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a b s t r a c t

On Earth and on Mars, ice masses experience changes in precipitation, temperature, and radiation. In a
new climate state, flowing ice masses will adjust in length and in thickness, and this response toward
a new steady state has a characteristic timescale. However, a flowing ice mass has a predictable shape,
which is a function of ice temperature, ice rheology, and surface mass-exchange rate. In addition, the time
for surface-shape adjustment is shorter than the characteristic time for significant deformation or dis-
placement of internal layers within a flowing ice mass; as a result, surface topography is more diagnostic
of flow than are internal-layer shapes. Because the shape of Gemina Lingula, North Polar Layered Deposits
indicates that it flowed at some time in the past, we use its current topography to infer characteristics of
those past ice conditions, or past climate conditions, in which ice-flow rates were more significant than
today. A plausible range of near-basal ice temperatures and ice-flow enhancement factors can generate
the characteristic geometry of an ice mass that has been shaped by flow over reasonable volume-
response timescales. All plausible ice-flow scenarios require conditions that are different from present-
day Mars, if the basal layers are pure ice.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

On Earth, a valuable archive of past-climate information can be
accessed directly by drilling an ice core. However, it is important to
recognize that ice-surface topography and the shapes of internal
layers are also informative about terrestrial ice-sheet and climate
histories. The large polar ice masses of Mars, the Polar Layered
Deposits (PLD), probably play a similar role on Mars, by archiving
information about past martian climate. Although a martian ice
core has not yet been recovered, topography, radar observations,
and imagery of the martian PLD are available, and these data can
provide information about the ice and climate histories on Mars.

On Earth, radar data reveal internal layers in glaciers and ice
sheets, and those data are an integral part of understanding the
history of terrestrial ice masses because they provide distinct spa-
tial information. Internal layers are past ice-sheet surfaces that
have been subsequently buried by accumulation and modified by
ice flow; internal layers are considered to be surfaces of constant
age (isochrones). Because we know that terrestrial ice masses flow,
we can use physically based flow models together with the radar-
observed layers to understand terrestrial climate and ice-flow
histories (e.g. Vaughan et al., 1999; Hindmarsh et al., 2006;
ll rights reserved.
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Waddington et al., 2007; Leysinger Vieli et al., 2011). On Mars,
radar data also reveal internal layers in polar ice masses. Using
martian ice-surface topography and internal layers together in or-
der to understand the history of martian ice masses is an important
goal. However, the Mars research community has yet to reach a
consensus as to whether the PLD ever flowed.

Ice flow is a dynamic response to gravitational shear forces
acting on an ice mass due to the shape of its sloping free surface.
That free surface is in turn shaped by the flow, and therefore the
shape of the ice surface is indicative of whether or not it flowed.
The ice-surface topography is more diagnostic of the ice-flow his-
tory than the shapes of internal layers, which can be created in
many different ways, with or without flow. As a result of this
non-uniqueness, internal layers contain little information about
the presence or absence of flow, and internal layers alone cannot
be used to test the hypothesis that the ice has flowed. Before their
shapes can be interpreted in terms of surface accumulation and
ablation (mass-exchange) patterns, it must be decided a priori if
there was or was not flow that influenced the layer shapes.

Using a kinematic flow model that did not test the dynamic
shape of the ice surface of Gemina Lingula, Karlsson et al. (2011)
suggested that internal-layer patterns there indicated that the ice
had not experienced flow if one particular and idealized surface
mass-exchange pattern was used. However, they also mentioned
that different mass-exchange histories could improve their flow-
model fits to Gemina Lingula radar-observed layers. We emphasize
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Table 1
Parameter values for a characteristic flowband on Gemina Lingula, NPLD.

Inferred parameter Value

Maximum ice thickness, H 1900 m
Flowband length, L 317 km
Equilibrium line position, R 0.66L
Ratio of accumulation to ablation, c/a 0.56
Ice-flow law exponent, n 3

These values were inferred by Winebrenner et al. (2008) for one characteristic
flowband across Gemina Lingula, NPLD.
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that since the mass-exchange history is unknown, then a PLD his-
tory with at least one episode of significant ice flow cannot be ru-
led out.

The surface shape is relatively independent of spatial details of
the pattern of accumulation and ablation (e.g. Cuffey and Paterson,
2010, p. 385). Koutnik et al. (2009), Fig. 5 showed that, in the pres-
ence of flow, different accumulation and ablation patterns could
create very similar ice-surface profiles, yet lead to very different
internal-layer shapes. Winebrenner et al. (2008) used a simple
ice-flow model to show that the shape of the inter-trough Mars Or-
biter Laser Altimeter (MOLA; e.g. Zuber et al., 1998) topography
along flowbands across Gemina Lingula, North PLD (NPLD) pro-
vides strong evidence for flow there at some point in the past. Their
inferred Gemina Lingula geometry and surface mass-exchange pat-
tern generated excellent reconstructions of the topography be-
tween troughs, indicating that at some time in the past, mass
exchange at the surface was approximately balanced by ice flow,
i.e. the ice mass was in, or near, steady state, and the troughs dis-
secting the present-day surface were filled with ice. This era of ice
flow may have lasted long enough for the ice surface to approach
steady state, but not necessarily long enough for the internal layers
to approach steady state; this is discussed further in Section 2.4.

It is not the motivation of this paper to directly address the ques-
tion whether ice flow on Mars significantly shaped martian ice
masses; for example, see Winebrenner et al. (2008, 2011, 2012).
However, this work is an important extension of Winebrenner
et al. (2008) because radar-based arguments against ice flow (e.g.
Holt et al., 2011) and specific tests of flow hypotheses (e.g. Karlsson
et al., 2011) are by their nature inconclusive. In this paper we calcu-
late combinations of ice temperature and ice-flow enhancement
that will produce the shape of Gemina Lingula reconstructed by
Winebrenner et al. (2008). We also calculate the amount of time
it takes for ice flow to shape the ice surface for these combinations
of conditions; the range of plausible timescales can be used to con-
strain the range of ice temperature and ice-flow enhancement. We
emphasize these points and new findings:

(1) Internal-layer shapes alone cannot be used to address the
question of ice-flow history on Mars; this is not a well-posed
problem. As shown in Koutnik et al. (2009), internal-layer
shapes can be informative about the surface-mass-exchange
history, whereas, as shown by Winebrenner et al. (2008), the
ice-surface topography can be informative about the exis-
tence of a ice flow during some era.

