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ABSTRACT
Radar Analysis and Theoretical Modeling of the
Presence and Preservation of Ice on Mars

The distribution and nature of water ice on Mars has important implications for
understanding the Martian climate system, as well as evaluating the resources available for
future human explorers and the astrobiological potential of our solar system. This
dissertation presents a multi-faceted study of ice on Mars, combining spacecraft remote
sensing datasets from imaging and radar systems with theoretical models of ice stability.
In Chapter 1, I summarize the state of knowledge of ice on Mars and its relation to the
planet’s climate. In Chapter 2, I present the discovery of an ice sheet in the mid-latitude
region of Arcadia Planitia and constrain its properties using remote sensing observations
from the Mars Reconnaissance Orbiter. In Chapter 3, I model the thermal stability and
retreat from ice sheets in the mid-latitudes to understand their evolution and continued
preservation to the present day. Ice in the mid-latitudes exchanges with polar ice over
geologic time so to understand the other half of the Martian system, I investigate the
stability of polar deposits of ice. In Chapter 4, I quantify the role of ice sublimation in the
migration of troughs in the polar caps. Chapter 5 presents the conclusions of this
dissertation work and puts the results in the context of outstanding questions in Mars’
climate and ice-cycle evolution.
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CHAPTER 1
INTRODUCTION AND MOTIVATION

During the earlier Noachian (~4.1–3.7 Ga) and Hesperian (~3.7–3 Ga) epochs, surface
geomorphology suggests Mars’ climate featured at least intermittent, if not extended, wet
periods and geochemistry perhaps driven by warm conditions with greater atmospheric
pressures (e.g., Carr and Head, 2010). Mars’ low gravity combined with atmospheric
escape processes has meant that much of that early, thick atmosphere has been lost to space
(Jakosky et al., 2017; Jakosky and Jones, 1997), and the climate of the Amazonian (~3 Ga
to present) has been characterized by cold and dry conditions. During the Amazonian,
atmospheric and surface conditions have been largely controlled by periodic variations in
orbital and rotational parameters analogous to Earth’s Milankovitch cycles (Toon et al.,
1980).

While Earth also undergoes these perturbations in its orbital parameters (e.g., eccentricity
and longitude of perihelion) and tilt of its rotational axis (i.e., obliquity), the variations,
especially in obliquity, experienced by Earth are much smaller due to the presence of our
large, stabilizing moon. Earth and Mars currently have similar obliquities: 23.5° and 25.1°,
respectively. Earth’s obliquity varies between about 21.5 – 24.5° and is the main driver of
the Pleistocene ice ages (Hays et al., 1976; Liu, 1992). Meanwhile over the course of Mars’
history, its obliquity has undergone extremely large variations: from as low as 0° to likely
over 60° (Jakosky et al., 1995; Laskar et al., 2004).
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Variations in obliquity affect the distribution of incoming solar radiation and therefore
volatile stability. During low obliquities, insolation is more direct at the low latitudes,
which can heat the subsurface. Ice at low latitudes becomes unstable and sublimates,
transported in the atmosphere and redeposited at high latitudes where it is locked up until
it can be mobilized again during high obliquities (Head et al., 2003). At high obliquities,
the opposite occurs which drives ice stability towards the mid-latitudes and even mountain
flanks at equatorial latitudes. This transport of volatiles back and forth between different
latitudes throughout the Amazonian is thought to be the main driver for atmospheric and
geologic processes that have been occurring over this timeframe, influencing the
atmospheric conditions, distribution and properties of water ice reservoirs (e.g., Levrard et
al., 2004; Madeleine et al., 2009; Newman et al., 2005), surface morphology (e.g., Carr
and Head, 2010; Head et al., 2003; Levy et al., 2010) and possibly alteration of the surface
materials (Rutledge, 2015; Rutledge et al., 2018).

Information on past Martian climates is contained within the distribution and physical
properties of water ice. The conventional picture of Amazonian mid-latitude ice is that it
is young and pore-filling ground ice, which responds quickly to these varying orbital and
climatic conditions via atmospheric exchange (Bryson et al., 2008; Hudson et al., 2007;
Mellon and Jakosky, 1993; Schorghofer and Aharonson, 2005). Regolith with pore-filling
ice, ice which is deposited within the pore spaces of the regolith, is mostly composed of
dust and lithic material; ice is a relatively minor constituent (<50%). Excess ice deposits,
however, also referred to as massive ice in the terrestrial literature, have volumetric ice
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contents that exceed what is available in just the regolith pore-space. In excess ice, the
lithic and dust contents will be a minor constituent within an ice matrix.

Excess ice and pore-filling ice have different properties and morphological expressions.
They also have different implications for their emplacement: atmospheric deposition into
regolith pore space versus snowfall or ice lensing due to frost heave. Atmospheric
deposition is thought to drive much of the ice transport in the Amazonian. However, the
presence of thick deposits of relatively pure excess ice would point towards burial and
preservation of snowpack or glaciers (Head et al., 2003; Holt et al., 2008; Levrard et al.,
2004; Schorghofer, 2007a; Schorghofer and Forget, 2012). Processes analogous to frost
heave on Earth may create wedges of excess ice in the subsurface and would point towards
the movement of thin films of liquid water (Sizemore et al., 2015).

Each excess ice formation mechanism has different implications for understanding the
climate of the Amazonian as well as the availability of in-situ resources for future human
exploration to Mars and the astrobiological potential of the planet. As such, the two main
questions addressed in this dissertation are:

1. What is the distribution of ice reservoirs on Mars and what are the properties of the ice?
2. How stable is the ice in various reservoirs on Mars and how are these reservoirs
exchanging with each other?
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The mean obliquity in the last ~4 Myr has been ~25º, which is much lower than the mean
obliquity of ~35º in the 15 Myr preceding that, and even less than the most probable value
over 4 Gyr of Mars’ history, 41.8º (Laskar et al., 2004). Due to this decrease in mean
obliquity at around 4 Myr, it is thought that this is the time when the polar layered deposits
started forming, at the expense of mid-latitude reservoirs. In general, the mass balance at
Mars’ polar and non-polar ice deposits over various temporal and spatial scales is still
largely unknown. It is currently debated if the polar ice deposits are accumulating or
ablating at present-day, as well as what the timescales and magnitudes for exchange
between the various volatile reservoirs on Mars (Smith et al., 2018).

In Chapter 2, I address Question 1 posed above using craters and radar remote sensing to
probe the subsurface of Arcadia Planitia for ice. I address Question 2 in Chapters 3 and 4
using thermal conduction and vapor diffusion models to investigate the ice stability
conditions throughout the last several million years in the mid-latitudes and north polar
latitudes, and connect the model results back to the remote sensing observations of these
ice deposits. Identifying the present-day distribution of ice and conditions that led to the its
emplacement and evolution is important not only for future resources that will support
human exploration but also understanding: (a) the stability of ice in the Amazonian; (b) the
subsurface structure of Mars; and, (c) the orbital forcing of the Martian climate.
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CHAPTER 2
WIDESPREAD EXCESS ICE IN ARCADIA PLANITIA, MARS
Citation: Bramson, A. M., S. Byrne, N. E. Putzig, S. Sutton, J. J. Plaut, T. C. Brothers,
and J. W. Holt (2015), Widespread excess ice in Arcadia Planitia, Mars, Geophysical
Research Letters, 42, doi:10.1002/2015GL064844.
Accepted for publication July 18, 2015 in Geophysical Research Letters. An edited version
of this paper was published by AGU on August 26, 2015. Copyright 2015 American
Geophysical Union.

Key points
•
•
•

Terraced craters, which are abundant in Arcadia Planitia, indicate subsurface
layering.
A widespread subsurface interface is also detected by the radar instrument
SHARAD.
Combining optical and radar data sets yields dielectric constants consistent with
decameters of excess water ice.

Abstract
The distribution of subsurface water ice on Mars is a key constraint on past climate, while
the volumetric concentration of buried ice (pore-filling versus excess) provides information
about the process that led to its deposition. We investigate the subsurface of Arcadia
Planitia by measuring the depth of terraces in simple impact craters and mapping a
widespread subsurface reflection in radar sounding data. Assuming that the contrast in
material strengths responsible for the terracing is the same dielectric interface that causes
the radar reflection, we can combine these data to estimate the dielectric constant of the
overlying material. We compare these results to a three-component dielectric mixing model
to constrain composition. Our results indicate a widespread, decameters-thick layer that is
excess water ice ~104 km3 in volume. The accumulation and long-term preservation of this
ice is a challenge for current Martian climate models.
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2.1 Introduction
Information on past Martian climates is contained within the distribution and volume
fraction of water ice. The conventional picture of Amazonian mid-latitude ice is that it is
young and pore-filling ground ice, which responds quickly to varying orbital and climatic
conditions via atmospheric exchange (Bryson et al., 2008; Hudson et al., 2007; Mellon and
Jakosky, 1993; Schorghofer and Aharonson, 2005). Throughout the last 3 Gyr of Mars’
history, these orbital variations dictate where ice is stable – with ice locked up at the poles
during low obliquities and mobilized to lower latitudes during higher obliquities (Head et
al., 2003).

Models of the distribution of ice stability with the current Martian climate (and today’s
lower-than-average obliquity) suggest that water ice should be stable poleward of the midlatitudes (~40-50°) within a meter of the surface, and stable closer to the surface near the
poles (Mellon et al., 2004; Schorghofer, 2007a). These predictions are supported by
inferences of water-equivalent hydrogen content in the upper meter of the surface using the
Gamma Ray Spectrometer and Neutron Spectrometer onboard Mars Odyssey (Boynton et
al., 2002; Feldman et al., 2002; Mitrofanov et al., 2002).

The current consensus is that ice in the northern mid-latitudes should be “pore-filling”,
accumulating in and sublimating from shallow pore spaces in the regolith in equilibrium
with atmospheric water vapor. However, multiple observations suggest relatively pure
excess ice, with higher ice abundances than possible within the porosity of dry regolith.
Evidence includes ice-exposing impacts (Byrne et al., 2009; Dundas et al., 2014), radar-
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detection of massive ice in debris-covered glaciers (Holt et al., 2008; Plaut et al., 2009b),
analysis of the latitude-dependence of pedestal craters (Kadish et al., 2009) and
thermokarstic expansion of secondary craters (Viola et al., 2015). The Phoenix lander (at
69° N) excavated both pore-filling and excess ice in the upper centimeters of the surface
(Mellon et al., 2009; Smith et al., 2009).

Neither the source nor the emplacement timing of excess ice in the mid-latitudes are well
understood. A recent study by Viola et al. (2015) of superposed secondary craters in
Arcadia Planitia suggests excess ice in this location that is 10s of Myr old. This age is
inconsistent with ice stability models, which predict that any ice should periodically
sublimate away with obliquity cycles that vary on much shorter timescales. Proposed
formation mechanisms for excess ice include burial and preservation of snowpack or
glaciers from past orbital periods (Head et al., 2003; Holt et al., 2008; Levrard et al., 2004;
Schorghofer, 2007a; Schorghofer and Forget, 2012), development of ice lenses in the
subsurface (Sizemore et al., 2015), and thermal contraction of ice in pore spaces to allow
increased water vapor diffusion (Fisher, 2005).

Understanding ice-emplacement mechanisms and timing is important for understanding
Martian climate history. However, to do so one must first constrain the current distribution
and concentration of subsurface ice on Mars. Craters provide a way to probe subsurface
structure, and concentric terracing within the walls of simple craters (Figure 2.1) is often
indicative of layering within the target material (Ormö et al., 2013; Quaide and Oberbeck,
1968). Here, we use images and digital terrain models (DTMs) from the Mars
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Reconnaissance Orbiter (MRO) High Resolution Imaging Science Experiment (HiRISE)
(McEwen et al., 2010) to determine the morphology and geometry of terraced craters
within Arcadia Planitia, and we combine these data with radar sounding from the MRO
Shallow Radar (SHARAD) instrument (Figure 2.1c) to constrain the dielectric properties
(and thus composition) of the materials overlying a widespread, radar-detected interface.

Figure 2.1: Evidence of layering in Arcadia Planitia (a) DTM for a doubly-terraced crater
(informally known as Badger Crater) made with HiRISE images ESP_018522_2270 &
ESP_019010_2270. (b) Profile across the crater with planes fit to elevations sampled across
the surroundings and each terrace. (c) SHARAD radargram that passes within 8.2 km of
Badger crater with the vertical scale given in one-way travel time.

2.2 Methods
We mapped the locations of 187 terraced craters within Arcadia Planitia (Figure 2.2) using
281 Context Camera (CTX) (Malin et al., 2007) images within the region between 180°225°E and 38-50°N, chosen on the basis of the boundary within which Plaut et al. (2009a)
initially found a widespread SHARAD reflector indicative of layering within the
subsurface. We projected CTX images using the United States Geological Survey’s ISIS
(Integrated Software for Imagers and Spectrometers) and Map Projection on the Web tools,
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and imported the projected images at full-resolution into Esri’s geospatial processing
program ArcMap™.

We termed a crater as terraced if it exhibited a concentric, flat-lying ledge within the crater
wall. Craters were given one of three designations based on the number of terraces and the
certainty of terracing: one terrace, two terraces, or questionable terracing. We assigned the
latter designation if, at CTX resolution (6 m/pixel), the possible terraces were not
pronounced, the concentric structure was only seen in part of the crater, or if the
morphology was difficult to distinguish from an expanded crater morphology (as defined
by Viola et al. (2015)). We followed up on 32 of these terraced craters with HiRISE stereo
imaging. From these stereo data, we made 11 DTMs (Figure A3 in appendix A) using a
combination of ISIS and the stereogrammetric SOCET SET™ (BAE Systems, Inc.)
software, following the method described in Kirk et al. (2008) and Sutton et al. (2015).
From the DTMs, we sampled the elevations of each terrace at multiple azimuths as well as
the surrounding terrain at three crater radii from the crater’s center (beyond most ejecta).
We fit planes to these elevations for both surroundings and terrace(s), calculating the
elevation on each plane at the center of the crater. We recorded the depth of a terrace as the
difference between the elevation of the surrounding and terrace planes at the crater’s center
(details of all measurements are in Table A1 in appendix A).

We also mapped the surface and subsurface radar interfaces across Arcadia Planitia in 299
SHARAD tracks. These radargrams (along-track images of radar return power versus delay
time) were processed with the Smithsonian focused processor (Campbell et al., 2011) on
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the Colorado SHARAD Processing System (CO-SHARPS) using the processing
parameters listed in section A1 within Appendix A. With its 20 MHz center frequency and
bandwidth of 10 MHz, SHARAD provides a vertical resolution of 15 m in free space, and
15εr-1/2 m in a medium of a given dielectric constant (εr).

Bright reflections from off-nadir surface topography, known as “clutter”, may appear at
the same delay times as subsurface returns in the radar data. To check for clutter, we
compared the radargrams to corresponding clutter simulations produced using the
algorithm of Holt et al. (2008, 2006) with Mars Orbiter Laser Altimeter (MOLA) data
(Figure A1). We mapped non-clutter subsurface reflectors using SeisWare geophysical
interpretation software (SeisWare International Inc.), avoiding radar sidelobes using
methods described in section A1.
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Figure 2.2: Map of terraced craters and subsurface radar reflectors in Arcadia Planitia (a)
Terraced crater locations (B&W) and SHARAD one-way delay times (colors) of mapped
subsurface interfaces. (b) One-way delay times in (a).

Assuming that the change in material strength responsible for the terraces corresponds to
the dielectric interface that causes the subsurface SHARAD reflection, we can use the
terraced crater geometry to independently measure the depth to the subsurface reflector.
For each crater, we calculated an inverse-distance weighted mean for all one-way delay
times (half of the measured delay times) between the surface and subsurface reflectors
within 10 km of the crater. Comparing the depth of the terraces (Δx) to the time delay
between surface and subsurface radar reflections (Δt), we determined wave velocity (v)
and thus the dielectric constant (relative dielectric permittivity) of the overlying material
near the craters: εr = (c Δt/Δx)2 = (c/v)2, where c is the speed of light in vacuum. Section
A2 contains our method of estimating errors in εr.
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The dielectric constant εr is a measure of the speed an electromagnetic wave moves in a
material relative to free space, and varies with material properties. Thus our calculations
put constraints on the composition of the radar-transmitting layer. The dielectric constant
of pure water ice is ~3.15 (Matsuoka et al., 1997) while that of vacuum (and the Martian
atmosphere) is 1. Rust et al. (1999) found an εr of 7.54 for pure basalt (no porosity
included), while Campbell and Ulrichs (1969) found values up to ~9 for bulk measurements
of dense basalts; for this work, we follow Moore and Jakosky (1989) in assuming an εr of
8 for any lithic material. We compare our εr estimates near the terraced craters to the
modeled dielectric behavior for three-component mixtures of varying volumetric fractions
of ice, basaltic rock, and air (i.e. empty pore space) using the power-law relation εmix1/γ =
νrockεrock1/γ + νiceεice1/γ + νairεair1/γ with γ=2.7, the exponent Stillman et al. (2010) found to
best fit sand-ice mixtures (Figure 2.3). Shabtaie and Bentley (1994) showed that γ=2.7 also
works for ice-air mixtures, and this fit should hold for inclusions of any dielectrically inert
material (which covers the range of expected Martian materials) (Stillman and Olhoeft,
2008).
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Figure 2.3: Ternary diagram of dielectric constant calculations for mixtures of ice, rock
and air. The shaded bottom-left corner represents the region of parameter space where
porosities are implausible (>50%). The bottom-right corner inside the dashed lines is the
pore-filling ice regime. Near-vertical bold lines represent contours for three dielectric
constant values (2.5, 3.15 and 6.5).

The compositions predicted by the dielectric mixing models yield non-unique solutions.
For example, pure water ice has a dielectric constant of ~3.15; however, Figure 2.3
demonstrates that this value would also be consistent with a mixture of about equal parts
rock and air or a three-component mixture of about 50% ice, 25% rock and 25% air (as
well as a variety of mixtures in between).

Porosities of more than 50% (bottom-left of Figure 2.3) are rare in geologic materials.
Porosity is expected to be at a maximum at the surface, and modeling by Zent et al. (2010)
for the Phoenix landing site and measurements taken at the Viking landing sites of loose
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winddrift material (Moore et al., 1987) suggest a surface porosity of ~50%. Windblown
material is likely not representative of actual regolith though. Recent gravity measurements
of porosity in the near-surface lunar regolith are significantly lower, ~10–20% (Han et al.,
2014; Wieczorek et al., 2013). Therefore, we adopt the Viking surface measurement as a
conservative upper limit for the porosities averaged over decameters into the subsurface.

The bottom-right corner of Figure 2.3 represents the regime of porous regolith with varying
amounts of ice filled into the pore spaces. The lines along values of constant rock content
represent a continuum ranging from empty pore spaces at the bottom of the plot (the line
defining 0% ice) to completely ice-filled pores (where the rock-content line intersects with
0% air).

2.3 Results
Many of the craters included in this study exhibit two terraces, with a shallower, subtler
terrace within the crater wall and a wider, deeper terrace near the floor of the crater. As the
shallower terraces are less pronounced, we interpret this as a subtler change in material
properties – which is less likely to be detected with SHARAD. Within the area searched
with CTX images, we identified 62 craters (diameter = 328 ± 129 m within one standard
deviation) as single-terraced and 35 craters (diameter = 430 ± 135 m) as having two
terraces. We categorized an additional 90 craters (diameter = 339 ± 271 m) as
“questionably terraced”.
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Figure 2.1a shows a DTM for one such doubly-terraced crater (informally named Badger)
located at 46.581°N, 194.85°E. Its large, flat terrace is at 43 m depth (which we term floorlevel), and likely a major compositional interface. A smaller, shallower (17 m depth)
terrace in the crater wall suggests additional complexity in the subsurface, perhaps a change
in porosity or composition (such as a desiccated surface layer overlying ice). The fact that
we see many craters with two terraces (which on average probe deeper than single-terraced
craters) suggests that there are multiple layers within the subsurface throughout this region.
The similarity in terracing across many craters indicates the same subsurface structure
likely extends across the study area. However, the spread in terrace depths (Table A1)
indicates that significant heterogeneity in the thicknesses of the material. Our terrace depths
generally cluster into three or four depth ranges (<10 m, 17–23 m, 26–31 m and >42 m).

Our results from mapping SHARAD reflectors also show lateral heterogeneity, with
greater delay times towards the south and interspersed patches that lack subsurface
reflectors. We do not see any cases with two subsurface SHARAD interfaces that may be
associated with the terraces, although there is occasionally a much deeper reflector beyond
the depths probed by the craters (an example of which can be seen in Figure 2.1c). This
deeper reflector is interpreted as the continuation of a buried Vastitas Borealis Formation
unit often seen across Amazonis Planitia (Campbell et al., 2008), which is directly south
of our region of interest in Arcadia Planitia. Since this deeper reflector is related to a
separate geological contact, we purposefully avoided mapping it in Arcadia Planitia,
although it is possible that in rare places this reflector could have been the only one present
and therefore misinterpreted. Figure 2.2b shows a histogram of measured one-way delay
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times for the entire study area, with the peak at 0.22 μs. The tail of large delay times may
be contamination from this buried Vastitas Borealis Formation contact.

