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Abstract Mars' iconic polar spiral troughs are 400–1,000‐m‐deep depressions in the north polar layered
deposits. As the north polar layered deposits accumulate, troughs migrate approximately poleward,
anti‐parallel to the local wind patterns. Insolation is suspected to drive ice retreat through sublimation.
Sublimation at the trough wall 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 near 87°N to
evaluate the mass balance conditions at those sites. We constrain the contribution of insolation‐induced
sublimation to the migration in the observed TMPs. We present a phenomenological model that combines
our simulations of the sublimation conditions at paleo‐trough surfaces with accumulation rates to create
synthetic TMPs that are tunable to the observations. Models using nominal values of lag diffusivity, albedo,
and atmospheric water vapor abundance and in which the trough walls have been covered in a lag on the
order of millimeters thick and formed ~2.3 Myr ago match the observed trough migration and align with
expectations of trough ages. Thicker lags, and/or older troughs, would generate TMPs of constant slope,
which does not match the observed paths. We demonstrate the viability of our new theoretical model for
predicting conditions that lead to trough migration, allowing us to connect observable TMPs to Martian
climate processes.

Plain Language Summary Mars' iconic polar spiral troughs are depressions in Mars' northern
polar ice cap. The positions of these troughs have migrated poleward over time. Exposure to the Sun's
radiation is suspected to drive retreat of the ice through sublimation (ice transitioning directly into vapor
without a liquid phase). When ice sublimates, it leaves behind any dust that was within the ice, protecting
the ice from further sublimation. Winds, however, have thinned this dust cover, allowing the troughs to
continue migrating. Ice layering in subsurface radar data map out the migration paths of the troughs, which
provide a record of the troughs' position from their formation to the present day. We investigate ice stability
conditions at two adjacent troughs and present a new theoretical model for trough migration. We model
sublimation of the trough walls and combine our simulations with previously proposed ice accumulation
rates for Mars' north pole to create synthetic trough migration paths. In comparing our models to the
observations of trough migration, we find that the trough walls have been covered in millimeters‐thick dust
over ~2.3 Myr, consistent with previously hypothesized ages. Our physical modeling approach allows us to
connect the observable trough migration paths to Martian climate processes.

1. Introduction

Mars' spiral troughs are depressions in the North Polar Layered Deposits (NPLD) that spiral clockwise about
the Martian north pole (Figure 1) and have relief that ranges from ~400 m near the pole to >1 km at the
margin of the NPLD (Pathare & 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 kilometers (Howard, 1978). These
troughs expose the layers of the NPLD (Figure 1e) and have been integral in shaping our understanding
of the polar caps as products of orbital‐induced climate variations (e.g., Fishbaugh & Hvidberg, 2006;
Hvidberg et al., 2012; Laskar et al., 2002). 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).

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
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rotational parameters (i.e., eccentricity [e], longitude of perihelion [Lp], and obliquity [ϕ]) 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 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 ~4.5 Ma, it is thought that this is the time when the NPLD started forming
(Levrard et al., 2007) and has since undergone an average of 0.5 mm/year of ice accumulation (Hvidberg
et al., 2012; Laskar et al., 2002). Short‐term accumulation rates derived from the removal of recent impact
craters are an order of magnitude higher (Banks et al., 2010; Herkenhoff & Plaut, 2000; Landis et al.,
2016). However, the accumulation of ice mounds within polar craters (Conway et al., 2012) suggests that cra-
ters may be a favorable site for preferential ice accumulation, and it is unclear if these accumulation rates
reflect the accumulation conditions over the bulk of the NPLD surface and over what time period. The rela-
tionship between the NPLD stratigraphy and the chronology of past orbital cycles is not trivial (Sori et al.,
2014). In general, the mass balance of Mars' polar (and nonpolar) 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. This debate motivates our study of the evolution of themigration spiral troughs in the NPLD,

Figure 1. Trough observations. (a) Mars Orbiter Camera 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 Mars Orbiter Laser Altimeter 512 pixels per degree) 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
Context Camera (CTX) image P01_001530_2671_XI_87N001W showing exposed North Polar Layered Deposit layers on
the poleward wall of trough 1. Blue profile also shows the location of topographic profile in (c).

10.1029/2018JE005806Journal of Geophysical Research: Planets

BRAMSON ET AL. 1021



as these sites may offer additional clues into the evolving mass balance conditions that have been
experienced by these troughs.

Ground‐penetrating radar from the Shallow Radar (SHARAD) instrument onboard the Mars
Reconnaissance Orbiter (MRO) discovered discontinuities in the subsurface stratigraphy (Figure 2) that
have been interpreted as trough migration paths (TMPs), or bounding surfaces, undertaken since the
troughs' formation (Smith & 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 accumula-
tion over the same time period (Smith & 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 (Herny et al., 2014; Howard et al., 1982; Smith et al., 2013; Smith & Holt,
2010). The continuous shape of the TMPs in this region and lack of horizontal jumps in these 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 et al., 2013).

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 at which 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 TMPs range from 600 to 1,100 m below the surface, and these
troughs formed as the NPLD was experiencing ongoing deposition. Generation 2 troughs are found within
the Gemini Scopuli region. The onset of these generation 2 troughs happened within a narrow range of time
after a period of widespread erosion and is stratigraphically hundreds of meters higher than generation 1
trough initiation.

Despite the diversity in TMPs, a few properties are similar across the troughs. All of the troughs are asym-
metric in slope and elevation, having a “high” side and a “low” side (Figures 1c and 1d). The high side is
topographically higher than the low side and faces approximately equatorward. As a consequence of the ele-
vation difference, the high side has steeper slopes than the low side, ranging from ~2° near the north pole to
up to 15° near the margin of the NPLD (Pathare & Paige, 2005). The high sides of the troughs have a lower
albedo than the smooth, icy intertrough terrains (Cutts et al., 1976; Ng & Zuber, 2006; Smith et al., 2013) due
to a dust coating that is likely a sublimation residue (lag), which is supported by spectroscopic and morpho-
logic evidence (Massé et al., 2010, 2012). 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) and likely mimics the internal layering of the NPLD (e.g., dustier layers will create thicker
lags, while cleaner ice layers create thinner lags). Meanwhile, the low side is overlayed by an irregular
deposit often referred to as “banded terrain,” which has an albedo intermediate to the high‐side slopes
and intertrough surface of the NPLD (Howard et al., 1982).