(2) Any episode of ice flow required conditions different than
present-day Mars. At present it is too cold on Mars for ice
flow to significantly shape Gemina Lingula. For flow to shape
the ice surface in a realistic amount of time, the ice had to be
warmer and the ice flow likely was enhanced. Our work
motivates separate studies of ice rheology and possible
enhanced flow on Mars when the ice includes chemical
impurities known to occur in martian soils and dust (e.g.
perchlorates in the laboratory work of Lenferink et al.
(2012)).

(3) After a change in surface mass exchange or in boundary forc-
ing, the adjustment time to approach a new steady state for
the ice surface is faster than the adjustment time for internal
layers (e.g. Jóhannesson et al., 1989; Hindmarsh, 1996). With
large swings in martian climate, flow could have been epi-
sodic, and the ice surface could easily have approached a
steady-state shape while the internal layers did not. Conse-
quently, surface topography is generally more diagnostic of
episodes of flow than are internal-layer shapes.

(4) While there is debate about the ice-flow history of Gemina
Lingula and the PLD (e.g. mentioned in review by Byrne
(2009)), there is agreement that the shape of other features
on Mars indicates that they flowed in the past. For example,
Lobate Debris Aprons (e.g. Colaprete and Jakosky, 1998;
Mangold and Allemand, 2001; Holt et al., 2008; Plaut et al.,
2009; Parsons et al., 2011) and ice-filled craters (e.g.
Armstrong et al., 2005; Banks and Pelletier, 2008; Shean,
2010) are pervasive, and ancient glaciers and ice sheets
(e.g. Head et al., 2005; Shean et al., 2005; Fastook et al.,
2012; Dickson et al., 2012) were likely extensive. These
observations further motivate the specific study we present
here, and we suggest how our results may be extended to
other ice masses on Mars.

2. Background

2.1. Characteristics of a flowing ice mass

A flowing ice mass has a predictable surface shape because of
the relationship between driving stress and ice rheology, and this
shape can be characterized by the maximum thickness and the
length (half width of a radial feature). Ng et al. (2010), Table 1
inventoried terrestrial ice masses, and for the ice caps and ice
sheets in their inventory they reported that the ice thicknesses
vary between 345 and 3200 m and the lengths vary between
2 km (small ice caps) and 1160 km (in East Antarctica). On Earth,
the smaller ice masses, especially valley glaciers, are influenced
by bed topography and slope (e.g. Ng et al., 2010, Fig. 4) and for this
reason we do not compare small terrestrial glaciers here. On Mars,
the smaller ice masses may also be influenced by bedrock topogra-
phy and slope but the bedrock beneath larger ice masses on Mars
appears to be relatively flat. The NPLD bedrock is particularly flat
(e.g. Phillips et al., 2008). As terrestrial ice masses get bigger in size
they become more quasi-parabolic in shape because the bed
topography has less influence. This may be true for some martian
ice masses, but this may not be true for present-day Planum Bore-
um, NPLD and Planum Australe, South PLD (SPLD). While portions
of the present-day PLD topography may be consistent with past ice
flow (e.g. Zwally et al., 2000), Winebrenner et al. (2008) found that
erosion and/or deposition appears to have significantly modified
the overall surface of the PLD with the exception of Gemina Lin-
gula, NPLD.

Fig. 1 compares thickness H and length L for terrestrial ice caps
and ice sheets (data from Ng et al. (2010), Table 1) with Planum
Boreum and Planum Australe (e.g. Zuber et al., 1998), Gemina Lin-
gula (Winebrenner et al., 2008), and Lobate Debris Aprons (LDA;
e.g. Mangold and Allemand, 2001, Table 1) on Mars. Fig. 1a shows
that the thicknesses and lengths characteristic of martian ice
masses under Mars gravity gMars are not obviously different from
terrestrial ice masses under Earth gravity gEarth. Fig. 1b accounts
for lower martian gravity by using a plastic-flow relationship to
scale the martian thicknesses by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gMars=gEarth

p
. Martian ice masses

under Earth gravity would be thinner to achieve the same length,
and with this gravitational scaling the martian ice masses even
more closely follow the thickness-to-length relationship observed
on Earth.
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Fig. 1. Maximum ice thickness and length for terrestrial ice masses (from Ng et al.
(2010); black dots) compared to Gemina Lingula, NPLD (gray dot), Lobate Debris
Aprons (LDA) on Mars (Mangold and Allemand, 2001; open circles), and the range of
values for PLD on Mars (Zuber et al., 1998). (a) Values on all length scales, with East
Antarctica the largest ice mass on Earth. (b) Thickness and length of martian ice
masses fall in line with terrestrial ice masses when martian values are gravita-
tionally scaled to terrestrial gravity gEarth to account for lower gravity on Mars.
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Fig. 2. Comparison of the characteristic flowband solution used in this study (black
dashed line) from Winebrenner et al. (2008; W08) to normalized surface profiles
from 8 different solutions (gray lines) from Winebrenner et al. (2008), to surfaces
generated with very different mass-exchange patterns (black solid lines), and to the
profile from stagnant Meighen Ice Cap, Arctic Canada (dashed-dot line). The
characteristic solution used here has a normalized equilibrium line position R = 0.66
along the length of the flowband. Two extremes of this mass-exchange pattern are
R = 0.1 (thin black line) with a larger ablation zone and R = 0.9 (thick black line)
with a smaller ablation zone. The equilibrium-line positions are shown with vertical
lines. The differences in the surfaces from different mass-exchange patterns are
small compared to the difference between these surfaces and the stagnant Meighen
Ice Cap.
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Therefore, the ratio of thickness H to span L (H/L) can be used as
a crude diagnostic of flow. The higher values of H/L are for smaller
ice masses, and the terrestrial ice masses shown here that are
thicker than 500 m all have H/L < 0.08. Terrestrial ice caps and
ice sheets range from H/L � 0.0028 to 0.1725 with Greenland hav-
ing H/L � 0.0037. Gemina Lingula under Mars gravity has H/
L = 0.006, but the value of H/L for Gemina Lingula when scaled to
Earth gravity �0.0037. Compared to ice masses, various types of
sand dunes have a wide variety of shapes but in general they all
have steeper slopes and therefore a higher thickness to length ra-
tio. Sand dunes on Earth typically have H/L � 0.1 (e.g. Lancaster,
1995, p. 73), and Mars’ dunes have a similar ratio (e.g. Bourke
et al., 2006). While most sand dunes are much smaller features
than the PLD, adjacent to Planum Boreum, NPLD there is the likely
sand-rich Olympia Planum. One cross section of this feature
(Byrne, 2009, Fig. 1) has a thickness H � 310 m and length
L � 250 km, i.e. H/L = 0.124, which falls outside the expected range
for a flowing ice mass. While it is only one point, Gemina Lingula
fits the pattern well.

