
Modeling Water Ice surface deposits at Louth crater using Mars Reconnaissance Orbiter (MRO) Observa-
tions.  T. L. Roush1 and A. J. Brown1,2, S. Byrne3, L. Tornabene3 and K. D. Seelos4, 1NASA Ames Research Cen-
ter(MS 245-3, Moffett Field, CA  94035-1000), 2SETI Institute, Mt. View, CA, 3Lunar and Planetary Laboratory, 
University of Arizona, Tucson AZ, 4Applied Physics Laboratory, Laurel, MD. 

 
 
Introduction:  MRO began its scientific mission in 

late September 2006 during late northern summer.  The 
Martian poles act as reservoirs for volatile ices of CO2 
and H2O. By characterizing and monitoring these res-
ervoirs provides the ability to track these species 
through seasonal and interannual cycles.  As a conse-
quence, observations of the northern polar regions be-
gan immediately. Isolated water ice deposits are not 
anticipated away from the main cap deposits.  How-
ever, there is clear evidence that such deposits occur  
within craters at high northern latitudes [1-4].  The age, 
distribution, seasonal, and interannual, behavior of 
these isolated deposits is of interest to understanding 
the global distribution of volatile sources and sinks and 
the properties of the local environment that allow such 
deposits to exist and perhaps persist for decades.  To 
this end, three imaging instruments on-board MRO, the 
High Resolution Imaging Science Experiment 
(HiRISE), the Compact Reconnaissance Imaging Spec-
trometer for Mars (CRISM) and Context Imager (CTX) 
were operated in tandem to provide two coordinated 
observations of a crater in the north polar regions, 
which bears the IAU provisional name of ‘Louth’ cra-
ter, at Ls 133 and 146. 

Figure 1.  Viking MDIM map of the north polar region 
of Mars showing the location of Louth crater near 70ºN, 
103.2ºE. 

Louth crater is ~35km diameter, ~1.5km deep and 
located at 70.5°N, 103.2°E and has been observed to 
contain a circular, ~15km diameter interior deposit of 
smooth, high albedo material since Viking (Fig. 1). 
This high albedo deposit was recently interpreted as 
being composed of water-ice from temperature meas-
urements taken by the Thermal Emission Imaging Sys-

tem (THEMIS) [3] and observations by the High-
Resolution Stereo Camera (HRSC) on-board ESA’s 
Mars Express Mission  [2]. 

We first review the MRO observations of Louth 
used to focus our study on modeling the ice mound.  
We explain the methods used in our modeling effort 
and discuss the results. 

MRO Instruments and Observations:  HiRISE - 
The HiRISE is a high resolution camera capable of 
providing detailed images of 0.25-1.3m/pixel [5]. 
HiRISE has color coverage over thee wavelengths: 
blue-green (~536 nm), red  (~692 nm) and the near-IR 
(~874 nm) and over the center of the swath width (~1.2 
km) of the image. HiRISE also has stereo capabilities 
for slope and relief analysis.  The two separate HiRISE 
observations of Louth crater are depicted on the Mars 
Orbiter Laser Altimeter (MOLA) data in Figure 2. 

CRISM - CRISM is a visible to near-infrared spec-
trometer sensitive to photons with wavelengths from 
0.4 to ~4.0µm [6]. It is well suited to observing water-
ice due to the strong absorption of water-ice bands at 
1.25, 1.5 and 2.0 µm. All observations discussed here 
were obtained in high resolution mode, with a ground-
track resolution of ~20m/pixel and a swath width of 
~12km.  The two separate CRISM observations of 
Louth crater are depicted in Figure 2.  

Figure 2. HiRISE (red stripes with blue centers) and 
CRISM (white outlines) image footprints over a MOLA map 
of Louth crater.  The map is a polar stereographic projection 
with the center longitude of 103.2E.  The top and bottom 
latitude lines are 71ºN and 70ºN, respectively. 
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CTX - The Context Imager camera is a 5064 pixels-
wide CCD attached to a Cassegrain (Maksutov) tele-
scope, capable of resolving 6m/pixel on the surface of 
Mars. The large images, ~30km wide and ≤160km 
long, in a single wavelength region encompassing 0.5-
0.8µm [7].  The CTX image of Louth crater, at Ls 133, 
is shown in Figure 3.  