Figure 2. Radar observations of trough migration paths. (a) Plan view of the troughs with profiles showing locations of 3‐D and 2‐D radar data in (b)–(e). Note the
slightly different spatial scales and orientation of the 3‐D and 2‐D data profiles. (b) Mapped TMP (pink) in the 3‐D depth‐corrected SHARAD volume for trough 1.
(c) 2‐D SHARAD radargram over trough 1. The TMP traces out where the subsurface reflectors on the low sides (toward Y in Figure 1) are truncated by the
high sides (towards Y′ in Figure 1). (d) Mapped TMP (pink) in the 3‐D depth‐corrected SHARAD volume for trough 2. (e) 2‐D SHARAD radargram over trough 2.
The TMP traces out where the subsurface reflectors on the low sides (toward Z in Figure 1) are truncated by the high sides (toward Z′ in Figure 1).
SHARAD = Shallow Radar; TMP = Trough Migration Path.
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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 water vapor diffusion coefficients of simulated lag deposits on Mars
are sufficiently high as to not pose significant barriers to water vapor dif-
fusion (Hudson & 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 & Wiscombe, 1980). The lag grows

as ice sublimates. However, mechanical transport of poorly cemented lag by winds and mass wasting pro-
cesses 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, that is, forced convection (Cuffey & Paterson, 2010; Williams et al., 2008)
and by momentum/heat transfer into the surface (Smith et al., 2013; Spiga et al., 2011). 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 primarily a 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; Massé et al., 2012; Smith et al., 2013; Smith & 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 1‐D thermal conduction model to simulate insolation‐induced sublimation conditions to investi-
gate mass balance scenarios at two adjacent generation 1 troughs. We combine our derived sublimation rates
over time with accumulation scenarios in a new phenomenological model that creates synthetic TMPs
which are tunable to observations. We compare our model to the observed TMPs in the radar stratigraphy
to constrain the timescales of trough evolution and mass balance conditions at these sites, demonstrating
the viability of the model.

2. Observations and Trough Migration Theory

Wemeasure the slope and orientation of two adjacent “generation 1” troughs (Table 1) at 86.4°N, 16.1°E and
87.1°N, 19.6°E (Figure 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 north polar map from the Mars Global Surveyor
Mars Orbiter Laser Altimeter instrument (Smith et al., 2001), we extracted three topographic profiles 1 km
apart and perpendicular to the trough strike 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.

The TMPs are bounding surfaces within the NPLD that map the preexisting trough surfaces. For both of our
modeled troughs, we map their TMPs (Figure 2) in the 3‐D SHARAD volume (Foss et al., 2017) using the
depth‐corrected data set which converts radar delay times to depths by assuming the real component of
the dielectric constant is that of pure ice (ε′ ~ 3.15), consistent with bulk measurements of the NPLD (e.g.,

Table 1
Summary of Observations for the Two Troughs

Trough 1 Trough 2

Surface location of mapped TMP 86.4°N, 16.1°E 87.1°N, 19.6°E
Vertical migration 476 m 555 m
Horizontal migration 27.4 km 34.7 km
Layered terrain slope 2.9° 1.9°
Orientation of trough 208° 227°
Modeled latitude 86.1°N 86.9°N

Note. TMP = Trough Migration Path.
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Grima et al., 2009). We take an approximately trough‐perpendicular 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
3‐D SHARAD volume, we reduce the effects of viewing geometry in measuring the amount of horizontal
and vertical migrations. The 3‐D SHARAD volume eliminates radar clutter due to off‐nadir surface
topography. The resolution of the data set is ~20 m per pixel vertically and ~475 m per pixel horizontally.

There is almost always no reflector associated with the TMP. This is because the TMP is an unconformity, i.e.
the abutment of two units. Therefore, we mapped the TMP by mapping the unconformity, 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 & Holt, 2010, and more fully described in Smith & Holt, 2015). 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 eight segments make up
trough 2's TMP. Figure 2c shows the mapped points and each segment between them for trough 1. By defini-
tion, each point along the TMP was at one time the bottom of that trough, at the contact between the high
and low sides. All of the material to the right (~south) of the TMP is the 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° to 2°.
The two troughs havemigrated 27.4 and 34.7 km horizontally over the time that 476 and 555m of ice, respec-
tively, has accumulated on the surrounding terrain.

Both ablation from the trough wall and accumulation onto the surroundings lead to changes in the horizon-
tal position of the trough (Figure 3). Net accumulation of the surrounding surface is required to preserve the
TMPs. Here we present a new phenomenological model for trough migration. As a starting principle, high
TMP slopes indicate high deposition rates relative to erosion, while low TMP slopes indicate the opposite
(more erosion relative to deposition). In the endmember case of no accumulation on the surrounding ter-
rain, 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 3a). This situation is possible because temperatures, and
therefore sublimation, will be higher on the equatorward‐facing high‐side trough walls than on flat

Figure 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. TMP = Trough Migration
Path.
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terrain. However, this scenario will not preserve the TMP. The contribution of sublimation to the horizontal
migration (x) of the midpoint of the trough wall is the ice loss rate R (derived from our thermal model, see
section 3.1), which is calculated perpendicular to the trough wall, divided by the sine of the trough slope (s).
The accumulation rate on the surrounding flat terrain (H) sets the vertical migration rate (y). In the end-
member case of R = 0,H also causes horizontal migration due to the upslope movement of the trough's cen-
ter point by H/tan(s) (Figure 3b).