2.2. Ice-surface topography

No ice mass is strictly in steady state. However, terrestrial ice
masses often approximate steady state because the surface shape
is determined by mass conservation (e.g. Cuffey and Paterson,
2010, p. 390):

@h
@t
¼ _b� @q

@x
ð1Þ

where h is ice thickness, _b is surface mass-exchange rate (accumu-
lation and ablation), and q is ice flux. Terrestrial ice masses usually
exhibit a rough balance between flux divergence and mass-
exchange rate, so that temporal variations in ice thickness are small.
There are cases where mass exchange dominates compared to flow;
these ice masses are stagnant (e.g. Cuffey and Paterson, 2010, p.
390; Paterson, 1969; see Meighen Ice Cap example in Fig. 2). There
are also cases where flow dominates compared to mass exchange;
these ice masses are surging.

Fig. 2 shows steady-state ice-surface profiles for Gemina Lingula
reconstructed by Winebrenner et al. (2008) together with two
profiles generated using a model with ice dynamics identical to
the model in Winebrenner et al. (2008) but with different surface
mass-exchange patterns driving those dynamics: (1) a mass-
exchange pattern that has a larger ablation zone (normalized equi-
librium-line position R = 0.1) and (2) a mass-exchange pattern that
has a smaller ablation zone (R = 0.9) relative to the total flowband
length. The equilibrium-line position R is where the mass-
exchange pattern transitions from accumulation to ablation;
R = 0.1 has accumulation over 10% of the ice mass and ablation
over 90% of the ice mass. The Gemina Lingula profiles that were
reconstructed by an ice-flow model (Winebrenner et al., 2008) all
have a similar shape, regardless of details of the mass-exchange
pattern. In comparison, the profile across the stagnant Meighen
Ice Cap in Arctic Canada (e.g. Paterson, 1969) is very different from
a flowing ice mass because the mass-exchange pattern dominates
the surface shape.

2.3. Ice flow and ice-surface topography

The simplest flow law for ice is to assume perfect plasticity so
that the basal shear stress everywhere is equal to the yield stress.
However, this approximation can be improved by using an empir-
ically derived flow law for ice. A creep relationship between shear
strain rate and shear stress for ice was determined from laboratory
experiments (e.g. Glen, 1955) and generalized by Nye (1957):

_exz ¼ EAðTðx; zÞÞsn
xz ð2Þ

where _exz ¼ 1
2
@u
@x is the simple-shear strain rate along a horizontal

plane, E is the dimensionless ice-flow enhancement factor (see Sec-
tion 4.3), T(x, z) is the ice temperature, sxz is the shear stress along a
horizontal plane. Based on laboratory experiments n typically has a
value of 3 for dislocation creep, and A(T(x, z)) is the temperature-
dependent softness parameter for ice Ih (in Pa�n yr�1; e.g. Cuffey
and Paterson, 2010, pp. 55–64). Softness follows an Arrhenius
relationship:

AðTÞ ¼ A0 exp ð�Q=R0TÞ ð3Þ
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where A0 is the temperature-independent ice-softness parameter
(A0 = 4.1335 � 10�4 kPa�3 s�1 for a flow-law exponent n = 3; calcu-
lated from values given by Paterson (1994, p. 97)), Q is the activation
energy for creep (Q � 60 kJ mol�1 for temperatures below �10 �C),
and R0 is the universal gas constant (R0 = 8.314 J mol�1 K�1). The
ice-flow enhancement factor E can account for variations in the
physical properties of ice (e.g. chemical impurities, dust, or crystal
orientation fabric) that enhance or retard the deformation rate,
and terrestrial enhancement factors may be as high as 100 (e.g.
Cuffey and Paterson, 2010, p. 315; Section 4.3).

Near-basal ice temperature can be simply related to the surface
temperature using Fourier‘s law of heat conduction in 1-D:

q ¼ �kðTÞ @T
@z

ð4Þ

where q is the heat flux (in W m�2), k is the conductivity (in
W m�1 K�1), T is the temperature (in K), and z is the depth (in m).
The conductivity K is a function of temperature (e.g. Cuffey and
Paterson, 2010, p. 400; illustrated in Fig. 4a):

kðTÞ ¼ 9:828 expð�5:7� 10�3TÞ ð5Þ

Fig. 3 shows the surface temperature required to produce near-
basal temperatures from 200 to 270 K for different values of heat
flux. We compare surface temperatures associated with heat fluxes
of 10–100 mW m�2 (where a value of 20–30 mW m�2 is often as-
sumed on Mars, e.g. Clifford, 1993; Grott et al., 2007), and we
use a total ice thickness of 1900 m. For example, if the heat flux
is 20 mW m�2 and the near-basal ice temperature is 230 K, then
the surface temperature would be �215 K.

In the Paterson (1972) model for ice-surface topography, the
maximum ice thickness H is related to length L through,

H2þð2=nÞ ¼ KL1þð1=nÞ ð6Þ

where K is given by

K ¼ 2ðnþ 2Þ1=n

qg
c

2EAðTÞ

� �1=n a
c þ a

� �1=n

ð7Þ

where q is density, and g is gravity. We assume the density of pure
ice with q = 917 kg m�3 and martian gravity g = 3.72 m s�2. The
Paterson (1972) model assumes a surface mass-exchange pattern
with a zone of uniform accumulation c and a zone of uniform abla-
tion a. Winebrenner et al. (2008) incorporated a variable flowband
width into this model, but here we assume that the width is con-
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Fig. 3. Surface temperature required to give near-basal ice temperatures from 200
to 270 K for basal heat flux of 10, 20, 30, 50, or 100 mW m�2, calculated using Eq.
(4), where thermal conductivity is a function of ice temperature (Eq. (5)).
stant. This assumption simplifies our calculations but does not af-
fect the order-of-magnitude estimates presented here.

