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Abstract

The evolution and dynamics of the north-polar cap (residual-ice-cap/layered-deposits
complex) of Mars is simulated with a thermomechanical ice-sheet model. We consider a
scenario with ice-free initial conditions at 5 Ma before present due to the large obliquities
which prevailed prior to this time. The north-polar cap is then built up to its present
shape, driven by a parameterized climate forcing (surface temperature, surface mass
balance) based on the obliquity and eccentricity history. The effects of different ice
rheologies and different dust contents are investigated. It is found that the build-up

scenarios require an accumulation rate of approximately 0.15-0.2 mm a~*

at present.
The topography evolution is essentially independent of the ice dynamics due to the
slow ice flow. Owing to the uncertainties associated with the ice rheology and the dust
content, flow velocities can only be predicted within a range of two orders of magnitude.
Likely present values are of the order of 0.1-1 mma~!, and a strong variation over
the climatic cycles is found. For all cases, computed basal temperatures are far below

pressure melting.

1 Introduction

One of the most prominent features of the Martian surface are the polar ice caps. While
the seasonal caps consist of only some ten centimeters of CO, snow which sublimes into
the atmosphere during the respective summer season, the smaller residual caps poleward
of approximately 80°N/S are underlain by massive topographic structures known as
the polar layered deposits (Thomas et al. 1992). Following the terminology of recent
publications (e.g. Johnson et al. 2000, Byrne and Murray 2002, Greve et al. 2004), the
complexes composed of the residual caps and the underlying layered deposits are referred
to as the north- and south-polar cap (NPC/SPC), respectively. The Mars Orbiter Laser
Altimeter (MOLA) measurements of the Mars Global Surveyor (MGS) spacecraft have
provided a very precise mapping of the surface topographies of the polar caps (Smith
et al. 1999, Zuber et al. 1998).

As far as it is known, the NPC and SPC are the largest water reservoirs on Mars.
Further constituents may be dust, CO5 ice and CO4 clathrate hydrate. The polar caps
are active components of the Martian climate system which interact with the atmo-
sphere thermally, orographically and by condensation and sublimation processes of wa-
ter vapour. Previous studies (Greve 2000b, Greve et al. 2003, Hvidberg 2003, Hvidberg
and Zwally 2003, Greve et al. 2004) indicate that the NPC is a dynamic ice mass which
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shows glacial flow of the order of 1 mm a™" at present. Its present topography is the



result of the climatic history over at least the last millions of years, which was probably
characterized by climate cycles as a consequence of strong, quasi-periodic variations of
the orbital parameters obliquity, eccentricity and precession on time-scales of 10°-10°
years (Laskar et al. 2002). This idea is supported by the light-dark layered deposits
of both polar caps indicating a strongly varying dust content of the ice due to varying
atmospheric conditions.

In this study, the dynamic and thermodynamic evolution of the NPC will be simu-
lated with the ice-sheet model SICOPOLIS. The boundary conditions of surface accu-
mulation, ablation and temperature are derived directly from the solar-insolation history
by applying the Mars Atmosphere-Ice Coupler MAIC developed by Greve et al. (2004).
Due to the high obliquities between ten and five million years before present (Ma BP)
and subsequent high sublimation rates (Jakosky et al. 1993), the NPC did probably not
survive this period. Therefore, we assume ice-free conditions during that time and con-
sider transient scenarios in which the NPC is formed during the last five million years.
A large uncertainty in model studies of that kind results from the poorly constrained
rheological properties of the ice and the unknown dust content. Therefore, we will look
systematically into the influence of these two aspects on the evolution of ice topography

and glacial flow of the ice body.