Between these two endmembers are the cases when both H and R are nonzero at the same time and thus
both contribute to the horizontal migration of the trough (Figure 3c). We combine these to produce the
time‐dependent first‐order ordinary differential equations for horizontal migration, vertical migration,
and the slope of the migration path (sm) in equations (1)–(3), respectively.

dx
dt

¼ RþH cos s
sin s

(1)

dy
dt

¼ H (2)

dsm
dt

¼ tan−1 H sin s
RþH cos s

� �
(3)

For a trough slope of 7°, we find that ~90% of the horizontal component of the TMPs comes from sublimation
with the other 10% due to the upslope movement caused by accumulation. For a trough slope of ~3° (similar
to the observed slopes), the horizontal migration comes from ~50% sublimation and ~50% accumulation.

We integrate our time‐varying sublimation rates with proposed ice accumulation rates over the last few mil-
lion years to build up synthetic TMPs. The TMPs are only preserved during times of accumulation; times of
net ablation of the PLD, which are expected at moderately high obliquities (>30–40°; Levrard et al., 2007)
and evidenced by unconformities in the PLD (Smith et al., 2016; Tanaka et al., 2008), may lead to lowering
of the flat terrain not modeled here. Periods of sublimation will produce a dust lag, which will further reduce
the loss rate of ice. The net effect of these high‐obliquity ablation periods on ice cap growth has been mod-
eled to be small (less than ~10‐m thickness lost per high‐obliquity period during 0.5–2 Ma and essentially
nonexistent in the last 0.5 Myr) compared to accumulation (Levrard et al., 2007). The accumulation rate
determines the timescale of migration, which does not account for these possible depositional hiatuses.
For a given timescale, we then combine the accumulation with sublimation to calculate the amount of hor-
izontal migration following that described above. We compare our synthetic TMPs to observed TMPs to
investigate mass balance scenarios at the troughs throughout time and demonstrate that the model is tun-
able to the observations.

3. Methods
3.1. Sublimation Model
3.1.1. Diffusive Loss Through a Lag
We model temperatures of the surface and subsurface using a 1‐D semi‐implicit thermal conduction model
that simulates surface energy balance and transfer of heat between subsurface layers. 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 infrared radiation as 4% of the daily
noontime flux (Aharonson & Schorghofer, 2006). Themodel allows for subsurface layers of different thermo-
physical 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 (Bramson et al., 2017; Schorghofer, 2010). Experiments on the diffusivity of
Mars regolith simulants support these assumptions (Hudson & Aharonson, 2008; Hudson et al., 2007). 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 (equation (4)) that is dependent on the vapor
diffusion coefficient of the regolith (Dreg), the difference between the annual average saturation vapor
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density at the ice (ρvap ) and atmospheric water vapor density (ρatm ), and

(inversely with) lag thickness (zi). d is the volumetric fraction of dust in
the ice (which we assume to be 3%, consistent with Grima et al., 2009),
and ρice is the density of pure ice (taken to be 920 kg/m3). Additional
details about the thermal model and equations for diffusive ice loss calcu-
lations can be found in Bramson et al. (2017).

R ¼ Dreg ðρvap−ρatmÞ
zi ð1−dÞρice

(4)

We have also made updates to the thermal model presented in Bramson
et al. (2017) to include the following additional three effects:

1. Extinction due to attenuation from the atmosphere (which matters
more at poles because of the higher incidence angles). We multiply
our top‐of‐atmosphere solar flux by a term described in equation 2
in Schorghofer and Edgett (2006) and equation 6 in Aharonson
and Schorghofer (2006), which parameterizes attenuation through
the path length of the atmosphere as a function of the elevation of
the Sun above a horizontal horizon. This factor therefore decreases
the amount of solar flux that goes into the surface energy balance

and tends to lower the surface temperatures at the pole by several Kelvin compared to the model with-
out this factor included.

2. One‐half factor for visible‐scattered light. This factor accounts for half of the scattered light being lost to
space and half being scattered back toward the surface. This would have the same effect as changing fscat
to 1% instead of 2% but is now included in our thermal model for completeness and consistency with
other published models described above (e.g., Aharonson & Schorghofer, 2006).

3. Downwelling infrared radiation during polar night. This is the most negligible of the three new effects
and is described in Kieffer et al. (1977). For this factor, we consider that the downwelling atmospheric
radiation is constant through the day at 4% (following Aharonson & Schorghofer, 2006) of whichever
is greater: the noontime insolation or, during polar night, the surface frost emission. We choose to
include it here due to the focus of our application on the poles. The addition of this effect only contributes
~1 W of additional energy to the surface at any given time and only during polar night.

We account for surface slope when computing the incidence angle and multiply the incoming solar flux by
the cosine of this incidence angle. We calculate surface temperatures for a flat icy surface that we use to
simulate reradiation of heat from a surrounding surface toward the sloped trough wall. For the flat icy ter-
rain, we use an albedo of 0.4 (Kieffer, 1990; Pathare & Paige, 2005), thermal inertia of 1,200 J·m−2·K−1·s−0.5

(Paige et al., 1994; Paige & Ingersoll, 1985) and density‐times‐heat capacity (ρc) of 1,416,800 J·K−1·m−3

(Table 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 a nominal albedo of 0.25, the value observed for the troughs by
Kieffer (1990) and Paige et al. (1994). We also ran our model for albedos of the trough wall of A = 0.15
and A = 0.35 (see Supporting Information S1) to fully bracket the range of values observed (Kieffer, 1990)
and because it is unknown if the albedo would remain constant at other obliquities.