The extent of our mapped SHARAD reflectors is similar to that initially found by Plaut et
al. (2009a) and Stillman and Grimm (2011). We compute the area of Arcadia Planitia that
contains a mapped subsurface radar reflector to be ~2.5×105 km2. Our map of subsurface
reflectors (Figure 2.2a) shows a small gap near 212°E, 40°N where the surface echo is
absent due to unusually high roughness (also indicted in MOLA pulse-width data) (Carter
et al., 2009b), preventing an accurate measure of delay time to the subsurface reflector.
Similar behavior is seen by SHARAD in the Medusae Fossae Formation where the surface
is extremely rough between centimeter and meter scales and the low dielectric constant
limits the power of the surface return (Carter et al., 2009b). Because of this and additional
reasons discussed below, the extent of the deposit shown in Figure 2.2a is a lower limit.
We also compute a convex hull of 1.2×106 km2 around the subsurface radar reflector
measurements to put an upper limit on the area enclosed by the detections (details in A3 in
Appendix A).

We believe that the real geographic area covered by the deposit is closer to that calculated
for the convex hull (upper bound) than for the mapped radar reflector (lower bound)
because the deposit likely occurs even in reflection-free patches. We are not able to resolve
any interfaces from within the vertical resolution of SHARAD (8.4 m assuming pure water
ice of εr=3.15 or 5.3 m in rock with εr=8). Efforts to limit sidelobes of the surface echo can
also preclude the identification of any other shallow reflectors within ~20–30 m of the
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surface, potentially obscuring the multiple shallower reflectors that one might otherwise
expect to occur given the terracing seen within the crater walls. The deepest terraces within
two craters located in areas where no SHARAD subsurface reflection appears are at 18 and
23 m depths, likely within this near-surface range where subsurface returns may be masked
by the bright surface return or attenuated in the processing to limit sidelobes. Because we
find terraced craters in some of these subsurface-reflector-free patches, it is probable that
the layer does not disappear when the reflector disappears but rather the interface becomes
too shallow for its base to be resolved by the radar. Reflection-free patches could also be
produced by a small dielectric contrast between overlying and underlying material, or a
gradual vertical dielectric transition.

Two SHARAD tracks pass near the crater shown in Figure 2.1 with one-way delay times
of the subsurface reflector ranging from 0.21 μs to 0.27 μs. Using an inverse-distance
weighted-mean of radar returns within 10 km gives a one-way delay time of 0.24 μs relative
to the surrounding surface. If the SHARAD interface corresponds to the small, shallower
terrace at 17 m depth, then εr = 17.9 ± 0.39, an unrealistically large value for geologic
materials. Thus, it is implausible that the radar reflector corresponds to this upper
compositional interface. However, associating this delay time with the second, deeper
terrace at a depth of 43 m yields a realistic εr ~2.9 ± 0.39. This is consistent with our
expectation that the deeper, more significant, terraces are more likely to correspond to the
radar reflection. Therefore, we compare the deeper terraces to subsurface radar returns.
Four out of the 11 terraced craters for which we have DTMs exhibit two terraces (important
because we require the deeper terrace) and have subsurface radar reflectors within 10 km
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(important because of the lateral heterogeneity in the thickness of the layer). For three of
these craters, we find similar dielectric constants of 2.1, 2.6, and 2.9.

The fourth crater yields a higher dielectric constant of 6.5 (right-most contour in Figure
2.3), but this crater is likely too shallow to provide realistic interpretations of the layer. An
εr of 6.5 is a reasonable value for pore-filling ice or porous basalt, a common material on
Mars that is often layered. However, this crater’s deepest terrace is at 31 m whereas the
other three have floor terraces deeper than 42 m. Thus, this fourth crater likely does not
excavate to sufficient depth to intersect the radar reflector interface despite it having two
terraces, and the measurements from the other three craters are expected to be most
representative of the bulk composition of the layer.

The average dielectric constant of the three deepest craters is 2.5 with an error of 0.28.
Because our εr=2.5 contour is clearly outside the pore-filling ice parameter space (Figure
2.3), we conclude that the material in the upper decameters of the surface is excess ice of
up to 75% volumetric fraction ice. Because we can only compute a bulk dielectric constant
from surface to base of the radar-detected subsurface interface, this value likely includes
the effects of a desiccated regolith layer at the surface, which could bias the interpretation
towards lower ice contents. Our results can only place constraints on the overall
composition, ignoring the finer structure that likely exists in the upper decameters of the
subsurface. Using this average dielectric constant, we convert delay times to depths to
constrain the volume of the deposit to be between ~1.3×104 km3 and 6.1×104 km3 (see
section A3 for details).
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For the εr=2.5 contour, the maximum allowed volumetric rock fraction is ~20%, meaning
the initial porosity would have to be 80% if the ice were deposited via the usual pore-filling
ice mechanism. Even at the high-end of our error bars, where the maximum rock fraction
reaches 30%, the initial porosity would need to be ~70%. These are unreasonable initial
porosities, and thus we rule out the atmospheric vapor pore-filling ice origin.

Dielectric constants as low as ~3.0 can be due to low-density volcanic materials such as
pumice, tuff and ash (Campbell and Ulrichs, 1969). Such dielectric constants have been
measured in the upper few hundred meters of the Medusae Fossae Formation, and were
interpreted to be a low-density pyroclastic unit (Carter et al., 2009b; Watters et al., 2007).
While similarly porous volcanic materials could explain the dielectric constants in Arcadia
Planitia, one cannot explain other morphological features such as expanded craters (Viola
et al., 2015) or the ice-exposing craters (Byrne et al., 2009; Dundas et al., 2014) with such
materials.

Carbon dioxide ice has a dielectric constant of ~2.1 (Pettinelli et al., 2003). While our
calculations yield numbers that could also be consistent with CO 2 ice and lithic mixtures,
the temperatures decameters into the subsurface will equal the annual mean surface
temperature, which is much greater than the frost point for CO2 ice. Thus, conditions at the
mid-latitudes are not stable for perennial buried CO2 ice and we rule out this composition.
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The SHARAD subsurface reflectors we detect across Arcadia Planitia are of similar
brightness to the surface reflector, suggesting this subsurface layer does not strongly
attenuate the signal, behaving similarly to reflectors in the polar layered deposits (Putzig
et al., 2009) and the base of lobate debris aprons (Holt et al., 2008; Plaut et al., 2009b).
This provides additional support in favor of an ice-rich layer rather than a lithic-rich layer,
as lithic materials cause more attenuation of the radar return (Carter et al., 2009b, 2009a).
Although there are numerous interpretations that would match our calculations, the
prevalence of surface features associated with the presence of excess ice across Arcadia
Planitia (Byrne et al., 2009; Dundas et al., 2014; Holt et al., 2008; Kadish et al., 2009; Plaut
et al., 2009a; Viola et al., 2015) also supports our ice interpretation.

2.4 Conclusions and discussion
We present evidence of widespread subsurface layering from SHARAD radar interfaces
and terraced craters across Arcadia Planitia. We use HiRISE-derived digital terrain models
of terraced craters to directly measure the depths to this SHARAD interface. From the
combination of depths and radar delay times, we calculate dielectric constants, and infer
that the decameters of material between the surface and interface is mostly water ice. Our
work constrains depths to the presumed base of the ice layer (mode depth = 42 m, mean
depth = 51 m, standard deviation = 18 m, using our derived dielectric constant of 2.5). We
also place constraints on the area covered by the ice (<1.2×106 km2) over a latitude range
of 38°N – 52°N, and place limits on the volume of ice (1.3×104 km3 – 6.1×104 km3).
Superposed expanded secondary craters in the region also support the presence of excess
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ice, and dating of their primary craters suggests that this ice has been present at this location
for 10s of Myr (Viola et al., 2015).

Climate models suggest that widespread deposition of ice could have occurred in the midlatitudes during Mars’ high obliquity (>35°) periods under certain conditions; e.g.
Madeleine et al. (2009) found ~10 mm/year of ice accumulation was possible in Arcadia
Planitia when equatorial “tropical mountain glacier” ice is available to be mobilized,
atmospheric dust opacity is high (τ=2.5), and obliquity is 35°. Any such period of ice
deposition/snowfall would likely need to be quickly followed by the formation of a
protective lag to preserve the layer. However, uncertainty exists in conditions needed to
preserve the layer for the 10s of Myr suggested by Viola et al. (2015).

The response of ice to changing conditions is dependent on the diffusion coefficient of
water vapor through the regolith, with higher diffusion coefficients corresponding to faster
responses. Experimental studies of ice diffusion properties under simulated Martian
conditions suggest Martian regolith has high diffusion coefficients (Bryson et al., 2008;
Chevrier et al., 2007; Hudson et al., 2007; Sizemore and Mellon, 2008); in other words,
water vapor should readily diffuse from the subsurface during even brief excursions
through periods of ice instability. Evidence that ice in the upper meter of the surface
responds rapidly to climatic changes comes from Mars Odyssey observations (Boynton et
al., 2002; Feldman et al., 2002; Mitrofanov et al., 2002), which show a match between
today’s ice distribution and current climate model predictions (Mellon et al., 2004;

33

Schorghofer and Aharonson, 2005). Depths to ice at the Phoenix site suggest the extent of
ground ice is in approximate equilibrium with the present climate (Mellon et al., 2009).

With such findings, a mechanism to preserve an ice sheet for 10s of Myr remains elusive.
Experiments by Hudson et al. (2007) have difficulty attaining the low diffusion coefficients
needed to preserve ice for this long. Laboratory experiments on mass loss rates of pure
water ice by Bryson et al. (2008) find that a 1 m layer of ice underneath a 2 m layer of finegrained basaltic regolith could remain stable for 400 Kyr (since the last large obliquity
change). It is unclear from their study, however, if thicker ice could remain through the
hundreds of predicted large obliquity changes over the course of last 10s of Myr. Head et
al. (2003) and Schorghofer and Forget (2012) predict that a thick ice sheet would be
geologically recent and actively retreating to come into equilibrium with the current
atmospheric conditions at these mid-latitudes. For example, ice stability models by
Schorghofer and Forget (2012) found that a 4.5 Myr old ice sheet (an order of magnitude
younger than this ice) 30 m thick and extending to the equator would not have survived at
these latitudes to the present day.

While atmospheric water vapor can recharge the ice within pore spaces quickly, once
excess ice has sublimated away, it cannot be recharged via atmospherically-derived water.
Fisher (2005) proposed a mechanism by which thermal contraction of pore-ice works to
open voids that can be further filled with ice through diffusion of water vapor. His results
suggest that the upper few meters of Martian regolith could reach up to 70% ice by mass
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in 10 Myr. But it is doubtful this mechanism could form the thicknesses of excess ice at
the depths we infer to be present across Arcadia Planitia.

Segregation of pre-existing pore ice, analogous to frost heave, has also been proposed for
generating excess ice near the surface by Sizemore et al. (2015), who modeled ice lens
initiation and development, tracking phase partitioning of water in soil pores. Their
simulations suggest ice lens formation is possible in the upper tens of centimeters of the
surface in fine-grained soils. However, the thicknesses of ice discussed in this paper are
likely too great to form from ice lenses, even under idealized soil and temperature
conditions with continuous growth of segregated ice.

We consider snowfall to be the leading formation mechanism proposed for this ice deposit
because it can most easily explain the thickness and widespread nature of the excess ice
observed. An ice deposition episode similar to that proposed by Madeleine et al. (2009)
would be a good candidate for the excess ice across Arcadia Planitia, but because of the
expected age of the ice, there is a need for a theoretical paradigm to explain its preservation.
The latitude range of this ice deposit, its purity, thickness, area and volume provide
important constraints for future climate and ice stability models over the last 10s of Myr.
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Key points
•

Decameters of ice loss over the past 21 Myr forms a sublimation lag, allowing Mars
mid-latitude ice sheets ~100m thick to survive to present.

•

Retreat of this ice could have contributed 6% of the North Polar Layered Deposits
in the last 4 Myr and over 10% if polar deposits are older.

•

Modeling of vapor migration suggests ice porosity can be sustained on timescales
longer than retreat, consistent with radar observations.

Abstract
Excess ice with a minimum age of tens of millions of years is widespread in Arcadia
Planitia on Mars, and a similar deposit has been found in Utopia Planitia. The conditions
that led to the formation and preservation of these mid-latitude ice sheets hold clues to past
climate and subsurface structure on Mars. We simulate the thermal stability and retreat of
buried excess ice sheets over 21 Myr of Martian orbital solutions and find that the ice sheets
can be orders of magnitude older than the obliquity cycles that are typically thought to
drive mid-latitude ice deposition and sublimation. Retreat of this ice in the last 4 Myr could
have contributed ~6% of the volume of the North Polar Layered Deposits (NPLD) and
more than 10% if the NPLD are older than 4 Myr. Matching the measured dielectric
constants of the Arcadia and Utopia Planitia deposits requires ice porosities of ~25–35%.
We model geothermally driven vapor migration through porous ice under Martian
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temperatures and find that Martian firn may be able to maintain porosity for timescales
longer than we predict for retreat of the ice.

3.1 Introduction
In the last decade, many lines of evidence have emerged suggesting excess ice (ice that
exceeds the pore volume of the regolith; also referred to as massive ice in terrestrial
literature) is common in the northern mid-latitudes (~30–60°N) of Mars. Shallow Radar
(SHARAD) sounding of the subsurface has detected dielectric interfaces that have been
attributed to the bottom of excess ice sheets in Arcadia Planitia (Bramson et al., 2015) and
Utopia Planitia (Stuurman et al., 2016) decameters below the surface (Figure 3.1).
Geomorphological evidence includes sublimation-thermokarst features, which form from
collapse of the surface after localized sublimation of 5–10 m of excess ice, such as
expanded craters (Viola et al., 2015) and scalloped depressions (Dundas et al., 2015). The
most definitive evidence for mid-latitude buried excess ice in the Mars Odyssey Neutron
Spectrometer (MONS) data was found to be in Arcadia Planitia (Feldman et al., 2011).
Improved spatial resolution maps of epithermal neutron data from MONS also show the
near subsurface of Arcadia Planitia is hydrogen-rich (Wilson et al., 2018). Many new
impacts expose and excavate nearly-pure water ice (<10% dust by volume) as far south as
38°N (Dundas et al., 2014) within the uppermost meter, and craters across this region
exhibit a terraced morphology due to layers in the subsurface that have been attributed to
the same ice layer inferred to cause the dielectric interfaces in SHARAD data (Bramson et
al., 2015).
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The thicknesses measured for the Arcadia Planitia ice are 30–80 m, with the deeper values
occurring near the southern extent of the deposit (~38–40°N). Based on a morphological
unit of layered mesa terrain, the Utopia Planitia deposit was found to be 80–170 m in
thickness. Both Arcadia and Utopia deposits, each containing ice volumes on the order of
tens of thousands of cubic kilometers, were found to have dielectric constants (real part) of
~2.5 (Bramson et al., 2015; Stuurman et al., 2016), consistent with porous ice with low
dust contents (Table 3.1). Because of the thick and widespread nature of these deposits, as
well as the low dust contents and relatively high porosities suggested by the dielectric
constants, snowfall is the most likely mechanism for their emplacement (Bramson et al.,
2015).

Figure 3.1: Map of mid-latitude ice deposits discussed in text. (a) MOLA colorized
elevation basemap with outlines of the regions of interest in (b) and (c). (b) SHARAD
subsurface reflectors in Utopia Planitia from Stuurman et al. (2016) and (c) Arcadia
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Planitia from Bramson et al. (2015). (b) and (c) show reflector delay times converted to
depth assuming a dielectric constant of 2.8 (b) or 2.5 (c) based on the respective studies
cited for each region.

Regional Observational Constraints of Excess Ice Deposits
Deposit Properties
Arcadia Planitia
Utopia Planitia
Latitude Range
38 – 52°N
40 – 50°N
Dielectric Constant
2.5 +/- 0.28
2.8 +/- 0.8
Thickness
30 – 80 m
80 – 170 m
2
Area
250,000 km (radar reflective
375,000 km2 (radar reflective
2
region) – 1,200,000 km
region) – 1,000,000 km2 (entire
(convex hull of radar
morphological unit)
reflections)
Volume
13,000 km3 – 61,000 km3
8,400 – 14,300 km3
-2
-1
-0.5
Thermal Inertia of
196 J m K s
195 J m-2 K-1 s-0.5
the Region
Albedo of the
0.23
0.12
Region
Table 3.1: Observations of ice deposits in Arcadia Planitia (Chapter 2; Bramson et al.,
2015) and Utopia Planitia (Stuurman et al., 2016), as well as TES-derived thermal inertia
from Putzig and Mellon (2007a) and albedo from Christensen et al. (2001) for each region.

The observed minimum age of the mid-latitude excess ice in Arcadia Planitia was
determined through crater-age dating to be tens of millions of years (Viola et al., 2015).
This age has been difficult to reconcile with the standard paradigm of mid-latitude ice,
which generally interprets mid-latitude ice as young ice that exchanges and equilibrates
with the atmosphere to interact with the polar volatile reservoirs over Mars’ 120 kyr
periodicity obliquity cycles (e.g., Schorghofer (2007b)). Experiments on the diffusive
properties of Martian regolith, along with numerical simulations of the diffusion process,
indicate that water vapor should readily diffuse from the subsurface (Bryson et al., 2008;
Chevrier et al., 2007; Hudson et al., 2007; Sizemore and Mellon, 2008). This suggests that
even brief excursions through periods of ice instability should have caused mid-latitude ice
to readily sublimate, and any replenishment of the ice from the atmosphere would be pore40

filling rather than excess ice. Both Schorghofer and Forget (2012) and Head et al. (2003)
predict an ice sheet would be geologically young (less than a few Myr) and should be
actively retreating towards equilibrium under current atmospheric conditions. For example,
a 30 m thick ice layer deposited 4.5 Ma (an order of magnitude younger than predicted for
the ice observed in Arcadia Planitia), is not expected to survive to the present day in the
mid-latitudes (Schorghofer and Forget, 2012). Furthermore, the dielectric constants
reported by Bramson et al. (2015) and Stuurman et al. (2016) both unexpectedly require
substantial porosity in the excess ice layer. Densification models of the North Polar
Layered Deposits (NPLD) by Arthern et al. (2000) showed that under current polar
conditions, ice very close to the surface is likely to have minimal porosity. Moreover,
terrestrial firn typically densifies rapidly over timescales of hundreds to thousands of years
(Cuffey and Paterson, 2010).

These discrepancies between our understanding of the stability and state of mid-latitude
ice and observations of old (tens of millions of years) excess porous ice at these latitudes
can inform us about Mars’ climatic history and subsurface structure. Identifying the
conditions that led to the present-day distribution of excess ice is important for future
resources that will support human exploration as well as understanding: (a) the stability of
ice in the Amazonian (3 Ga to present); (b) the subsurface structure in the mid-latitudes;
and, (c) the orbital forcing of the Martian climate. To test conditions for excess ice
preservation in the last tens of millions of years, we calculated the expected ice retreat
throughout 21 Myr-long orbital solutions (obliquity, eccentricity, longitude of perihelion;
(Laskar et al., 2004)). We used 1D thermal conduction and vapor diffusion models to

41

characterize the conditions necessary to reproduce the observed thicknesses and dielectric
constants of excess ice deposits and assess if it is reasonable to expect long-term stability
of porous mid-latitude excess ice.

3.2 Methods
3.2.1 Thermal model
We calculate temperatures of the subsurface using a 1D thermal conduction model, which
follows the surface energy balance of Equation 3.1, with thermal conduction between
numerical layers in the subsurface (Equation 3.2) as employed in other such models
(Chamberlain and Boynton, 2007; Kieffer, 2013; Mellon et al., 2000; Putzig and Mellon,
2007b; Schorghofer, 2007b; Schorghofer and Aharonson, 2005; Vasavada et al., 1999).
The model solves the heat equation using a semi-implicit Crank-Nicolson numerical
scheme (Crank and Nicolson, 1947) and assumes the surface is in energetic equilibrium
while the bottom boundary condition is a 30 mW/m2 geothermal heat flux (Fanale, 1976).
A description of each parameter in these and later equations can be found in Table 3.2.

