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THE SEARCH FOR ACTIVE MARSQUAKES USING SUBPIXEL COREGISTRATION
AND CORRELATION: FIRST RESULTS AND BEST PRACTICES

1. INTRODUCTION
Mounds of layered deposits, often several
kilometres in height, are common in the canyons1-3

and impact craters4 of Mars. These interior layered
deposits (ILDs) are high priority targets for
exploration because they not only preserve long
sequences of Mars’ stratigraphic record, but also
exhibit evidence for hydrous mineral phases that
implies aqueous activity5.

Despite their importance, no consensus exists
regarding how ILDs form and evolve. Their
volumetric contribution to the global sedimentary
record is also unknown.

We have identified ILDs that have obstructed
landslides before undergoing retreat by up to two
kilometres to determine the ILD retreat volume, rate
and mechanism(s), before discussing implications
for the wider global sedimentary budget.

2. OBSTRUCTED LANDSLIDES
We have identified three major occurrences of
landslide deposits in Ophir Chasma, Valles
Marineris (Figure 1), which are indicative of
obstruction and diversion by ILDs (Figure 2) that are
no longer present.

Landslides on Mars typically have runout distances
much larger than equivalent features on Earth6. In
some locations, landslides have ridden up 500 to
800 m in height against bedrock material (Figure 3).

These landslides differ from typical martian examples in that their toe height increases at
the landslide front (Figure 3), showing distinctive concave scarp faces that are up to 500
m above the base level and up to 400 m higher than the immediate upslope region of the
landslide.

Typical, unobstructed Valles Marineris landslide topographic profiles consist of a steep
headwall in the source region (failure scarp), with a long-profile slope that gradually
decreases to the landslide toe6. The frontal scarps are also unlikely to be remnants of the
ILDs as they have a different geomorphic expression and have a surface texture that is
clearly continuous with the landslide.

Figure 3. Typical Valles Marineris landslide with (red) and without (green) obstruction. CTX images of the landslide
Ophir Labes (left image) and Coprates Labes (right image) with stereo DTM contours overlain (dark contours = 500 m,
light contours = 100 m). Topographic profiles given on left, according to colou r.

Figure 2. Perspective view of an obstructed landslide. The frontal
scarp is 1-2 km from and mimics the shape of the ILD. Perspective
view made from a CTX stereo DTM and image. No vertical
exaggeration. Inset shows a close-up view of the frontal scarp.

3. VOLUME OF ILD LOSS
We estimate the minimum and maximum volume of material lost from the ILDs by
assuming that the retreat at the front of the landslides is indicative of volume loss
elsewhere. Because the landslides did not overtop the ILD obstacle, there must have
been at least 500 m (depth) of ILD material removed (Figure 5) – the mean maximum
height of the frontal landslide scarps.

Using this removal depth we estimate the volume of ILD loss as:
MINIMUM: 0.4 x 103 - 1.2 x 103 km3

MAXIMUM: 1.5 x 103 - 5.8 x 103 km3

4. LANDSLIDE AGES AND ILD RETREAT RATE
We refine previous7 landslide age estimates from crater statistics based on
higher-resolution CTX imagery. The data suggest, for the central and eastern landslides in
our study region, formation ages of 216 (+23/-24) to 423 (+55/-58) Ma. The absolute
model ages for individual landslides are consistent with the relative superposition
relationships between different landslide lobes (Figure 6).

The combination of well-constrained chronology and the unique circumstance of diverted
landslides provides an opportunity to quantify the erosion rate of the ILDs. Removing 500
m of the ILD mound over the calculated time scales gives erosion rates of:

MINIMUM: 1200 nm yr-1
MAXIMUM: 2300 nm yr-1

Global erosion rate estimates for the Hesperian-Amazonian epochs on Mars are too low
to account for such a rapid loss of material from the ILDs in the time since the landslides
formed. We conclude that the ILDs in Ophir Chasma have undergone degradation by
some mechanism at a rate that far exceeds any other surface or material reported for this
era of Mars history.

Figure 5. Schematic diagram, not to scale, showing the proposed formation scenario. (a) Landslide deposits are
obstructed by the ILDs. Shown are both minimum and maximum possible sizes of ILDs. (b) After landslide formation the
ILDs retreat, causing limited slumping at the toe of the landslide, but with landslide material volumes being conserved.

