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properties that can be used to constrain their formation and modification
The Mars Orbiter Laser Altimeter (MOLA) was used to mea- tories. We have identified numerous craterforms whose geometrical proper
. . like those of typical impact craters on Mars (Garvin and Frawley 19¢

sure the topography of several putative near-polar martian vol- &€ Un P P . >
canic craterr‘:‘ogmsp \)//Ve believe thF;y were form(?d by effusive lava Zuberet al.1998). Figure 1, an-19.5-km diameter edifice about 120 km from

hield buildi . d hvd . the North Polar Cap margin (779, 293.5E), illustrates the best example of a
shie uilding eruptions and were not hydromagmatic events, as near-polar MCC that we have encountered in our inventory of the MOLA data.

previously suggested. Furthermore, these craterforms appear to be  umber of other MCC features have been identified, including a nearby 24-1
geologically recent, with ages between 1 and 20 million years, and  diameter feature-150 km to the south (758!, 291.5E), a pair of features
may provide new evidence of localized thermal anomalies in the  ~60 km to the southwest (7R, 291°E), a 15.4-km feature 900 km to the west
upper martian crustal column.  © 2000 Academic Press (73.5'N, 202°E), and a 10-km feature to the northwest (78!5286°E) midway
Key Words: Mars; polar processes; volcanism. between the feature in Fig. 1 and the polar cap. In addition to these MCCs,
have new topographic cross sections of numerous domelike low-relief featu
with small summit pit craters (hereafter martian pitted domes, or MPDs) th
were previously observed in Viking images and described as possible vol
Understanding the role of volcanismin the polar regions of Mars could provig®es (Hodges and Moore 1979, 1994). Two of these MPD features locatec
unique insights into the mechanisms associated with volcano—ice and magrtiepolar transverse dune fields (atR9206°E and 79N, 212°E) were nearly
water interactions on Mars. The martian landform shown in Fig. 1 is a craterdisected by MOLA passes. We find that their cross-sectional shapes are r
low-relief cone (hereafter referred to as a martian cratered cone, or MCC) withraboloidal than those of the rather conical MCCs. Other topographically sir
a crater floor significantly above~50 m) the surrounding plains, quite un-lar features include two martian mid-latitude small shield volcanoes and seve
like the hundreds of northern hemisphere impact craters measured from Maetures near the Fig. 1 MCC previously suggested to be martian expressi
Orbiter Laser Altimeter (MOLA) topographic cross-sections acquired thus faf Icelandic table mountains. Here, we have focused primarily on the MCC
(Garvin and Frawley 1998, Smi#t al. 1998, Garvin and Sakimoto 1999). Fromon the basis of their minimally degraded expression in orbital images and dei
a study of Viking images, Hodges and Moore (1979, 1994) concluded that tiogographic sampling by MOLA.
feature shown in Fig. 1 was a volcanic explosion crater or maar (Lorentz 1973);To facilitate interpretation of MCC and MPD formation, we consider variou
exclusively on the basis of the apparent similarity in orbital images of the flagieometrical parameters that are physically related to landform construction.
and the cavity wall slopes. There are dozens of similar such features nearfitst compute specific parameters (i.e., edifice and cavity cross-sectional sha
North Polar Cap, known from Viking images (Hodges and Moore 1994), but ndiank slopes, volumes, heights, etc.) and then compare the results for martian
centerline MOLA cross sections provide guantitative vertical data on geometrices against a database of terrestrial and martian impact and volcanic feat
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FIG. 1. Example of a Mars cratered cone (MCC) centered at°N,.293.9E. (A) Image is a 234 m/pixel Mars digital image mosaic (MDIM) with a
high-resolution Viking Orbiter image overlay (VO FO70B29, 55 m/pixel). The solid black line is the MOLA ground track. The solid white line is thiefibpog
plotted along the ground track (higher elevations to the left). (B) MOLA topography of the MCC with superimposed subkilometer scale sigpgsmasols.
Average flank slopes aré 4C) MOLA topography (relative to MOLA-based mean equatorial radius of Mars as 0 km) versus horizontal distance for Mars (
Surveyor orbit 456 across the Mars cratered cone (MCC), showing a local depression surrounding the MCC (dotted lines), a regional depresstbwidsso
the MCC (dashed lines), and the edge of the north polar cap (120 km from the MCC along the MGS ground track on orbit 456, but the shortestd@étkme is
The high-frequency topography at the left is a portion of the polar dune deposits. (D) Perspective view of the Viking Orbiter image and MDIM dréped
high-resolution MOLA gridded data for the MCC.

for which we have high-precision measurements from aircraft laser altimetryFigure 2 shows, from top to bottom, two MCCs, a martian polar impact crat
or digital elevation models (Garvin and Williams 1990). All terrestrial featurea terrestrial hydromagmatic tephra ring, and an Icelandic cratered lava shi
considered have well-known formation mechanisms. The terrestrial data aomstructed by effusive volcanism. The MCCs (Figs. 2a, 2b) are, in cross sect
considered in the context of the likely effects of martian ambient conditions @md inimage view, somewhat closer in appearance to the monogenetic lava st
eruption mechanics (Wilson and Head 1994) in order to properly compare foplcano (Fig. 2e) than the near polar impact crater (Fig. 2c) and the tephra r
mation mechanisms. We have applied a volume-conserving proportional gro\fiig. 2d).