Equation 3.1:

4
𝜀𝜎𝑇𝑠𝑢𝑟𝑓
= 𝑆𝑜 cos(𝑖) (1 − 𝐴) + 𝐿𝐶𝑂2

Equation 3.2:

𝜌𝑐 𝜕𝑡 = 𝜕𝑧 (𝑘 𝜕𝑧 )

𝜕𝑇

𝜕

𝑑𝑚𝐶𝑂2
𝑑𝑡

𝜕𝑇

+ 𝑘 𝜕𝑧 + 𝐼𝑅↓

𝜕𝑇

Variable
𝜀

Parameter
emissivity of the surface

𝜎
Tsurf

Stefan-Boltzmann constant
surface temperature

Comment
assumed to be 1, or 0.8 if covered in
CO2 frost
5.67×10-8 W m-2 K-4
calculated at every timestep
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So

solar flux at Mars

calculated at every timestep throughout
a Martian year using the planet’s
orbital properties and a rotation rate of
88775.2
seconds;
includes
an
additional 2% of the top-of-atmosphere
flux as scattered light
i
incidence angle of sunlight
calculated based on latitude and can
include the effects of sloped terrain
A
surface albedo
0.23 for Arcadia Planitia, 0.12 for
Utopia Planitia, and 0.65 if the surface
is covered in CO2 frost
LCO2
latent heat of CO2 frost on the 590 kJ kg-1
surface
mCO2
mass of a CO2 surface layer
calculated at every timestep; generally
ranges from 0 to ~45 kg m-2 depending
on the latitude and time of the year
k
thermal conductivity
see Table 3.3
𝐼𝑅↓
downwelling infrared radiation assumed to be 4% of the noon-time
from the atmosphere
insolation
I
thermal inertia
see Table 3.3
𝜌
density
see Table 3.3
𝑐
heat capacity
see Table 3.3
𝐷 reg
vapor
diffusion
coefficient nominal value of 3×10-4 m2 s-1 from
through the regolith
Dundas et al. (2015), consistent with
Hudson et al. (2007)
𝐷 ice
vapor
diffusion
coefficient nominal value of 10-4 m2 s-1
through porous ice
𝜌̅ vapor
annual average saturation vapor calculated for each orbital solution
density
𝜌̅ atmos
annual average atmospheric calculated for each orbital solution, see
water vapor density
section 3.2.2
𝑧𝑖
depth to ice stability when it is occurs where 𝜌̅ vapor=𝜌̅ atmos
between the surface and zei
𝑧𝑒𝑖
depth to top of the excess ice increases over time as ice retreats and
interface
leaves behind a lag deposit
ϕreg
porosity of the regolith layer
ϕice
porosity of the excess ice layer
volumetric dust content of the
d
excess ice layer
ρice
density of pure water ice
917 kg m-3
Table 3.2: Parameters used in the thermal model and ice retreat calculations of Equations
3.1–3.4.
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The parameter t is the variable time, z is the vertical coordinate representing depth and T
represents the temperature within a given layer. The term containing mCO2 accounts for the
presence of a surface layer of carbon dioxide frost when surface temperatures fall below
the frost point of CO2, ~148 K for 610 Pa of atmospheric pressure. When this occurs, the
surface temperature is fixed at the frost point, which is calculated for each time of the year
using a curve fit to Viking 1 atmospheric pressure data (Hess et al., 1980). We used an
average albedo for each area of interest, 0.23 for Arcadia Planitia and 0.12 for Utopia
Planitia, based on Thermal Emission Spectrometer (TES) data (Christensen et al., 2001).
The calculation of solar flux also includes an additional 2% of the top-of-atmosphere flux
as an approximation for atmospherically scattered visible light (Aharonson and
Schorghofer, 2006; Kieffer et al., 1977). We model the downwelling infrared radiation as
4% of the daily noon-time flux (Aharonson and Schorghofer, 2006).

Layer thickness is calculated such that 15 numerical layers are present within one diurnal
skin depth of the regolith. The thickness of each layer grows by 3% so that layers are
thinnest near the surface, where the temperature fluctuations are greatest, allowing these
fluctuations to be resolved. The model domain extends to 6 annual skin depths. The model
uses a numerical timestep of 1500 seconds, though we also tested timesteps of 500 and
1000 seconds to ensure this choice affected results to <0.5%. After running a “wind-up”
phase of five Martian years, we set temperatures at all depths equal to the annual average
surface temperature. We then run the model for another ten Martian years, recording annual
averages at each depth in the last year of the run. The temperatures in this last year converge
to within a tenth of a kelvin of solutions from the year before it.
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We allow for subsurface layers of different thermophysical properties, which we use to
model a dry surface regolith layer of low thermal inertia that may contain ice within its
pores (Figure 3.2). A dry “lag” deposit forms atop the excess ice upon its retreat and damps
temperature oscillations, thus insulating the ice below. The regolith has some porosity
(ϕreg), nominally 40%, and the excess ice is modeled with varying porosity (ϕice) and
volumetric dust content (d). We calculate volumetric heat capacity (ρc) of the layers using
a linear combination of silicate material, ice and porosity. Example values for regolith with
and without pore-filling ice, as well as the end member values of the rocky material and
pure ice used in the calculation, are provided in Table 3.3. The conductivity of the upper,
dry regolith layer is determined from the thermal inertia squared divided by the volumetric
heat capacity. The thermal inertias, based on analysis of nighttime TES temperatures
(Putzig and Mellon, 2007a) for each region, are 196 J m-2 K-1 s-0.5 for Arcadia Planitia and
195 J m-2 K-1 s-0.5 for Utopia Planitia. The pore-filling ice and excess ice layer conductivities
are calculated assuming linear combinations of end-member conductivities based on
volumetric contents of each component (rock, ice and air) in the mixture. However, we
compared our modeling results between runs using an ice conductivity with negligible
dependence on porosity and that of the Van Dusen (1929) equation (Equation 3.3), which
is nonlinear with density. The difference in the effective conductivity between these two
schemes is a factor of up to 4–5 for our highest porosities (50%), and yields only a 2–3%
change in the final ice retreat and lag thickness results. The effective conductivity of a
mixture ultimately depends on how the two end-members mix with each other; alternative
effective thermal conductivity mixing models include Series (Mellon et al., 1997), Parallel
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(Wechsler et al., 1972), Geometric Mean (Johansen, 1975) and Volumetric (Siegler et al.,
2012). Experiments on icy Martian regolith analogs show the relationship will depend on
the geometry of contacts between grains (Piqueux and Christensen, 2009a; Siegler et al.,
2012).

Equation 3.3:

𝑘 = 2.1 × 10−2 + (4.2 × 10−4 )ρ + (2.2 × 10−9 )𝜌3

Property

Rock
end
member

Ice
end
member

Conductivity,
k
Heat
capacity, c

2
W m-1 K-1
837
J kg-1 K-1

Density, ρ

3300 kg m-3

3.2
W m-1 K-1
1540
J kg-1 K-1
920 kg m3

Dry
Regolith
(ϕreg = 40%)
TI = 196
J m-2 K-1 s-0.5
0.023
W m-1 K-1

Regolith
(ϕreg = 40%)
with Porefilling ice

Excess ice
(ϕice = 30%;
d = 3%)

2.48
W m-1 K-1

ρc =
1,657,260
kg s-2 K-1 m-1

ρc =
2,223,980
kg s-2 K-1 m-1

2.14
W m-1 K-1
ρc =
1,032,119
kg s-2 K-1 m1

Table 3.3: Thermophysical properties of rock and ice used as end-members for linear
combinations of rock, ice and porosity in the calculation of k and ρc for each of our three
thermophysical layers (dry regolith, pore-filling ice and excess ice), and example values
for our nominal Arcadia Planitia case.
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Figure 3.2: Stratigraphy of thermophysical layers modeled in the case where pore-filling
ice is present.

Pore-filling ice is stable when the annual-average water-vapor density at or above the
excess ice interface (zei) is less than or equal to the atmosphere, 𝜌̅ vapor ≤ 𝜌̅ atmos (Schorghofer,
2010). Using modeled temperatures with the Clausius-Clapeyron equation and ideal gas
law, we calculate vapor densities throughout the regolith and (if it exists) we find the
stability depth (zi) where 𝜌̅ vapor = 𝜌̅ atmos. We assume that the pore-filling ice is always in
equilibrium with the atmosphere and that regolith pores below the stability depth (between
zi and zei) are always completely filled with ice (model stratigraphy shown in Figure 3.2).
Supporting these assumptions are experiments on the diffusivity of Mars regolith
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simulants, which suggest rapid removal and emplacement of pore ice on timescales
comparable to periodic changes in obliquity (120 kyr) (Hudson et al., 2007). If pore-filling
ice exists within the lag deposit, we assume it is impermeable and so there is no retreat of
the excess ice sheet below.

No pore-filling ice is stable when zi exceeds zei. In this case there is only dry regolith atop
the excess ice and vapor from the excess ice can diffuse away through the open pores.
When 𝜌̅ vapor > 𝜌̅ atmos at the excess-ice interface, ice is lost at a rate that is dependent on the
vapor diffusion coefficient of the regolith, the difference between the vapor density and
atmospheric vapor content, and the depth of zei (Equation 3.4). The diffusion coefficients
for a range of materials under simulated Mars surface conditions were found to be ~2×105

m2/s – 5×10-4 m2/s (Hudson et al., 2007); we use a nominal value of Dreg = 3×10-4 m2/s.

When excess ice retreats, it leaves behind any silicate material embedded within it, thus
growing the lag deposit and increasing zei. We implement the growth of this regolith layer
over time following the method described in Schorghofer (2010) and using his integrated
solution for lag thickness. Lag thickness changes within each timestep and we use the
average lag thickness from the start and end of the orbital timestep when calculating the
ice retreat for that orbital solution (Equation 3.4). We assume the excess ice sheet is of
infinite thickness in order to evaluate how much ice loss would be expected over time. We
step through the 21 Myr of orbital solutions in 10 kyr increments. Using a maximum
resolution of 1 kyr instead caused the final lag and ice retreat thicknesses to differ by only
tenths of a percent.
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Equation 3.4:

𝐼𝑐𝑒 𝑅𝑒𝑡𝑟𝑒𝑎𝑡 =

̅ vapor, Zei − 𝜌
̅ atmos ) Δt
𝐷𝑟𝑒𝑔 (𝜌
𝑧̅𝑒𝑖 (1−𝜙𝑖𝑐𝑒−d) ρice

Because we wish to estimate ice retreat over millions of years, we use the fast numerical
method developed by Schorghofer (2007b), in which the annual time-averaged calculations
are sufficient for calculating long-term evolution of subsurface ice while offering an
improvement in runtime by 5 orders of magnitude. Although our thermal model resolves
diurnal temperatures variations which are subsequently applied to calculations of the
annual average vapor densities, it would be impractical (>1000 year runtimes) to simulate
ice exchange at a similar timestep. Therefore, our model ignores processes involved with
the daily and seasonal exchange of water between the atmosphere and regolith.
Schorghofer (2010) shows that while the strategy does not correctly reproduce seasonal
subsurface ice, it does correctly predict the amount of perennial ice.

3.2.2 Free parameters tested
Given the importance of 𝜌̅ atmos on ice stability conditions, we run the model using various
schemes from the literature that describe how 𝜌̅ atmos varies over time. Our nominal case
uses the results of Schorghofer and Forget (2012) (“SF12”), which provides atmospheric
partial pressure of H2O vs. obliquity, which we convert to vapor density using the annual
average surface temperature outputted by the model.

We also ran cases using the results of Chamberlain and Boynton (2007) (“CB07”), which
yield a global average 100 precipitable microns (pr-μm) of water vapor in the atmosphere
at high obliquities, fractions (thousandths to tenths) of a pr-μm at low (10º-15º) obliquities,
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and about 20 pr-μm of globally averaged atmospheric water vapor at the present obliquity.
We fit a curve to the CB07 results in 5º increments for obliquities 10–45º, and then
converted precipitable microns to water vapor density in the same manner as CB07 (i.e.,
by assuming a constant mixing ratio throughout the whole atmosphere). This yields vapor
densities larger than Schorghofer and Forget (2012) except at extremely low obliquities
(<17º).

We also converted the fit to the CB07 results to surface water vapor densities using
condensation height (Hc) to atmospheric scale height (H) ratios (Schorghofer and
𝑧

Aharonson, 2005) of 0.5, 1, 2 and 3 and multiplying by an elevation correction term of 𝑒 − 𝐻
(Mellon et al., 2004; Schorghofer and Forget, 2012). This elevation term increases surface
water vapor density by ~33% relative to that at 0 km for an elevation of -3 km (the value
we assume for the northern plains) and an atmospheric scale height of 10.8 km (which we
leave constant throughout all model runs). We assume the atmosphere is evenly mixed
below the altitude specified by Hc. Changing this value affects the concentration of water
vapor near the surface (e.g. lower Hc/H concentrates water vapor lower in the atmosphere),
and allows us to test the effect of surface concentration on expected ice retreat. The
resulting water vapor densities at each orbital solution for each scheme that we test are
shown in Figure 3.3. While these schemes are among those offered in the current literature,
they assume the presence of the NPLD, and it is unclear if these schemes would still hold
during higher obliquities in the absence of polar volatile reservoirs.
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Figure 3.3: Obliquity-dependent atmospheric vapor densities on the surface (45°N) over
time in the six different schemes tested. SF12 stands for the scheme in Schorghofer and
Forget (2012); CB07 represents that of Chamberlain and Boynton (2007); Hc/H schemes
are based on the results of CB07 but are converted to vapor densities using a factor of
condensation height relative to atmospheric scale height.

The porosity and dust content of the excess ice affect the results by changing the thickness
of ice lost and the rate of thickening of the lag deposit. Higher porosities lead to increased
ice retreat for a given mass flux, while increased dust content in the ice leads to a faster
build-up of the lag, thereby increasing the insulation of the excess ice and reducing
subsequent ice retreat. These properties also have the greatest influence on the expected
dielectric constant of the subsurface stratigraphy. Therefore, we explore the parameter
space of porosities and dust contents that produce final model stratigraphies that match the
observed dielectric constants (Table 3.1).

51

3.2.3 Calculating dielectric constants from model output
We calculate the real part of the dielectric constants (also commonly referred to as the
relative permittivity), εr, for the final model stratigraphies (dry lag with possible porefilling ice layer atop excess ice) of each model run using the dielectric mixing model of
Stillman et al. (2010). This mixing model was also used to relate dielectric constants to
composition in Bramson et al. (2015) and Stuurman et al. (2016). We use this power-law
relationship (Equation 3.5) to calculate the dielectric constant for each of the three
thermophysical layers (εN) of a given volumetric fraction (ν) of rock, air and ice, assuming
εrock = 8, εice = 3.15 and εair = 1. In the dry regolith layer, νrock = 1-ϕreg, νair = ϕreg and νice =
0. For pore-filling ice, νrock is the same as the dry regolith case, but νice = ϕreg and νair = 0.
Within the excess ice, νrock = d, νair = ϕice and νice = 1-d-ϕice. For our nominal case, this
mixing model yields a dielectric constant of 4.16 for dry regolith, 5.72 for pore-filling ice
and 2.43 for excess ice.

Equation 3.5:

εN1/2.7 = νrockεrock1/2.7 + νiceεice1/2.7 + νairεair1/2.7

Equation 3.6:

Δ𝑡𝑁 =

Equation 3.7:

𝜀𝑟 = (

Δz𝑁 √𝜀𝑁
𝑣𝑐
𝑣𝑐 ∑3𝑁=1 Δ𝑡𝑁
𝑧𝑡𝑜𝑡𝑎𝑙

)

2

We calculate the time it would take a radar wave to travel through each layer, ΔtN (Equation
3.6), using the thicknesses of each layer (ΔzN) outputted by our ice stability model at the
final timestep (present day) for the lag and pore-filling layers, and the currently observed
depths to the bottom of the excess ice (ztotal). We then set the ratio of ztotal over the total
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delay time to the bottom of the stratigraphy equal to the ratio of the speed of light (vc) over
the square root of the dielectric constant. Solving for the bulk dielectric constant of the
total stratigraphy gives Equation 3.7.

In this calculation, we use observations of the bottom of the excess ice sheet today (and
thus the depth of the total modeled stratigraphy, ztotal) at 42 m at 45ºN and 73 m at 38ºN in
Arcadia Planitia. We use an average thickness of 100 m for the Utopia Planitia deposit
(Stuurman et al., 2016) to calculate a dielectric constant for the final modeled stratigraphies
for our Utopia Planitia model results.

3.3 Results
Starting with an infinitely thick excess ice sheet buried by dry regolith such that the top of
the excess ice is at the equilibrium depth (zei = zi) for conditions 21 Myr ago, we calculate
how much retreat the ice would undergo to the present day. At 45°N, this leads to an initial
stratigraphy of 4.7 cm of dry regolith atop the excess ice. Meanwhile, the thickness of the
initial regolith layer is 5.6 cm at 38°N and 4.6 cm at 50°N. Our nominal case includes 30%
ice porosity and 3% ice dust content at 45°N in Arcadia Planitia. The nominal case also
assumes the SF12 atmospheric surface water vapor density scheme.

The amount of total retreat is of the same order of magnitude as the observed thicknesses
of ice in Arcadia Planitia and Utopia Planitia today (Figure 3.4), suggesting it is reasonable
to preserve tens to hundreds of meters of ice over timeframes of tens of Myr, as it would
only require an initial ice sheet 2–3x thicker than present. Most ice loss occurs during times
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of low obliquity, as this is when the mid-latitudes receive the most direct solar radiation,
causing temperatures, and thus vapor densities at the excess ice interface, to be higher. Low
obliquity is also the period with the driest atmosphere. We find 24.36° is the lowest
obliquity for which pore-filling ice is stable at 45°N. During any obliquity lower than this,
ice is lost from the ice sheet.

Figure 3.4: Modeled ice retreat and lag deposit growth for the latitude range of excess ice
in Arcadia Planitia using the nominal case of 30% ice porosity and 3% ice dust content.
The grey dashed lines in the top plot show the average thickness of the Arcadia Planitia ice
sheet at 38°N and 45°N based on the radar measurements in Bramson et al. (2015).
Ice is lost at higher obliquities if the eccentricity and argument of perihelion are
unfavorable for ice stability. Figure 3.5 shows a normalized histogram of obliquities for
which ice is stable and unstable. The two outliers of ice instability at high obliquities are
within the first 60kyr of the run when the lag deposit is thinnest. Excluding those two
points, the highest obliquity at which ice retreats is 28.94°. Therefore, ice is stable at any
obliquity above this value except the two early cases.
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Figure 3.5: Histogram of ice stability for different obliquities in the last 21 Myr for our
nominal case at 45°N where orange bars are the probability ice is unstable for that obliquity
and blue bars are the probability ice is stable.

About 4 Myr ago, the mean obliquity dropped from about 35º to 25º (Laskar et al., 2004).
As shown in Figure 3.4a, most ice retreat, especially at the middle to higher latitudes of
those we consider, occurs within this timeframe. At 38ºN, roughly half of the retreat has
occurred since this drop in average obliquity at around 4 Ma, the other half occurring in
the much longer timespan (4–21 Myr). At 50ºN, ~75% of the total retreat occurs since 4
Ma. Orbital solutions older than 21 Ma are chaotic, but if the average obliquity was similar
to or higher than that between 4–21 Ma, then ice could be older without significantly
increasing the total loss. Ice is less stable at lower latitudes, and we find ice retreat is higher
by a factor of 4 at the lowest latitudes (38ºN) versus the highest latitudes (50ºN) modeled.
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During the 21 Myr simulation, pore-filling ice is stable at 45ºN 85.6% of the time, and
95.3% of the time prior to 4 Ma. At 38°N, pore-filling ice exists 64.3% of the time overall
and 74.8% of the time before 4 Ma.

During the last 4 Myr, our model predicts pore-filling ice to be stable 45% of the time, with
retreat occurring during the other 55%. Our nominal model finds pore-filling ice stable as
recently as 80 ka at a depth of 34 cm in Arcadia Planitia (45°N). At 38°N pore-filling ice
was briefly stable at 380 ka below 35 cm of dry regolith, and was only stable 20.3% of the
time since 4 Ma. We find pore-filling ice to be stable at 50°N in the current climate at an
equilibrium depth of 0.18 m, matching previous thermal model results for the present epoch
(e.g., Chamberlain and Boynton (2007)).

The deposit in Arcadia Planitia extends at least as far south as 38°N where predicted losses
are more than double those at 45°N (Figure 3.4); however, the excess ice mapped in these
southern areas is approximately twice as thick as the northern areas (if the dielectric
constant of 2.5 is the same across the deposit). Therefore, the higher losses at more
southerly locations are still within a factor of 1–2 of the surviving ice thicknesses.

It may be feasible that the thermokarstically expanded craters across Arcadia Planitia
(Viola et al., 2015) would not be substantially affected by significant ice loss if the ice loss
in the crater occurs at the same rate as the surrounding plains during periods of retreat
across the region. However, additional work is needed to determine the extent that the
expanded craters’ shape or even presence would be affected by slow retreat of the entire
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ice sheet. Additionally, removal of ice from the upper surface would not necessarily affect
the location of terraces in craters across Arcadia Planitia (Bramson et al., 2015) that form
at the ice-rock interface, as long as not all of the ice has been removed.

3.3.1 Effect of atmospheric water vapor content
For the atmospheric water vapor versus obliquity schemes tested (described in section
3.2.2), the final ice retreat varies by at most tens of percent (Figure 3.6). Lower Hc/H values
act to concentrate atmospheric water vapor closer to the surface, increasing ice stability
and leading to less ice retreat and growth of the lag deposit. For small Hc/H values, ice
becomes stable up to the surface. For Hc/H = 1/3, ice becomes stable within the vertical
resolution of our top numerical layer. Because our model does not treat the processes
involved with surface ice, we use a minimum Hc/H = 0.5, in which the shallowest
equilibrium depth of pore-filling ice is 4 mm. With Hc/H = 0.5, pore-filling ice would be
stable during the present epoch at 45° N at an equilibrium depth of 24 cm.