2 Framework of the simulations

2.1 Ice-sheet model SICOPOLIS

The dynamic/thermodynamic ice-sheet model SICOPOLIS used for the simulations of
this study was developed in the mid-1990’s for terrestrial applications. Since then, it
was applied to numerous problems of past, present and future glaciation on Earth (see
Greve 2000a, and references therein). Adaptation to the Martian NPC was performed
by Greve (2000b), Greve et al. (2003, 2004). Main features of the model are:

e Three-dimensional, large-scale, polythermal ice-sheet model, applies the shallow-
ice approximation (Hutter 1983, Morland 1984).

e Computation of the temporal evolution of the field quantities (i) ice extent and

thickness, (ii) flow velocity, (iii) temperature, (iv) water content, (v) age.

e Coupled lithosphere module accounting for local isostatic displacement and tem-

perature.



e External forcing specified by (i) mean annual air temperature at the ice surface,
(ii) net surface mass balance (ice accumulation minus ablation), (iii) global sea
level (not relevant for Martian applications in the recent past), (iv) geothermal
heat flux.

In the version for the Martian NPC, all computations are carried out in a stereographic
plane with standard parallel 71°N. The model domain is a square of size 1800 km x
1800 km, centered at the north pole. The horizontal resolution is 20 km, the vertical
resolution 51 grid points in the cold-ice column, 11 grid points in the temperate-ice
column (if existing) and 11 grid points in the lithosphere column. Standard physical
parameters are listed in Table 1; they agree with those used previously by Greve et al.

(2004). For more details please refer to this study.

Quantity Value

Martian gravity acceleration, g 3.72ms2

Density of ice, p; 910kgm™3

Heat conductivity of ice, &; 9.828 ¢~ 0-0057 T[K] \y py 1K 1
Specific heat of ice, ¢; (146.3 + 7.253 T[K]) J kg 'K~ 1 *
Latent heat of ice, L 335kJ kg1
Clausius-Clapeyron constant

for air-saturated glacier ice, 3 9.8 x 1078 KPa!

Melting point at zero pressure, Ty 273.15 K

Density of crustal material, p. 2900 kgm ™3

Heat conductivity of crustal material, k. 2.5 Wm™ 1K1

Geothermal heat flux, ggeo 35mW m—2

Fraction of isostatic

compensation, fig, 0.65

[sostatic time lag, Tis, 3000 a

Asthenosphere density, p. 3300 kgm™—3

Density x specific heat of the

lithosphere, p,c, 2000kJ m—3K~!

Heat conductivity of the

lithosphere, k., 3WmK™!

Table 1: Standard physical parameters of the ice-sheet model SICOPOLIS. *T[K]: tem-
perature T" measured in K.

2.2 Climatic forcing

The climatic forcing for the NPC simulations consists of the surface air temperature and
the surface mass balance prescribed as functions of space and time. The parametrization

employed here is based on the ten-million-year history of Martian obliquity 0 (Fig. 1,



top panel) and eccentricity e (not shown) by Laskar et al. (2002). From these data, the
climatic forcing is derived by using the Mars Atmosphere-Ice Coupler MAIC described
in detail by Greve et al. (2004). Therefore, the procedure is only sketched here briefly.

In Table 2 the relevant parameters are compiled.
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Figure 1: Obliquity 6 (top, by Laskar et al. 2002) and mean annual surface temperature
at the north pole 7;,, (bottom) for the last ten million years. Dashed lines indicate
present values.

Quantity Value

Solar flux at average distance Sun — Mars, I 590 W m 2
Albedo, A, 0.43

Emissivity, € 1
Stefan-Boltzmann constant, ogp 5.67 x 1078 Wm 2K
Co-latitude temperature coefficient, ¢ 2.25 K (°co-lat) ™!
Latent heat for sublimation of water ice, A 2860 kJ kg~!
Material gas constant for water, Ry, 461.5 Jkg ' K1
Present atmospheric reference temperature, 72, 173K
Equilibrium-line distance, dq 550 km
Mass-balance-gradient parameter, [y 400 km

Table 2: Standard physical parameters of the atmosphere-ice coupler MAIC.