We use a thermal inertia for the dry (porous and 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 (Edgett & Christensen, 1991; Paige et al., 1994)
and lag deposits previously modeled in the northern plains (Bramson et al., 2017). We assume the lag deposit
has a porosity of 40% and that NPLD ice has a dust content of 3%, consistent with that estimated for the bulk
composition of the NPLD (Grima et al., 2009). We use a nominal diffusion coefficient of the regolith, Dreg, of
3 × 10−4 m2/s (Dundas et al., 2015; Hudson et al., 2007). While we assume a nominal Dreg of 3 × 10−4 m2/s,
Hudson et al. (2007) found thatDreg underMartian conditions ranges from 1.9 × 10−4 to 4.7 × 10−4 m2/s. The
amount of ice retreat is linearly proportional to the diffusion coefficient of the regolith,Dreg. The uncertainty
in this parameter therefore contributes to less than a factor of two uncertainty in our retreat results and
could lower the amounts of retreat by up to 30% or increase them by up to 50%. We calculate thermal

Table 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, Following the Calculations Described in
Bramson et al. (2017)

Material
Thermal inertia

(J·m−2·K−1·s−0.5)
ρc

(J·K−1·m−3)

Flat icy, intertrough surroundings 1,200 1,416,800
Dry lag deposit on trough wall
(60% rock, 40% pore space)

196 1,657,260

Lag with pore‐filling ice
(60% rock, 40% ice)

2,348 2,223,980

NPLD ice (97% ice, 3% dust) 2,147 1,457,159
Endmember rock
(k = 2 W·m−1·K−1,
ρ = 3,300 kg/m3,
c = 837 J·kg−1·K−1)

2,350 2,762,100

Endmember ice
(k = 3.2 W·m−1·K−1,
ρ = 920 kg/m3,
c = 1,540 J·kg−1·K−1)

2,129 1,416,800

Note. NPLD = North Polar Layered Deposit.
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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 2 summarizes the thermophysical properties used in
the model.
3.1.2. Convective Loss of Surface Ice
We calculate the amount of ice that would sublimate from the trough wall using equations for free and
forced convection (equations (5)–(7)) 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 time step.

mforced ¼ Mw
1

kTbl
Auwind esat−eð Þ (5)

mfree ¼ 0:14ΔηρaveDat
Δρ
ρ

� �
g
ν2

� � ν
Dat

� �� �1
3

(6)

msub ¼ mforced þmfree (7)

We use our thermal model to calculate the regional diurnal minimum temperatures (Tmin) throughout the
year as well as the surface temperature at each time step (Treg) assuming flat, icy terrain. We also calculate
the average diurnal surface temperatures of the sloped surface of the trough (Tsurf). We calculate the satura-
tion 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 tempera-
ture (Tatm), where Tatm = TbminT

1−b
reg and b = 0.2, following Dundas and Byrne (2010). For forced convec-

tion, we assume a nominal wind speed (uwind) of 2.5 m/s and a drag coefficient (A) 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 4a). We convert this curve
to partial pressure of H2O (Figure 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 sur-
face gas water mass fraction according to equation (8):

Δη ¼ ρH2O;surf−ρH2O;atm

� �
=ρatm; (8)

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

Figure 4. 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).
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atmospheric density, calculated assuming 700 Pa of CO2 in the atmosphere and the water vapor in the
atmosphere given by e. We calculate Dat, 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 and Byrne (2010). We convert our mass fluxes integrated over time to the
amount of 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, for use with Laskar's orbital solutions which are provided every 1,000 Earth years (in the
rest of this manuscript, unless otherwise noted, annual rates are in Earth years).

3.2. Modeling Ice Accumulation in Past Climates

We run themodel throughout the last fourmillion years using the orbital and obliquity parameters of Laskar
et al. (2004; Figure 5). We calculate the insolation for each time step assuming a constant orbital semimajor
axis of 1.52366231 AU and rotation rate (length of solar day) of 88775.2 s. Maximum and mean solar flux
values throughout the last 2.5 Myr for flat terrain at a latitude of 86.1° N are shown in Figures 5b and 5c.

Levrard et al. (2007) used a Global Climate Model 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 precession‐

Figure 5. Climate parameters over the last 3 Myr: (a) obliquity from Laskar et al. (2004), maximum (b) and mean (c) solar
fluxes for flat terrain at 86.1°N, and (d) three accumulation schemes based on Levrard et al. (2007) that we tested in this
work.
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related parameter than obliquity. Equation (9) is the second‐order polynomial fit for accumulation rate to
obliquity proposed by Levrard et al. (2007), in millimeters per Mars year:

A ϕð Þ ¼ −0:0015ϕ2 þ 0:024ϕþ 2:0 (9)

This scheme yields an average accumulation rate of 0.84 mm per Earth year over the last 1.5 Myr, which is
higher than the ~0.5 mm/year predicted by Laskar et al. (2002) as well as the best fit match of 0.55 mm/year
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. As a starting point for modeling ice
accumulation, we test Levrard's accumulation rate scheme of equation (9). Given the uncertainties in accu-
mulation, we also multiply their proposed relationship by a constant factor of 0.5 and 0.25, which yield an
average accumulation rate of 0.42 and 0.21 mm/year, respectively (Figure 5d), as to bracket a range of pos-
sible accumulation rates. We could also test higher accumulation rates suggested by those from crater infill
rates; however, our results find that the TMPs are increasingly harder to reproduce with higher
accumulation rates.

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 4b) by scaling the curve for present day up
or down in the same fractional amount as the increase or decrease in atmospheric vapor pressure at different
obliquities relative to the present‐day vapor pressure. Due to uncertainties in how atmospheric water vapor
has changed over time, we ran models for an endmember case of a completely dry atmosphere, as well as for
a water vapor that is double that supplied by the scheme of Schorghofer and Forget (2012).

The time that has passed since the onset of trough formation andmigration 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 approx-
imate age of the NPLD (Greve et al., 2010; Laskar et al., 2002; Levrard et al., 2007). However, the TMPs 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 the accumulation of the NPLD, and some troughs are stratigraphi-
cally much younger.