Temperature is a factor in computing the atmospheric water vapor densities in all of the
schemes tested except CB07, which uses a constant mixing ratio throughout the entire
atmosphere. Lower temperatures (and therefore higher latitudes) yield higher vapor
densities. The vapor densities are therefore also sensitive to obliquity. SF12 produces the
most ice retreat of all schemes at a latitude of 38°N but the least retreat at 50°N. At 45°N,
SF12 and CB07 yield a similar amount of final ice retreat at the end of the 21 Myr run
(Figure 3.6). But the relative amount of retreat between these schemes is not uniform over
time: SF12 experiences the most sublimation between 21–4 Myr ago, and CB07 surpasses
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SF12 in the last 4 Myr when the mean obliquity is lower. This effect, however, does not
change our conclusions for the latitude range we consider, and the atmospheric scheme
only affects the final ice retreats by at most tens of percent.

Figure 3.6: Modeled ice retreat and lag growth for different atmospheric water vapor
schemes at 45N in Arcadia Planitia.
3.3.2 Porosity and dust content of the ice
We calculated the dielectric constants for the final modeled stratigraphies as described in
section 3.2.3, testing a range of dust contents and porosities of the excess ice layer to match
the dielectric constants measured for Arcadia Planitia (2.5 +/- 0.28), shown in Figure 3.7.
Some dust content is needed in the ice so that a lag deposit can form, though we find that
dust contents below ~1% lead to more than 200 m of ice loss at 38°N and more than 100
58

m at 45°N (Figure 3.7, bottom row), making these cases less likely. However, higher dust
contents lead to thicker lag deposits (Figure 3.7, middle row) and thus higher dielectric
constants. Therefore, the most likely solution involves intermediate values of both dust
content and porosity within the parameter space allowed by the dielectric constants. Ice
porosities of ~25–35% and dust contents of ~1–5% are most likely to explain both the
preservation of ice and match the measured dielectric constants (Figure 3.7). These dust
contents are consistent with that expected for ice-rich Lobate Debris Aprons (LDAs) in the
mid-latitudes based on radar attenuation through these glacial features (dust fractions <
10%) (Holt et al., 2008).
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Figure 3.7: Final dielectric constants, lag thicknesses and ice losses for models of different
ice dust contents and porosities in Arcadia Planitia. Final dielectric constants are in the top
row, lag thicknesses are in the middle row and ice retreats are in the bottom row for 45ºN
(left column) and 38ºN (right column) for model runs in Arcadia Planitia (A=0.23,
TI=196). The solid line is the average dielectric constant for Arcadia Planitia (2.5) and the
dashed lines represent the upper and lower limit of the error bars of the dielectric constant
from Bramson et al. (2015).

While the thermal inertia of Utopia Planitia is similar to that of Arcadia Planitia, the region
is darker with an albedo 0.12 (compared to Arcadia Planitia’s albedo of 0.23). For the same
latitude (45°N), this has the effect of essentially doubling the amount of ice retreat and
therefore lag growth (Figure 3.8). The calculated ice retreat is larger than the Arcadia
Planitia cases, but the retreat is still of the same order of magnitude as the thicknesses
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observed in this region, due to the Utopia deposit being a factor of 2–3 thicker than that of
Arcadia. The higher average dielectric constant in Utopia Planitia suggests that this ice
may require less porosity to be consistent with the observations, however the error bars are
larger, so these models place weaker constraints on parameters than the Arcadia Planitia
cases.

Figure 3.8: Final dielectric constants, lag thicknesses and ice losses for models of different
ice dust contents and porosities in Utopia Planitia. Final dielectric constants are in the top
row, lag thicknesses are in the middle row and ice retreats are in the bottom row for model
runs at 45°N in Utopia Planitia (A=0.12, TI=195). The solid line is the average dielectric
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constant for Utopia Planitia (2.8) with the upper limit of the error bar (3.6) outside of the
plot and the lower limit of the dielectric constants error (2) in the bottom right corner. The
dielectric constant values for Utopia Planitia are from Stuurman et al. (2016).
3.3.3 Contribution to the north polar layered deposits (NPLD)
To quantify the contribution of ice lost from these deposits to the NPLD, we calculate
approximate volumes of ice loss over time. For our volume calculations, we use the
maximum areas reported for each regional deposit at present-day (Table 3.1). For Arcadia
Planitia, this area is calculated from a convex hull around the radar detections (Bramson et
al., 2015). For Utopia Planitia, this area is the entire extent of the geomorphological unit
on which the radar reflectors were identified (Kerrigan, 2013; Stuurman et al., 2016).
However, there is uncertainty on the full extent of the deposits, as SHARAD cannot detect
reflectors shallower than ~20–30 m, and we do not know how extensive the ice sheets
could have been in the past. This means that the values we report here are not necessarily
upper limits.

We divide the area for Arcadia Plantia (1,200,000 km2) into three equal areas of 25 m,
(highest latitudes) 50 m (middle latitudes) and 120 m (lowest latitudes) of ice loss based
on our nominal run (Figure 3.5) to calculate a volume of pure ice (0% porosity) lost in
Arcadia Planitia over the last 21 Myr of ~52,300 km3. Using the area of the
geomorphological unit in Utopia Planitia (1,000,000 km2), and ice retreat thicknesses that
are twice as thick as those in Arcadia Planitia, we get an approximate ice loss of ~87,100
km3 from Utopia Planitia. This yields a total ice volume lost from Arcadia Planitia and
Utopia Planitia over the last 21 Myr of ~140,000 km 3.
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The area of NPLD is 1.12 x 106 km2 with a lower limit (assuming no flexure) on the volume
of 1.14 x 106 km3 (Smith et al., 2001). This means retreat of the mid-latitude deposits could
have contributed ~12% of the volume of ice of the NPLD (assuming 0% porosity), equating
to 124 meters of its thickness over 21 Myr if the NPLD are at least this age. Global Climate
Models suggest that the accumulation of a northern ice cap may have initiated with the
decrease in average insolation at the poles 4 Myr ago (Levrard et al., 2007). Using just the
amount of ice that retreated in the last 4 Myr of our model gives a volume estimate ~50%
lower, which suggests these mid-latitude deposits could have contributed ~6% of the
volume of the NPLD since the drop in mean obliquity.

A widespread, recent accumulation package (“WRAP”) within the polar layered deposits
(PLD) was identified in the SHARAD data, and has been attributed to accumulation of ice
since the end of the last Martian ice age ~370 ka (Smith et al., 2016). This unit was found
to have a volume of 80,000 km3 at the north pole and 7,000 km3 at the south pole (Smith
et al., 2016). Following the above calculations with the amount of ice that retreats in the
last 370 kyr of our nominal model runs, we find the volume of pure ice lost from the
Arcadia Planitia and Utopia Planitia deposits in this timespan is ~2883 km 3. Therefore,
retreat of these two mid-latitude excess ice reservoirs could have contributed ~3% of this
most recent accumulation unit.

3.4 Densification of Martian excess ice
Our results suggest that mid-latitude ice sheets would need to maintain substantial porosity
(~25–35%) in the time since their emplacement. On Earth, buried snow densifies to the

63

point that air bubbles are isolated from the atmosphere within timescales of roughly a few
hundred years (Schwander et al., 1997). Here, we model vapor diffusion through porous
ice to explore the feasibility of retaining porosity in an ice sheet under Martian conditions
for much longer timescales.

Densification of snow into firn and then dense ice on Earth likely happens orders of
magnitude faster than on Mars (Arthern et al., 2000). The low temperatures, atmospheric
pressures, accumulation rates and gravity on Mars will contribute to longer densification
times. Under dry conditions, the most important factor in the initial stages of densification
from snow into firn is the settling of particles; for spherically-shaped particles, packing
experiments show that this process can reduce porosity to no less than 40% (corresponding
density of 550 kg/m3) (Cuffey and Paterson, 2010). Vapor diffusion then dominates and
drives the intermediate stages of densification, contributing to growing “necks” between
ice grains. Recrystallization and deformation change the shape and size of crystals to
reduce stresses, occurring quicker under pressure, until density reaches ~730 kg/m3. In the
final stages, ice deformation takes over to close off air spaces from each other. At this point
(density of ~830 kg/m3), the firn has become glacial ice and additional reductions in
porosity are due to compression and removal of air bubbles. Though important to ice
densification on Earth, the effects of meltwater are likely much less important on Mars,
especially during the cold-and-dry climate of the late Amazonian and at depths of only
decameters, where overburden pressures are low. Brief peaks in surface temperature could
aid in crystal coagulation and densification very near to the surface (the diurnal thermal
skin depth of ice is tens of centimeters). However, this would only play a role very shortly
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after ice emplacement, as a low thermal inertia lag forms quickly, dampening the
temperature variations experienced by the top of the ice sheet. Our understanding of firn
densification processes is rooted in terrestrial experience, however, and other processes
such as migration of water through thin surface films may be important over the longer
timescales considered at Mars and require further investigation.

Under Mars’ current climate, vapor transport has been found to dominate over icedeformation mechanisms (Arthern et al., 2000). To test if intermediate porosities (values
between that caused by compaction and the sealing off of pores at high densities) are
reasonable tens of millions of years after emplacement, we model vapor diffusion driven
by temperature gradients through firn, similar to Mellon et al. (1997) which concerned the
movement of vapor through porous regolith and interstitial ice. Here, we use the term firn
to simply refer to porous ice. We set the temperatures at the top (T1) and bottom (T2) of the
firn layer to be the average excess ice interface temperatures (Ttop = Tzei) plus the
geothermal gradient due to planetary heat flux, Q. This is shown in Equation 3.8, where k
is the thermal conductivity of pure ice (kice) or firn (kfirn), Hi is the thickness of ice and Hf
is the thickness of the firn. Corresponding saturation vapor densities (ρv) are calculated,
and the difference between vapor densities at the top and bottom of the firn layer drives
vapor diffusion from the bottom of the firn into the pore spaces at the top. This removes
material from the bottom as a front of dense ice grows downwards (Figure 3.9). We
integrate over time to calculate a new thickness of the dense ice (Hi) and firn (Hf) layers
(Equations 3.9 and 3.10).
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Figure 3.9: Diagram showing the structure of the vapor diffusion densification model. The
red arrow indicates that the interface between layers moves downward as the dense ice
layer thickens.

Equations 3.8:

Equation 3.9:

𝑇1 = 𝑇𝑡𝑜𝑝 +

𝑄
𝑘𝑖𝑐𝑒

𝐻𝑖

𝐻𝑓_𝑛𝑒𝑤 = √𝐻𝑓_𝑜𝑙𝑑 2 − 𝜙

𝑎𝑛𝑑

𝑇2 = 𝑇𝑡𝑜𝑝 +

2 D𝑖𝑐𝑒 (𝜌v2 − 𝜌v1)
𝑓𝑖𝑟𝑛 (1−𝜙𝑓𝑖𝑟𝑛 )𝜌ice

𝑄
𝑘𝑖𝑐𝑒

𝐻𝑖 +

𝑄
𝑘𝑓𝑖𝑟𝑛

𝐻𝑓

[𝑡𝑛𝑒𝑤 − 𝑡𝑜𝑙𝑑 ]

Equation 3.10: 𝐻𝑖_𝑛𝑒𝑤 = 𝐻𝑖_𝑜𝑙𝑑 + [𝐻𝑓_𝑜𝑙𝑑 − 𝐻𝑓_𝑛𝑒𝑤 ](1 − 𝜙𝑓𝑖𝑟𝑛 )

We test a range of constant Ttop values (195–215K) for models spanning times longer than
21 Myr. For runs within this timeframe of 21 Myr, we use the annual average temperature
outputs at the excess ice interface from our nominal thermal model. We also assume that
the firn is sealed off from the atmosphere by the densified top layer such that mass is
conserved. We investigate the time needed for 50 m of 50% porosity firn to turn into pure
ice via vapor diffusion, one of the main drivers of the intermediate stages of firn
densification, especially on Mars (Arthern et al., 2000). This is an approximation, as vapor
diffusion is inhibited when the pore spaces become isolated from each other at ~10%
porosity (Arthern et al., 2000; Maeno and Ebinuma, 1983). The main factors that affect the
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amount of densification in this model are the heat flux, firn thermal conductivity and vapor
diffusivity (each discussed below), but in general, we find timescales for complete
densification of tens to hundreds of millions of years.

We use a nominal heat flux of 30 mW/m2 (Fanale, 1976), although this is an upper limit
for the late Amazonian and in the northern plains (Phillips et al., 2008; Plesa et al., 2016;
Ruiz et al., 2010, 2008; Solomon et al., 2005). As the heat flux is likely smaller than this,
Q = 30mW/m2 provides a conservative lower limit on densification time for any given kfirn.
Figure 3.10 shows a plot of densification times vs. conductivity for this heat flux as well
as two smaller values (10 and 20 mW/m2).

While thermal conductivity of ice is empirically dependent on temperature (Cuffey and
Paterson, 2010), conductivity only ranges 3.23 – 3.05 W m-1 K-1 for the range of annual
average temperatures at the excess ice interface within the last 21 Myr (~195–205K). It
therefore contributes negligibly to changing densification time; the relationship of
conductivity to porosity is much more important. A linear relationship with porosity would
mean conductivity would drop from that of pure ice (3.2 W m-1 K-1) to 1.6 W m-1 K-1 for
50% porosity, yielding a densification time of 360 Myr for a Ttop of 205 K. Measurements
of effective thermal conductivities of 30 terrestrial snow samples spanning a range of
seasonal snow types suggest a strong correlation between thermal conductivity and snow
density (Calonne et al., 2011). The relationship of Calonne et al. (2011), shown in Equation
3.11, matches closely with that proposed in a comprehensive data review by Yen (1981).
For a porosity of ~50% (density ~458 kg/m3), the fit from Calonne et al. (2011) yields a
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conductivity of 0.493 W m-1 K-1. The Van Dunsen (1929) formula for conductivity
(Equation 3.4) also has a nonlinear dependence on porosity and in most cases is expected
to be a lower limit. This formula yields k ~ 0.43 W m -1 K-1 for the same density, which we
take to be our nominal value. Cassanelli and Head (2015) base their lower limit of
conductivity on an expression from Carr and Head (2003). Using the Carr and Head (2003)
formula (Equation 3.12) as an extreme lower limit would yield a conductivity of 0.26 W
m-1 K-1 and densification time of 50 Myr.

Equation 3.11:

𝑘 = (2.5 × 10−6)𝜌2 − (1.23 × 10−4 )ρ + 0.024

Equation 3.12:

𝑙𝑜𝑔(𝑘) = 0.4 + 2.9 𝑙𝑜𝑔(ρ)

The effective water vapor diffusion coefficient in snow on Earth has been found to be on
the order of 10-5 to 10-4 m2/s (Sokratov and Maeno, 2000). We use a value on the upper
extreme of terrestrial firn diffusivities (nominal Dice of 10-4 m2/s) to account for the lower
pressure on Mars; this value is also on the same order as the diffusion coefficient of other
porous materials under simulated Mars surface conditions (Hudson et al., 2007). The
diffusive flux is linearly dependent on the diffusion coefficient; thus, if the diffusion
coefficient of vapor through Martian firn is higher than this nominal value by an order of
magnitude, the densification timescales would correspondingly decrease by an order of
magnitude from those reported here.

Using all of our nominal conditions described above and our modeled temperatures, the
dense ice layer grows to a thickness of 3.5 m, while 43 m of the column remains as porous

68

firn over the last 21 Myr. Under these conditions, but with a Ttop of 205 K, 50 meters of ice
would take 86 Myr to densify completely. The rate of densification is small compared to
the rate of ice loss over this same timeframe (~50 m ice retreat), as shown in Figure 3.10.
As the retreat will occur from the top dense ice layer, the bottom porous layer will dominate
what is left of the column leading to the low dielectric constants observed. As such, we
would not necessarily expect complete densification of the remaining ice sheet over
relevant timescales.
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Figure 3.10: Results of modeling ice densification driven by vapor diffusion. Top:
Relationship between densification time and conductivity of the firn for a constant ice table
temperature of 205K and three heat flux values. Bottom: Diagram showing the decrease in
firn thickness and subsequent growth of the dense ice layer as vapor diffuses. Ttop is set to
temperatures at the excess ice interface from our nominal ice stability model over 21 Myr.
Overplotted on this diagram is the ice retreat from sublimation that would occur in the same
timespan.

3.5 Discussion
3.5.1 Carbon dioxide clathrates
Although our densification experiment above (section 3.4) suggests it could be possible to
maintain porosity in the ice, one alternative possibility to explain the low dielectric
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constants of these northern mid-latitude deposits could be a significant amount of buried
carbon dioxide clathrates in these regions. The dielectric properties of carbon dioxide
clathrates are not well characterized. However, they contain a nonpolar guest molecule in
a type I lattice structure similar to that of N2 clathrates, which have an 𝜀𝑟 of ~2.85 (Nunes
and Phillips, 2006). Replacing εice with this value in the calculation of bulk dielectric
constant would lower the required porosity of the deposit. The CO 2 gas pressure needed to
form clathrate at 205 K is ~0.5 bar (Mellon, 1996). Pore-filling atmospheric CO2 in the firn
would initially be at atmospheric pressure; however, as firn densifies the pore space is
reduced and the gas can become pressurized. The maximum amount of clathrate that could
be formed in this way is limited though. For a ~50 m-thick column of material with 50%
porosity, the total mass of CO2 gas in the pores will be less than 1 kg. If completely
converted this would produce only ~20 kg of clathrates compared to the >20 metric tons
of water ice in the column. Therefore, it is unlikely that carbon dioxide clathrates make a
substantial contribution to the mid-latitude deposits we are discussing here.

3.5.2 Latitudinal trends on lag growth and excess ice retreat
In our results, we find more retreat, and thus growth of a thicker lag deposit, at lower
latitudes. This trend is expected since the depth to stable ice increases as you move
equatorward, and suggests we should observe a latitudinal trend in lag thickness. The
distribution of ice depth versus latitude based on recent ice exposing impacts (Dundas et
al., 2014) indeed suggests there is a latitudinal trend in lag thickness, though their
estimation of excavation depth suggests the lag thicknesses we model may be larger by a
factor of a few. For example, in the 38N Arcadia Planitia case, our nominal dust content
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of 3% and ice porosity of 30% yields a lag thickness of ~5 m. But some craters at this
latitude expose relatively pure ice within the upper meter of the surface (Dundas et al.,
2014). It is possible that the excess ice exposed by these craters is more shallowly and
recently sourced, such as ice lens formation within a pore-filling ice layer (Sizemore et al.,
2015), similar to that proposed for the excess ice excavated at Phoenix (Mellon et al.,
2009). Additionally, salts could be atmospherically sourced (Santiago-Materese et al.,
2018) and concentrated in the subsurface, as seen at the Phoenix landing site (Cull et al.,
2010), to create an impermeable crust near the surface. If such additional ice, or salt, layers
are pervasive in the near-subsurface across the mid and high latitudes of Mars, it could
significantly affect the diffusive exchange of water vapor between the deeper subsurface
and the atmosphere and make it easier to preserve deeper ice and limit lag growth.

If the excess ice exposed by the recent craters is the top of the excess ice deposit detected
in the radar studies modeled here, then cases of higher atmospheric water vapor content,
lower regolith vapor diffusivity and/or lower dust content in the ice are required. We find
that an order of magnitude difference in regolith diffusivity has an effect of changing the
total ice retreats and lag thicknesses by a factor of ~3. However, experiments show it is
difficult to achieve this significant a reduction of D without invoking a low-diffusivity
barrier such as a duricrust or salt-cemented sediments (Hudson et al., 2007). Concentrating
atmospheric water vapor at the surface with Hc/H = 0.5, the final lag thickness produced at
38°N is 1.13 meters for an ice porosity of 25%, dust content of 1% and D=1x10 -4 m2/s. If
we lower Hc/H to 0.4, this lag deposit can be further restricted to only 1.06 m thick after
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21 Myr. Both of these cases yield dielectric constants of 2.5, consistent with the radar
observations.

In the case of Hc/H ≥ 0.5, pore-filling ice is not currently stable at 38°N. However, our
model suggests pore-filling ice is stable at this latitude, with an equilibrium depth of 8 cm,
under present conditions if atmospheric water vapor was further concentrated to H c/H =
0.4. Additional observations of the stratigraphy in the upper meters of the surface (which
current orbital radars at Mars are not sensitive to) will help put additional constraints on
the atmospheric water vapor contents, vapor diffusivity and ice properties.

3.5.3 Additional obliquity effects
Mars’ orbit undergoes large oscillations, having undergone multiple dips into very low
obliquities (<15°) in the last 5 Myr. During these times, the poles receive less insolation
and it is predicted that the carbon dioxide atmosphere collapses into permanent solid CO 2
deposits, although complete collapse is impossible unless these polar deposits are at 0 K.
At these times, the remaining argon and nitrogen will provide ~0.25 mbar of atmospheric
pressure (Kreslavsky and Head, 2005). When the pressures are low, however, the mean
free path of an atmospheric molecule will be large relative to the size of the pore space. In
this “Knudsen” regime, the gas conductivity (and thus the bulk thermal conductivity) of
dry regolith will be smaller (Piqueux and Christensen, 2009b), more effectively insulating
the ice below. Lower conductivity soils will decrease ice sublimation rates, making the ice
more stable. However, the lower atmospheric pressure will also increase the vapor
diffusion coefficient. In the Knudsen regime, the vapor diffusion coefficient becomes
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independent of pressure, and D approaches 9.8x10-4 m2/s (Hudson et al., 2007). The
transition pressure between these two regimes was found to be 398 Pa, although the bulk
of diffusion even at 50 Pa may be in a transition flow between the two regimes for a given
distribution of pore sizes (Hudson et al., 2007). The above effects may be important for ice
stability and lag generation at low obliquities and are not accounted for in our model.
Further work is needed to establish the fate of mid-latitude ice during times of atmospheric
collapse; however, these extreme dips in obliquity represent a very small fraction of the
past 21 Myr we simulated.

