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Introduction: Layered deposits exist within the northern re-
sidual cap of Mars exposed on the walls of the dark lanes or
troughs seen cutting into the cap (Figures 1 and 2). These depos-
its consist of extensive lateral layers of ice and dust and are found
throughout the polar cap. They were first identified in Mariner 9
images [1, 2] and later studied in detail with the Viking orbiters
[e. g. 3,4, 5, 6]. Recent images from Mars Global Surveyor show
that the layers have a range of thicknesses and albedos, and are
not continuous throughout the cap [7, 8]. Formation theories
regard the layers as products of climate change due to orbital
cycles [9, 4, 5], similar to climate changes caused by Mi-
lankovitch cycles on Earth [10], although the details of the forma-
tion processes remain unknown.

Characterization of the layered deposits is key to understand-
ing the details of the layer formation process as well as under-
standing the processes which shape the polar regions and the
martian climate as a whole. This study quantitatively correlates
layers in images in order to assess variations within the layered
deposits. Such variations can provide constraints for layer forma-
tion; for example, how widespread and how uniform is layer
deposition on an individual layer scale, and how well do layers
correlate within and between troughs?

Method: Many studies of terrestrial climate change are in the
field of paleoceanography. Thus, we have adapted a paleocean-
ographic technique for studying correlations and variations be-
tween ocean drill cores. By matching distinctive shapes in the
data sets under examination, one can establish correlations and
then see how much one data set (the signal) needs to be adjusted
to look like the other data set (the target). In this way, one can
get a sense of the correlations and changes in accumulation rate
between the two sites. By adapting this method to study the
stratigraphy of the polar layered deposits we are able to assess
correlations and get a sense of the variations between two loca-
tion within the cap.

Profiles of grayscale intensity, or digital number (DN), taken
from MOC images are compared using Match 1.0, a program
developed by Lisiecki and Lisiecki [11] to compare sets of paleo-
ceanographic data. This program uses dynamic programming to
minimize the square of the differences between the data sets in
order to adjust one data set to fit as close as possible to the other
set. This method has been used to compare changes in 8'°0 val-
ues down a core at multiple locations; we use it to compare
changes in DN value down a trough wall at multiple locations. In
this way, it is possible to measure quantitatively how similar two
stratigraphic sequences are.

Prior to comparing profiles from two images, the images
must be calibrated and corrected for the slope of the trough wall.
To do so, images are calibrated and the associated MOLA data
retrieved using programs from the ISIS image processing pack-
age. The MOLA data is interpolated between shots to provide an
elevation value for each pixel of the image. Thus, the exposure
of layers in the image is projected back onto the vertical wall of
the trough. The DN profile is then adjusted to run perpendicular
to the layer margins. In this way, the data from an overhead im-
age is adjusted to be more like the data from a core sample per-
pendicular to the cap surface. The profiles are also normalized
before they are run through Match 1.0; this entails subtracting the
mean from each series and then dividing by the standard devia-
tion. Thus, the data series for each profile will have a mean of 0

and a standard deviation of 1, which improves the ability of
Match 1.0 to compare similar data series.
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Figure 1. Location of images used in this analysis. Inset box shows loca-
tion within the cap.

Figure 2. Subframes of images used in this analysis. A) M23-01450. B)
M23-02039. C) M00-01754. D) M00-02100. Illumination from the
upper right in all images.

The four images selected for this analysis (Figure 2) were
taken in the same Ls range (northern summer) to minimize the
effects of seasonal frost. M00-01754 and M00-02100, from the
southern trough, both have resolutions of 1.8 m/pxl while M23-
01450 and M23-02039 have resolutions of 12.1 m/pxl.

Results: Figures 3, 4, and 5 show the results of the matching
analysis. In each figure, the top graph shows the normalized,
corrected profiles plotted with depth before being matched. The
signal is the DN profile which was adjusted to match the target
DN profile. The middle graph in each figure plots the results of
the matching analysis. The bottom graph shows how much the
signal needed to be adjusted along the profile to match the target;
this is in essence a relative net accumulation rate (NAR). If no
adjustment was necessary, the relative rate is 1.
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Figure 3. Results of matching M00-01754 and M00-02100. The co-
efficient of determination (r*) for this match is 0.9036; 90.36% of the
variation in the datasets is related. This indicates a good match between
the datasets.

