boundary
on 10-km baselines is comparable to that in the southern

highlands, though slopesalong the boundary region have
been influencedsignificantlyby tectonic and erostonalpro-

Copyright1998by theAmericanGeophysical
Union.

cessesin addition to impact, which dominates in the south.

A set of features that display complexly varying local
slopesare the canyon systems. Figure 3 showsthe topogra-
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cesses.We therefore quantify the regional roughnessusing
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window of width 100-km along track. In this characterization we measurethe width of a histogram of only the most
significant50% of the elevations,scaledto unity in the case
of a normal distribution. Before normalization, this estima-

tor Rq is defined[Neumannand Forsyth,1995]as
N

• = 2• - • (Q•- Q•)
•-3

(•)

whereQi is the elevationof the i th quartilepointand N
is the number of points. To normalize, Rq is divided by
0.673, the IQS of a normal distribution. The parameter Rq
is a robust
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Figure 1. 10-km meanslopesacrossMars' northernhemispherefor MOLA Passes24,26,35,34, and 31.

estimator

in the

sense that

it is not

sensitive

to eutliers in as much as half of the population. We apply
this calculation to all range returns that fall within a 100km window sliding along the points on each profile. It is
possibleto derrend the points in a given window to remove
the regional slope before calculating the IQS, but doing so
proved to change none of the following characteristicsthat
emergedistinctly from the analysis.
The northern hemisphere is surprisingly fiat with typical inter-quartile scale of a few tens of meters, ranging over

thousandsof kilometers(cf. Zuberet al., this issue). The
Olympus Mens aureole deposits are the roughest surfaces
observed,with IQS exceeding2 km. The most unusual rephy and associatedslopesacrossthe largestof these systems, gion is Amazonis Planitia, an area to the northwest of OlymVailesMarineris(VM). Herelocal(600-m)slopesrangefrom pus Mens of Amazonian age and elevation of approximately
essentiallyfiat overthe valley floors,to typically lessthan 5ø -4.1 km relative to the average equatorial geoid. This surat the lowercanyonwalls, to 28ø at the upper walls. Such face displays an rms variation in topography of only a few
a distribution indicates extensive mass wasting related to meters(still abovethe instrument's range resolution),exthe slumping and erosion of material from the upper walls, tending over hundreds of kilometers, and correlating well
which leavesbehind a scarpthat can exposebedrock. When with previously mapped geology. The smoothest part of
slopes are observedas function of height above the valley the surface correspondsto member 3 of the Arcadia Forfloor, the lower 20% of the wall never exceeds•- 18ø while mation, which is interpreted to consist largely of lava flows

the upper 30% of the wall almost neverdropsbelow •- 20ø.

and smallvolcanoes[Scottand Tanaka,1986]). Member 3

also forms smooth plains west of the Olympus Mens aureoles and displays occasional flow fronts at Viking resolu-

Downslopematerial transport can occur by rotational listric
faulting, masswasting of individual fragments,talus formation, and landslides. The distance over which transported tion. This area has an anomalouslylow thermal inertia (be2 and3 x10-3 calcm-2 s-x/2 K-x [Christensen
and
material is distributed across the valley floor is indicative tween
of the energy of the transport processand the competence
of canyon wall material. Across VM talus slopesextend to
2O

tens of km acrossthe valley floor [Lucchitta,1992],which
implieshigh energyand/or low effectivefriction of the mass
movement[McEwen,1989].In contrast,the correlationbetween elevation and slope angle is much weaker in Noctis
Labyrinthus, which marks the summit region of the Tharsis rise and forms the western-most component of the VM
canyon system. Figure 3 shows that the Noctis chasmata
are steeperon the lower extent of the canyonwalls and have
apparently undergonelessmasswasting than in central VM.

A chasmon Elysiumrise (22.25øN141.5øE)[Smith et al.,
1998]showsa correlationbetweenslopeand wall elevation
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provide an initial indication of the variability of erosionalintensity or near surfacecohesionthat can be quantified with
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Figure 2. Topography(a) and slopes(b) acrossthe OlympusMens shield(Pass24; longitude-138 ø E). A portionof

The topographic distribution function is typically longtailed due to cratering, faulting, and other localized pro-

the profile running west of the velcane's summit is shown in
the insert.
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Mars, Amazonis Planilia.

anomalously low radar backscatter cross-sectionat a vari-

ety of wavelengths
[JakoskyandMuhleraann,1981],andhas
been interpreted to be accumulationsof fine-grained dust

[Christensen,
1986]. The regionalflatnessand low surface

Moon,
Oceanus
Proce,
lahl•
ß e½,•l•..•..•1•1•1• "4 "'

roughnessdetected by MOLA is consistentwith this interpretation but does not uniquely explain the genesisof this
region.