4. Results
4.1. Bare Ice

Over the course of 4 Myr, a bare‐ice trough wall would generate almost 600 km of horizontal retreat due to
ice sublimation, which is an order of magnitude larger than the observedmigration of the troughs (Figure 6).
We find that for models of a trough wall with no lag throughout its evolution, all trough ages greater than
~600 ka generate at least an order of magnitude too much horizontal retreat (assuming nominal values of
regolith diffusion coefficient, trough surface albedo, and atmospheric water vapor abundance) and therefore
conclude that some lag is required, unless the troughs are ~600 kyr old. Observations showing dusty colora-
tion and dark albedos on the high‐side trough walls support the presence of a thin lag deposit (e.g.,
Howard, 1978).

Figure 6. Horizontal retreat of the trough due to ice sublimation if the trough was not covered in any lag deposit (present
day is on the right).
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We inspect additional cases to evaluate the maximum and minimum amounts of retreat given the uncer-
tainty in parameters. An albedo = 0.15 and completely dry atmosphere provides an upper limit of retreat,
increasing the amount of horizontal retreat by a factor of ~3 over the last 2 Myr compared to our nominal
test case. However, for a bare‐ice case, the trough cannot have an albedo this dark, and so we rule out retreats
this high for a lag‐free trough. We modeled the lower‐limit bare‐ice retreat case assuming an albedo = 0.35
and atmospheric water vapor content of double the scheme proposed by Schorghofer and Forget (2012). This
minimum retreat case yields retreats that are a factor of ~4 lower over the last 2 Myr.

4.2. Growing Lag

If we allow the lag to grow without limit assuming a dust abundance of the NPLD of 3%, the lag grows thick
enough to prevent further sublimation within negligible amounts of time (<1,000 years). This would restrict
the TMPs to the case where migration is solely due to accumulation on the surrounding terrain (Figure 3b).
At an obliquity of 39.6° (e.g., at 4.1 Ma), 6.8 m of sublimation due to ice loss perpendicular to the trough wall
occurs, growing a 34‐cm‐thick lag within one 1,000‐year Laskar orbital step. During an obliquity excursion of
~33° (e.g., at 510 ka), a 12‐cm‐thick lag develops from 2.4 m of ice removal within one 1,000‐year Laskar orbi-
tal step. A lag of those thicknesses prevents any further sublimation, even during any subsequent excursions
through high obliquities. Sublimation in themost recent several 100 kyr (when obliquity <27°) still yields lag
growth of several centimeters thick. Observations of TMPs show that the slope of the migration paths has
changed over time, ruling out the case where migration is solely due to NPLD accumulation. We therefore
conclude that the lag needs to be actively removed in order to achieve significant ice loss and thus 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 & Farmer, 2008) and of thermal inertia
measurements supporting the interpretation of a thin lag (Paige et al., 1994) and lends further proof that
eolian erosion strips away the dust lag from the trough walls.

4.3. Constant Lag

As discussed in section 4.1, a trough without any lag retreats by an order of magnitude more than observed,
so some lag covering is likely needed to match TMPs for troughs older than ~600 kyr. If the troughs are mil-
lions of years old, the trough would need to be covered in a lag thickness 5–10mm thick throughout this time
to reduce horizontal retreat to the observed tens of kilometers (Figure 7). There is a sharp decrease in ice
retreat with increasing lag thickness (Figure 7) due to their nonlinear inverse relationship (equation (4))
as well as the nonlinear temperature‐vapor pressure relationship of the Clausius‐Clapeyron equation, which
is pronounced within the seasonal and diurnal skin depths due to periods of time where the temperatures
are above the average. Due to this sharp nonlinearity, even in 4 Myr (the expected age of the NPLD), hori-
zontal migration is reduced to only tens of meters if covered in a lag 15 mm thick. Thus, the lag needs to have
remained thinner than this on average to generate tens of kilometers of migration. Meanwhile, even under
the circumstance of no lag (Table 3), the troughs need to be older than 500 kyr to undergo tens of kilometers
of horizontal retreat.

Compared to our nominal test cases, the maximum retreat cases (A = 0.15 and dry atmosphere) for 5 mm of
lag increases the amount of total retreat by a factor of 5–6× between ~2 Myr and 500 kyr ago and increases
retreat by over 20× in the last 500 kyr. For the 10‐mm lag case, this retreat is a factor of ~25× higher and can
be 3–4 orders of magnitude higher for 15‐mm lag. However, the minimum retreat case (A = 0.35 and 2× the
Schorghofer & Forget, 2012, atmospheric water vapor scheme) generates essentially no migration (<0.1 km)
for lags 5, 10, or 15 mm thick. For an albedo of 0.35 and atmospheric water vapor of the unmodified
Schorghofer and Forget (2012) scheme, 5 mm of lag can generate on the order of kilometers of horizontal
migration, which is still too little to generate the observed migration. Our modeling therefore suggests that
the trough has likely experienced very little time with albedos this high (~0.35), otherwise the troughs should
not have migrated appreciably.

Although sublimation and thus trough migration is sensitive to albedo (and atmospheric water vapor con-
tent), we focus the rest of the paper on investigating if we can generate TMPs that match the observations
for our set of nominal conditions under different lag thicknesses. If we let all the parameters that sublima-
tion depends on be free, the systemwould be underdetermined, and it would be hard tomake useful patterns
out of the observations. Therefore, we use lag thickness as the proxy‐dependent variable for investigating the
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sublimation rates that generate the observed migration paths, though we acknowledge variations in albedo
and deviations from the atmospheric water vapor content scheme used here would also generate differences
in sublimation rates.
4.3.1. Comparison of Synthetic TMPs to TMP Observations
We constrain the model scenarios in more detail by combining accumulation rates with our sublimation
simulations for various lag thicknesses to generate synthetic TMPs and compare these to the observed
TMPs. Comparing our synthetic TMPs to the observed TMPs allows us to find the local conditions at these
troughs as they evolved for our set of nominal conditions. We investigate the net amount of horizontal
migration for each of these accumulation schemes after different periods of time (and thus amounts of ver-
tical migration) and for different lag thicknesses (Figure 8). We find the ages and lag thicknesses that yield
the observed amount of horizontal migration: 27.4 and 34.7 km for Troughs 1 and 2, respectively. We plot
where the observed vertical migration (476 and 555 m) intersects the contour for horizontal migration
(red dots in Figure 8) to constrain the lag thicknesses, if constant throughout the trough's history, that lead
to the observed amount of net migration in our nominal test case (Table 4).