The mean annual insolation at the north pole, Irilg, is computed as a function of time

from the obliquity and eccentricity data. This quantity is balanced with the outgoing

mean annual longwave radiation, which is related to the mean annual surface tempera-



ture at the north pole, Ty, by the Stefan-Boltzmann law. This yields

Ln(t) (1 — Am))l/47 1)

E0SB

Tunlt) = (

where ¢ is the time (from JED 2440400.5 or 28 June 1969), A,, the mean albedo of the
NPC, ¢ the emissivity and ogg the Stefan-Boltzmann constant (Fig. 1, bottom panel;
computed with the parameters of Table 2). For any position off the pole, the surface

temperature 7T is then
Ts((b; t) - Tnp<t) + Cs ¢7 (2>

where ¢ is the co-latitude (angular distance from the pole) and ¢ the co-latitude temper-
ature coefficient. Like in the simulations by Greve et al. (2004) no explicit dependence

on surface elevation is considered.

The accumulation rate agy, (“saturation accumulation”) is computed by assuming

proportionality to the water-vapour saturation pressure in the atmosphere. This yields

the relation A
() = ag; - ’
sat( ) abat70 eXp (RmToef Rm(T%f + ATS(t))> ’ ( )

I I

a

where afy; o is the present accumulation rate, A is the latent heat for sublimation/conden-
sation of water ice, Ry, is the material gas constant for water, T, is the present atmo-
spheric reference temperature and ATy (t) = Typ(t) — Tnp(0) is the surface-temperature
anomaly.

From the saturation accumulation (3), the net mass balance ane; = adby — a™ (a™:

ablation rate) is derived by the equilibrium-line approach

et (B, ) = min [agy (1), 9(t) x (da = dup(6))] (4)

where ¢ is the mass-balance gradient, d,,;, the distance from the pole and d the distance
of the equilibrium line where the net mass balance is equal to zero. For simplicity
and lack of better knowledge, d. is assumed to be temporally constant, and a good
approximation for it is the mean radius of the present cap. The mass-balance gradient

is taken proportional to the accumulation rate,

olt) = "2, 9

where [, is the mass-balance-gradient parameter. For the parameters of Table 2, the net

mass balance resulting from Eq. (4) is displayed in Fig. 2.
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Figure 2: Net mass balance (accumulation-ablation rate) resulting from the parametriza-
tion (4) and the parameters of Table 2.

3 Ice rheology

Several forms of a non-linear viscous rheology for the flow of polycrystalline ice for
different stress, strain-rate and temperature regimes have been proposed. They have
in common to relate the strain-rate tensor D = sym grad v (velocity v) to the Cauchy

stress deviator tP, and can be subsumed as

O.n—l
dr

D = EA(T, P) t° (6)

where o = [tr (¢°)2/2]'/2 is the effective stress, n is the stress exponent, d is the grain
size and p is the grain-size exponent (e.g. Paterson 1994, Durham et al. 1997, Goldsby
and Kohlstedt 1997, van der Veen 1999). The flow rate factor A(7, P) depends via the

Arrhenius law
A(T, P) = Age (QFPVI/RT (7)

on the absolute temperature 7" and the pressure P, where A is the preexponential con-
stant, () is the activation energy, V is the activation volume and R = 8.314 J mol ! K~!
is the universal gas constant. The flow enhancement factor E is equal to unity for pure
ice and can deviate from unity due to the softening or hardening effect of impurities in
the ice.

Since appropriate values for the activation volume V' are poorly constrained and the
pressure effect is very small for typical thicknesses of ice sheets and caps, we account for
it in an approximate way by setting IV = 0 and measuring the temperature relative to
the pressure melting point T, = Ty — P instead (Tp = 273.15 K is the melting point

at zero pressure, and 3 is the Clausius-Clapeyron constant for air-saturated glacier ice).



This yields the simplified flow rate factor
AT') = Age ¥R, (8)

which depends now exclusively on the homologous temperature 77" =T — T, + Ty =
T + P (Rigsby 1958, Paterson 1994, van der Veen 1999).
By introducing the effective strain rate § = (trD?/2)'/? the inverse form of the

general power law (6) with the flow rate factor (8) is readily obtained as

dqp/n
D

t° = BB(T") 5 (9)

(van der Veen 1999). Here, E, = E~Y/" denotes the stress enhancement factor, and
B(T") = [A(T")]7Y/" is the associated rate factor.