The preliminary results of this analysis are 1) that there is
reasonable good correlation between layers in different areas of
one trough and between troughs, and 2) that the accumulation
rate along a trough varies considerably. Images M00-01754 and
MO00-02100 are about 18 km apart, and the NAR varies between
them up to a factor of two. Additionally, the NAR does not in-
crease systematically — at times one location has the higher NAR
while at other times the other location has the higher rate.
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Figure 4. Results of matching images M23-01450 and M23-02039.
The coefficient of determination (rz) for this match is 0.8619; 86.19% of

the variation in the datasets is related. This indicates a good match be-
tween the datasets.

Additionally, the net accumulation rates do not change in the
same manner between the two troughs. The relative rates be-
tween M00-01754 and M00-02100 are very different than those
between M23-01450 and M23-02039. This implies that there is a
great deal of local variation in the layer accumulation process.
This can clearly be seen in Figure 5, in which an image from each
trough is compared. There is good correlation between the two
troughs, with relative accumulation rates again below 2. But the
shape of the relative rate curve is different from the relative rate
curves of the comparisons of images within a single trough.
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Figure 5. Results of matching M00-01754 and M23-1450. The coef-
ficient of determination (rz) for this match is 0.8965; 89.65% of the varia-
tion in the datasets is related. This indicates a good match between the
datasets.

Discussion. Laskar et al [12] examined M00-02100, one of
the images used in this study. They compared cycles identified in
the image with calculated insolation cycles to find NAR for this
area. For the top 250 m the calculated NAR was 0.05 cm/yr.
Below that the NAR slowed to 0.025 cm/yr. In order to test these
results, it is necessary to determine if these rates remain reason-
able for the region. Based on our matching analysis, we find that
the DN profile from this image is quantitatively comparable to
the three other images in this study. Therefore, under this set of
assumptions it is possible to extrapolate NAR to the rest of the
region.

The relative rates between the images remain within a factor
of 2; therefore, the NAR for this region should be between 0.025
and 0.1 cm/yr for the uppermost section of the region. Estimates
of the resurfacing rate for the north polar region based on crater-
ing rates have values as high as 0.1-0.2 cm/yr [13], so the varia-
tions on the Laskar et al values are within current estimates. Fur-
ther studies within this region of the polar cap are required to see
if the rates remain plausible.

The fact that the profiles correlate well between two troughs
indicates that layers are deposited over a large area, greater that
just one trough. However, because the relative rates are not con-
stant, this deposition is not uniform; nor does it change system-
atically between images or between troughs.

Acknowledgements: The authors gratefully thank Tim Her-
bert and Lorraine Lisiecki for helpful discussions and assistance
with the computer programs.
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Summary: The kilometer-scale topography of the
North Polar Layered Deposits (NPLD) is dominated
by troughs and scarps: Fig. 1 shows both (a) the ubiq-
uity of troughs throughout the NPLD, and (b) the en-
hanced steepness of scarps at the margins of the NPLD
(e.g., along the inner wall of the channel-like reentrant,
Chasma Boreale). Although the surface slopes and
total depths of NPLD troughs and scarps are widely
presumed to result from surface ablational processes,
here we propose that an alternative mechanism, vis-
cous relaxation of subsurface water ice, governs the
morphological eVOluti(.m of NPLD tFoughs and scarps. Fig. 1. Overlay of an NPLD Viking image mosaic upon MOLA

Topography: Using the 64 pixel/degree MOLA topogr.aphy, created by the GSFC Scientific Visualization Studio
altimetry grids, we constructed eight radial profiles and the MOLA Science Team. Vertical exaggeration ~ 300x.
spaced at 45° longitudinal intervals through the North
Polar Dome. Along each profile, we have identified all
interior troughs and marginal scarps with depths
greater than 200 m located between 80°N and 87°N. ) T —
Fig. 2 plots maximum 1.6-km baseline surface slopes A A S S
observed along the equatorward-facing (EWF) walls PO T il
of troughs and scarps, as well as upon the poleward-
facing (PWF) walls of troughs.