Figure 3.  CTX image of Louth Crater obtained at 
Ls 133.  Locations of various morphological and al-
bedo features are indicated in red. 

 
Various morphological and albedo features associ-

ated with the central ice mound are identified by 
Brown et al. [8].  These include a rough stucco terrain 
(4a), smooth layered unit (4b), smooth layered unit 
containing dark material (4c), a trough filled with lin-
ear and curvilinear sastrugi (4d), a polygonal unit along 
the contact between sastrugi and smooth ice (4e), and a 
contact between ice and dunes (4f). 

Along the northern part of the crater and rim, 
Brown et al. [8] identify several additional albedo, 
compositional, and morphological features.  Discon-
tinuous high albedo patches (5a) observed by CRISM 
exhibit water ice features in their spectra, within the 
crater basin (5b) low-albedo circumferential features 
are present, close to the water ice mound quasi-
rectilinear polygonal cracking is present (5c), and lin-
ear rows of boulders lead from the crater rim to a circu-
lar boulder field (5d). 

Brown et al. [8] also note significant albedo 
changes in the southern, pole facing, rim of Louth 
when the CTX images obtained at Ls 146 are compared 

to the CTX images at Ls 133.  An additional multi-
spectral CRISM observation of this region at Ls=160 
suggests this deposit is dominated by H2O. 

CRISM observations of water ice:  Figure 4 is a 
false color image of the two CRISM observations of 
Louth. The selected bands were chosen to highlight 
water ice in light blue. In addition to water ice in the 
central mound, the CRISM data shows exposed water 
ice signatures on the crater rim. These deposits were 
previously imaged by HRSC [2-3], which indicates 
they are persistent features. These correspond to the 
feature 5a in the CTX image shown in Figure 3. 

The CRISM mosaic (Fig. 4) shows subtle variations 
in albedo within the crater basin. Most of the basin is 
bright, but circumferential regions of lower albedo (red 
in this false color representation) are present, and cor-
respond to the region labeled 5b in Figure 3. 

Figure 4.  False color mosaics of CRISM observa-
tions. The image on the left assigns red, green, and 
blue channels to bands at 2.5, 1.37 and 1.08µm respec-
tively. This shows water ice in light blue. The image on 
the right uses the inverse of this image as a base map 
and shows the band depth map of the 1.5 water ice 
band, showing how it varies over the scene. 

 
Representative spectra:  Figure 5 illustrates spectra 

extracted from the observations at Ls 146 for various 
spots inside, along the rim, and outside the crater.  
These data illustrate the diversity encountered in this 
relatively small are.  These data are not corrected for 
viewing geometry nor the influence of the Martian at-
mosphere so contributions due to aerosols and gases 
remain.  The data have been cosmetically edited and 
the infrared region scaled to agree with the visible and 
near-infrared, near one micrometer.  While the spec-
trum of the water ice at the crater edge is subdued rela-
tive to the ice mound, the prominent 1.25, 1.5, and 2 
µm absorptions are diagnostic of the presence of water 
ice.  Water ice is poorly absorbing in the visible:  thus 
the observed decrease in I/F at the shorter wavelengths 
require a spectral contribution from another component 
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for the spectrum of the ice located in the mound and 
crater edge. 

Figure 5.  Spectra of selected locations  within and 
outside of Louth crater (thick lines).  A model Martian 
transmission spectrum (thin line) illustrates the regions 
where the atmosphere has a significant influence on the 
spectra (cyan boxes). 

 
CRISM grain size and contaminant modeling:  In 

order to assess the quantitative information contained 
in the CRISM spectra, we rely upon Hapke’s model to 
calculate the bidirectional reflectance of the observed 
spectra [9].  Here we focus upon analysis of spectra, 
near the edge and center of the water ice mound.  We 
use an intimate, or granular, mixture of pure water ice 
and palagonite (quenched basaltic tuff). The optical 
constants for water ice were taken from Warren [10] 
and Grundy and Schmitt [11] and for palagonite from 
the combined Clark-Roush data presented in Clancy et 
al [12]. 