For terrestrial ice, the well-established Glen’s flow law [which actually goes back to
Nye (1953) in the general tensorial form] uses the stress exponent n = 3, the grain-size
exponent p = 0 and for the temperature range 7" < 263 K the preexponential constant
Ag = 3.985 x 10713 s71Pa® and the activation energy Q = 60 kJ mol~! (Paterson
1994). The rheology defined by these parameters describes the grain-size-independent
flow mechanism of dislocation creep, which prevails in terrestrial glaciers and ice sheets.
The flow enhancement factor for ice formed during glacial periods is often set to F = 3,
interpreted as the softening influence of very small amounts of fine dust, approximately
1 mg kg~! with particle sizes of 0.1 to 2um (Hammer et al. 1985). This softening
is attributed to thin films of liquid water which form around the dust particles and
lubricate ice deformation. However, at the low temperatures expected in the NPC this
effect will not be present, and direct hardening will be the dominant influence of dust
(see Sect. 4).

Durham et al. (1997) have proposed an alternative flow law for grain-size-independent
dislocation creep, based on laboratory creep tests at a confining pressure of 50 MPa. For
the temperature regime T = 195-240 K, which corresponds approximately to 7" =
200-245 K, they report the parameters n = 4, p = 0, Ay = 1.259 x 107 s71 Pa=* and
Q = 61 kJ mol ™.

However, it is not clear whether dislocation creep is the predominant creep mech-
anism for the low temperatures and low strain rates in the Martian caps. There is
evidence that other, grain-size-dependent flow mechanisms like grain-boundary sliding
become favoured instead (Goldsby and Kohlstedt 1997). These can be described by the
parameters n = 1.8, p = 1.4, Ay = 6.20 x 107 s~ ' Pa=¥m!* and @ = 49 kJ mol™*
(see also Nye 2000).



For this flow law (which will be referred to as “G & K” in the following) an upper
limit for the grain size d can be obtained by assuming that it is a result of normal
grain growth only. From a variety of data for terrestrial polar ice masses and theoretical

considerations, the growth rate
d

—(d*) =k 10
() (10)
was derived, where ¢ is the time and d/d¢ is the material time derivative which follows
the motion of the ice particles. The growth-rate parameter k depends on the absolute

temperature T' via the Arrhenius law

k(T) = ko e~ /BT (11)
with the activation energy Q. = 42.5 kJ mol~! and the constant ky = 9.5 m?a~!
(Thorsteinsson 1996). As an example, for 7" = 173 K this yields a growth rate of
1.40 mm? Ma~!. By assuming a typical age of millions of years for the ice at depth (cf.
Greve et al. 2004), a reasonable range for the grain size follows as d = 1...10 mm.

The relative contributions of the several flow laws can be estimated as follows. For

simple shear in the z-z plane and E = 1, Eq. (6) reduces to

TTL

s !/
P)/_QA(T)dp7

(12)
where 7 = txDz is the shear stress and 4 = Jv,/0z = 2D, is the shear rate. Figure 3
shows the shear rates resulting from Eq. (12) for the stress range from 10 kPa to 1 MPa
and for the temperature 7" = 200 K [which is typical for the near-basal ice of the NPC;
see e.g. Greve et al. (2004)]. This makes evident that the relative contributions of the
different flow laws vary strongly. For very low stresses, grain-size dependent flow with a
low stress exponent dominates, whereas for higher stresses dislocation creep with a higher
stress exponent becomes more important. With the ice density p;, the Martian gravity
acceleration gy (Table 1), the thickness H = 3 km and the mean slope a = H/R (radius
R = 550 km), a representative shear stress 7* follows as 7* = pjgoHa =~ 55.4 kPa. For
T = 7%, the shear rates decrease by roughly an order of magnitude between subsequent
values in the order G& K (d = 1 mm) > Glen > G& K (d = 10 mm) > Durham.