From Eqs. (6) and (7), the ablation rate a is given by

a ¼ H2

L

 !nþ1
ðqgÞn

2nðnþ 2Þ
2EAðTÞ ð1þ ðc=aÞÞ

ðc=aÞ ð8Þ

Using the ice-flow law exponent n, the accumulation-to-ablation ra-
tio c/a, the maximum ice thickness H, and the flowband length L in-
ferred by Winebrenner et al. (2008) for a characteristic flowband
across Gemina Lingula (Table 1), we can calculate the accumulation
rate c and the ablation rate a for any combination of ice temperature
T and ice-flow enhancement factor E. We note that in these equa-
tions the ice thickness is proportional to the 1/8 power (=0.125)
of the mass exchange, so the ice thickness is relatively insensitive
to the mass exchange. However, the ice-sheet thickness is propor-
tional to the 1/2 power of the length (Eq. (6)). While this is a specific
model, it has been chosen because its simplicity can well-describe
terrestrial ice sheets (see Winebrenner et al., 2008).

2.4. Response time

The response of ice masses to small perturbations in accumula-
tion or ablation can be estimated using linearized kinematic wave
theory (e.g. Nye, 1960; Jóhannesson et al., 1989; Hooke, 2005,
Chapter 14; Cuffey and Paterson, 2010, Chapter 11). From this fun-
damental theory, Jóhannesson et al. (1989) showed that the vol-
ume response time for an ice mass to evolve from an initial state
to a new steady state after a change in climate could be approxi-
mated by

sV ¼
H
jaðLÞj ð9Þ

where H is the maximum ice thickness and a(L) is the ablation rate
at the terminus, both in steady state. An ice mass of any ice thick-
ness, with any ice temperature and any ice-flow enhancement,
has a corresponding volume response time. The volume response
time is the time for volume adjustment of the ice mass after a per-
turbation in climate or in flow.

Although the entire ice volume is flowing and adjusting to the
perturbation, during this process the ice-surface shape approaches
a steady-state shape more quickly than the internal-layer shapes
do. The characteristic time to establish new steady-state internal
stratigraphy is longer than the volume timescale because the ice-
sheet must first achieve its new steady-state surface profile and
volume (which takes several volume response times), and then it
has to flush out all of the old layers that were laid down under dif-
ferent climate and strain conditions. There are multiple timescales
to characterize ice-sheet behavior, which are fundamental to ter-
restrial glaciology (e.g. Hooke, 2005, Chapter 14; Cuffey and
Paterson, 2010, Chapter 11). The volume response time used here
is an order-of-magnitude estimate, for example to discriminate be-
tween ice-flow scenarios acting on a 100,000-year timescale com-
pared to a 1 byr timescale.

The difference between the timescale to shape the surface and
the timescale to shape the layers (e.g. Hindmarsh, 1996) is impor-
tant for understanding ice masses on Mars because changes in
atmospheric conditions, ice temperature, and/or ice properties
are required for a martian ice-surface to approach near-steady
flow, yet such changes may not have persisted for long enough
to affect internal-layer shapes throughout the ice mass (e.g.,
Winebrenner et al., 2011, 2012). Our future work will further ad-
dress how these different response timescales must be considered
in any interpretation of martian ice-surface topography and inter-
nal-layer shapes.
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3. Gemina Lingula, North Polar Layered Deposits (NPLD)

The specific accumulation and ablation (erosion) history across
Gemina Lingula is poorly known. While Ivanov and Muhleman
(2000) showed that the present-day surface topography across Pla-
num Boreum, NPLD could have been dominantly shaped by ice
sublimation, their results were inconclusive across Gemina Lin-
gula. This is consistent with Winebrenner et al. (2008), who
showed that Gemina Lingula could have been shaped by a near bal-
ance between ice flow and surface mass exchange. Winebrenner
et al. (2008) suggested that an era of flow was one of the most re-
cent episodes in Gemina Lingula history, but in order to detect that
prior flow the overall surface shape from that era of ice flow must
not have been significantly altered. Mass may have been uniformly
added or removed across the entire region, or mass may have been
locally affected in association with troughs. For example, Milkovich
et al. (2008) analyzed NPLD visual stratigraphy and found that the
variation across the NPLD in dip and strike of exposed layers at a
particular interface could indicate a widespread erosional episode
that removed mass so that the remaining surface maintained the
same shape. Since we do not know the actual depositional or ero-
sional history of the NPLD, and as discussed by Tanaka et al. (2008)
it is likely complicated, it is possible that Planum Boreum and
Gemina Lingula experienced similar conditions or it is possible that
they experienced different conditions.

Since the accumulation rate, the ablation rate, and the ice tem-
perature during the postulated era of significant ice flow on Mars
are all unknown, Winebrenner et al. (2008) used a nondimension-
alized model to infer parameter values that would generate
ice-surface topography that matched the MOLA data at specific
locations along flowbands across Gemina Lingula. The model used
by Winebrenner et al. (2008) assumed a simple mass-exchange
pattern that consisted of a zone of uniform accumulation c and a
zone of uniform ablation a, separated at the equilibrium line R
(Paterson, 1972). The parameter values they inferred were the
ice-flow law exponent n, the ratio of accumulation rate to ablation
rate c/a, the maximum ice thickness H, and the flowband length L.
The parameter values from Winebrenner et al. (2008) that we use
in this study are given in Table 1.