At high obliquities, ice is stable in the mid-latitudes and could even undergo additional
accumulation, either through snowfall onto the surface or pore ice accumulation within the
ice sheet. In this paper, we consider the simplified case where we start with a pre-existing
ice sheet at the mid-latitudes at the beginning of Laskar et al. (2004)’s orbital solution in
order to assess the maximum retreat that could occur. High obliquity excursions throughout
the last 21 Myr, especially before ~4 Ma, could have additionally deposited ice in the midlatitudes (e.g., Madeleine et al. (2009)). However, the amount of additional ice
emplacement would have to be relatively small (<20 m) as to avoid burying the expanded
secondary craters mapped by Viola et al. (2015) in the 10s of Myr since crater formation.
Additional ice accumulation in the mid-latitudes would only make thick (10s of meters)
ice sheets easier to explain, as this ice would be the first to sublimate as the obliquity drops.
This would suggest there may also be layering of multiple sublimation lags in these midlatitude deposits. Evidence of possible layering within this ice sheet exists in several of the
terraced craters in Arcadia Planitia, which exhibit an additional shallower and less
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prominent terrace, perhaps at the interface between two such ice layers (Bramson et al.,
2015). Future studies with higher-resolution RADAR sounder data or imaging of recently
eroded cross sections through mid-latitude ice deposits may resolve this. While beyond the
scope

of

this

paper,

future

studies

could

account

for

additional

ice

accumulation/sublimation and lag growth during high obliquities to establish the net effect
of additional high-obliquity accumulation scenarios on mid-latitude ice sheets.

3.5.4 Comparison to previous models
Previous work by Schorghofer and Forget (2012) predict that thick ice sheets in the Martian
mid-latitudes would be geologically recent and actively retreating under current
atmospheric conditions. This is consistent with the model of Martian ice ages proposed by
Head et al. (2003), which predicts that the meters-thick ice-rich latitude-dependent mantle
is <2.1 Myr old and currently being degraded. Based on our model results, we also
conclude that ice sheets in the mid-latitudes have been retreating in the recent past (last
few Myr), including present day, during these low obliquity “interglacial” periods.
However, our results as well as the observations from Viola et al. (2015) suggest that the
decameters-thick ice sheets discovered in Arcadia Planitia and Utopia Planitia could be
older than previously thought.

The results of the ice stability model of Schorghofer and Forget (2012) show that a ~4.5
Myr old ice sheet that is 30 m thick would not have survived at these latitudes to the present
day. We also calculate >30 m of ice loss for our nominal case at 45ºN. However, our initial
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condition allows ice of infinite thickness, and it is because of this we reach a different
conclusion.

Because our model does not stop at a finite amount of ice loss, we are also able to explore
longer timescales (specifically 21–4.5 Ma). We find that the higher average obliquities
before 4.5 Ma so commonly yield stable ice conditions that this older timeframe is less
important for retreat of ice sheets than the most recent ~4 Myr. Therefore, we additionally
conclude that if an ice sheet is thick enough to survive the last 4.5 Myr, it can likely be 21
Myr old, or even older.

In contrast to Schorghofer and Forget (2012), our retreat rates include the effect of porosity.
For our nominal case at 45°N, the inclusion of porosity increases the final ice retreat by
~23% (43 m of retreat for an ice porosity of 0% versus 53 m with a porosity of 30%). The
maximum porosity we tested, 50%, yields 64 m of retreat – a 49% increase from the 0%
porosity case. The inclusion of this parameter contributes less than an order of magnitude
to the estimated ice volume lost compared to models that assume a pure ice slab and is not
the main reason for the difference in conclusions between this and previous work.

We conclude there is no discrepancy between our model and previous work, and the initial
condition (infinite ice vs. 30 m thick ice) is the main contributor to reaching different
conclusions.
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3.6 Conclusions
We simulate the evolution of an excess ice sheet in the mid-latitudes of Mars, insulated by
a growing lag deposit, over 21 Myr of Martian orbital parameters in order to investigate if
it is reasonable to expect Martian mid-latitude ice to persist for orders of magnitude longer
than the obliquity cycles that drive pore-filling ice processes. We find combinations of ice
porosity and dust contents that yield ice retreat on the same order of magnitude as the
thicknesses of ice presently observed in Arcadia Planitia and Utopia Planitia, suggesting
tens of Myr-old, decameters-thick ice sheets could be preserved until today if they formed
~2–3x as thick and had small, but non-zero, dust content. To match observed dielectric
constants (Bramson et al., 2015; Stuurman et al., 2016), we need to invoke porosities of at
least ~25–35% in the ice layer presently for volumetric dust contents of ~1–5%. While
snowpacks on Earth generally turn to firn and densify rapidly, we show that these levels of
porosities may be maintained for orders of magnitude longer timescales under Martian
conditions (lower accumulation rates, temperatures, and pressures compared to Earth).
Modeling of geothermally-driven vapor diffusion through porous ice suggests water vapor
should migrate through and recondense into a top layer of dense ice on timescales longer
than that of ice retreat. This means retreat will come from the upper layers, leaving behind
the underlying porous ice. Our results suggest that thick deposits of mid-latitude firn with
low dust contents are a long-lived feature of Amazonian Mars. Superposed craters show
these deposits are at least tens of millions of years old. Our retreat models suggest minimal
loss when obliquity is high prior to 4 Ma. Given that the most probable value of obliquity
over the Amazonian is 41.8° (Laskar et al., 2004), these firn deposits may be substantially
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older. The ice loss from these deposits over the past 4 Myr could contribute ~62 m to the
construction of the NPLD, or on the order of 10% if the NPLD is older than 4–5 Myr.
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CHAPTER 4
A DOWNWARD SPIRAL: THE MASS BALANCE HISTORY OF
MIGRATING SPIRAL TROUGHS ON MARS’ NORTH POLE
Key points
•

Stratigraphic signatures that indicate Mars’ polar spiral troughs have migrated
poleward while the surrounding Polar Layered Deposits accumulated are modeled
for the first time.

•

We model sublimation and accumulation conditions to reproduce trough migration
at two adjacent troughs and find the troughs are <1.5 Myr old.

•

Sublimation lag thickness is a crucial controlling factor and has varied over time,
thinning from ~1 cm thick to <~mm over 100s of kyr.

Abstract
Mars’ iconic polar spiral troughs are 400–1,000 m-deep depressions in the north polar
layered deposits (NPLD). All troughs migrate approximately poleward, anti-parallel to the
local wind patterns, and insolation is suspected to drive ice retreat through the process of
sublimation. Sublimation of ice produces a growing sublimation lag that modulates further
retreat; however, winds move material off the retreating slope faces, thinning the lag.
Discontinuities in stratigraphy seen by radar highlight Trough Migration Paths (TMPs),
which provide a record of the troughs’ position, formation, and evolution to the present
day. We investigate two adjacent troughs presently at 86.4°N and 87.1°N to evaluate the
mass balance conditions at those sites. We model the contribution of insolation-induced
sublimation on the equatorward-facing trough walls to the horizontal migration in the
observed TMPs. Combining our simulations of the sublimation conditions at paleo-trough
surfaces with previously-proposed accumulation rates, we create synthetic TMPs. We find
that the trough walls have been covered in a lag on the order of millimeters-thick and that
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the troughs formed ~0.5–1.5 Ma. Thicker lags, and/or older troughs, would generate TMPs
of constant slope, which does not match the observed paths. Our synthetic trough migration
paths match the observed migration distances and path shape for scenarios in which the lag
grew to be ~10 mm-thick soon after formation, ~0.5–1.5 million years ago, but has thinned
to only millimeters-thick over the last 100s of thousands of years. We conclude these
troughs are younger than 1.5 Myr, within the previously hypothesized age of the NPLD of
~4 Myr.

4.1 Introduction
Mars’ spiral troughs are depressions in the north polar layered deposits (NPLD) that spiral
clockwise about the Martian north pole (Figure 4.1) and have relief that ranges from ~400
m near the pole to >1 km at the margin of the NPLD (Pathare and Paige, 2005). They have
a characteristic spacing of ~20–70 km, variable by region, and each trough extends laterally
from a few to hundreds of km (Howard, 1978). These troughs expose the layers of the
NPLD (Figure 4.1e) and have been integral in shaping our understanding of the polar caps
as products of orbital-induced climate variations (e.g., Laskar et al. 2002, Fishbaugh and
Hvidberg 2006, Hvidberg et al. 2012). Understanding the mechanisms by which these
troughs formed and evolved provides important insight into the mass balance of volatiles
on Mars and the climate of the planet during the most recent part of the Amazonian (the
last 3 billion years of Mars’ history).
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Figure 4.1: Trough observations. a) Mars Orbiter Camera (MOC) mosaic of the north polar
ice cap. b) Zoom in on the troughs in the case study presented in this paper and the locations
of the topographic profiles in c and d. c) Topographic profile (from MOLA 512 ppd) of
Trough 1. Black circles show the points between which layers are exposed; the slope was
calculated between the two points. d) Topographic profile of Trough 2. e) Portion of CTX
image P01_001530_2671_XI_87N001W showing exposed NPLD layers on the poleward
wall of Trough 1. Blue profile also shows the location of topographic profile in c.
The climate of the Amazonian has been characterized by cold and dry conditions. During
this time, changes in atmospheric and surface conditions have been largely controlled by
periodic variations in orbital and rotational parameters (i.e., eccentricity (e), longitude of
perihelion (Lp) and obliquity ()) analogous to Earth’s Milankovitch cycles. The obliquity
of the planet in particular has undergone large variations that affect the distribution of
insolation and therefore volatile stability. There is convergence of the secular solutions
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over the last ~20 Myr for the orbital evolution of the planet (Laskar et al., 2004), with the
two main periodicities of obliquity variations being at 120 kyr and ~ 1 Myr.

During low obliquities, insolation is greater at the low latitudes, driving ice stability
poleward; unstable ice at the surface sublimates, is transported in the atmosphere and then
redeposited at high latitudes. Due to the decrease in mean obliquity at around 5–4 Ma, it is
thought that this is the time when the NPLD started forming (Levrard et al., 2007),
undergoing an average of 0.5 mm/yr of ice accumulation (Hvidberg et al., 2012; Laskar et
al., 2002; Herkenhoff and Plaut, 2000) throughout that period. In general, however, the
mass balance at Mars’ polar (and non-polar) deposits over various temporal and spatial
scales is unknown, and debate continues regarding if the polar deposits are net
accumulating or ablating in the last decade.

Ground-penetrating radar from the Shallow Radar (SHARAD) instrument onboard the
Mars Reconnaissance Orbiter (MRO) discovered discontinuities in the subsurface
stratigraphy (Figure 4.2) that have been interpreted as trough migration paths (TMPs), or
bounding surfaces, undertaken since the troughs’ formation (Smith and Holt, 2010). The
trough walls currently exposed at the surface have slopes <10°, and the oldest troughs have
migrated up to ~100 km while experiencing up to ~1 km of ice accumulation over the same
time period (Smith and Holt, 2015). Optical images of exposed layers and the SHARAD
radar data support a constructional origin of the troughs: features formed from poleward,
upwind trough migration during deposition (Howard et al., 1982; Smith and Holt, 2010).
The continuous shape of the TMPs in this region and lack of horizontal jumps in these
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paths suggest there has been minimal removal of NPLD layers that would complicate
simulating them. The slopes of these migration paths provide a record of the relative
balance of ice lost from the trough walls and ice accumulated on the surrounding, intertrough NPLD surface over the same time (Smith and Holt, 2010). As a simplified starting
principle, high TMP slopes indicate high deposition rates relative to erosion, while low
TMP slopes indicate the opposite (more erosion relative to deposition).

Smith and Holt (2015) categorized the diversity of the troughs and found that each trough
has experienced a unique history due to local and regional processes and properties. Based
upon regional similarities, they categorized the troughs into eight regions. Furthermore,
using the stratigraphic level that the TMPs initiated, they categorized two “generations” of
troughs. Generation 1 troughs are found in 5 out of 8 regions and have variable ages; the
initiation of the TMP ranges from 600–1100 m below the surface and these troughs formed
as the NPLD was experiencing ongoing deposition. Generation 2 troughs are found in the
area of Gemini Scopuli, and the onset of these troughs happened within a narrow range of
time after a period of widespread erosion that succeeded Generation 1 trough initiation by
several hundred meters of accumulation.

Despite the diversity in trough migration paths, a few properties are similar across all of
the troughs. All of the troughs are asymmetric in slope and elevation, having a “high” side
and a “low” side (Figures 4.1c and d). The high side is topographically higher than the low
side and faces approximately equatorward. As a consequence of the elevation difference,
the high side has steeper slopes than the low side, ranging from ~2° near the north pole to
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up to 15° near the margin of the NPLD (Pathare and Paige, 2005). The high sides of the
troughs are covered by a dust lag and have a lower albedo than the intervening ice-rich
smooth terrains (Cutts et al., 1976; Ng and Zuber, 2006; Smith and Holt, 2013). However,
this side also exposes the iconic layering that makes up the NPLD (Figure 1e), which
suggests this dust coating must be thin enough as to not obscure the underlying layers
(Howard 2000). Meanwhile, the low side is covered in an irregular mantle called “banded
terrain”, which has an albedo intermediate to the high side slopes and the icy surrounding
inter-trough surface of the NPLD (Howard et al., 1982).

As ice sublimates, it leaves behind a lag of dust that was contained in the matrix of the ice.
These particles can be embedded in the ice matrix as the nucleation sites for the ice crystals
during condensation in the atmosphere (Gooding, 1986). A dust lag, with its low thermal
inertia, insulates the ice and protects it from temperature extremes. Experiments have
shown that the diffusion coefficients of simulated lag deposits on Mars are sufficiently high
as to not pose significant barriers to diffusion (Hudson and Aharonson, 2008). Therefore,
the main effect of the lag on ice stability is the insulating nature of the material, though
small amounts of dust will enhance sublimation relative to bare surface ice due to an albedo
feedback (Warren and Wiscombe 1980). The lag grows as ice sublimates. However,
mechanical transport of poorly cemented lag by winds and mass wasting processes can thin
the lag on the high side slopes and redeposit the materials on the low side, contributing to
the mantle material of the banded terrain (Smith et al., 2013). This would prevent the lag
from growing thick enough to completely shut down ablation of the ice. Winds also aid ice
loss by two other means: by moving water vapor away from the surface i.e. forced
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convection (Cuffey and Paterson, 1994; Williams et al., 2008) and by momentum/heat
transfer into the surface (Smith et al., 2013). If the ice were to be completely stripped of its
protective lag covering (e.g. in a windy low-obliquity epoch) then wind may also
mechanically erode the ice itself, a possible explanation for observed wind streaks (Howard
2000).

Smith et al. (2013) identified the contribution of sublimation due to insolation on the
upwind and quasi-equatorward-facing high sides of the troughs as an outstanding question
for understanding the processes by which troughs migrate. This retreat is likely the result
of ice sublimation, while eolian erosion works to keep the lag thin. The vectors of katabatic
winds deflected by Coriolis forces have been found to be parallel to the trough migration
(Howard 2000; Smith et al. 2013; Smith and Spiga 2018) and likely play an important role
in the shape and position of the troughs, as they are expected to enhance sublimation on
the upwind side.

In this study, we model sublimation processes for ice loss on trough walls, including the
effect of winds with respect to vapor transport (we do not model the effects of winds on
heat transport or mechanical erosion). We use a 1D thermal conduction model to simulate
insolation-induced sublimation conditions to investigate mass balance scenarios at two
adjacent Generation 1 troughs. We combine our derived sublimation rates over time with
previously proposed accumulation scenarios to create synthetic TMPs and compare to the
observed TMPs in the radar stratigraphy to constrain the timescales of trough evolution
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and mass balance conditions at these sites, and place constraints on the lag thicknesses of
the high-side trough walls.

4.2 Observations and trough migration theory
We measure the properties of two adjacent “Generation 1” troughs (Table 4.1) at 86.4°N,
16.1°E and 87.1°N, 19.6°E (Figure 4.1) where layers are exposed on the high side. The
absence of a thick dust deposit obscuring the layers indicates that mechanical erosion is
stripping away lag left behind from ablation of ice (an interpretation supported by
observation, Smith et al., 2013), which further cultivates an environment of ablation and
migration. Using the 512 pixels-per-degree (ppd) north polar map from the Mars Global
Surveyor Mars Orbiter Laser Altimeter instrument (MOLA; Smith et al., 2001) we
extracted three topographic profiles 1 km apart and perpendicular to the trough relief at the
location of the present-day surface where our mapped TMP ends in the radar observations.
We average the slope of the layered portion of the high side and the orientation of these
three profiles to obtain a mean slope and slope azimuth for our two trough sites. In our
thermal model, we use a simplifying assumption of a constant latitude at an intermediate
value between the present-day and initial subsurface latitudes, and assume the slope and
orientation of the trough has not changed over time.

Trough 1
86.4N, 16.1E

Surface Location of Mapped
TMP
Vertical Migration
476 m
Horizontal Migration
27.4 km
Layered Terrain Slope
2.9
Orientation of Trough
208
Modeled Latitude
86.1°N
Table 4.1: Summary of observations for the two troughs.
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Trough 2
87.1N, 19.6E
555 m
34.7 km
1.9
227
86.9°N

The trough migration paths are bounding surfaces within the NPLD that map the preexisting trough surfaces. For both of our modeled troughs, we map their TMPs (Figure 4.2)
in the 3D depth-corrected SHARAD volume (Foss et al., 2017), which converts radar delay
times to depths by assuming a dielectric constant of pure ice. We take an approximatelyperpendicular transect of the TMP from a point currently on the surface to a point of
initiation in the subsurface. By taking a perpendicular transect in the 3D SHARAD
volume, we reduce the effects of viewing geometry in measuring the amount of horizontal
and vertical migration. The 3D SHARAD volume eliminates radar clutter due to off-nadir
surface topography. The vertical resolution of the dataset is ~20m/pixel and ~500m/pixel
horizontally. We consider these values the minimum possible error on the location of each
point in our TMP, as additional error likely exists in converting from time-delay space to
depth space, which is done assuming the entire NPLD has a dielectric constant of pure ice
(3.15; Grima et al. 2009).

We mapped the TMP by finding points where reflectors in the subsurface stratigraphy of
the low side are truncated by material that was emplaced earlier on the high side (which
either has its own set of reflectors or is characterized by a lack of reflectors a method
developed by Smith and Holt 2010). Each of the mapped points indicates a bounding
surface due to new material being deposited on the previous location of the high side trough
wall. We refer to “segments” of the TMP as the inferred paths between each of these points.
In our mapping of the TMPs, 15 segments make up Trough 1’s TMP and 8 segments make
up Trough 2’s TMP. Figure 4.2c shows the mapped points and each segment between them
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for Trough 1. By definition, each point along the TMP was at one point the bottom of the
trough, at the contact between the high and low side. All of the material to the right (~south)
of the TMP is material that has built up over the low side while everything to the left
(~north) of the TMP makes up the subsurface of the high side. Below the deepest point of
the TMP layers are continuous, demonstrating the troughs did not yet exist, so the first
(deepest) TMP point is at the age of onset. The slopes of the segments of the TMPs range
from ~0.25°–2°. The two troughs have migrated 27.4 km and 34.7 km horizontally over
the time that 476 m and 555 m of ice, respectively, has accumulated on the surrounding
terrain.

Figure 4.2: Radar observations of trough migration paths. a) Plan view of the troughs with
profiles showing locations of radar data in b and c. b) 2D SHARAD radargram that goes
over both modeled troughs showing the surface reflector associated with the present-day
troughs and inter-trough surroundings, and subsurface reflectors that make up the NPLD.
The TMP traces out where the subsurface reflectors on the low sides (towards Y) are
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truncated by the high sides (towards Y’). c) Mapped TMP (red) in the 3D depth-corrected
SHARAD volume for Trough 1.

Both ablation from the trough wall and accumulation onto the surroundings lead to changes
in the horizontal position of the trough (Figure 4.3). Net accumulation of the surrounding
surface is required to preserve the TMPs. In the case of no accumulation on the surrounding
terrain, sublimation causes horizontal retreat of the trough, such that the trough wall moves
back into the high side, parallel to the previous trough wall (Figure 4.3a). This situation is
possible because temperatures, and therefore sublimation, will be higher on the
equatorward-facing high side trough walls than on flat terrain. However, this scenario will
not preserve the TMP. The contribution of sublimation to the horizontal migration of the
mid-point of the trough wall is the ice loss rate R (derived from our thermal model, see
Section 4.3.1), which is calculated perpendicular to the trough wall, divided by the sine of
the trough slope (s). Accumulation on the surrounding flat terrain (H) sets the vertical
migration rate. In the end-member case of R=0, H also causes horizontal migration due to
the up-slope movement of the trough’s center point by H/tan(s) (Figure 4.3b).