4 Dust content

Satellite imagery shows that parts of the polar caps appear dark, which indicates that
they consist of ice with some amount of mixed-in dust. However, for the average volume

fraction ¢ of dust in the ice no quantitative information is available. For modelling stud-
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Figure 3: Shear rate 4 vs. shear stress 7 for simple shear, computed by Eq. (12) for
T" = 200 K. Flow laws: Glen (n = 3), Durham (n = 4), G&K (n = 1.8, p = 1.4,
d=1mm), G&K (n =18, p =14, d = 10 mm). The representative shear stress 7*
for the NPC (see main text) is indicated.

ies of the polar caps this is a serious problem because the dust content can affect the ice
flow via direct hardening, an increasing density and a decreasing heat conductivity which
leads to basal warming. Therefore, we compute the density, p, and heat conductivity, x,
of the ice-dust mixture as volume-fraction-weighted averages of the values for pure ice

and crustal material,

p = (1—=9)p+ ope, (13)
K = (1_90)/{1‘*’90/{0’ (14)

where p; is the ice density, p. the density of crustal material, x; the heat conductivity
of ice and k. the heat conductivity of crustal material. Values listed in Table 1 are by
Greve et al. (2003). Direct hardening is described by a stress enhancement factor Fg > 1

based on laboratory measurements of the deformation of ice-dust compounds,

E, = e (15)

Y

where b = 2 (hardening parameter) and ¢ < 0.56 (Durham et al. 1997). This is equiva-

lent to a flow enhancement factor

E=FE"=¢"%. (16)

S

Hence, for given stress, temperature and grain-size conditions and a stress exponent
n = 3 a dust content of 10% (¢ = 0.1) leads to an almost twice as hard material

(E = 0.55) compared to pure ice.
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5 The reference simulation

5.1 Set-up

The high average obliquity between 10 and 5 Ma BP (Fig. 1) leads to strongly increased
ice sublimation rates (Jakosky et al. 1993). It is highly likely that the NPC did not
survive this period (Forget, pers. comm. 2003) and started to build up its present form
from ice-free initial conditions at approximately 5 Ma BP. A corresponding ice-free to-
pography was computed by Greve et al. (2004) by a smooth extrapolation of the present
ice-free ground surrounding the NPC (Fig. 4).

P
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!-z.oo
250

—-3.00

\'Lde

90'E [{-4.00

900 -600 -300 [} 300 600 900
x (km)

Figure 4: Topography of the equilibrated ground for ice-free conditions (in km relative
to the reference geoid) as derived by Greve et al. (2004). The heavy-dashed line indicates
the present ice margin derived from the MOLA topography.

For the reference simulation of this study, referred to as run REF, we make use of this
scenario. It is assumed that ice-free initial conditions prevail at 5 Ma BP (¢, = —5 Ma).
The simulation is then run until the present (fg,a = 0), and the present accumulation
rate aj o [see Eq. (3)] is tuned such that the simulated NPC reaches the MOLA value for
the maximum surface elevation (with respect to the reference geoid), hpax = —1.95 km
(Zuber et al. 1998, Smith et al. 1999). Further, Glen’s flow law and a vanishing dust

content are assumed.

5.2 Results

The above tuning process yields for the present accumulation rate the value ajat,o =

1

0.1575 mm ice equiv. a~". From a variety of estimates based on different methods, it

is generally agreed that the real value for a:at’o is of the order of 0.1 mm a™! [in other
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words, in the range of ~ 0.01...1 mm a~

1

; see the comprehensive discussion by Greve

(2000b)], so that our result for agy o can be considered as realistic.
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Figure 5: Surface-temperature anomaly AT}, total ice volume V., maximum surface
elevation hyax, ice-covered area A, maximum surface velocity vs max and maximum basal
temperature relative to pressure melting Ty .. as functions of time for the reference
simulation.