An initial step towardsidentifying the mechanismof formation of Amazonis Planitia is to compare its topographic
properties to other smooth regions with potentially analogous origins. Shown in Figure 4 are profiles of elevation
collected by various altimeters over smooth surfacesfrom a
variety of solar system bodies. At the top is MOLA Pass
31 over Amazonis Planitia, where the anomalously smooth
region is observedto extend over600 km, appr(mimatelycen-

3
2

Venus, Niobe Planilia

1
0

tered in the plot (verticalpoint-to-pointaccuracy6z • 0.4
m, horizontalresolution6x • 0.3 km). Below is a Clementine profile of the Moon's OceanusProcellarum(6z • 40
m, 6x • 2 km for i Hz data and • 0.2 km for 8 Hz data)
[Smith et al., 1997], Magellanradar altimetry over Niobe
Planitia (6z • 4 m, 6x • 10 km) [Ford and Pettengill,
1992],Shuttle LaserAltimeter data collectedoverthe Sahara desert(Sz •, 1.5 m, 5x •, 0.7 km) [Garvin et al., 1997],
and shiptracksof Seabeam2200 bathymetry over the south

Atlantic abyssalplains(6z ,• 2 m, 6x ,• 0.1 km) [Neumann
et al., 1996]. The last two profileswere extractedfrom the
GTOPO data set (highlyvariable6z ,• 20 m, 6x ,• 0.1 km)
[Geschand Larson,1996],first overthe Great Plainsin the

o

2000

4000

6000

Distance along ground (Km)

U.S., and secondover the Indo-Gangedic Plains acrossover
the Tibetan Plateau, down acrossthe Tarim Basin and continuing northwards. OceanusProcellarum consistsof lava
flowsthat have been broadly tilted by subsidenceand locally

Figure 4. Comparisonof planetary surfacetopography.

steepenedby tectonic deformation(wrinkle ridges);their

oceanicabyssalplains and basins filled by fluvial deposition
processes.It is noteworthy that volcanically resurfacedterrain is markedly rougher on the Moon, on Venus, and on
Mars, than the peculiar Amazonis deposits. Saharan sand
sheetsare rougher by a factor of about three. Other regions
in the Martian northern hemisphere that exhibit evidence
of dust deposition are rougher than Amazonis as well.

small-scaleroughnessis dominated by impact regolith formation processes.Niobe Planitia on Venus consistsof vast
lava plains similarly tilted and steepenedbut not influenced
by regolith formation. Comparisonof these surfacesreveals
that of these lowest,smoothestregionsobservedin the solar
system, Amazonis Planitia closelyresemblesin its smoothnessonly the heavily sedimentedsurfaceson the Earth, i.e.

See text for description.

Conclusions

Vailes Marineris

NoctisLabyrinthus

Characterization of Martian surfaceslopesfrom the aerobreaking hiatus phaseof the MGS missionprovided several
insights. Regional slopes across prominent canyons measured on a 10-km baseline range from 0- 5ø for regions
which have undergonemasswasting and collapse,up to approximately 30ø for lessmodified scarps. The averageslopes

acrossthe dichotomyboundaryare small, < 1ø, but on a local scale can execed 20 ø. The northern
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Figure 3.
Topography and slopes across central
Valles Marineris (Pass 35; longitude-77 ø E) and Noctis
Labyrinthus(Pass26; longitude-95 ø E).

lowlands

are found

to be unusually smooth and form a distinct statistical population. Other distinct populationscorrespondto the rough
highlands and the extremely smooth Amazonis P lanitia region. Amazonisis markedly smootherthan any other largescalesurfaceobservedon Mars, than volcanicplains on both
the Moon and Venus, and than an example of desert terrain on the Earth. Its statistical properties resemble most
closely certain terrestrial alepositionalenvironments including oceanic abyssal plains and sedimentary basins. Given
previously hypothesizedscenariosfor Mars' geologicalpast

[Cart, 1981],the evidencesofar may be consistentwith an
origin for Amazonis in which extensive aeolian deposition
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follows a volcanicresurfacingevent. Also possibleis a modificational history in which water provides a sedimentary
environment capable of efficiently smoothing meter scaletopography.
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