Between these two endmembers are the cases when H and R are non-zero at the same time
and thus both contribute to the horizontal migration of the trough (Figure 4.3c). For a
trough slope of 7º, we find that ~90% of the horizontal component of the TMPs comes
from sublimation with the other 10% due to the up-slope movement caused by
accumulation. For a trough slope of ~3º (similar to the observed slopes), the horizontal
migration comes from ~50% sublimation and ~50% accumulation.
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Figure 4.3: Model setup for generating synthetic trough migration paths for a given trough
slope (s), accumulation rate (H), and sublimation rate (R). a) The case that there is no
accumulation. The TMP would not be preserved. b) The case that there is only
accumulation and no sublimation. The TMP slope equals that of the trough. c) The case
where both sublimation and accumulation are occurring. The TMP would have a slope
between 0 and s.

We integrate our time-varying sublimation rates with proposed ice accumulation rates over
the last few Myr to build up synthetic trough migration paths. The TMPs are only preserved
during times of accumulation; times of net ablation of the PLD, which are expected at high
obliquities, and evidenced by unconformities in the PLD (Tanaka et al., 2008; Smith et al.,
2016), may lead to lowering of the flat terrain not modeled here. Periods of sublimation
will be followed by formation of a dust lag, which will further reduce loss rate of ice. The
net effect of these high-obliquity ablation periods on ice cap growth has been modeled to
be small (<~10 m thickness lost per high-obliquity period during 0.5 Ma–2 Ma and
essentially non-existent in the last 0.5 Myr) compared to accumulation (Levrard et al.,
2007). The accumulation rate determines the timescale of migration, which does not
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account for these possible depositional hiatuses. For a given timescale, we then combine
the accumulation with sublimation to calculate the amount of horizontal migration
following that described above. We compare our synthetic TMPs to observed TMPs to
investigate mass balance scenarios at the troughs throughout time.

4.3 Methods
4.3.1 Sublimation model
4.3.1.1 Diffusive loss through a lag
We model temperatures of the surface and subsurface using a 1D semi-implicit thermal
conduction model that simulates surface energy balance and transfer of heat between
subsurface layers. The model allows for subsurface layers of different thermophysical
properties, which we use to model a sublimation lag deposit overlying excess ice. Within
this lag deposit, we allow for the resupply of ice into the pore-spaces. We assume that the
pore-filling ice is always in equilibrium with the atmosphere and that pore spaces at and
below the equilibrium depth are always completely filled with ice (Schorghofer, 2010;
Bramson et al., 2017). Experiments on the diffusivity of Mars regolith simulants support
these assumptions (Hudson et al., 2007; Hudson and Aharonson, 2008). If pore-filling ice
exists within the lag deposit, we assume that it is impermeable and so there is no retreat of
the excess ice sheet below. When the saturation vapor density at the excess ice-lag interface
is greater than the water vapor density in the atmosphere, ice is lost at a rate that is
dependent on the vapor diffusion coefficient of the regolith, the difference between the
saturation vapor density at the ice and atmospheric water vapor content, and (inversely
with) lag thickness. Additional details about the thermal model and equations for diffusive
ice loss calculations can be found in Chapter 3 (Bramson et al., 2017).
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We calculate surface temperatures for a flat icy surface that we use to simulate reradiation
of heat from a surrounding surface towards the sloped trough wall. For the flat icy terrain,
we use an albedo of 0.4 (Kieffer, 1990), thermal inertia of 1,200 J m-2 K-1 s-0.5 (Paige and
Ingersoll, 1985; Paige et al., 1994) and density-times-heat capacity (ρc) of 1,416,800 J K-1
m-3 (Table 4.2). When the surface is covered by seasonal carbon dioxide frost, we use an
albedo of 0.65 instead. For the low-albedo trough wall, we use an albedo of 0.25 (Kieffer,
1990; Paige et al., 1994) and a thermal inertia for the dry (porous, ice-free) regolith of 196
J m-2 K-1 s-0.5, consistent with a value intermediate of Martian dust and sand sized particles
(Paige et al., 1994; Edgett and Christensen, 1991) and lag deposits previously modeled in
the northern plains (Bramson et al., 2017). We assume the lag deposit has a porosity of
40% and a diffusion coefficient of 3×10-4 m2 s-1 (Hudson et al., 2007; Dundas et al., 2015)
and that the NPLD ice has a dust content of 3%, consistent with that estimated for the bulk
composition of the NPLD (Grima et al., 2009). We calculate thermal conductivity of our
icy layers (pore-filling ice and excess ice of the NPLD) assuming a linear volumetric
mixture of ice and rock (Siegler et al., 2012). Table 4.2 summarizes the thermophysical
properties used in the model.
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Material

Thermal Inertia
(J m-2 K-1 s-0.5)
1,200
196

ρc
(J K-1 m-3)
1,416,800
1,657,260

Flat Icy, Inter-trough Surroundings
Dry Lag Deposit on Trough Wall
(60% rock, 40% pore space)
Pore-filling ice in Lag
2,348
2,223,980
(60% rock, 40% ice)
NPLD Ice (97% ice, 3% dust)
2,115
1,457,159
Endmember Rock
2,350
2,762,100
-1
-1
-3
-1
-1
(k=2 W m K , ρ=3300 kg m , c=837 J kg K )
Endmember Ice
2,129
1,416,800
-1
-1
-3
-1
-1
(k=3.2 W m K , ρ=920 kg m , c=1540 J kg K )
Table 4.2: Thermal inertias and density-times-heat-capacity for four thermophysical cases
used in our model, as well as endmember rock and ice values for reference.

We account for surface slope when computing the incidence angle and multiply the
incoming solar flux by the cosine of this incidence angle. We also include an additional
2% of the top-of-atmosphere flux as an approximation for atmospherically scattered visible
light (Aharonson & Schorghofer, 2006; Kieffer et al., 1977) and model the downwelling
infrared radiation as 4% of the daily noontime flux (Aharonson & Schorghofer, 2006).
4.3.1.2 Convective loss of surface ice
We calculate the amount of ice that would sublimate from the trough wall using the
equations for free and forced convection (Equations 4.1–4.3) from Dundas and Byrne
(2010), which are applicable for bare surface ice with no lag cover. In our diffusive ice loss
model (described above), we use this convective loss value as the upper limit on loss at
each timestep.
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Equation 4.1:

1

𝑚𝑓𝑜𝑟𝑐𝑒𝑑 = 𝑀𝑤 𝑘𝑇 𝐴𝑢𝑤𝑖𝑛𝑑 (𝑒𝑠𝑎𝑡 − 𝑒)
𝑏𝑙

∆𝜌

𝑔

𝜈

Equation 4.2:

𝑚𝑓𝑟𝑒𝑒 = 0.14∆𝜂𝜌𝑎𝑣𝑒 𝐷 (( 𝜌 ) (𝜈 2) (𝐷))

Equation 4.3:

𝑚𝑠𝑢𝑏 = 𝑚𝑓𝑜𝑟𝑐𝑒𝑑 + 𝑚𝑓𝑟𝑒𝑒

1
3

Figure 4.4: Water vapor schemes used for convective ice loss: the present-day polar water
vapor column abundance curve that we assumed in our model for sublimation due to free
and forced convection (a) and corresponding partial pressure curves for present day (black)
and scaled for past epochs (b).

We use our thermal model to calculate the regional diurnal minimum temperatures (T min)
throughout the year as well as the surface temperature at each timestep (Treg) assuming flat,
icy terrain. We also calculate the average diurnal surface temperatures of the sloped surface
of the trough (Tsurf). We calculate the saturation vapor pressure (esat) for each Tsurf value
using the Clausius-Clapeyron equation. We set the temperature at the boundary layer (Tbl)
to be the average of the ice (surface) temperature and the atmospheric temperature (T atm),
where Tatm = TbminT1-breg and b=0.2, following Dundas & Byrne (2010). For forced
convection we assume a nominal wind speed (uwind) of 2.5 m/s and a drag coefficient (A)
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for an icy surface of 0.002 (Dundas & Byrne 2010). Mw is the molecular mass of water and
k is the Boltzmann constant.

We use a scheme for the atmospheric water vapor partial pressure at the north pole (e in
the equation above) that is consistent with Haberle and Jakosky (1990) for the current
orbital and obliquity configuration. We make a water vapor abundance curve that peaks at
75 precipitable microns (pr-μm) at Ls of 120° and returns to a background level of 5 pr-μm
for the periods Ls of 0–60° and 150–360° (Figure 4.4a). We convert this curve to partial
pressure of H2O (Figure 4.4b) following Schorghofer and Aharonson (2005) and assuming
a water vapor condensation height equal to the current atmospheric scale height of 10.8
km.

For free convection mass flux, we calculate Δη, the dimensionless difference between
atmospheric and surface gas water mass fraction according to Equation 4.4:

Equation 4.4:

∆𝜂 = (𝜌𝐻2𝑂,𝑠𝑢𝑟𝑓 − 𝜌𝐻2𝑂,𝑎𝑡𝑚 )/𝜌𝑎𝑡𝑚

where ρH2O,surf is the saturation vapor density at the surface (esat converted to density using
Tsurf), ρH2O,atm is the vapor density of water in the atmosphere (e converted to density using
Tatm) and ρatm is the atmospheric density, calculated assuming 700 Pa of CO2 in the
atmosphere and the water vapor in the atmosphere given by e. We calculate D, the diffusion
coefficient of H2O in CO2, ν, the kinematic viscosity, and Δρ/ρ, the atmospheric and surface
gas density difference divided by a reference density, in the same manner as Dundas &
Byrne (2010). We convert our mass fluxes integrated over time to the amount of
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perpendicular retreat (in meters) from our sloped trough surface assuming zero porosity.
We sum up our free and forced mass fluxes for every sol and convert the annual ice loss
amounts to ice losses per Earth years, as to use with Laskar’s orbital solutions which are
provided every 1000 Earth years (in the rest of this manuscript, unless otherwise noted,
annual rates are in Earth years).
4.3.2 Modeling ice accumulation in past climates
We run the model throughout the last four million years using the orbital and obliquity
parameters of Laskar et al., 2004 (Figure 4.4). We calculate the insolation incoming to the
north polar latitudes of Mars for each timestep assuming a constant orbital semi-major axis
of 1.52366231 AU and rotation rate (length of solar day) of 88775.2 seconds. Maximum
and mean solar flux values throughout the last 1.5 Myr for flat terrain at a latitude of 86°
N are shown in Figure 4.5b and c.

Levrard et al. (2007) used a Global Climate Model (GCM) to investigate accumulation
rates over time and found that the net accumulation rate of water ice at low obliquities is
primarily controlled by obliquity, though summer insolation rates are the first-order driver
of accumulation rates at the largest obliquities. In the last 500 kyr, when obliquity
variations have been small, polar insolation is modulated more strongly by a precessionrelated parameter (e sin Lp) than obliquity. Equation 4.5 is the second order polynomial fit
for accumulation rate to obliquity proposed by Levrard et al. (2007), in mm/Mars year:

Equation 4.5:

A() = -0.00152 + 0.024 + 2.0
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This scheme yields an average accumulation rate of 0.84 mm/Earth yr over the last 1.5
Myr, which is higher than the ~0.5 mm/yr predicted by Laskar et al. (2002) as well as the
best fit match of 0.55 mm/yr from correlating observed marker beds in the exposed NPLD
stratigraphy to high-obliquity peaks (Hvidberg et al., 2012). Accumulation rates from
Levrard et al. (2007) are likely an overestimate, as they included the topography of the
underlying Basal Unit in their polar cap thickness. We therefore test Levrard’s
accumulation rate scheme of Equation 4.5, as well as that multiplied by a constant factor
of 0.5, which yields an average accumulation rate of 0.42 mm/yr (Figure 4.5d), as to bracket
the range of expected accumulation rates.
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Figure 4.5: Climate parameters over the last 1.5 Myr: (a) obliquity from Laskar et al.
(2004), maximum (b) and mean (c) solar flux for flat terrain at 86.1°N, and (d) two
accumulation schemes based on Levrard et al. (2007) that we tested in this work.

We use an obliquity-dependent scheme for atmospheric water vapor content from
Schorghofer and Forget (2012). We vary the partial pressure curve in the past (Figure 4.4b)
by scaling the curve for present day (black line) up or down in the same fractional amount
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as the increase or decrease in atmospheric vapor pressure at different obliquities relative to
the present-day vapor pressure. The time that has passed since the onset of trough formation
and migration is unknown. As such, we run the model for different lengths of time within
the last 4 million years, which has been proposed as the approximate age of the NPLD
(Laskar et al., 2002; Levrard et al., 2007; Greve et al. 2010). However, the trough migration
paths do not extend all the way to the base of the NPLD, so they cannot be as old as the
NPLD itself. Instead, the earliest troughs formed about halfway through development of
the NPLD and some troughs are stratigraphically much younger.

4.4 Results
4.4.1 Bare ice
Over the course of 4 Myr, a bare-ice trough wall would generate almost 1500 km of
horizontal retreat due to ice sublimation, which is two orders of magnitude larger than the
observed migration of the troughs (Figure 4.6). We find that for models of a trough wall
with no lag throughout its evolution, all trough ages >~100s ka generate at least an order
of magnitude too much horizontal retreat, and therefore conclude that some lag is required.

Horizontal Retreat (km)
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2Myr

1Myr

500kyr

No Lag

1500
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0

Figure 4.6: Horizontal retreat of the trough due to ice sublimation if the trough was not
covered in any lag deposit (0 Ma is present day).
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4.4.2 Growing lag
If we allow the lag to grow without limit assuming a dust abundance of the NPLD of 3%,
it grows thick enough within negligible amounts of time (<1000 years) to prevent any
further sublimation. This would restrict the TMPs to the case where migration is solely due
to accumulation on the surrounding terrain (Figure 4.3b). At an obliquity of 39.6 degrees
(e.g., at 4.1 Ma), 9 meters of sublimation occurs, growing a 46 cm-thick lag within one
1000-year Laskar orbital step. During an obliquity excursion of ~33 degrees (e.g., at 510
ka), a 19 cm-thick lag develops from 4 m of ice removal within one 1000-year Laskar
orbital step. A lag of those thicknesses prevents any further sublimation, even during any
subsequent excursions through high obliquities. Sublimation in the most recent several 100
kyr (when obliquity <27º) still yields lag growth of a several centimeters thick.
Observations of TMPs shows that the slope of the migration paths have changed over time,
ruling out the case where migration is solely due to NPLD accumulation. We conclude that
the lag needs to remain thin (~centimeters) in order to achieve significant ice loss, and
therefore variable migration path slopes. This agrees with the observations of the layered
terrain being exposed, as described above, and the results of previous studies (Howard,
2000; Warner and Farmer 2008), and lends further proof that eolian erosion strips away
the dust lag from the trough walls.

4.4.3 Constant lag
As discussed in section 4.1, a trough without lag retreats by orders of magnitude more than
observed, so some lag covering is needed to match TMPs. Over the last few millions of
years, the trough would need to be covered in a permanent lag thickness over 1 cm thick
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throughout this time to reduce horizontal retreat to the observed 10s of km (Figure 4.7).
Meanwhile, the troughs could have experienced on the order of 10s of km of horizontal
retreat due to sublimation in only 500 kyr if the lag has remained on the order of a few
millimeters thin throughout trough evolution and migration. If the trough is ~500 kyr old,
the trough could not have spent much time with a lag of 1 cm or thicker, as a 1-cm-thick
lag restricts ice sublimation to ~1 km over 500 kyr and only 10s of meters if covered by 15
mm (Figure 4.8). Our sublimation calculations thus show that if the troughs are young
(~100s of kyr), they would have thin (~millimeters) lags. Or, if they are older (~Myrs),
they would need to have thicker (~10-15cm) lags throughout this time (Table 4.3).

101

Figure 4.7: Horizontal retreat due to ice sublimation that would be experienced by the
trough for different ages and lag thicknesses: a) 5 mm, b) 10 mm, and c) 15 mm.
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Figure 4.8: Effect of lag thickness on the amount of horizontal ice loss due to sublimation
over the last 500 kyr.

Final Horizontal
4 Myr
3 Myr
2 Myr
1 Myr
500 kyr
Retreats (km)
No Lag
1395.5
762.5
622.2
293.6
47.7
5 mm
1119.8
585.5
488.2
226.3
26.4
10 mm
139.5
61.6
54.0
26.5
1.1
15 mm
9.2
1.9
1.8
0.9
0.02
Table 4.3: Effect of trough age and lag thickness on horizontal retreats (see also Figures
4.7 and 4.8). 10 mm of lag over 1–3 Myr, or 0–5 mm of lag over ~500 kyr, yields total
retreats most similar to observed horizontal retreats (on the order of 10s of km).
4.4.3.1 Comparison of synthetic TMPs to TMP observations
We constrain these scenarios in more detail by combining accumulation rates with our
sublimation simulations for various lag thicknesses to generate synthetic trough migration
paths and compare these to the observed trough migration paths. Comparing our synthetic
trough migration paths to the observed trough migration path allows us to find the most
likely local conditions at these troughs as they evolved. We investigate the net amount of
horizontal migration for each of these accumulation schemes after different periods of time
(and thus amounts of vertical migration) and for different lag thicknesses (Figures 4.9 and
10). We find the ages and lag thicknesses that yield the observed amount of horizontal
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migration: 27.4 km and 34.7 km for Trough 1 and Trough 2, respectively. We plot where
the observed vertical migration (476 m and 555 m) intersects the contour for horizontal
migration (red dots) to better constrain the lag thicknesses that lead to the observed amount
of net migration (Table 4.4). For a factor of 0.5 Levrard’s scheme (Figure 4.9), an ~11
mm constant lag yields a similar amount of net migration as observed, and ~7 mm for 1
Levrard’s scheme (Figure 4.10).

Average
Accumulation Scheme
Lag
(constant factor applied to Levrard et al. (2007))
Thickness
0.5
1
Trough 1
11.07 mm
7.28 mm
Trough 2
11.71 mm
9.70 mm
Table 4.4: Lag thicknesses that generate the correct amount of net trough migration if that
lag was of constant thickness for the two accumulation schemes.

Figure 4.11 shows the synthetic trough migration paths output by the model for constant
lag thicknesses of 2 mm, 7 mm, 11 mm, and 15 mm and the two accumulation schemes.
This shows in more detail that a 2 mm lag deposit experiences too much total horizontal
migration for both the 0.5 and 1 Levrard accumulation schemes. Meanwhile, the 15 mm
lag case limits sublimation too much, generating too little total horizontal migration.
Additionally, these thick lag cases inhibit sublimation sufficiently such that orbital and
obliquity variations do not cause significant variation in the horizontal migration, and thus
the slope of the synthetic trough migration path becomes constant, driven by up-slope
movement due to accumulation rather than ablation from the trough wall (case shown in
Figure 4.3b).
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Figure 4.9: Color contours showing the amount of total horizontal migration experienced
by the Trough 1 for different ages and with lags of different constant thicknesses for 0.5
Levrard’s Accumulation Scheme (a) and 1 Levrard’s accumulation scheme (b). The white
dashed line shows the age at which the trough has undergone the observed 476 m of vertical
migration. This dashed line intersects the contour for horizontal migration of 27.4 km (red
dots) at a lag thickness of 11.07 mm (a) and 7.28 mm (b).
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Figure 4.10: Same as Figure 4.9 but for Trough 2. The white dashed line shows the age at
which the trough has undergone the observed 555 m of vertical migration. This dashed line
intersects the contour for horizontal migration of 34.7 km (red dots) at a lag thickness of
11.71 mm (a) and 9.70 mm (b).
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Figure 4.11: Synthetic trough migration paths for constant lag thicknesses using
accumulation rates of 0.5 (a, b, c, and d) and 1 (e, f, g, h) Levrard’s scheme for Trough
1. Each row represents the results using sublimation values through lags of different
constant thicknesses: 2 mm (a and e), 7 mm (b and f), 11 mm (c and g), and 15 mm (d and
h). Each panel shows the observed trough migration path (red) and synthetic trough
migration generated by our model (black). Trough 2 results look very similar.

While we can match the net amount of migration using constant lag thicknesses, it is clear
from Figure 4.11 that the shape of the trough migration paths do not match for any lag
thickness. For example, for the 0.5 Levrard’s accumulation scheme, while a constant lag
of approximately 11 mm thickness provides a reasonable fit for the overall net migration
of both troughs (Figure 4.11c), the shape of the synthetic trough migration path (black)
does not match the observations (red). Our results show that thinner lags fit the top of the
trough migration path fit best (Figures 4.11a and e), and that the lag could not have been
constant throughout the evolution of the trough (i.e., through time).
4.4.4 Time-variable lag
To account for a lag thickness that changes throughout trough evolution, we fit each
segment of the trough migration path individually with the lag thickness (i.e., sublimation
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rates) that minimizes the difference between the horizontal location of the synthetic TMP
and the data point for that segment in the real TMP. We find much better fits for the shape
of the trough migration path by allowing the lag thickness to change for each segment
(Figures 4.12–4.15). For each accumulation scheme and trough, we therefore yield a
variety of possible solutions within our model for sublimation vs. time.