Figure 4. Topographic profiles of the three landslides in our study, showing the frontal scarp and ILDs. Profiles
correspond to those given in Figure 1.
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5. ILD RETREAT MECHANISM
The rapid erosion of ILDs is likely related to the complex interplay between the
mechanism of sediment mobilization and the material properties (composition,
compaction, and lithification). Here, we present two possible mechanisms to explain such
rapid degradation.

5.1 Aeolian Erosion
A recent study8 derived mean aeolian abrasion rates on Mars of between 4950 and
27,500 nm yr-1, which could plausibly remove 500 m of ILD material in approximately 18
to 100 Ma. These accelerated rates are the result of saltation, a process that is capable of
eroding friable material in hyperarid deserts on Earth9 at rates that are comparable to
fluvial processes in more temperate climates.

5.2 Ice Sublimation
An alternative explanation for rapid degradation, and potentially more uniform degradation
of the ILDs, requires the disaggregation of ice-cemented sedimentary materials through
sublimation. The likely range of ambient temperatures experienced in Ophir Chasma10

gives rise to sublimation rates that are up to five orders of magnitude greater than the
globally averaged Hesperian to Amazonian surface erosion rates11, resulting in a
maximum time to remove 500 m of ice of ~57 Ma.

6. IMPLICATIONS
• Rapid erosion rates require target material that is either (1) friable and easily mobilized

through saltation-driven aeolian abrasion, or (2) contains significant cemented ice that
has allowed rapid sublimation, enhanced by aeolian processes.

• ILDs have been in a state of net degradation over the last 400 Ma, suggesting that the
process that caused net deposition in the past has ceased or slowed substantially on
Mars relative to erosion.

• Significant volumes of material have been removed and transported away from the ILDs.

• For the Ophir Chasma ILDs, we demonstrate that the mound was once more extensive
in the past and that its modern form under-represents the actual volume of material that
was once deposited into the basin.

• Given our maximum ILD retreat rate and assuming that ILD deposition began
immediately after the formation of Ophir Chasma (~3.5 Ga), the total initial height of ILD
material would almost exactly fill the depth of the chasma.

• The current form of ILDs of similar morphology on Mars (e.g. Aeolis Mons in Gale
Crater) under-represents their total depositional volume and likely the global
sedimentary record.

Figure 6. Landslide ages from crater count studies. Binned
cumulative crater frequency histograms for each landslide,
according to number in Figure 1.
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1. INTRODUCTION
We present a pipeline for investigating the ability of PanCam to discriminate one particular mineral
species against a defined set of background materials. We demonstrate the pipeline for the mineral
hematite, an iron oxide indicative of changes in oxidation conditions, with implications for past
habitability, and a target of interest for the Curiosity rover at Vera Rubin Ridge1,2.

CRISM (HYPERSPECTRAL) PANCAM (MULTISPECTRAL)

Figure 3. Input mineral reflectance data for target (hematite) and background 
(vermiculite, saponite and olivine). Data sourced via the Western Washington 
Spectral Database11, a compilation of several widely used spectral libraries, 
including USGS speclib0612, and HOSERlab13.

4. PROBLEM STATEMENT
The CRISM SP set was curated for
hyperspectral data, but PanCam is
multispectral, sampling the morphology at
much lower resolution. Here we investigate
the robustness of the SPs of Figure 1 at
discriminating hematite against a set of
expected minerals of the ExoMars landing
site at Oxia Planum9-10. Laboratory mineral
spectra are drawn from a database (see
Figure 3) and sampled with Gaussian filters
according to the CRISM recommended
wavelengths and FWHM, and the nearest
corresponding filters of PanCam, as shown
in Table 1. Information for the Curiosity
rover Mastcam multispectral filters are
included for comparison.