approach (Garvin 1996) which treats the effects of gravity to compare terrestriaQuantitatively, Fig. 3 presents a first-order geometric comparison of eic
and martian edifices. well-sampled martian craterforms (MCC, MPD), representative martian imp:
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GARVIN ET AL.

craters, terrestrial maars, tephra rings, monogenetic lava shield volcanoes, st
cones, as well as a few hybrid volcanic landforms. We have plotted average fl:
slope versus a volcanic productivity index, i.e., [Volume of edifiddbasal di-
ameterD] (Garvin and Williams 1990). Terrestrial features that have been scal
to typical martian diameters (20—30 km) are shown in black. In this case, clas
Icelandic lava shields (CILS) and low Icelandic lava shields (LILS) are scaled
martian diameters using the volume-conserving proportional growth approa
A consequence of this approach is that average flank slope tends to remair
sentially unchanged at dismeters less than approximately 30 km. The light g
field in Fig. 3 includes all terrestrial and putative martian lava shield volcanoe
In this comparison, as in other geometric parameter field plots, the MCC fe
tures bear strong similarity to low-relief Icelandic lava shields. For exampl
the MCC'’s in Figs. 2a and 2b are virtually identical to the Icelandic cratere
lava shield “Sandfellshaed” (Fig. 2e), if Sandfellshaed is scaled using a p
portional growth approach (Garvin 1996). Indeed, the scaled areal productiv
(V/D) and flank slope of the MCC and other nearby examples closely mat
those of Sandfellshaed. For Sandfellshaed, the relatively large summit colla
crater relative to the edifice basal diameter is a consequence of the near-sur
character of the magma reservoir3 km) that formed the volcano during the
past2000—-3000 years (Gudmundsson 1986, 1987). Previous predictions (Wil
and Head 1994, Mouginis-Mag al. 1992) suggested that even mild strombo-
lian eruptions such as those that construct steep-sidég-333 scoria/cinder
cones on Earth would result in broad, 5- to 10-km diameter cones under mart
conditions, with typical flank slopes ef10°. In contrast, the MCC features
are characterized by’34° flank slopes and larger volumes 40 kn¥) than
expected if these features were hydromagmatic in origin.

From Fig. 3 as well as additional parameter comparisons, we interpret sim
cratered cones and pitted domes adjacent to the North Polar Cap on Mar
evidence of effusive shield volcanism. The relatively large size of their sumn
craters, in relation to their basal diameter, is likely a consequence of the mart
environmental conditions’ effects on effusive lava shield eruptions (Wilson at
Head 1994, Mouginis-Marlet al. 1992) as well as the evolution upward of
magma storage regions within a growing edifice (Zuber and Mouginis-Ma
1992). An additional argument can be observed from Fig. 1c; the MCC appe
to be located in a local sag;50 km in horizontal extent and at least 50 m deep
This shallow regional depression is centered on the MCC, and appears qu
circular in preliminary gridded data. We suspect that the sag is a consequenc
the evacuation of, or at local ground ice interaction with, a near-surface mag
chamber.

Assuming the MCC are Sandfellshaed-like low-relief lava shield volcanoe
best estimates of polar deposition rates imply that they are likely to be extrem
young. If we adopt a conservative polar deposition rate as an end member (7 m
10°years[Thomastal.1992]), we can use the geometric properties of the MCC
to consider their possible minimum and maximum ages. Assuming the crat
depth-to-diameter ratio of the MCC is the same as the trend for Sandfellsh:
and similar LILS, approximately 190 m of the MCC depth is infill. Using the
deposition rate above, it would require 27 million years to modify the MC(
summit crater by continuous infilling. This is a conservative upper bound, al
allowing for cavity wall slumping and mass-wasting, we estimate a reconstruct
maximal age 0f-20 Ma. If we adopt the<10 m per 16 years polar deposition
rate necessary to construct polar layered bands (Malial. 1998), it would
only require<2 million years to produce 190 m of infill in the MCC summit
crater. A simple erosional scenario would also bury the MCC base, so that
preerosional diameter could be as large at 25 km. However, we see no evide
that the base of the MCC is highly buried, since the Fig. 1 MOLA profile revea
a relatively gentle break in slope fromi @ 2°-3°. Thus, we conclude that the
minimum age for the MCC is likely in the 0.5- to 1.0-million-year range, with
a best-constrained upper bound~a20 Ma. This young age is consistent with
impact crater densities and proximity for the martian north polar mantle depos