Table 3
Effect of Trough Age and Lag Thickness on Horizontal Retreats for Our Nominal Test Case (See also Figure 7)

Final horizontal retreats (km) 4 Myr 3.5 Myr 3 Myr 2.5 Myr 2 Myr 1.5 Myr 1 Myr 750 kyr 500 kyr

No Lag 558 411 282 247 239 154 111 69.7 9.59
5 mm 335 234 145 129 129 79.7 64.2 39.7 1.65
10 mm 22.3 13.5 5.57 5.27 5.27 3.00 3.00 2.33 0.000
15 mm 0.0547 0.0422 0.0017 0.0014 0.0014 0.0014 0.0014 0.00137 0.000

Note. To generate total retreats similar to the observed horizontal trough migration (on the order of tens of kilometers), the trough would need to be ~4 Myr or
older if covered in a constant lag 10 mm thick or ~750 kyr old if covered in 5 mm of lag or ~600 kyr old if it has had no lag covering it. The trough could not have
migrated the observed distances if covered in a lag 15 mm thick.

Figure 7. Horizontal retreat due to ice sublimation that would be experienced by the trough for different ages and lag
thicknesses.
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Figure 9 shows the synthetic TMPs output by the model for constant lag thicknesses of 3, 7, 9, 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 factors of 0.5× and 1× Levrard accu-
mulation schemes. Meanwhile, the 15‐mm lag case limits sublimation
too much, generating too little total horizontal migration. Additionally,
these “thick” (>1 cm) 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 TMP becomes
constant, driven by upslope movement due to accumulation rather than
ablation from the trough wall (case shown in Figure 3b).

While we canmatch the net amount of migration using constant lag thick-
nesses, it is clear from Figure 9 that the shape of the TMPs do not match
for any given lag thickness. For example, for the 1× Levrard's

Figure 8. Color contours showing the amount of total horizontal migration experienced by trough 1 (a–c) and trough 2
(d–f) for different ages and with lags of different constant thicknesses for 0.25× (a and d), 0.5× (b and e), and 1×
Levrard's accumulation scheme (c and f). The white dashed line shows the age at which the trough has undergone the
observed amount of vertical migration. This dashed line intersects the contour for observed horizontal migration (red dots)
at the lag thickness that leads to that amount of net migration.

Table 4
Lag Thicknesses That Generate the Correct Amount of Net Trough Migration
If That Lag Was of Constant Thickness Throughout Trough History for the
Three Accumulation Schemes Investigated Here

Average lag
thickness (mm)

Accumulation scheme
(constant factor applied to Levrard et al., 2007)

0.25× 0.5× 1×

Trough 1 8.44 7.58 3.63
Trough 2 8.90 8.12 6.61
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accumulation scheme, while a constant lag of approximately 3‐mm thickness provides a reasonable fit for
the overall net migration (Figure 9i), the shape of the synthetic TMP (black) does not match the
observations (red). Our results show that the lag has likely not been constant throughout trough migration
(i.e., through time).

4.4. Time‐Variable Lag

To account for a lag thickness that changes throughout trough evolution, we fit each segment of the TMP
individually with the lag thickness (i.e., sublimation rates) that minimizes the difference between the hori-
zontal location of the synthetic TMP and the data point for that segment in the real TMP. We find better fits
for the shape of the TMP by allowing the lag thickness to change for each segment (Figures 10–13). Each
accumulation scheme and trough yields a variety of possible solutions within our model for sublimation

Figure 9. Synthetic troughmigration paths using accumulation rates of 0.25× (a–d), 0.5× (e–h), and 1× (i–l) Levrard's accumulation scheme for trough 1. Each row
represents the results using sublimation values through lags of different constant thicknesses: 3 mm (a, e, and i), 7 mm (b, f, and j), 9 mm (c, g, and k), and 15mm (d,
h, and l). Each panel shows the observed trough migration path (red) and synthetic trough migration generated by our model (black).
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versus time. The 0.25× Levard accumulation scheme yields the best match of the model to the observations,
and we find that we can reproduce TMP shapes for a subset of the parameter space of sublimation rates and
accumulation rates, assuming an albedo that has been fixed at the present observed value and an
atmospheric water vapor scheme of Schorghofer and Forget (2012).

Supporting Information S1 shows model results for all of the cases we tested, including different albedos and
atmospheric water vapor schemes. These additional models further demonstrate that although there are
degeneracies in how to generate the time‐varying sublimation rates needed to reproduce the TMPs, our
model for trough migration is capable of simulating the observed TMPs within a reasonable set of parameter
space. More computationally complex implementations of the model introduced in this paper will allow us
to further tune the model to the observations.

5. Discussion
5.1. Lag Thicknesses

The work of Smith and Holt (2015) demonstrates that there is diversity within the troughs, and the troughs
formed in at least 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 pre-
sent a solution space of lag thicknesses (and thus sublimation rates) along with ages and accumulation rates
that reproduce the TMPs 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 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

Figure 10. Segment‐by‐segment fit for trough 1 allowing lag thickness to change and assuming 0.25× Levrard's accumu-
lation 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. TMP = Trough Migration
Path.
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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 hundreds of micrometers per
year 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 an order of
magnitude 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 troughs that are ~600 kyr old given our nominal
model parameters. It bears mentioning that the troughs and migration paths used in this study were
chosen to be representative, but older troughs exist (that started stratigraphically earlier and have
migrated further), so the particular ages we determine are specific to these TMPs.