CRISM Spectral Parameters Nearest Mastcam
Filters Nearest PanCam Filters

Spectral 
Parameter CWL FWHM ID CWL FWHM ID CWL FWHM

BD530_2 λs 440 5 L2 445 20 L04 500 20

λc 530 5 L1 527 14 L01 570 12

λl 614 5 L4 676 20 L03 610 10

RBR λB 440 5 L2 445 20 L06 440 25

λA 770 5 L3 751 20 R02 740 15

SH600_2 λs 530 5 L1 527 14 L02 530 15

λc 600 5 L4 676 20 L03 610 10

λl 716 3 L3 751 20 R02 740 15

SH770 λs 716 3 L4 676 20 R03 740 15

λc 775 5 L3 751 20 R02 780 20

λl 860 5 L5 867 20 R01 840 25

BD640_2 λs 600 5 L1 527 14 L03 610 10

λc 624 3 L4 676 20 L05 670 12

λl 760 5 L3 751 20 R03 740 15

BD860_2 λs 755 5 L3 751 20 R02 740 15

λc 860 5 L5 867 20 R01 840 25

λl 977 5 R5 937 22 R05 940 50

BD920_2 λs 807 5 R3 805 20 R01 840 25

λc 920 5 R5 937 22 R05 940 50

λl 984 5 R6 1013 42 R06 1000 50

path integrator (secondary scattering)

directlighting integrator (single scattering)

Uniform Hematite Mixture	

perfect-white illuminant sRGB

SH
60
0 2

Sp
ec

tra
l P

ar
am

et
er

 (h
em

at
ite

 in
di

ca
to

r)

6. CONCLUSIONS & FUTURE WORK
The method presented in this work, for the specific case of hematite in contrast to minerals expected at Oxia
Planum, is extendable to arbitrary targets and background sets: software is in development for scaling the
method to large sets (i.e. more comprehensive background mineralogy), and for exploring the wider SP phase-
space by varying the filters. Quantitative measures of clustering will enable scoring of SPs and combinations,
enabling a recommendation of PanCam filters required to discriminate a target against an expected background.
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Figure 2. Simulated rock outcrop hosting a mixture of hematite and goethite. Left shows sRGB colour image under uniform illuminant, demonstrating
the inability of the colour space to discriminate between the materials. Centre gives the SH600 spectral parameter map of the outcrop, mapped to a
viridis colour scale. Right gives the ground-truth texture of mineral mixing. Simulation rendered in an adapted distribution of spectral-PBRT at
hyperspectral resolution8.

Figure 4. Paired scatterplots of the SPs computed with CRISM and PanCam sampling, indicating data distribution of hematite (blue) against background minerals (orange, 
green, red) across the SP vector space. Univariate plots (diagonal) indicate single SP discrimination, bivariate indicate advantage of combing SPs. Upper gives density contours.

Figure 5. Plotting SPs of each 
instrument against the CRISM
SPs provides a visualization of 
the consistency of SP evaluation 
between instruments. CRISM vs 
CRISM explicitly shows the 
expected linear relationship, with 
axes indicating the expected 
range. Notably, Mastcam poorly 
captures BD640, and both 
instruments poorly capture 
BD860. Despite this, Figure 4 
demonstrated the utility of BD860
in hematite discrimination, which 
is ultimately the more important 
metric of success.

5. VISUALISATION
A Python software pipeline is in development, utilizing the Pandas library for multivariate data analysis. Figure 4 gives a
visual comparison of the computed SPs for CRISM and PanCam sampling, demonstrating the ability of each system to
discriminate hematite against the background minerals, via clustering in the SP vector space. Single SPs (diagonal)
indicate poor discrimination. Combined SPs, such as BD530/BD860, indicate robust discrimination. Figure 5 visualizes the
consistency of SP measurements between CRISM, PanCam and Mastcam, indicated by deviation from linearity.

Table 1. SP wavelengths for CRISM data, and 
nearest matches for PanCam and Mastcam.

3. SPECTRAL PARAMETERS
Spectral parameters (SPs) are
operations that measure certain
features of a mineral reflectance
spectrum. Thus, well chosen SPs
provide a low-dimensional method
of comparing and distinguishing
minerals. A set of recommended
SPs for the mineralogy of Mars
have been reported for application
to CRISM hyperspectral orbital
data6-7, a number of which span the
VNIR, illustrated in Figure 1. Figure
2 illustrates how an SP operation
applied across a hyperspectral
image can discriminate minerals.
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Figure 1. Illustration of the CRISM VNIR spectral parameters on an exemplary hematite spectra 
(RPN_OOX_04). BD= Band Depth, SH= Shoulder Height, R= Ratio. See 6-7.
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2. PANCAM
PanCam3 is the mast-mounted colour-stereo panoramic camera system for the ExoMars 2020 Rosalind
Franklin rover4, with an objective of visual geological characterisation, focusing on signatures of ancient
habitats. PanCam will measure the VNIR (380nm - 1100nm) spectral reflectance of surfaces with a
multispectral suite of 12 narrowband filters5.