The primary results of this study are based on inferred param-
eter values from Winebrenner et al. (2008) that are associated with
one characteristic flowband (values in Table 1). We did a sensitiv-
ity study of our results to the mass-exchange ratio c/a that is used
in this analysis. Winebrenner et al. (2008) inferred c/a = 0.56,
which is associated with an equilibrium line R = 0.66 relative to
the flowband length. We compared calculations with c/a = 0.56 to
calculations with c/a = 9 (associated with R = 0.1), and with
c/a = 0.1 (associated with R = 0.9); the surface profiles with equilib-
rium lines at R = 0.1, 0.66, and 0.9 are shown in Fig. 2. Using very
different mass-exchange patterns, spanning nearly two orders of
magnitude, changes our results by less than a factor of 4. Therefore,
our results are not very sensitive to the exact value of c/a. In addi-
tion, Winebrenner et al. (2008) set up 40 independent problems to
infer parameter values for 40 flowbands across Gemina Lingula,
and a primary result of their study was that the inferred parameter
values were consistent across all flowbands (Fig. 2). Any other can-
didate processes to explain the large-scale shape of Gemina Lingula
must therefore act coherently over a large area in such a way as to
mimic the effect of ice flow. In order for an entirely stagnant ice
mass to achieve the surface shape of a flowing ice mass, a very spe-
cific, and persistent, spatial pattern of mass exchange is required at
each point along the entire profile length; this specific mass-
exchange pattern must vary with elevation, and an atmospheric
mechanism on Mars that would produce this pattern has not yet
been identified.
4. Observations

In this section we summarize observations and information that
constrain the mass-exchange rate and volume response time for
martian ice masses. We discuss how observations from Earth and
Mars may determine the role of ice-flow enhancement in the flow
of martian ice masses. We also discuss our current understanding
of surface-temperature variations and heat flow on Mars, which
could warm the near-basal ice compared to the present-day tem-
perature. All of these observations can be used to constrain plausi-
ble scenarios where the flow of martian ice masses is more
significant. In Section 5 we present the results of our calculations
of mass-exchange rate (Eq. (8)) and volume response time (Eq.
(9)) that produce the Gemina Lingula surface topography for this
plausible range of ice-flow enhancement and ice temperature.
4.1. Constraining the mass-exchange rate

Based on observational estimates of modern accumulation rates
(e.g. Laskar et al., 2002; Milkovich and Head, 2005; Fishbaugh and
Hvidberg, 2006; Milkovich et al., 2008) and modern ablation rates
(e.g. Pathare and Paige, 2005), as well as model-based estimates of
past mass-exchange rates (e.g. Levrard et al., 2004), the polar mass-
exchange rate on Mars has likely been on the order �0.1–1 mm/yr
over at least the past 10 Myr. Banks et al. (2010) estimate an accu-
mulation rate of 3–4 mm/yr within north polar craters but this is a
local accumulation rate relating to the past 10–20 kyr. With an
accumulation rate of �0.1–1 mm/yr and E = 1, the near-basal ice
temperature must have been �240–260 K to produce topography
similar to that along Gemina Lingula (as shown below in Section 5).
Alternatively, with a near-basal ice temperature of �180 K, the
ice-flow enhancement factor must be �20,000 to equilibrate a
mass-exchange rate of 0.1 mm/yr, and �210,000 to equilibrate a
mass-exchange rate of 1 mm/yr. While a near-basal ice tempera-
ture of 180 K is plausible, there is no known mechanism to make
water ice over �20,000 times softer. If martian ice flow was ever
near steady state, and if ice flow was not substantially enhanced,
warmer ice is required to equilibrate a mass-exchange rate �0.1–
1 mm/yr.
4.2. Constraining the volume-response time

In addition to limiting the range of plausible ice temperatures
and ice-flow enhancement based on the plausible range of mass-
exchange rates, we further constrain pairs of ice temperature and
enhancement using the volume response timescale for an ice mass,
given by Eq. (9). By putting upper bounds on plausible response
times, we put lower bounds on the past mass-exchange rate and
the past ice temperature, and/or the enhancement factor. Due to
the uncertainty in the age and history of martian ice masses (e.g.
Byrne, 2009) we can define only a range of plausible response
times that are tied to obliquity variations or to age estimates from
crater counts, but large-scale physical processes on Mars could
operate on any timescale. Given these uncertainties we think that
it is likely that response timescales are less than 100 Myr.

In Section 2.4 we discussed how the volume response time is an
upper bound because the ice surface responds faster than the en-
tire volume. As discussed in Section 5, the volume response times
associated with near-basal ice temperatures less than �200 K,
without any ice-flow enhancement, are physically implausible;
these temperatures imply response times that are older than the
age of the planet. We expect that for flow to shape martian ice
masses on plausible timescales that flow was enhanced and ice
temperature was warmer.
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4.3. The role of ice-flow enhancement

The ice-flow enhancement scaling factor in the ice-flow law
that we use here can account for variations in the physical prop-
erties of ice, such as grain size, crystal orientation, and impurity
content that can enhance or retard the strain rate compared to
the value calculated by the isotropic creep relation (e.g. Cuffey
and Paterson, 2010, p. 71). When these variations are concen-
trated in the basal layer of a glacier or ice sheet, their effect on
ice-flow rate can be especially significant (e.g. Knight, 1997). In
our calculations, we assumed that deformation occurred entirely
by creep, and that there was no sliding at the base. However, a li-
quid brine-, water- or till-lubricated base could cause sliding that
would significantly quicken the rate of ice flow. Fisher et al.
(2010) proposed that the NPLD could experience enhanced flow
by sliding over perchlorate sludge. While this may be a viable
hypothesis, we focus our discussion on mechanisms that enhance
the rate of internal deformation. We briefly review how anisot-
ropy and impurity content affect the rate of ice deformation on
Earth, and we consider how these mechanisms may be relevant
to ice deformation on Mars.

On Earth the enhancement factor typically accounts for changes
in the creep rate for anisotropic ice compared to isotropic ice at the
same stress and temperature. Most terrestrial ice masses are aniso-
tropic to some degree at some depths, but ice sheets are often con-
sidered to be isotropic to simplify theoretical studies of their
behavior. While sophisticated flow laws that incorporate enhance-
ment from anisotropy have been developed (e.g. Azuma, 1994), an
enhancement factor is a simple way to account for any mechanism,
including anisotropy, that changes the flow rate. The enhancement
factor represents enhancement in the dominant strain-rate compo-
nent and also depends on the mechanism of deformation, varying
for different values of the flow-law exponent n. Here we focus on
scaling the flow law for ice with n = 3.