Fig. 5 shows the evolution of the surface-temperature anomaly ATy, the total ice
volume Vi, the maximum surface elevation h,.., the ice-covered area A, the maximum
surface velocity vgmax and the maximum basal temperature relative to pressure melting
Tk/),max‘ It is evident that Vi, and hy., increase monotonically over time, and the main
125-ka obliquity cycle which dominates the AT forcing is only reflected as a very small
step-like modification. This confirms the earlier finding by Greve et al. (2004) that the

NPC topography responds mainly to the long-term average climate conditions. Due to
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the non-linear coupling between temperature and accumulation [Eq. (3)], the volume
increase does not only depend on the average AT, but also on its amplitude. This can
be seen clearly for the times ¢t = —2.5 Ma and ¢t = 0 where temperature amplitudes
are small and consequently the ice volume is almost constant. The ice-covered area A
remains constant for the entire simulation time. This is so because ice-flow velocities
are too small to allow the ice cap to enter the ablation zone (negative mass balance),
so that it is limited to the accumulation zone (positive mass balance) throughout the
model time.

In contrast to the topography parameters Vio, hmax and A, the dynamic/thermody-
namic quantities vg max and T, . reflect the 125-ka cycle strongly. As for the maximum
surface velocity vsmax, it is interesting that significant ice flow does not start prior to
2 Ma BP, at a time for which the ice volume has already reached two thirds of its present
value. This behaviour is a consequence of the nonlinear flow law (stress exponent n > 1)
which produces extremely low strain rates at low stresses (“pseudoplastic behaviour”).
During the last million years, vgmax Oscillates between some tenths of a millimeter per
year and more than one millimeter per year, which is no longer negligible, but still orders
of magnitude smaller compared to the flow velocities of terrestrial ice sheets. This is
the reason why the topography evolution is essentially unaffected by the internal ice
dynamics.

The maximum basal temperature Ty, .. follows the surface temperature during the
first time of the simulation when the ice is still thin. Later, with increasing ice thickness,
the amplitudes of the surface signal become more and more attenuated, and 7y, . shows
an increasing trend because of the thermal insulation of the growing ice cap against the
cold surface. The warmest ice temperature throughout the model time is —65°C, which
is of course far below melting conditions.

A sequence of surface topography maps at intervals of 1 Ma is presented in Fig. 6.
The simulated monotonic growth of the cap, starting from the ice-free state shown in
Fig. 4, as well as the constant area over time are clearly visible. Comparison with
the MOLA topography shows that the large-scale features of the ice cap (extent, surface
elevation, shape) are represented very well. By contrast, small- and medium-scale surface
structures like the intriguing spiralling scarps and troughs, the large canyon Chasma
Borealis and the detailed margin contour are not reproduced. In view of the simple,
axi-symmetric climatic forcing which does not account for local details this is of course
no surprise and cannot be expected from our large-scale modelling approach. It may be
refined by prescribing different ablation rates for the white areas and the darker scarps
(Fisher et al. 2002, Hvidberg 2003, Hvidberg and Zwally 2003); however, this does not

answer the open question which mechanisms form these structures in the first place.
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Figure 6: Reference simulation: Surface topography for t = —4, —3, —2, —1 and 0 Ma

(present), MOLA topography for comparison (in km relative to the reference geoid).
Heavy-dashed lines indicate the ice margin.
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6 Variation of the flow law and dust content

The influence of the applied flow law and the average dust content on the ice-cap dy-
namics is now investigated. To this end, two series of simulations have been run. In
the first series, Glen’s flow law is replaced by Durham’s flow law (run DURH) and the
flow law by Goldsby and Kohlstedt with grain sizes of 1 mm (run GKO01) and 10 mm
(run GK10). In the second series, the zero dust content is increased to 10% (run PHI10),
20% (run PHI20), 30% (run PHI30), 40% (run PHI40) and 50% (run PHI50). For all
simulations, the present accumulation rate a;;m is adjusted such that the NPC reaches
the target value of hyp.e = —1.95 km at ¢ = 0. Note that accumulation rates are in
ice equivalents for the runs with zero dust content (DURH, REF, GK01, GK10) and in
icet+dust equivalents for those with non-zero dust content (PHI10 to PHI50).
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Figure 7: Dependency of the accumulation rate a;;t,m the maximum surface velocity
Vsmax and the maximum basal temperature relative to pressure melting Ty, .. on the
applied flow law.