108

Figure 4.12: Trough 1 segment-by-segment fit allowing lag thickness to change and
assuming 0.5 Levrard’s accumulation scheme. a) The synthetic trough migration path
compared to observations. b) Lag thickness over time used to generate this synthetic TMP
(note irregular bin size driven by data point spacing). c) Sublimation rates that correspond
to the lag thickness scheme in b. d) Accumulation rates used to generate this synthetic
TMP.
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Figure 4.13: Trough 1 segment-by-segment fit allowing lag thickness to change and
assuming 1 Levrard’s accumulation scheme. a) The synthetic trough migration path
compared to observations. b) Lag thickness over time used to generate this synthetic TMP.
c) Sublimation rates that correspond to the lag thickness scheme in b. d) Accumulation
rates used to generate this synthetic TMP (note different axis for time compared to 0.5
Levrard’s accumulation scheme in Figure 4.12).
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Figure 4.14: Trough 2 segment-by-segment fit assuming 0.5 Levrard’s accumulation
scheme. a) The synthetic trough migration path compared to observations. b) The slope of
each segment of the synthetic and observed TMPs. c) Lag thickness over time used to
generate this synthetic TMP. d) Sublimation rates that correspond to the lag thickness
scheme in c. e) Accumulation rates used to generate this synthetic TMP.
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Figure 4.15: Trough 2 segment-by-segment fit assuming 1 Levrard’s accumulation
scheme. a) The synthetic trough migration path compared to observations. b) Lag thickness
over time used to generate this synthetic TMP. c) Sublimation rates that correspond to the
lag thickness scheme in b. d) Accumulation rates used to generate this synthetic TMP (note
different axis for time compared to 0.5 Levrard’s accumulation scheme in Figure 4.14).
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4.5 Discussion
4.5.1 Lag thicknesses
The work of Smith and Holt (2015) demonstrates that there is diversity within the troughs,
and the troughs formed in two generations separated by many hundreds of meters in the
vertical stratigraphy. They also categorized the troughs into eight relatively distinct groups
regionally across the NPLD. With our model, we may be able to provide new constraints
on the conditions that lead to this diversity. Here, we present a solution space of lag
thicknesses (and thus sublimation rates) along with ages and accumulation rates, that
reproduce the trough migration paths at two adjacent Generation 1 troughs.

We find that the troughs could not have been lag-free throughout their whole evolution,
otherwise they would have undergone far too much horizontal migration. Additionally, if
the lag deposit was not present for most of the troughs’ history, wind abrasion may act
more readily to mechanically remove ice grains rather than the lag deposit, and so our
modeled retreat values would be a lower limit. The contribution of mechanical erosion to
retreat is unclear, however. Greeley et al. (1982) finds 100s of micrometers/yr of erosion
at the Viking site in the case of an abundant sand supply. It is unknown what the erosion
rates would be in ice with the sand supply and properties at the poles, but this estimate is
an order of magnitude lower than our sublimation rates and thus we conclude sublimation
is the dominant process for ice removal from the trough walls. In either case, the
sublimation values alone yield far too much retreat, and we can rule out the scenario in
which the trough wall has been bare throughout the majority of its evolution, except for
trough ages of only a couple 100s kyr old.
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Lag thickness is not expected to be constant but using a nominal lag thickness provides a
first order approximation. Overall, we find that constant lag thicknesses of 7–12 mm
thickness matches the total net migration of the troughs over an age range of 0.5–1.5 Ma
for the accumulation schemes tested here. However, for a constant lag thickness, the
amplitude of variations in accumulation predicted by Levrard’s accumulation scheme do
not generate the required slope changes, and we conclude the lag thickness needs to be
variable with time in order to match the shape of the observed TMPs.

Using a constant lag for each segment of the TMP, with no transitionary values between
changes in the thickness, is a simplification. The lag deposit has likely thinned over time
due to mechanical erosion by winds (Smith et al., 2013), which would imply the lag
thickness variations are continuous on the timescales upon which this erosion happens.
However, this simplification allows us to look at first-order trends in the lag thicknesses
and mass balance conditions that generate synthetic trough migration paths that
qualitatively match the observations. Our results suggest that the lag deposit quickly grew
to be ~10–15 mm thick after trough formation. This could occur if the initiation of the
trough happened relatively quickly, such that ice was being sublimated rapidly and leaving
behind dust faster than the winds could remove the lag. This would have had the effect of
slowing down horizontal trough migration, and could explain the middle, steeper portion
of the TMP (suggesting accumulation increases in importance relative to retreat) for
Trough 1. However, as winds stripped the lag away, sublimation would have picked back
up, perhaps leading to the segments with shallow TMP slopes near the top, and consistent
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with our findings of thin (<~millimeters) lags, in recent times (last couple hundred
thousand years).

For Trough 1 with the 0.5 Levrard accumulation case, the lag thickness solution (Figure
4.12b) favors thinner lags at more recent times compared to thicker lags at earlier times,
with the transition happening at ~400–200 ka. In the 1 Levrard accumulation case, the
solution yields a lag thickness (Figure 4.13b) that varies roughly proportional to obliquity
(i.e. inversely proportional to accumulation). The lag solutions we obtain under both of
these accumulation schemes also suggest the most recent segments of the TMP require
maximum sublimation conditions (e.g., a lag thin enough as to not provide any diffusive
barrier to loss and minimal insulation from surface temperature maximums). Meanwhile,
for Trough 2, both solutions (Figures 4.14 and 4.15) suggest that the most recent segments
have had a lag thickness of a couple millimeters. Because of the variable relative
importance of accumulation rate, insolation and lag production, our solutions are nonunique, so whether this thinning has occurred gradually over the course of trough evolution,
or if it happens periodically, perhaps with obliquity variations, is still unknown.

For the two accumulation schemes and troughs, we investigated the uniqueness in the
parameter space of lag thicknesses for each segment by plotting the difference in the
horizontal position between the mapped TMP point for that segment and that outputted
from the model for a range of lag thicknesses (Figure 4.16). Each point along the TMP
depends on the conditions that came before it. We build up the TMPs starting with the topmost surface point at present-day and working backwards through time. Each segment is
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built assuming the best fit lags from the segments above it. Note that the colorbar is in
logarithmic units, so segments and lag thicknesses in red (up to 60 km difference between
model and observations) are orders of magnitude worse than those in blue. This shows that
for many segments, a range of lag thicknesses would yield approximately the same fit to
the data. However, it also shows that our result of the deeper, older segments having thicker
lags (~1–2 centimeters) and shallower, younger segments having thinner lags
(~millimeters) is robust.

Figure 4.16: Differences between each segment’s location in the model and observations
for Trough 1 (top) and Trough 2 (bottom) and the two accumulation schemes (0.5 on left
and 1 on right). The colorbar is in log of the difference in kilometers: blue shows lag
thicknesses that yield horizontal retreats that match the observations well while red yields
horizontal retreats that are very far from the observations. The white line shows the best fit
solutions plotted in Figures 12b, 13b, 14b and 15b.
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As described earlier, the roughly-equatorward-facing high-side trough walls expose the
layers that make up the NPLD, suggesting any present-day sublimation lag remains
sufficiently thin as to not obscure the layers. Our results provide present-day lag
thicknesses on the order of millimeters (Trough 2) down to essentially none (Trough 1).
Understanding the properties of lags in these thickness regimes and the role of
heterogeneities in dust content within the layers of the NPLD is an area that warrants
further research.

For both troughs, we find that the lower accumulation scheme we tested (0.5 Levrard’s
scheme) provides the best fit for the upper (most recent) segments of the TMP (Figures
4.12 and 4.14). For Trough 1 we find we also need maximum modeled sublimation
conditions for these recent segments. However, even these conditions, which generate the
lowest modeled TMP slopes, do not yield slopes quite as low as the observations for these
three segments. To obtain lower TMP slopes, either accumulation rates need to be lower
or erosion from the trough wall needs to be even higher, which could occur due to an
increased role of mechanical erosion. Forced convection (e.g., wind speeds >2.5 m/s) could
play a role; future modeling efforts could account for the seasonality of surface wind
speeds, which is driven primarily by the retreat of the seasonal CO2 (Smith and Spiga,
2018). Additionally, the upper layers of the NPLD could contain lower dust contents than
the older layers.
4.5.2 Timescales
The greatest depth of the TMP (trough initiation) puts some constraints on the timeframe
over which migration has occurred. Using the obliquity-dependent accumulation scheme
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of Levrard et al. (2007), 1.7 km of ice would accumulate over the last 2 Myr. However,
Levrard et al. (2007) cautions that their obliquity-dependent scheme is not appropriate for
some orbital solutions, particularly when polar insolation exceeds some critical value at
high obliquities. Hvidberg et al. (2012) suggests an average annual accumulation rate of
0.55 mm/year, which would lead to 1.1 km of accumulation in this same time period. This
rate means that if Trough 1, which has experienced 476 m of vertical migration, formed
much more than ~1 Ma, accumulation rates of the NPLD would have to be lower by a
factor of a several than these previously suggested rates. If the accumulation rate has been
0.55 mm/year, the trough would have formed at 865 ka to reach 476 m of vertical
migration. Using Levrard et. al. (2007)’s scheme (which gives an average accumulation
rate of 0.84 mm/year) places trough initiation at 545 ka. Using a factor of two lower
accumulation rates (average accumulation of 0.42 mm/year) results in trough initiation at
1.13 Ma. The accumulation rates of Levrard et. al. (2007) and Hvidberg et al. (2012) thus
favor trough ages less than 2 Myr, matching the observations that the oldest (deepest)
troughs initiated about half way through the formation of the NPLD. Our results are
consistent with these accumulation rates, as we find that older troughs covered in a thicker
lag (which require lower average accumulation rates), or younger troughs covered in no
lag (which require higher average accumulation rates), poorly reproduce the shapes of the
TMPs.
4.5.3 Slope effects
For the case of a constant lag deposit 1 cm thick, we run our model for a range of southfacing slopes (Figure 4.17) at 86°N and find that the total horizontal trough retreat is at a
minimum for slopes of about 25 degrees, though the effect is less pronounced for the last
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500 kyr than if the troughs have had 1–2 Myr to sublimate. Higher slopes experience more
insolation and thus more sublimation, while troughs of lower slopes experience more
horizontal migration of their mid-point for the same amount of sublimation normal to the
surface (by 1/sin(s)). This suggests that, all else being equal, the shallowest troughs (such
as those observed), or those composed of many small, nearly-vertical steps that average to
the observed slopes, will be the fastest moving.

Figure 4.17: Effects of trough slope and time on the amount of ice loss perpendicular to
the trough wall (a) and horizontally (b; proxy for horizontal trough migration) through 1
cm of lag for south-facing trough walls over 500 kyr (red), 1 Myr (blue) and 2 Myr (black)
for various slopes.

While the troughs generally behave similarly within a region, they also behave individually
due to a combination of regional slope and latitude. Troughs at lower latitudes will behave
slightly differently from troughs in the same region at higher latitudes. Our model matches
the TMP in most locations, but this is a first step towards addressing a complicated system
with multiple feedbacks. Future work includes refining the model to better understand the
nuances of what record is retained in the stratigraphy and TMP. In this paper, we model
two adjacent troughs at locations where NPLD layering is clearly exposed, suggesting the
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slope of the present-day trough is likely representative of the slope while it has been
migrating. However, many other troughs in the area have no or almost no layers exposed.
All of these troughs have TMPs that increase in slope in their highest (most recent) section,
an intuitive stratigraphy due to the increase in slope created when the low-side
accumulation onlaps the high side and an explanation for the lack of visible layers at such
trough sites. This means that the preserved slope we measure in the subsurface is only an
estimate for the high side slope during migration. For instance, a slope may act as a whole
until the lower sections are buried, then the upper sections continue migrating. This sets up
a delay in the climate record with effects at one period affecting the accumulation pattern
at a later date. Future work and improvements for our model includes accounting for
possible changes over time in the migrating slope wall to account for the initial formation
of the trough as well as present day burial for troughs whose layers are not exposed
anymore.
4.5.4 Amount of ice loss
We performed an order-of-magnitude calculation of the total amount of ice sublimated
from these high side trough walls during the trough migration process. We integrated the
sublimation rates in the solution shown in Figure 4.12 over the last ~1.1 Myr. Assuming
the troughs occupy ~8% of the surface area of the NPLD (Tanaka, 2005), which has an
area of 1.12106 km2 (Smith et al., 2001), we calculate a volume of ~8104 km3 of ice lost
from the troughs during migration – the majority of which is then placed on the trough low
side (Smith et al., 2013).
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Most of the water vapor sublimated from these high side trough walls is likely redeposited
on the low side of the trough, otherwise the troughs would behave as those in the south
polar layered deposits (SPLD, Smith et al., 2015) and have a preference towards widening
without true migration (no new material at the bottom of the trough). Perhaps some of the
water vapor could also be distributed to the flat, surrounding terrain or even transported to
other parts of the planet, though the extent and timescales for this process are unclear. The
total volume calculated above would be equivalent to ~80 m of accumulation on the flat
surrounding NPLD surface. This is ~15% of the net accumulation that has occurred since
Troughs 1 and 2 formed (~500 m). If transported to the south and redeposited on the SPLD
(area = 1.14106 km2; volume = 1.2106 km3; Smith et al., 2001), this volume is equivalent
to ~6% of the volume (~70 m) of the SPLD. 8104 km3 is also of similar magnitude as the
current volume of ice in the Arcadia and Utopia Planitae mid-latitude ice deposits
(Bramson et al. 2015, Stuurman et al. 2016, Bramson et al. 2017), though ice at lower
latitudes is expected to be retreating rather than accumulating in the last several million
years due to the lower obliquity. Identifying how much of this water vapor stays in the
local vicinity of the trough and gets redeposited on the low-side walls, versus how much is
mixed into the atmosphere where it can be redistributed around the planet, may help
constrain volatile exchange processes into and out of the polar regions. Conversely, better
understanding atmospheric processes that control volatile transport may allow us to
constrain how much of the sublimated ice stays in the local vicinity of the troughs.
4.5.5 Sources of error in observations
While our goal in this paper was to match our modeled trough migration paths to the
observed paths, there are still many unknowns related to polar processes and ice properties
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that contribute to sources of error in the observed trough migration paths. As described in
section 2, there is inherent error in the TMPs related to the pixel size of the SHARAD 3D
depth-corrected radargrams in which we mapped the TMPs. The pixel size of the 3D
dataset used in this study is ~20 m vertically and ~500 m horizontally, providing a bestcase quantitative estimate on the error in each direction of our observations. However,
additional error may be introduced in the depth-correction if the dielectric constant of any
part of the NPLD is not 3.15, the value of pure ice and that often used for NPLD radar
studies (Grima et al., 2009). For example, if the upper tens of meters of the polar cap has
retained some porosity, the dielectric constant would be lower and depths to the first data
points would be deeper, shifting the TMP downwards vertically. Additionally, the ice of
the NPLD has some small amount of dust content, and our thermal model uses a different
assumption from pure ice, namely that 3% volumetric fraction is dust grains embedded
within the ice. Additional studies of the thermophysical properties and depositional and
sintering processes of ice at Mars’ poles will thus allow for better measurements of trough
migration and evolution.

Because we measured the TMPs in the 3D data volume, we are not restricted to making
measurements along any particular 2D orbital track of MRO, and we therefore took such
measurements perpendicular to the trough. However, if the trough migration direction (and
thus orientation of the trough wall) has changed throughout trough evolution, geometric
effects could cause our measurements to overestimate migration. Future studies to map the
full migration path surfaces in 3D as they vary laterally along the troughs, rather than using
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a cross section at one representative place at the trough, could help elucidate how much the
orientation of the troughs evolve with time, depth and lateral position along the trough.

4.6 Conclusions
We generated synthetic trough migration paths that match observations by modeling the
sublimation rates of the trough wall and calculating the amount of horizontal migration
caused by this sublimation. We find that sublimation of the ice combined with reasonable
estimates of NPLD ice accumulation can generate the measured amount of migration
observed in the subsurface TMPs by the SHARAD radar instrument onboard MRO. We
can explain the shape and distance of the trough migration paths using accumulation rates
similar to previous predictions (Levrard et al., 2007; Hvidberg et al. 2012) and with a <5
mm lag deposit on the trough wall surface in recent times and a lag that grew to be ~10
mm thick right after formation ~500 kyr–1.5 Myr ago. If initiation of trough migration
occurred 2 Myr ago or longer, the trough requires a thicker lag to restrict the amount of
horizontal migration due to sublimation, and we constrain the thickness of the lag in this
case to between 10–15 mm. In this ‘old-trough’ scenario, however, accumulation rates need
to be a factor of several less than previous predictions (e.g. Levrard et al., 2007; Hvidberg
et al., 2012) to match the amount of vertical migration. Furthermore, these cases with lags
of >1 cm thickness also lead to straight TMPs with a constant slope equal to that of the
high side trough wall itself. The observed migration paths, however, exhibit variability in
horizontal migration with depth and thus have a variable slope with depth. Therefore, we
conclude these troughs are younger than 1.5 Myr, consistent with expectations based on
the hypothesized age of the NPLD, and that the trough wall has been covered in a time123

variable lag on the order of millimeters-thick throughout most of its evolution. An orderof-magnitude calculation suggests a volume of ~104 km3 of ice may be lost during
migration of all the north polar troughs throughout the last ~1 Myr, on the same order as
the volumes in mid-latitude subsurface reservoirs.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
This dissertation has explored the distribution and stability of subsurface ice deposits on
Mars using a multi-faceted approach that includes imaging and radar remote sensing
observations from spacecraft and theoretical modeling. It set out to address two outstanding
questions related to Martian ice and the climate during the recent Amazonian period:

1. What is the distribution of ice reservoirs on Mars and what are the properties of the ice?
2. How stable is the ice in various reservoirs on Mars and how are these reservoirs
exchanging with each other?

5.1 Summary of findings
5.1.1 What is the distribution of ice reservoirs on Mars and what are the properties of the
ice?
In Chapter 2, I present evidence for a widespread layer of ice in the northern mid-latitude
region of Arcadia Planitia. The thicknesses measured for the layer are 30–80 m, with the
deeper values occurring near the southern extent of the deposit (~38–40°N). I calculated
the real component of the dielectric constant of the layer to be 2.5 and infer that the unit is
mostly excess water ice, rather than pore-filling ice. I constrained the area covered by the
ice to <1.2106 km2 over a latitude range of 38°N–52°N, and place limits on the volume
of ice: 1.3104 km3 – 6.1104 km3. This study is published in Bramson et al. (2015).
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The discovery of this ice sheet adds to mounting evidence for abundant excess ice locked
up in the mid-latitudes, contrasting the previous paradigm that non-polar ice throughout
the Amazonian is mainly in the form of young, pore-filling ice. In 2016, another radar study
by Stuurman et al. (2016) found a similar ice deposit 80–170 m in thickness in the midlatitude region of Utopia Planitia. Both Arcadia and Utopia deposits were found to have
ice volumes on the order of tens of thousands of cubic kilometers and a dielectric constant
of ~2.5. Recently, I was involved with the discovery of cliffs in the mid-latitudes, including
at a site just north of Arcadia Planitia, that expose the stratigraphy of thick (<170 m),
layered ice deposits (Dundas et al., 2018) and supports the interpretation that these low
dielectric constant layers across the northern plains are due to thick ice deposits.

There is also growing evidence that these thick ice sheets extend very near to the surface
(Figure 5.1), potentially providing a large in-situ resource for future human explorers to
Mars. The Mars Odyssey Neutron Spectrometer (MONS) epithermal neutron data show
the near subsurface of Arcadia Planitia is hydrogen-rich, suspected to be due to the
presence of relatively pure water ice (Feldman et al., 2011; Wilson et al., 2018).
Geomorphological evidence for excess ice in the mid-latitudes includes sublimationthermokarst features (Figure 5.1 a and b), which form from collapse of the surface after
localized sublimation of 5–10 m of excess ice (Dundas et al., 2015; Viola et al., 2015; Viola
and McEwen, 2018). The Phoenix lander (at 69° N) excavated both pore-filling and excess
ice (Figure 5.1 c) in the upper centimeters of the surface (Mellon et al., 2009; Smith et al.,
2009). Many new impacts that have hit Mars in the last 10 years (Figure 5.1 d and e) have
exposed and excavated nearly-pure water ice (<10% dust by volume) as far south as 38°N
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within the uppermost meter (Byrne et al., 2009; Dundas et al., 2014). Radar-detections of
massive ice in debris-covered glaciers (Holt et al., 2008; Plaut et al., 2009b) and analysis
of the latitude-dependence of pedestal craters (Kadish et al., 2009) also support an excess
ice-rich subsurface across the mid-latitudes. Lastly, the cross sections of the stratigraphy
of the mid-latitude ice deposits exposed at the newly-discovered scarps show that the ice
extends to very near the surface (Dundas et al., 2018), as seen in Figure 5.2.

a

d

300 m

b

60 m

e
300 m

c
60 m

f

Figure 5.1: Evidence for excess ice in the northern midlatitudes of Mars (a) cluster of
thermokarstically-expanded craters (HiRISE image ESP_028411_2330); (b) scalloped
depressions (HiRISE image PSP_001938_2265); (c) excavation by the Phoenix lander of
ice (image from Mellon et al., 2009); (d & e) ice-exposing impacts (HiRISE image
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ESP_025840_2240 and HiRISE image ESP_032340_1060); (f) 3D perspective from
HiRISE Digital Terrain Model of a terraced crater indicating an impact into ice-rich layers
(see Chapter 2). HiRISE image credit: NASA/JPL/University of Arizona

In Chapter 3, I combine the observed properties of these ice sheets with ice stability models
to show that the ice presently has porosities of at least ~25–35% and volumetric dust
contents of ~1–5%. These dust contents are consistent with ice found in mid-latitude
debris-covered glaciers (e.g., Holt et al., 2008). While snowpacks on Earth generally turn
to firn and densify rapidly, I show that these levels of porosities may be maintained for
orders of magnitude longer timescales under Martian conditions (lower accumulation rates,
temperatures, and pressures compared to Earth). Modeling of geothermally-driven vapor
diffusion through porous ice suggests water vapor should migrate through and re-condense
into a top layer of dense ice on timescales longer than that of ice retreat. This means retreat
will come from the upper layers, leaving behind the underlying porous ice. Our results
suggest that thick deposits of mid-latitude firn with low dust contents are a long-lived
feature of Amazonian Mars. This study is published in Bramson et al. (2017).