Lag thickness is not expected to be constant, but using a nominal, fixed lag thickness provides a first‐order
approximation. Overall, we find that constant lag thicknesses of 3–9‐mmmatch the total net migration of the
troughs over an age range of 0.5–2.2 Ma for the accumulation schemes tested here. However, for a constant
lag thickness, neither the amplitude of variations in ablation rate modeled here nor the variations produced
by the accumulation rates modeled by Levrard generate the required TMP slope changes, and we conclude
that the lag thickness needs to be variable with time in order to match the shape of the observed TMPs. The
sublimation rate changes may also be due to variations in atmospheric water vapor or albedo (though albedo
may be a function of lag thickness and surface dust concentration).

The lag deposit can thin periodically and episodically due to mechanical erosion by winds (Smith et al.,
2013). Using a constant lag for each segment of the TMP, with no transitionary values between changes in
the thickness, is a simplification. However, this simplification allows us to look at first‐order trends in the

Figure 11. Segment‐by‐segment fit for trough 1 allowing lag thickness to change and assuming 1× Levrard's accumula-
tion 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 0.25× Levrard's accumulation scheme
in Figure 10). TMP = Trough Migration Path.
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lag thicknesses and mass balance conditions that generate synthetic TMPs that match observations. Our
results suggest that the lag deposit quickly grew to be millimeters thick after trough formation. This could
occur if the onset and formation of the trough happened relatively quickly as previously suggested (Smith
& Holt, 2010), 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. To match the most recent segments
of TMP 1 requires high sublimation conditions, which could be due to a combination of a thin lag and
low near‐surface atmospheric humidity and/or low accumulation rates. We should note that really we are
constraining Dreg/zi, as the diffusion coefficient could be higher or the thickness of the lag deposit could
be smaller to produce higher sublimation conditions. However, the relationship between these factors and
ice retreat is not simply linear due to the nonlinear effect of lag thickness on temperatures. Because of the
variable relative importance of accumulation rate, insolation‐driven sublimation, and lag production, our
solutions are nonunique and warrant further study with a more sophisticated exploration of the
parameter space.

For the three accumulation schemes and two troughs we explore in this paper, we investigated the unique-
ness 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 14). 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 backward through
time. Each segment is 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 are orders of magnitude worse than those in

Figure 12. Segment‐by‐segment fit for trough 2 assuming 0.25× 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. TMP = Trough Migration Path.
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blue. This shows that for many segments, a range of lag thicknesses would yield approximately the same fit
to the data (same color across a portion of a row). The degeneracies in appropriately fitting those sections
suggest that the migration experienced in these segments of the TMP may more likely be controlled by
deviations from our nominal case for trough surface albedo, slope, or atmospheric humidity. Figure 14
also demonstrates that the 0.25× Levrard case yields solutions that are more constrained than the higher
accumulation rate solutions.

For both troughs, we find that the lower accumulation scheme we tested (0.25× Levrard's scheme) generally
yields model TMPs with shapes that better match the observations (see Supporting Information S1). To
obtain the low TMP slopes of the upper most recent segments of TMP 1, either accumulation rates need
to be lower and/or erosion from the trough wall needs to be higher. We are able to more closely model these
near‐horizontal sections of the TMP with the maximum retreat cases (albedo = 0.15 and dry atmosphere),
although those conditions lead to too much retreat for the deeper parts of the TMP. Forced convection
(e.g., average wind speeds >2.5 m/s or seasonal winds close to 20 m/s; Spiga & Smith, 2018) could also play
a role; future modeling efforts could account for the seasonality of surface wind speeds, which is driven pri-
marily by the retreat of the seasonal CO2 (Smith & Spiga, 2018). Additionally, a higher diffusivity of the lag
deposit could also lead to more retreat.

5.2. Timescales

The greatest depth of the TMP (trough initiation) provides constraints on the timeframe over which migra-
tion has occurred. Using the obliquity‐dependent accumulation scheme 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) suggest an average annual accumulation rate of

Figure 13. Segment‐by‐segment fit for trough 2 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 syn-
thetic TMP (note different axis for time compared to 0.25× Levrard's accumulation scheme in Figure 12). TMP = Trough
Migration Path.
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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 Myr ago,
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.'s (2007) 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, and a
factor of four lower—which provides the best match to the observed TMPs—results in trough initiation at
2.26 Ma. These modeled results are consistent with the observations that the oldest (deepest) troughs
initiated about halfway through the formation of the NPLD.

5.3. Slope Effects

For the case of a constant lag deposit 5 mm and 1 cm thick, we run our model for a range of south‐facing
slopes (Figure 15) at 86°N and find that the total horizontal trough retreat is at a minimum for slopes of
about 25°, though the effect is less pronounced for the last 500 lyr 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 midpoint for the same amount of sublimation normal

Figure 14. Differences between each Trough Migration Path segment's location in the model and observations for trough
1 (a–c) and trough 2 (d–e) and the three accumulation schemes: 0.25× (a and d), 0.5× (b and e), and 1× (c and f). The color
bar 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 10–13. When solutions were degenerated (meaning sublimation was the same for a
range of lag thicknesses), we used the same value as the previous segment.
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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.