Fig. 7 shows the accumulation rate a:atyo, the maximum surface velocity vgmax and
the maximum basal temperature relative to pressure melting 7} .. for the simulation
series with varied flow law, arranged for increasing accumulation rates. In fact, @:at,o

increases only slightly among the simulations, by less than 1%. This small increase
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correlates with a drastic increase in vsmax by approximately two orders of magnitude.
The reason for this correlation is that the larger the flow velocities are, the more ice is
transported from the interior regions towards the margin, and the more accumulation is
required to build up the ice cap to a given surface elevation within a given time-span.
However, the flow velocities are always very small (the largest value of 2.14 mma™! is
taken for run GKO1), and therefore this dynamic influence on the accumulation rate is
not significant. The sequence of simulations with increasing flow velocity, DURH < GK10
< REF < GKO1, is the same as already described in Sect. 3 in terms of shear rates of a
simple-shear experiment (see also Fig. 3).

Along with the increasing flow velocities, the basal temperatures decrease. This is
so because more ice flow entails enhanced advection of cold surface ice downward and
outward and therefore cools the lower parts of the NPC. Again, the range of T} ..
is small due to the small absolute values of the flow velocities, with a difference of
slightly more than 1°C between the extremes DURH and GK0O1. Owing to the exponential
dependence of the flow rate factor (8) on 7", this cooling produces a slight negative
feedback for the increasing ice flow. This explains why the simulated values for vsmax
vary by “only” two orders of magnitude among the simulations, whereas in the simple-
shear experiment of Sect. 3, the shear rates show a variation of almost three orders of
magnitude.

In Fig. 8, the accumulation rate a:at70, the maximum surface velocity vsmax and the

are displayed for the

maximum basal temperature relative to pressure melting 77 ..

simulation series with varied dust content. It is striking that the impact of the varied
dust content on ajat’o is much larger than that of the flow law, its range being almost 30%
of the value of run REF. Since the flow velocities are still small, this cannot be due to
changes in the ice dynamics. The reason for the distinct increase of a;;t,(] with the dust
content ¢ is rather that the more dust is present, the larger the density of the composite
material becomes [Eq. (13)]. This entails a larger isostatic downward displacement of
the underlying lithosphere, so that more ice needs to be accumulated in order to reach
the target surface elevation of hy.c = —1.95 km.

It is very interesting that vgmax also increases with increasing dust content, even
though the direct effect on ice fluidity works in the opposite direction [Eq. (16)]. This is
so because of two further, indirect effects, which outweigh direct hardening: (i) the above-
mentioned increasing ice thickness which produces larger driving stresses, and (ii) the
increasing basal temperature which makes the ice softer. The latter varies quite strongly,
from T} .. = —67.2°C for run REF dust to —52.4°C for run PHI50. This is mainly due
to the decreasing heat conductivity [Eq. (14)] which leads to a stronger insulation of

the ice body to the cold atmosphere. Nevertheless, even the highest temperature of run
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Figure 8: Dependency of the accumulation rate a;;t,o, the maximum surface velocity
Usmax and the maximum basal temperature relative to pressure melting 73, .. on the
dust content (Glen’s flow law applied).

PHI50 is still far below the melting point, so that the presence of liquid water at the base
of the NPC is very unlikely. The current position of the melting isotherm is expected to

lie several kilometers deeper in the ground (see also Clifford et al. 2000).

7 Discussion

The simulations of this study provide a plausible scenario for the evolution of the NPC
during the last five million years. With the simple climate forcing described in Sect. 2.2
it is possible to build up the NPC starting from ice-free initial conditions with an accu-
mulation rate that is within the range of current estimates. Since the absolute values of
ice-flow velocities are small for all investigated cases, the topography evolution is mainly
controlled by the surface mass balance, and internal ice dynamics plays only a minor
role.