As previously noted [1], most NPLD troughs are
asymmetric: our measurements (Fig. 2A) indicate that
maximum EWF slopes (o) are on average 75%
steeper than maximum PWF slopes (o). Although e s
primary scarps at the periphery of the NPLD are gen- v e ' . ]
erally at least twice as steep as interior troughs, we B IR R
find that there is no significant dependence of trough 0
slope (Fig. 2A) or depth (not shown) upon latitude.
Interestingly, the slopes and depths of NPLD troughs
and scarps are strongly correlated with one another s I C
(Fig. 2C). | e ©

Sublimation: The most widespread theories of A i
PLD evolution [1,2] presume that the asymmetrical
slopes of most NPLD troughs (o, > o,) result from
preferential H,O sublimation from EWF trough walls.
However, our modeling indicates that there is no long-
term sublimation advantage of EWF trough walls, due
to the effects of obliquity upon the slope dependence .
of sublimation rate (Fig. 3). We define a parameter R . L
comparing the sublimation rates from the mean EWF b
and PWF trough wall slopes of a; = 5.4° and o, = 0
3.1°, respectively; at the present obliquity (0 = 25.2°),
the relative sublimation ratio R = 1.33.

However, the sublimation enhancement of EWF Fig. 2. Dependence of the maximum surface slopes of NPLD
slopes is limited to lower obliquities, since as obliquity trough and scarp walls upon (a) latitude and (c) depth. Surface
increases and the average solar zenith rises, the benefit slopes are calculated over an approximate 1.6-km baseline.
of being tilted towards the sun close to local noon is
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SUBLIMATION AND RELAXATION OF NPLD TROUGHS AND SCARPS: A. V. Pathare and D. A. Paige.

offset by the disadvantage of being tilted away from o T , =
the sun during the now brighter nighttime hours. Thus o~ - 21
at obliquities of 6 = 32.1° / 37.5° / 45.0°, the relative
sublimation ratio R = 1.06 / 1.00 / 0.98. (Note that sub-
limation is actually slightly enhanced from PWF
trough walls at near-maximum obliquities).

Since 80% of NPLD sublimation over the last 10
Myr takes places at obliquities above the median 6 =
32.1°, our calculations demonstrate that EWF trough
wall sublimation, when integrated over an obliquity o ~e low
“cycle”, is not much greater than that from PWF
trough walls (R = 1.02 since ¢t = 10 Ma). Hence we o . . T W
conclude that, contrary to expectations, the steeper Surface Slope (+ = EWF)
i)\r?/gF—tZ:II:i)ie(}zgrl:tl;;Stligﬁfr}llax:rlllihf\(:elrllo]:t);elill;l(;[lgfomn Fig. 3. Depenfience of sublimation upon EWF surface slope,

S expressed relative to the net annual sublimation rate at o = 0°,
variations. for four different obliquities and nominal North PLD conditions.

Relaxation: But then what causes the slope asym-
metry of opposing trough walls? We propose that vis- s

cous relaxation of subsurface water ice—which we
have previously shown to be important to South PLD
crater morphology [3]—may also govern NPLD

trough and scarp evolution. Although [2] suggested b t=1Myr
that the continued presence of troughs argues against
PLD flow, our trough simulations of NPLD troughs
with the finite element model Tekton [4] predict
trough closure times of approximately several million
years.

Furthermore, Fig. 4 shows that if the EWF half of
the trough is just 2 K warmer than the PWF half—

Relative Sublimation Rate

c)t =3 Myr

which is consistent with the slope-dependent tempera- Fig. 4. Relaxation history at time steps of = 0/ 1 /3 Myr for
ture variation over the last few MyI' predicted by our baseline simulations of an North PLD trough characterized by T,
subsurface thermal modeling—then maximum EWF =162 K upon the EWF wall and 7,, = 160 K upon the PWF wall.

slopes will become significantly steeper than maxi- A total PLD thickness of 2= 2 km is assumed.

mum PWF slopes (Fig. 5), due to the slower rate of

uplift of the inner PWF trough walls (which can be T R e

attributed to the increased subsurface viscosity below T s

the colder PWF slopes). Additionally, we show that

relaxation of NPLD trough and scarps can readily ac-

count for the correlation of surface slope and total

depth (Fig. 2C), an observation that is particularly dif-

ficult to explain via sublimation or eolian erosion.
Conclusions: (1) The slope asymmetry of PLD

troughs does not result from preferential sublimation

but rather from differential relaxation of opposing

trough walls. (2) Present-day NPLD troughs have ol + - + 0

formed since 5 Ma, and are not sites of long-term ' /Timewy,)

deposition. (3) Glacial flow probably governs the

large-scale evolution of the North PLD. Fig. 5. Temporal dependence of maximum 1A§—km surface slopes
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