While the troughs generally behave similarly within a region, their behaviors are also unique due to a com-
bination of regional slope and latitude. Troughs at lower latitudes will behave differently from troughs in the
same region at higher latitudes. Our model matches the TMP in most locations, but this is just the first step
toward 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. In our model we assume
these current trough slopes to be representative of the slope while it has been migrating. This is critical,
because the trough slope will eventually become the buried slope and contributes to the slope of the TMP,
which is also affected by the rate of ablation on the outcropping layers and the rate of accumulation at the
bottom of the trough which covers the exposed layers. If the trough wall did not show the underlying layer-
ing, either through recent ice deposition or thick lag buildup on the high side, it would suggest the trough
may be in the process of being buried, with retreat shutting down. Exposed layers suggest that the slope is
not an underestimate due to possible burial. In a period of increased low‐side accumulation, the new mate-
rial overlaps onto the high side more quickly than it would otherwise, reducing the amount of time available
to ablate the exposed layers, which could in turn steepen the newly formed TMP slope. This can explain the
lack of visible layers at such trough sites where layers are not exposed. Additionally, a slope may act as a
whole until the lower sections are buried, and then the upper sections continue migrating. This could set
up a delay in the climate record, with effects at one period affecting the accumulation pattern at a later date,
a situation that we may see for the uppermost ~200 m in Figures 10 and 12. Future work could account for

Figure 15. The amount of ice loss perpendicular to the trough wall (left) and its contribution to horizontal retreat by mul-
tiplying by 1/sine of the slope, a proxy for horizontal trough migration, (right) for a range of south‐facing trough wall
slopes through 5 mm (top) and 1 cm (bottom) of lag over 500 kyr (red), 1 Myr (blue), and 2 Myr (black).
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possible changes over time in the migrating slope wall, including the initial formation of the trough as well
as present day burial for troughs whose layers are not exposed anymore.

5.4. Amount of Ice Loss

We calculated the total amount of ice sublimated from the high‐side trough wall during the troughmigration
process. We integrated the sublimation rates in the solution shown in Figure 10 over the last ~2.2 Myr.
Assuming the troughs occupy ~8% of the NPLD (Tanaka, 2005), which has an area of 1.12 × 106 km2

(Smith et al., 2001), we calculate a volume of ~7.6 × 104 km3 of ice removed from the troughs
during migration.

While water vapor is being sublimated from these high‐side trough walls, water is also condensing out onto
the low side of the trough (Smith et al., 2013). Without this deposition of new material at the bottom of the
trough, the troughs would behave as those in the south polar layered deposits (SPLD; Smith et al., 2014)
which tend to widen from incision instead of migrating throughout net accumulation of the PLD. The water
vapor sublimated from the high side of the NPLD troughs could be redeposited directly onto the low side, or
it could 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 ~74 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 (~500m). If transported to the south and redeposited on the SPLD
(area = 1.14 × 106 km2; volume = 1.2 × 106 km3; Smith et al., 2001), this volume is equivalent to ~5% of the
volume (~54 m) of the SPLD. 104 km3 is also of similar magnitude as the current volume of ice in the Arcadia
and Utopia Planitae midlatitude ice deposits (Bramson et al., 2015; Stuurman et al., 2016), 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 sublimating from the high side 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 pro-
cesses 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.

5.5. Sources of Uncertainty in Observations

The goal in this paper was to demonstrate the viability of our new theoretical model for trough migration by
showing the model can generate synthetic TMPs that reproduce the observed paths. However, there are still
many unknowns related to polar processes, ice properties, and data sets that contribute to uncertainty in the
observed TMPs. There is inherent uncertainty in the TMPs related to the pixel size of the SHARAD 3‐D
depth‐corrected radargrams in which we mapped the TMPs. The pixel size of the 3‐D data set used in this
study is ~20 m vertically and ~475 m horizontally, providing a best‐case quantitative estimate on the uncer-
tainty in each direction of our observations. However, additional uncertainty 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 used for gener-
ating the 3‐D depth‐corrected SHARAD data set. 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 point would be
deeper, increasing the slope of the top segment of the TMP. Additionally, the ice of the NPLD has some small
amount of dust content, though dust and porosity affect the dielectric constant in opposite directions;
increases in dust will increase the ε′, whereas increases in porosity will decrease it. The solution for dielectric
mixtures is nonlinear, but multiple studies have determined that the bulk of the NPLD is nearly pure water
ice, containing <5% impurities and a dielectric constant ε′ ~ 3.15 (Grima et al., 2009; Phillips et al., 2008;
Picardi et al., 2005). The approximate depth of the TMPs measured in this study is 500 m assuming this
dielectric constant. The one sigma error on dielectric constants for the NPLD calculated by Grima et al.
(2009) yields a range of 2.98–3.22, providing an estimate of the lower and upper limit. Using those values
for ε′, the TMP depth would then become 514 and 494 m, respectively. This suggests that overall variations
in NPLD ice properties will only affect the position of themeasured TMPs by at most 3% andwithin one reso-
lution bin of the SHARAD 3‐D radar data set.

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

6. Conclusions

We generated synthetic TMPs 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 chosen subsurface TMPs by the SHARAD radar instrument onboard MRO,
demonstrating the ability of our physical modeling approach to connect TMPs to martian climate processes.
We can explain the shape and distance of the TMPs using accumulation rates similar to previous predictions
(e.g., Hvidberg et al., 2012). Our solutions favor a factor of ~4 less accumulation than that proposed by
Levrard et al. (2007) with a trough wall covered in a lag deposit millimeters‐thick lag that has been variable
in thickness and actively removed throughout ~2.3 Myr of troughmigration. If initiation of troughmigration
occurred 4 Myr ago or earlier (unexpected given the hypothesized age of the NPLD), 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 be >1 cm. In this “old‐trough” scenario, accumulation rates need to be even less than
0.25× previous predictions (e.g., Hvidberg et al., 2012; Levrard et al., 2007) to match the amount of vertical
migration. However, 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 varia-
bility in horizontal migration with depth and thus have a variable slope with depth. Therefore, we conclude
these troughs are younger than 4 Myr, consistent with expectations based on the hypothesized age of the
NPLD, and that the trough wall has likely been covered in a time‐variable lag on the order of millimeters
thick throughout most of its evolution. An order‐of‐magnitude calculation suggests a volume of ~104 km3

of ice may be transported away from the trough high sides during migration of all the north polar troughs
throughout the last ~2 Myr, on the same order as the volumes in midlatitude subsurface reservoirs, and less
than the >105 km3 of material transported as a whole to the NPLD during that time. Overall, the ability of
our new phenomenological model for trough migration to reproduce observed TMPs demonstrates the via-
bility of this model for exploring trough evolution as a record of mass balance conditions at these polar sites.
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