FIG. 2. Comparison of topographic cross sections and images (top to b6thomaset al. 1992, Plauet al. 1988) and interpretations of small-scale crater
tom) for two examples of Mars cratered cones (MCC’s), a martian polar imetention ages (Hartmaret al. 1999). Furthermore, it agrees with recent Mars
pact crater, a terrestrial tephra cone (Hverfjall), and a terrestrial low-relief la@biter Camera (MOC) observations of youthful lava flows in the Elysium regic
shield volcano (Sandfellshaed). Note that horizontal scales are different. aflMars (Malinet al. 1998, Hartmanet al. 1999). We recognize, however, that
topographic cross sections are at a vertical exaggeration of 1:10. The bakis estimate of age is based upon the detailed analysis of one clearly defi
perimeter of the Sandfellshaed lava shield (lowermost panel) has been dashaadform (MCC) which we believe to be representative.
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FIG. 3. Average flank slope°] versus edifice volume/diameter (Rjrfor terrestrial and martian crater forms. Red symbols indicate martian features,
features are terrestrial, and black symbols are terrestrial features scaled to martian conditions (see text). The blue hollow symbols asdvitddstslare
terrestrial volcanic explosion craters (tephra rings, cones, maars, etc.) and martian polar impact craters, respectively. The solid syméxiiiahtavie shield
volcanoes, suspected martian lava shields, and terrestrial shields scaled to martian diameters using a proportional growth model.

The above observations suggest that the ice in the polar region is thin. TreEarth is usually associated with more areally extensive fissure eruptions s
reasoning is as follows. If the-50 MCCs and MPDs observed in the northasin Iceland (Palmason 1986), suggesting the additional possibility of other, |
polar region of Mars are as young &4 million years (lower bound), then the easily detected volcanic features such as lava flow fields and eruptive fissl
average annual volumetric productivity is approximate§0@ kni/yr—more  in the North Polar Region. This suggests that localized regions of Mars may
than a factor of 10 less than Holocene Icelandic productivity (Thorarinssamore geologically active than previously thought (Hodges and Moore 199
and Saemundsson 1979, Palmason 1986). This suggests it took a few thougasdibly with volcanism continuing into the present era.
years to produce the MCC. Given polar region accumulation rates and seasonal
advance and retreat of the north polar cap, it is likely that volcano-ice (or frost)
interactions occurred during the growth of this edifice. The low flank slopes ACKNOWLEDGMENTS
associated with the MCC, however, do not support a major explosive period in
the construction of the volcano, nor do they suggest a basal surge componeMYe are grateful for the continuing support and encouragement of the MO
like that seen in terrestrial maar volcanism (Lorenz 1973). This absencefdf Dave Smith, and the Deputy Pl, Maria Zuber. The outstanding support of
terrestrial-style explosive volcano—ice interactions would appear to constrain iars Global Surveyor Mission and the data reduction efforts of Greg Neums
thickness of any seasonal ice or frost cover. In Iceland, volcano—ice interacti@8 also acknowledged. The senior author acknowledges the longstanding
typically require tens to hundreds of meters of ice cover to produce diagnostRuragement of Dr. Richard S. Williams, Jr., and the strong support of Willia
landforms (Thorarinsson and Saemundsson 1979). We postulate thatthe seadgagill, Earl B. Frederick, Robert Swift, Jack Bufton, and J. Bryan Blair ir
or interannual variability of ice-cover in the vicinity of the MCC must have bee@ssociation with aircraft laser altimeter surveys of terrestrial volcanoes. A p
less than tens of meters during the MCC's constructional phase. However, {i@ of this research was performed under USRA Contract NAS5-32484. SE
possible that a thicker ice deposit developed subsequently, perhaps related t@fifeHMW acknowledge the support of the Mars Data Analysis Program in t
climatic variability cycle in the North Polar Region. form of NASA Grant NAG5-8565. Helpful discussions with Jim Head and Mik

We observe a cluster ef14 putative volcanic landforms concentrated in dvialin contributed to the refinement of this manuscript.
small region at the mouth of Chasma Boreales, suggesting that they represent a
single volcanic field. There are interesting implications associated with both the
existence and the preservation of features recording geologically recent, effu-

sive basaltic volcanism in the vicinity of the permanent north polar cap on Mars.. ) L )

First, it suggests that any possible subsequent advance of the north polar%uolfggord' S. M. 1993. A model for hydrologic and climatic behavior of water or
(currently~100 km away) has not eroded these small landforms to an appreciaMars'J' Geophys. ReS8, 10,793-11,016.
ble degree. The existence of effusive basaltic volcanism suggests upper crdggdVin, J. B. 1996. Topographic characteristics and monitoring of volcanc
magma reservoirs within no more than 10-20 km of the present_day maniaﬁ/ia airborne laser altimetry. INolcano InStabIIIty on the Earth and Other
surface (Wilson and Head 1994, Mouginis-Matkal. 1992, Thorarinsson and ~ Planets(W. McGuire, A. Jones, and J. Neuberg, Eds.), Geological Socie
Saemundsson 1979, Clifford 1993). Additionally, it raises the possibility that Special Publication No. 110, pp. 137-152.

there is episodic recent volcanism throughout the north polar region, perh&svin, J., and J. Frawley 1998. Geometric properties of martian impact crate
associated with a thinned or weakened lithosphere that could be related to a ré&reliminary results from the Mars Orbiter Altimet&eophys. Res. Lef25,

cently postulated north polar impact basin (Zubeal. 1998). Shield volcanism  4405-4409.
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