We used equation 8.89 of Hapke [9] to calculate the 
bidirectional reflectance.  The equation 
is:
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where r is reflectance, i the incidence angle, e is the 
emission angle, g is the phase angle, µ = cos(e), µ0 = 
cos(i), p(g) is the phase function, w is the single scat-
tering albedo, B(g) is the backscattering function, and 
H is Chandresakhar’s H-function for isotropic scatters 
[13]. Because we lack data over a sufficient range of i, 

e, and g, we chose to employ a constant B(g) given by:  
B(g) = 1/(w(1+(tan(g/2))/h)), where h=0.05 (a lunar-
like surface). We assume isotropic scattering and hence 
p(g)=1.  The optical constants are used to calculate w, 
as described in [14].  Additionally, we eliminated the 
strong atmospheric influence near 2 µm for the model-
ing efforts. 

Several mixtures of the two compositional materials 
were employed in the modeling.  These included a 
four-component mixture having two grain sizes of each 
component.  Grain sizes and relative mass fractions 
were the parameters allowed to vary freely until a non-
linear least squares fit, between the observed and cal-
culated spectrum, was minimized. 

Figure 6.  CRISM spectra of water ice at the center 
(red-brown) and edge (blue) of the central mound in 
Louth Crater (dots) with modeled spectra of intimate 
water ice and palagonite mixtures (lines). The final 
modeling results are represented in the top right of the 
figure, giving mass fractions (in percent) and grain 
diameters for water ice (in cyan) and palagonite (in 
pink).  While the grain diameter circles attempt to illus-
trate the size, the finest fraction is not to scale. 

 
Figure 6 presents two CRISM spectra from the edge 

and interior of the water ice mound (dots) and their 
best models (lines). Sample locations are shown in 
Figure 3. The edge sample was taken from a rough 
‘stucco ice’ similar to the region labeled 4a in Figure 3. 
The mound center sample was taken from a smooth 
region similar to the region labeled 4e in Figure 3.  

We found models with pure palagonite (up to 3 
grain sizes) or water ice (up to 4 grain sizes) provided 
poor models to the spectra, indicating pure water ice or 
palagonite is not present. Our best fitting models con-
tain two different water ice and two palagonite compo-
nents.  

The results shown in Figure 6 indicate for the edge 
of the mound the best fit was achieved by a water ice 
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component with a grain size diameter of 0.34 mm mak-
ing up ~84% by mass of the mixture, a second water 
ice component of grains size 0.46 mm making up 
~13%, a palagonite component of grain size 0.39 mm 
making up ~2.5% and a second palagonite component 
of grain size 0.04mm making up ~0.5% of the mixture. 
For the center of the ice deposit, the best fit was 
achieved by a mixture of a water ice component with a 
grain size of ~1.93 mm making up ~42.7%, a second 
water ice component of grain size ~0.49 mm making 
up ~56.9%, a palagonite component of grain size ~0.47 
mm making up 0.3% and a second palagonite compo-
nent of grain size ~0.002 mm making up ~0.05% of the 
mixture. 

In summary, our modeling suggests higher amounts 
of palagonite and smaller water ice grain size near the 
edge when compared to the center of the mound. 

We also modeled the spectral signature of ice at the 
crater rim.  The best fitting model is shown in Figure 7.  
This spectrum has a much lower overall albedos in the 
visible and portions of the near-infrared (see Fig. 5 for 
a comparison).  As a result, all materials are coarser-
grained and there is an associated lower abundance of 
the water ice when compared to models of the mound 
spectra. 

Figure 7.  Spectrum of an area on the northern rim 
of Louth crater showing the signature of water ice 
(black points) and the spectrum of the best-fitting inti-
mate water ice and palagonite (red line). The final 
modeling results are represented below the spectra in 
the figure, giving mass fractions (in percent) and grain 
diameters for water ice (in cyan) and palagonite (in 
pink).  While the grain diameter circles attempt to illus-
trate the size, the finest fraction is not to scale. 

 
Conclusions:  The CRISM data provide the direct 

spectral evidence of water ice in, and near the rim of 
Louth crater.  The very limited modeling to date sug-
gest variations in the grain size and abundance of both 
ice and non-ice components in these deposits.  Further 

modeling efforts will include consideration of other 
potential non-water ice components for spectra of the 
ice deposits, non-ice deposits from additional loca-
tions, and other types of physical mixing of the materi-
als, e.g. horizontal and vertical heterogeneity. 
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