Analysis of ice cores has shown that crystal anisotropy can
change the rates of shear parallel to the basal plane by a factor of
10 (e.g. Cuffey and Paterson, 2010, p. 87), and therefore it is impor-
tant to account for this effect. While crystal fabric plays a role in
either enhancing or retarding ice deformation, the impurity con-
tent of the ice is also important. In addition, for terrestrial ice
sheets the overall dust content is still low, and while dust has a rel-
atively minor influence on ice rheology, the presence of fine parti-
cles may soften the ice. Although Durham et al. (2009) showed that
the relative viscosity of icy sand packs with an ice fraction less than
50% is much greater than that of pure ice, the strength of nearly-
pure ice containing smaller amounts of sand can be less than the
strength of pure ice, increasing the creep rate (e.g. Cuffey, 2000;
Fitzsimons et al., 2001). This agrees with tunnel-closure observa-
tions, which detected localized enhanced deformation of the deb-
ris-rich basal layers of Taylor Glacier, Antarctica (e.g. Fitzsimons
et al., 1999; Samyn et al., 2005). It also agrees with modeling of
the observed strain rates at Taylor Glacier (E. Whorton, personal
communication inferred enhancement factors >40), with measure-
ments from a glacier in China (Echelmeyer and Zhongxiang, 1987;
measured enhancement factors �100), with basal ice from the
Byrd, Antarctica ice core (e.g. Gow et al., 1968), and with studies
of the basal ice at Meserve Glacier, Antarctica (e.g. Cuffey, 2000).
We use observations of terrestrial ice-flow enhancement due pri-
marily to anisotropy or basal debris as a guide to choose a range
of ice-flow enhancement factors for our martian calculations.
While some terrestrial enhancement mechanisms may act on
Mars, in this study we can determine only a range of plausible
enhancement factors that will inform separate studies of martian
enhancement mechanisms.

For example, ice-flow enhancement on Mars may be primarily
due to impurities rather than to anisotropy or debris content.
The Phoenix lander found perchlorate in the surface soil at
�68�N (e.g. Hecht et al., 2009), and even though the distribution
and mode of formation of the perchlorate remains unknown,
Catling et al. (2010) proposed an origin similar to arid environ-
ments on Earth. There may be a higher concentration of perchlo-
rate in polar soil (Massé et al., 2010), which could become
further concentrated by thin films of liquid water (Cull et al.,
2010). Given that the PLD are probably partially derived from this
polar soil, perchlorate is likely to be a PLD constituent. Perchlorate
is highly water soluble, and could depress the freezing point as
much as 70 �C for a brine mixture (Hecht et al., 2009; Fisher
et al., 2010). Lenferink et al. (2012) conducted lab experiments of
perchlorate-laden ice and observed flow enhancement even at 2%
perchlorate concentration, and they suggested that such enhance-
ment might also occur at lower concentrations.

In contrast to basal entrainment of perchlorate, carbon dioxide
(CO2) ice precipitates out of the martian atmosphere. While it is
likely that it is only a relatively minor constituent of the PLD
(e.g. Nye et al., 2000), CO2 ice or clathrate hydrate, if present, could
influence the rate of ice flow. Phillips et al. (2011) identified a shal-
low subsurface CO2 deposit in the SPLD, and we cannot rule out the
possibility that the NPLD had a buried CO2 deposit in the past or
has a present layer that has not yet been identified. Durham
et al. (2000) demonstrated that CO2 ice is weaker than water ice,
but that clathrate hydrate is stronger, and also has a lower conduc-
tivity. While we have no direct evidence from the PLD, Delory et al.
(2006) reported that martian dust storms may generate strong en-
ough electrostatic fields to dissociate CO2 and H2O, to eventually
form hydrogen peroxide (H2O2) that subsequently falls out of the
martian atmosphere. Dust storms of all scales are omnipresent
on Mars, and the largest dust storms typically occur during perihe-
lion, when Southern hemisphere summer temperatures are rela-
tively high (e.g. Martin and Zurek, 1993). If hydrogen peroxide
snow, or any other chemical constituent, is entrained in Northern
hemisphere winter precipitation, this could change the hardness,
and therefore the deformation rate of the PLD ice relative to pure
H2O ice. Li et al. (2009) showed that sulfuric acid (H2SO4) reduces
the strength of ice proportional to the square root of the sulfuric
acid concentration; they showed that sulfuric acid was more effec-
tive at softening the ice at lower temperature.

In summary, terrestrial observations show that ice-flow
enhancement ranges from E � 0.9 to 50+ (e.g. Cuffey and Paterson,
2010, p. 77), with maximum observed values over 100 (e.g.
Echelmeyer and Zhongxiang, 1987; Cuffey and Paterson, 2010, p.
315). On Earth the highest enhancement is exhibited in the basal
layers and is usually related to debris content or crystal anistropy.
While it is unlikely that large martian ice masses with nearly pure
water ice have been temperate, impurities such as perchlorate in
the ice would facilitate flow at lower temperatures (e.g. Hecht
et al., 2009; Fisher et al., 2010; Lenferink et al., 2012).

4.4. Variations in basal-ice temperature

Terrestrial heat-flux variations can be surprisingly large. For
example, although typical terrestrial heat flow on the continents
is around 50 mW m�2, basal melting at the base of the North
Greenland Ice-Core Project (NGRIP) site required a heat flux of
�130 mW m�2 (e.g. Fahnestock et al., 2001; NGRIP members,
2004; Buchardt and Dahl-Jensen, 2007). On Mars, the present-
day planetary heat flux was been estimated at 20–30 mW m�2

(e.g. Clifford, 1993; Grott et al., 2007), but the actual value and
its spatial variation (e.g. Zuber et al., 2000) are poorly known espe-
cially in the past.

What heat flux is required to warm the basal ice to 230 K? For a
specified surface temperature, and using Eq. (4), we can calculate
the heat flux that gives an ice temperature of 230 K at 1800 m
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depth (near the base of a 1900 m-thick ice mass). For a surface
temperature of 170 K, a heat flux of 95 mW m�2 is required to
reach 230 K at 1800 m depth, and for a surface temperature of
200 K, a heat flux 45 mW m�2 is required. Combinations of surface
temperature, near-basal temperature, and heat flux are shown in
Fig. 3. If there was a region of higher heat flux in the geologically
recent martian past, it is presumed to be due to a transient tecton-
o-thermal or volcanic event (e.g. Clifford, 1987; Benito et al., 1997;
Anguita et al., 2000; Fishbaugh and Head, 2002; Hovius et al.,
2008). We do not address the plausibility or timing of such a ther-
mal event here, but achieving a heat flux of approximately 50–
100 mW m�2 may be reasonable.