The observed minimum age of the mid-latitude excess ice in Arcadia Planitia was
determined through crater-age dating to be tens of millions of years (Viola et al., 2015).
This age has been difficult to reconcile with the standard paradigm of mid-latitude ice,
however, which generally interprets mid-latitude ice as young ice that exchanges and
equilibrates with the atmosphere to interact with the polar volatile reservoirs over Mars’
120 kyr periodicity obliquity cycles (e.g., (Schorghofer, 2007a)). Experiments on the
diffusive properties of Martian regolith, along with numerical simulations of the diffusion
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process, indicate that water vapor should readily diffuse from the subsurface (Bryson et al.,
2008; Chevrier et al., 2007; Hudson et al., 2007; Hudson and Aharonson, 2008; Sizemore
and Mellon, 2008). This suggests that even brief excursions through periods of ice
instability should have caused mid-latitude ice to readily sublimate, and any replenishment
of the ice from the atmosphere would be pore-filling rather than excess ice.

Because of the thick and widespread nature of the mid-latitude excess ice deposits, as well
as the low dust contents and relatively high porosities suggested by the dielectric constants,
snowfall is the most likely mechanism for their emplacement. An ice deposition episode
similar to that proposed by Madeleine et al. (2009) would be a good candidate for the
excess ice sheets across the northern plains of Mars. The fact that these ice sheets likely
extend close to the surface suggests they are likely able to readily exchange volatiles with
the poles during Mars’ low-obliquity excursions, and necessitates an explanation for their
continued preservation. The distribution of such mid-latitude ice deposits, along with their
purity, thicknesses, areas and volumes provide important constraints for the climate and
ice stability throughout the Amazonian.

5.1.2 How stable is the ice in various reservoirs on Mars and how are these reservoirs
exchanging with each other?
The conditions that led to the formation and preservation of the mid-latitude ice sheets
described above hold clues to past climate and subsurface structure on Mars. In Chapter 3,
I simulated the thermal stability and retreat of buried mid-latitude ice over 21 Myr of
Martian orbital solutions. I find that the ice sheets can be orders of magnitude older than
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the obliquity cycles that are typically thought to drive mid-latitude ice deposition and
sublimation. These tens of Myr-old, decameters-thick ice sheets could be preserved until
today if they formed ~2–3 as thick and had small, but non-zero, dust content.

Orbital solutions older than 21 Ma are chaotic, but if the average obliquity was similar to
or higher than that between 4–21 Ma, then ice could be older without significantly
increasing the total loss. Ice is less stable at lower latitudes, and we find ice retreat is higher
by a factor of 4 at the lowest latitudes (38ºN) versus the highest latitudes (50ºN) modeled.
We find that the higher average obliquities before 4.5 Ma so commonly yield stable ice
conditions that this older timeframe is less important for retreat of ice sheets than the most
recent ~4 Myr. Therefore, we conclude that if an ice sheet is thick enough to survive the
last 4.5 Myr, it can likely be 21 Myr old. Given that the most probable value of obliquity
over the Amazonian is 41.8° (Laskar et al., 2004), these ice deposits may even be
substantially older.

To quantify the contribution of ice lost from these deposits to the growth of the north polar
layered deposits, I calculate approximate volumes of ice loss over time. I calculate a
volume of pure ice (0% porosity) lost in Arcadia Planitia over the last 21 Myr of ~52,300
km3. I approximate ice loss of ~87,100 km3 from Utopia Planitia. This yields a total ice
volume lost from Arcadia Planitia and Utopia Planitia over the last 21 Myr of ~140,000
km3. The ice loss from these deposits over the past 4 million years could contribute ~62 m
to the construction of the north polar layered deposits (~6% of its volume), or on the order
of 10% if the NPLD is older than 4–5 Myr. A widespread, recent accumulation package
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(“WRAP”) within the polar layered deposits (PLD) was identified in the SHARAD data,
and has been attributed to accumulation of ice since the end of the last Martian ice age
~370 ka (Smith et al., 2016). We find the volume of ice lost from the Arcadia Planitia and
Utopia Planitia deposits in this more recent timespan is ~2,883 km3. Therefore, retreat of
these two mid-latitude excess ice reservoirs could have contributed ~3% of this most recent
WRAP unit.

As described earlier, the Amazonian climate has been dictated by obliquity variations that
lead to exchange of water in vapor and ice form between the non-polar and polar latitudes.
To understand the other half of the system, the focus of Chapter 4 is on understanding the
stability of polar ice on equatorward-facing slopes in troughs and the role that sublimation
plays in causing these trough walls to migrate over time. I find that sublimation from the
trough walls while the surrounding flat NPLD surface is experiencing net accumulation
can generate the ablation needed to cause the amount of migration measured in the radar
subsurface stratigraphy, although the ice needs to have been covered by a sublimation lag
throughout most of the trough’s lifetime. The solutions favor thicker lags at the deepest
(oldest) part of the trough history. This could occur if the initiation of the trough happened
relatively quickly, such that ice was being sublimated rapidly and leaving behind dust faster
than the winds could remove the lag. However, I find that the lag thickness during the most
recent times needs to be small enough as to not provide a diffusive barrier to sublimation.
To match the most recent slopes of the trough migration paths, I find that either erosion
from the trough wall needs to be even higher or accumulation rates are even lower than
~0.415 mm/year.
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Sublimation from these trough walls would generate ~104 km3 of ice loss over the last ~1
Myr. This is of similar magnitude as the current volume of ice in the Arcadia and Utopia
Planitae ice deposits. Some of this water vapor is likely redeposited on the poleward-facing
side of the trough, but perhaps some could also be distributed to the flat, surrounding
terrains or even transported to other parts of the planet, including the south pole. If this
were the case, the loss of ice from these equatorward facing slopes on the north pole could
contribute up 10s of meters of accumulation on the NPLD or SPLD surfaces (~15% of the
net accumulation on the NPLD during trough migration and ~5% of the volume of the
SPLD) during the last 1.1 Myr.

5.2 Future work
Generating answers always leads to the development of even more questions than you
started with. The work featured in this dissertation is no exception.

While multiple lines of evidence are converging towards mid-latitude excess ice being old,
abundant and close to the surface, there is still much uncertainty as to the stratigraphy in
the upper meters and tens of meters of the surface. Do frost heave processes generate
additional smaller deposits of excess ice within the regolith, and what effects would these
have on limiting diffusive loss of the deeper ice reservoir? What are the timescales for
pore-filling and excess ice deposition and removal? Are the ice deposits layered, suggesting
multiple periods of deposition, or was the bulk of the unit deposited in one large episode?

132

Multiple episodes of deposition of mid-latitude ice would suggest there may also be
layering of multiple sublimation lags within these mid-latitude deposits. Evidence of
possible layering within the ice sheet exists in the fact that several of the terraced craters
in Arcadia Planitia exhibit an additional shallower and less prominent terrace (Figure 5.1d),
perhaps at the interface between two such ice layers (see Chapter 2). The radar interface in
Utopia Planitia correlates to a unit of layered mesa terrain whose geomorphology suggests
dissection has occurred over much of the terrain (Stuurman et al., 2016). The stratigraphy
at the icy scarp sites in visible images (Figure 5.2) from the HiRISE camera also show
evidence for layering (Dundas et al, 2018). The layers in these various mid-latitude deposits
could represent multiple periods of ice accumulation and sublimation. Future studies with
higher-resolution radar sounder data or additional imaging of recently eroded cross sections
through mid-latitude ice deposits may help resolve this.

Additional observations of the stratigraphy in the upper meters of the surface will also be
important for putting constraints on parameters that are important for ice stability, such as
the near-surface atmospheric water vapor contents, vapor diffusivity and ice properties.
Conversely, a better understanding of these parameters, the thermophysical parameters of
Martian regolith and the geothermal heat flux of the planet will allow for better estimations
of the subsurface temperatures and stratigraphy and therefore ice stability. Additionally,
the presence of salts such as perchlorates, which may act as nucleation particles for water
ice from the atmosphere (Santiago-Materese et al., 2018) and then become concentrated in
the subsurface, as seen at the Phoenix landing site (Cull et al., 2010), could significantly
affect the diffusive exchange of water vapor between the deeper subsurface. As such,
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further studies into the quantities and distribution of salts in the near subsurface will be
important for understanding ice stability on Mars.

Figure 5.2: High-resolution image of cliffs that expose the stratigraphy of thick ice
deposits in the mid-latitudes. These scarps show that the ice is likely layered and extends
nearly all the way up to the surface. This image is a portion of HiRISE image
ESP_022389_1230 at 56.6°S, 114.1°E.

A recent study by Campbell and Morgan (2018) found that the Arcadia and Utopia deposits
generate higher radar attenuations than would be expected if pure ice dominated the
thickness of the unit. Resolving this discrepancy is important, as it tells us there is still a
major unknown in either the properties or quantities of ice in the northern plains of Mars.
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Could layering of multiple sublimation lags within the ice cause the higher attenuations?
What are the concentrations of salts (which strongly attenuate the radar signal while not
affecting the real component of the dielectric constant) in Martian ice? Is the radar interface
detected across the region not the inferred base of the ice but rather represents the interface
between lava flows or other geologic materials that exist below the ice? Meanwhile, what
is the cause of the low radar attenuations that Campbell and Morgan (2018) find for the
equatorial Medussae Fossae Formation and what can that tell us about the possibility for
low-latitude ice at present day and/or the properties of low-density lithic materials on Mars.

While our modeling in Chapter 3 focuses on the simplified case where we start with a
preexisting ice sheet at the mid-latitudes, future modeling studies could also account for
additional periods accumulation to establish the effect of high-obliquities on the mass
balance of mid-latitude ice sheets. At high obliquities, ice is stable in the mid-latitudes and
could even undergo additional accumulation, either through snowfall onto the surface or
pore ice accumulation within the ice sheet. Additional ice accumulation in the mid-latitudes
would only make thick (tens of meters) ice sheets easier to explain, as this more recent ice
would be the first to sublimate as the obliquity drops. At extremely low obliquities on the
other hand, it has been predicted that the carbon dioxide atmosphere collapses into
permanent solid CO2 deposit (Kreslavsky and Head, 2005). Further work is needed to
establish the fate of mid-latitude ice during times of atmospheric collapse; however, these
extreme dips in obliquity represent a very small fraction of the past 21 Myr.
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Little is known about the sintering process on Mars although it is likely very important to
the evolution of buried ice sheets preserved from previous climates. The dielectric
constants of the Arcadia and Utopia deposits were measured to be lower than that of pure
water ice, suggesting the ice has maintained porosity on the order of 10s of percent
throughout this time. Understanding the processes involved with ice densification on Mars
will be important for interpreting these observations in the context of the climate cycles
that have led to their emplacement, evolution and preservation to present day.

In Chapter 3, I suggest that sublimation of the mid-latitude ice would occur on timescales
faster than a front of dense ice could grow from geothermally-driven temperature gradients.
However, this is a hypothesis that needs to be tested, as the role of diurnal and seasonal
temperature variations, effects from orbital forcing, and additional sintering processes
under Martian conditions remains unknown. Additionally, the timescales and processes
that affect ice porosity on Mars could have wide-reaching implications for our
understanding of the Martian Polar Layered Deposits (PLD). There are a large number of
subsurface radar reflections within the PLD and the current thinking in the field is that
these reflections are caused by dielectric contrasts due to thin dust layers from sublimation
lags within the ice. But on Earth, pH variability and density contrasts in ice can cause radar
reflectors. As such, future studies of Martian sintering processes will be important for
understanding the likelihood that layers of ice with different densities form within the PLD
(due to sintering from temperature and/or pressure fluctuations either seasonally or from
the ~100 kyr orbital forcing periodicities) and thus our interpretations of the radar
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stratigraphy. Additional modeling and laboratory experiments under analog conditions
may help address these questions.

The work of Smith and Holt (2015) demonstrates that there is diversity within the polar
spiral troughs that expose the layers that make up the PLD, and the troughs formed in two
generations separated by many hundreds of meters in the vertical stratigraphy. They also
categorized the troughs into eight relatively distinct groups regionally across the NPLD.
Understanding the regional and local conditions that generate this diversity in the mass
balance of the troughs will be important for understanding the evolution and fate of polar
ice deposits and their effects on the climate.
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APPENDIX A
SUPPLEMENTARY MATERIAL FOR CHAPTER 2
This appendix contains information on the exclusion of radar sidelobes and clutter in our
analysis of the SHARAD subsurface interfaces as well as details on how we estimate the
error in our dielectric constant calculations. Also included is a figure showing all 11 craters
for which we made Digital Terrain Models (DTMs) and a table of the measurements and
calculations involved with each crater and DTM, including latitude, longitude, diameter,
and HiRISE stereo pair image IDs used for each crater; elevations, depths, dips and
elevation range for the surroundings, terrace(s), and bottom of the crater’s nested pit (if
applicable); number of, mean, weighted mean, and standard deviation of SHARAD
measurements; dielectric constant calculations (based on terrace depths and weighted mean
of SHARAD subsurface points within 10 km) and errors.

A1 SHARAD processing, clutter simulations and sidelobe avoidance
Colorado SHARAD Processing System (CO-SHARPS) parameters used in the processing
of SHARAD radargrams: an aperture length of 2048 (12-second aperture), Hann
weighting, a peak SNR of 32 dB, and a 0.2 Hz bandwidth window.

Radar “clutter” consists of bright reflections from off-nadir surface topography, giving late
returns that may be mistaken for subsurface returns. In our mapping, we compared
radargrams to their corresponding clutter simulations produced using Mars Orbiter Laser
Altimeter (MOLA) data, the radar trajectory and the effects of radar focusing (Holt et al.,
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2008, 2006). When a subsurface interface appeared in the clutter simulation, we did not
map it as a subsurface interface (Figure A1).

Because of the band-limited nature of the radar signal, processing produces sidelobes
adjacent in delay time to the local maxima in the return power of the SHARAD signal, and
the trailing sidelobes of strong surface reflections can be mistaken for shallow subsurface
reflectors (Seu et al., 2007). In processing, SHARAD chirp compression places the first
sidelobe at a one-way delay of 0.12 μs relative to the surface reflector (and weaker by 20
dB) and a second sidelobe at a relative one-way delay of 0.21 μs (and 34 dB weaker). We
used a Hann filter, which suppresses sidelobes, in the processing of the radargrams;
however, if we found that a late reflector mirrored the surface reflector exactly and
occurred near these delay times, we assumed it was due to the instrument’s sidelobes and
we did not mark it as a subsurface return.

Figure A.1: Radargram and corresponding clutter simulation. Yellow arrows point to the
surface and subsurface interfaces, which have no corresponding signature in the clutter
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simulation. Red arrows point to “clutter” which appear in the clutter simulation and the
radargram. Clutter was not mapped, as it is caused by off-nadir topography rather than
subsurface interfaces.

A2 Estimation of errors in dielectric constant
Christian et al. (2013) suggested that errors in radar-derived layer thickness are dominated
by the SHARAD time-sampling resolution of 0.0375 μs. Propagating this through to an
error in the dielectric constant would give an error in εr of ~0.31. We take a more
conservative approach by using the full width at half maximum (FWHM) of the power of
the surface and subsurface reflectors in a profile averaged over 50 pixels taken at the
nearest point to the crater in the track that passes closest to the crater (Figure A2). Power
values used are DN values from radargram images, which were scaled from SNR values
between -3 dB and 32 dB. We use the FWHM values to calculate one-sigma uncertainties
of each reflector (surface and subsurface) and propagate the combined uncertainty of the
time difference through to the dielectric constant measurements using the mean delay times
and the deeper terrace depth for that crater.

The vertical precision in HiRISE DTMs is generally better than 1 m (Sutton et al., 2015)
and so, by comparison to the radar delay-time error, is insignificant, though it is included
in our error calculations. Our calculations of full width at half maximum (shown in Figure
A2) give a one sigma uncertainty of delay-time difference between surface and subsurface
reflectors of 0.047-0.066 μs which dominate the error in our dielectric constants, and leads
to an uncertainty therein of 0.39-0.61 in εr.
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The average dielectric constant for craters 0, 2 and 7 (those that are deep enough to likely
go through the entire layer) give an average dielectric constant of 2.5. The error in this
average is reduced to √(0.392 + 0.612 + 0.432) / 3 to give our resulting εr = 2.5 ± 0.28.
Details of each error calculation:
Crater 0: The power is taken as an average of the columns of radargram 949601000
centered on pixel 3699 ± 25 pixels.
Error in DTMs < 1 m ➔ σΔx = 1.4 m
Error in SHARAD:
Surface σ = 0.037 μs
Subsurface σ = 0.029 μs
σΔt = 0.047 μs
Propagate Errors to Dielectric Constant
σεr crater 0 = 0.39
Crater 2: The power is taken as an average of the columns of radargram 676701000
centered on pixel 1512 ± 25 pixels.
Error in DTMs < 1 m ➔ σΔx = 1.4 m
Error in SHARAD for Crater 2:
Surface σ = 0.061 μs
Subsurface σ = 0.020 μs
σΔt = 0.064 μs
Propagate Errors to Dielectric Constant
σεr crater 2= 0.61
Crater 7: The power is taken as an average of the columns of radargram 507901000
centered on pixel 209 ± 25 pixels.
Error in DTMs < 1 m ➔ σΔx = 1.4 m
Error in SHARAD for Crater 2:
• Surface σ = 0.062 μs
• Subsurface σ = 0.022 μs
• σΔt = 0.066 μs
Propagate Errors to Dielectric Constant
• σεr crater 7= 0.43
Crater 10: The power is taken as an average of the columns of radargram 577801000
centered on pixel 65 ± 25 pixels.
Error in DTMs < 1 m ➔ σΔx = 1.4 m
Error in SHARAD for Crater 2:
Surface σ = 0.053 μs
Subsurface σ = 0.037 μs
σΔt = 0.064 μs
Propagate Errors to Dielectric Constant
• σεr crater 10= 0.49
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Figure A.2: Average power plotted with one-way delay times for each of the radar tracks
nearest to the four terraced craters. We calculated full width at half maximums of the
surface (red) and subsurface (blue) returns to find the one-sigma uncertainties in delay
time (and thus dielectric constant) calculations.
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A3 Area and volume calculations
The area of Arcadia Planitia that contains a mapped subsurface radar reflector is ~2.5 x 10 5
km2 if we bin the data onto a grid of ~10 km x ~10 km cells and sum the area of the grid
containing a subsurface reflector. A robust lower limit on the ice volume of 1.3 x 104 km3
comes from multiplying the mean measured delay time for each cell, converted to a depth
using εr = 2.5, by the area of that cell for each grid point that contains at least one subsurface
radar measurement. This method ignores the areas between SHARAD detections that likely
contain ice too thin to be detected by SHARAD (< ~20 – 30 m).

We place an upper limit on the volume of ice by multiplying the mean delay-time (0.27
μs) converted to depth assuming εr = 2.5 (51 m) by the convex hull calculated around the
subsurface radar measurements within Arcadia Planitia of 1.2 x 10 6 km2. Using the mean
depth from SHARAD measurements overestimates the actual mean depth because there
are shallow interfaces at sufficiently small delay times that we can't measure. The convex
hull area is also an upper limit on the area of the deposits as it assumes all the interior gaps
are filled with the layer. This calculation yields an upper limit on the volume of ice of 6.1
x 104 km3, which would correspond to a volume of proportions similar to a ~360 m layer
of ice covering an area the size of Wisconsin.
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Figure A.3: Digital terrain models (with shaded relief) made for the study along with the
crater ID given for the study, its location and the image pair used to make each DTM.
Colors represent the elevations across the DTM.
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Table A.1: Results at all terraced craters, including properties from each DTM and
SHARAD one-way delay time measurements for the craters that had subsurface radar
interfaces within 10 km. Also listed are the dielectric constant calculations based on an
inverse-distance weighted mean of one-way delay time measurements within 10 km for
craters that had a second terrace. Blue columns represent craters that have two terraces
and subsurface radar interfaces within 10 km of the crater.
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