Owing to the uncertainties of the applicable flow law, the dust content and the
grain size, ice-flow velocities can only be predicted within a range of two orders of

magnitude. Most likely present values are of the order of 0.1-1 mma~!, and a very
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significant variation over climatic cycles can be expected. Further uncertainties which
have not been treated here arise due to the possible presence of some amounts of CO,
ice and COs clathrate hydrate. Due to its low strength, CO, ice can occur only in small
amounts. Otherwise the NPC would develop a very fast ice flow, which is not consistent
with the existence of steep scarps and troughs in the ice and would ultimately bring the
whole ice mass to a collapse. This statement is equally valid for the SPC (Durham et al.
1999, Nye et al. 2000). By contrast, CO; clathrate hydrate, which is thermodynamically
stable in the interior of both polar caps (Jons 2002, and references therein), has a very
strong rheology. Based on laboratory measurements on CH, clathrate hydrate (Stern
et al. 1996, Durham et al. 2003), it is estimated that COy hydrate is at least an order
of magnitude harder than pure HyO ice at fixed stress and temperature (Durham 1998).
In a similar fashion as for the dust discussed in Sect. 6, this direct hardening effect
would probably be compensated or even over-compensated by the very low thermal
conductivity of clathrate hydrates (Cook and Leaist 1983).

Nye (2000) assumed that the NPC (and also the SPC) is an ice body which collapses
and spreads outward by flow in the course of time without significant accumulation and
ablation, and solved the flow equations by applying a modified form of the similarity
solution by Halfar (1983) for radial flow. The G & K flow law with d = 1 mm was chosen.
In this conceptual glaciological approach, the topography evolution is governed by glacial
flow only, whereas our results suggest that surface mass balance is the major influencing
factor. Nevertheless, the reported creep rates for the present cap agree well with our
findings. The age of the NPC, which is defined as the time the ice cap requires to reach
the present height when starting from an initial state with asymptotically infinite height
in Nye’s (2000) study, cannot be compared directly to our build-up time which assumes
an ice-free initial state. Still, the reported age of about 10 Ma is in the same range as
our build-up time of 5 Ma inferred from climatological reasonings.

While the overall shape of the NPC can be reproduced well with the large-scale
approach of this study, a more detailed investigation of structures like the spiralling
scarps and troughs and their impact on the ice dynamics is not possible. Fisher (1993)
suggested that ice accumulates on the white, flat areas, but evaporates on the south-
facing dark scarps (“accublation” model). This mechanism keeps the scarps and troughs
open; otherwise they would close due to ice flow on time-scales of 10° to 10° years, as
it was demonstrated by Hvidberg (2003), Hvidberg and Zwally (2003). This entails
a significant influence of the scarps and troughs on the local flow field with strongly

—1 at the steepest scarps, an effect that is

enhanced ice-flow velocities of up to 50 mm a
neglected in our study. Therefore, our finding that the large-scale build-up process is

essentially independent of glacial flow does not hold anymore for the evolution of these
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smaller-scale structures.

Further, our assumption of a spatially and temporally constant dust content is a
simplification of the real conditions. Imagery from orbiting spacecraft shows alternating
layers of lighter and darker material for both polar caps, which consist most likely of
ice with varying amounts of dust and may reflect climatic cycles (Clifford et al. 2000,
and references therein). Rheologically, this leads to a sequence of weaker and harder
layers within the ice body which experience different shear rates and may produce flow
instabilities like folding and boudinage (Kargel and Tanaka 2002). However, these effects
are of small-scale nature, and the large-scale flow for the whole ice body should still be
prescribed well by averaging them out over larger distances.

Future work will encompass an improved coupling between the atmosphere and
the ice cap by downscaling simulation results obtained with the atmosphere model
PUMA-2 (Portable University Model of the Atmosphere, Fraedrich et al. 2003; see
also http://puma.dkrz.de/puma/) adapted to Martian conditions (Segschneider et al.
2005). This will further improve the physical basis of the parameterizations for the
surface temperature and the accumulation-ablation rate. Moreover, we will extend our
investigations to the south-polar cap which probably has a very different history and

dynamics than its counterpart in the north (Clifford et al. 2000).
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