Albedo is important because surface temperature depends on
the fraction of incoming shortwave radiation from the Sun that is
absorbed by the surface. Mischna and Richardson (2005) showed
that the polar ice caps must be insulated at high obliquity in order
to avoid completely subliming away, and that the polar contribu-
tion to the global water budget is limited at high obliquity. Levrard
et al. (2007) also found that NPLD ice was unstable at high obliq-
uity (�30–35�), whenever the absorbed insolation was greater
than 300 W m�2. Unless an efficient dust-lag deposit formed to
protect the NPLD, the north-polar ice would quickly sublimate
and redeposit in the mid-latitudes during the high-obliquity condi-
tions from 10 to 4 Myr ago because the seasonal sublimation rates
during high obliquity are an order of magnitude greater than the
seasonal accumulation rates. Unless the entire NPLD are less than
�4 Myr old, protection of at least some portion of the NPLD from
higher insolation 10 to 4 Myr ago, and possibly for many millions
or billions of years, must have occurred. We know that a dust-lag
deposit has effectively protected the SPLD from complete sublima-
tion during high obliquity because the surface exposure age of the
SPLD is 100 to 30 Myr (e.g. Plaut et al., 1988; Herkenhoff and Plaut,
2000; Koutnik et al., 2002), and the present-day South PLD surface
has a very low thermal inertia that indicates dust cover (e.g. Paige
and Keegan, 1994; Vasavada et al., 2000). The South PLD has also
received �4–11% more insolation on an annual average over the
past 20 Myr because of the eccentricity of Mars’ orbit (from calcu-
lations by Laskar et al. (2004)). However, the nature of the pre-
served cratering record, where the floors of craters greater than
�800 m in diameter have viscously relaxed (e.g. Pathare et al.,
2005), but the crater rims have been maintained (e.g. Koutnik
et al., 2002; Pathare et al., 2005), attests to the efficiency of the
lag deposit in preserving the underlying ice. If the sublimation rate
at the South Pole was �0.2 mm/yr, a rim height of �10 m would be
removed in less than 50,000 years, which has not been the case.
The thickness of the lag deposit is minimally �5 mm (e.g. Skorov
et al., 2001), could be �50 cm (e.g. Paige and Keegan, 1994; Ellehøj
et al., 2007), but the actual thickness is unknown and the lag de-
posit could be thicker. The present-day state of the SPLD is an indi-
cation that the dust-lag deposit has protected the underlying ice
for many millions of years. Mid-latitude observations of near-
surface exposed ice in recent craters (e.g. Byrne et al., 2009), as
well at the Phoenix landing site (e.g. Smith et al., 2009), indicate
that ice can be stable buried only a few centimeters below the
surface.

Surface temperatures at the North Pole, subject to orbital-
parameter variations over the past 10 Myr, have been calculated
(e.g. Pathare and Paige, 2005; Levrard et al., 2007; Schorghofer,
2008), and the annual-average surface temperature at 80–90�N
was always below �180 K. Pathare and Paige (2005) showed that
the summertime maximum temperature at the North Pole was
�220 K, and could even reach �270 K depending on the perihelion
configuration, obliquity, and eccentricity. Despite these relatively
warm summertime temperatures, the annual-average temperature
is very low because cold wintertime temperatures lead to CO2 frost
precipitating out of the atmosphere with a 7 mbar frost-point tem-
perature of 148 K (Kieffer et al., 1976). Annual-average surface
temperatures would be higher if there was a reduction in the ex-
tent or duration of seasonal CO2 deposition across the North PLD.
There would be further warming of the surface if there was a de-
crease in surface albedo from a dust-lag deposit, which must have
been present if the North PLD survived the last period of high
obliquity from 10 to 4 Ma (e.g. Mischna and Richardson, 2005;
Levrard et al., 2007). However, to affect the rate of ice flow, changes
in surface temperature must propagate to the near-basal ice, and
this deep ice warms by diffusion (e.g. Larsen and Dahl-Jensen,
2000). Fig. 4b shows how the diffusion time for a 1900 m thick
ice mass can range from �115 to 25 ka depending on the thermal
parameters. The diffusion timescale is defined by the depth z of the
propagation of the thermal wave and by the thermal diffusivity j

sd ¼
z2

j
ð10Þ

where j = k/qc is a function of temperature with thermal conduc-
tivity k given by Eq. (5), density q, and specific heat capacity c as
a function of temperature T given by (e.g. Cuffey and Paterson,
2010, p. 400; illustrated in Fig. 4a):

cðTÞ ¼ 152:5þ 7:122T ð11Þ

Therefore, a change in surface temperature must be sustained
on a timescale similar to the diffusion time to give a change in
near-basal temperature.
5. Results

5.1. Present-day rates of ice flow on Gemina Lingula, NPLD

The present-day mean annual surface temperature of the North
PLD is �162 K (e.g. Pathare and Paige, 2005; Levrard et al., 2007;
Schorghofer, 2008), the present-day average ablation rate is esti-
mated to be �0.2 mm/yr (e.g. Pathare and Paige, 2005), and the
present-day average accumulation rate is estimated to be �0.5–
0.6 mm/yr (e.g. Laskar et al., 2002; Milkovich and Head, 2005).
For surface temperature of 162 K, and assuming a heat flux of
30 mW m�2 (e.g. Clifford, 1993) the ice temperature at a depth of
1900 m is �177 K. Using these values, Fig. 5 shows the surface
shape of a steady-state flowing ice mass calculated using Eqs. (6)
and (7) with a maximum ice thickness of 1900 m, a surface
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temperature of 162 K, an accumulation rate of 0.5 mm/yr, and with
a mass-exchange ratio c/a = 0.56. This surface shape is compared to
the MOLA topography along a profile across Gemina Lingula and
unlike the results from Winebrenner et al. (2008) these surfaces
are very different. Present-day martian surface temperature is
too cold, and the mass-exchange rates are too high (even though
the actual values are physically very low) to develop the present-
day topography across Gemina Lingula. In order for ice flow to be
significant at very cold temperature, and to equilibrate this rate
of accumulation, the surface slopes have to be very high. It has al-
ready been shown that present-day ice flow has an insignificant af-
fect on the surface topography, and except near steep trough faces
(e.g. Hvidberg, 2003) martian ice must have been warmer to flow
at a significant rate (e.g. Greve et al., 2004); Fig. 5 emphasizes this
result.
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5.2. Mass-exchange rate and volume response time for Gemina
Lingula, NPLD

To constrain the conditions necessary to facilitate ice flow, we
constrain the plausible range of mass-exchange rates and the plau-
sible range of volume response timescales associated with pairs of
ice temperature and ice-flow enhancement. The ice temperature
that we prescribe is the near-basal ice temperature, because this
is the value that is important for ice deformation. We consider
near-basal ice temperatures from 180 to 260 K, and we consider
ice-flow enhancement factors from E = 1 to 100; the range of E is
chosen based on terrestrial experience (e.g. Echelmeyer and
Zhongxiang, 1987; Cuffey, 2000; E. Whorton, personal communica-
tion; Cuffey and Paterson, 2010, p. 77) and the physical significance
of E is discussed in Section 4.3. All rates are given in Earth years.

To calculate the mass-exchange rate and the volume response
time, we use the mass-exchange ratio of accumulation rate over
ablation rate c/a = 0.56, ice thickness H = 1900 m, length
L � 317 km, and the ice-flow law exponent n = 3 inferred by
Winebrenner et al. (2008) from a characteristic flowband along
Gemina Lingula (Table 1). We calculate the ablation rate using
Eq. (8), and we calculate the volume response time using Eq. (9).
The ablation rate required for steady state scales linearly with
the ice-flow enhancement factor E, and the ice-softness parameter
A(T) follows an Arrhenius relation (Eq. (3)). Fig. 6 shows the abla-
tion rate a required for steady state (where the accumulation rate
c = 0.56a) and the volume response time s for all pairs of ice tem-
perature T = 180–260 K and enhancement factor E = 1–100 for an
ice mass with maximum thickness H = 1900 m. The boxed region
in Fig. 6 indicates the range of enhancement and ice temperature
associated with response timescales from �1 to 100 Myr. Table 2
gives the exact values for select pairs from Fig. 6.

Scenario 1 in Table 2 shows that the present-day ice tempera-
ture is too cold to produce surface topography similar to Gemina
Lingula because it requires a mass-exchange rate that is too low
and a volume response time that is too high. Scenarios 2 and 3 in
Table 2 show that moderate increases in ice temperature and in
ice-flow enhancement give plausible mass-exchange rates and vol-
ume response times. Response times less than 5 Myr require ice
temperatures at least 220–230 K in addition to enhancement of
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Table 2
Ice flow and climate scenarios.

Scenario Near-basal ice temperature (K) Ice-flow enhancement factor Ablation rate (mm/yr) Volume response time

1 180 1 4.7 � 10�6 403 Byr
2 215 10 0.032 59 Myr
3 230 50 1.4 1.3 Myr

Calculated values for three example scenarios from Fig. 6 that have different near-basal ice temperatures and different ice-flow enhancement factors. Ablation rate is
calculated using Eq. (8) and volume response time is calculated using Eq. (9). All three scenarios use parameter values from Winebrenner et al. (2008) given in Table 1.
Warmer ice with higher ice-flow enhancement will respond faster, and is balanced by a higher mass-exchange rate.

M.R. Koutnik et al. / Icarus 225 (2013) 949–959 957
10–50, and greater ice-flow enhancement can facilitate colder ice
to flow on the same timescale.

There is general agreement that at least some ice masses on
Mars have been shaped by ice flow. For example, Lobate Debris
Aprons (e.g. Colaprete and Jakosky, 1998; Mangold and Allemand,
2001; Holt et al., 2008; Plaut et al., 2009) and smaller-scale viscous
flow features (e.g. Milliken et al., 2003) are found predominantly in
the mid-latitudes. Most of these features are much smaller than
Gemina Lingula and, more importantly, they are found in different
physical environments. The bedrock beneath Gemina Lingula is rel-
atively flat, especially relative to the ice thickness, but other ice
masses may not have flat beds. So, scaling this analysis from
Gemina Lingula to other smaller martian ice masses may not al-
ways be appropriate. However, this analysis can be redone to ad-
dress specific questions about climate and ice-flow conditions for
other ice masses. If all of the parameters required for this analysis
(Table 1) have not been inferred directly on other ice masses (e.g.
following Winebrenner et al., 2008), we suggest that the thickness
and length of another ice mass be used together with the mass-
exchange pattern c/a and flow-law exponent n inferred for Gemina
Lingula. Sensitivity analysis of the mass-exchange pattern could be
done by using c/a = 0.1–9, associated with equilibrium line posi-
tions R = 0.1–0.9 along the profile length (Fig. 2), which we did
for Gemina Lingula and found that our response timescale results
changed by less than a factor of 4. This way the volume response
as a function of ice temperature and ice-flow enhancement may
be estimated directly for other ice masses from their ice thickness
and length.

6. Conclusions

Warmer near-basal ice temperatures, most likely in combina-
tion with enhanced ice flow, are required for near-steady flow to
generate topography with the shape characteristic of topography
across Gemina Lingula, NPLD in a reasonable amount of time
(e.g. less than 100 Myr), and with a plausible rate of mass ex-
change. We do not propose a specific mechanism, or combination
of mechanisms, that could warm the ice or enhance the flow, but
we present a range of combinations of ice temperature and ice-
flow enhancement that can inform future analyses of PLD geome-
try, internal structure, and ice rheology. The volume response time
is a way to assess the feasibility of any mechanism that may pro-
mote ice to flow faster. In summary:

(1) While interpreting ice-surface topography is also dependent
on model assumptions about ice flow, the surface shape is
not dependent on details of the mass-exchange pattern.
There are many histories that can create equivalent surface
shapes; if ice flowed it has a predictable shape.

(2) Our analysis is an important extension of Winebrenner et al.
(2008) because the radar-based arguments against ice flow
and specific tests of flow hypotheses are by their nature
inconclusive, and any episode of ice flow required conditions
different than present-day Mars.
(3) For Gemina Lingula to be shaped by ice flow in a plausible
amount of time, our calculations indicate that near-basal
ice must have been moderately warmer (200–230 K), and
that ice flow was likely significantly enhanced (by at least
a factor of 10). We present combinations of ice temperature
and flow enhancement that can be compared to other inves-
tigations of specific mechanisms to warm the ice and/or
enhance the flow.

(4) There is general agreement that the shape of other features
on Mars indicates that they flowed in the past, for example
Lobate Debris Aprons (e.g. Colaprete and Jakosky, 1998;
Mangold and Allemand, 2001; Holt et al., 2008; Plaut et al.,
2009). Our analysis of volume response as a function of ice
temperature and ice-flow enhancement can be extended to
other ice masses.
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