
Figure 1: Seasonal growth of the north south polar water and dust de-

posits as a function of season (Ls) under 25
o
 obliquity, zero eccentrici-

ty, polar cap source conditions (left) and middle latitude source condi-

tions (right).  

Dust concentration of deposited material is indicated by color. 
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Introduction:  The polar layered deposits (PLD) 

are 2-3 km-thick surface deposits in Mars’ North and 

South polar regions comprised of layers of water ice 

and dust in various mixtures [4]. This layering is 

thought to be explained by astronomically-forced var-

iation in the sedimentary cycles of water and dust and 

thus contain a record of Mars’ relatively recent climate 

history. Determining the connection between observed 

layer properties (i.e. albedo and radar reflectivity) and 

the physical attributes of layers (i.e. dust fraction), and 

identifying plausible layer formation mechanisms, is 

critical for the interpretation of this record. 

Methods:  Models. We utilize the NASA Ames 

Mars General Circulation Model [3] to investigate the 

sensitivity of annual rates of water ice and dust surface 

deposition in the polar regions to various obliquity 

parameters and surface water ice distributions that are 

perhaps characteristic of the past ~5 Myrs (the inferred 

formation timescale of the NPLD) [4].  

To investigate possible mechanisms for the for-

mation of observed vertically-structured layer packets 

within the PLD, these GCM-derived polar deposition 

rates are ingested into a time-marching model (incorpo-

rating a Mars’ orbital history provided by [4]) to simu-

late layer formation over a recent low-eccentricity 

epoch spanning ~1.68-0.98 MYA.  

All GCM simulations presented here utilize fully 

interactive dust lifting schemes [3] and infinite sourc-

ing of dust and water from surface reservoirs, with wa-

ter sourced from specified locations. The radiative ef-

fects of suspended dust are considered. The radiative 

effects of water ice and vapor are currently neglected.  

Configurations. The evolution of the PLD under 

present-day conditions is investigated (25.2
o
 obliquity, 

0.93 eccentricity, North Polar cap water ice source). 

Subsequent “paleoclimate” simulations investigate 

variations in polar deposition resulting from variations 

in obliquity (15
o
-35

o
) under zero orbital eccentricity 

conditions. For these paleoclimate simulations, two 

different initial water ice distributions are employed to 

simulate the expected obliquity-driven migration of 

water between polar/non-polar surface reservoirs:  

Symmetric ice caps poleward of 77.5
o
 N/S (a plausible 

condition beginning during and possibly persisting 

after low-obliquity periods [5]), and planet-encircling 

belts of surface water ice at middle northern (37.5-42.5 

N) and/or southern (37.5-42.5 S) latitudes (a plausible 

condition beginning during and possibly persisting 

after moderately high obliquity periods [5]). 

      Results:  Present-Day Simulation. 1) The present-

day simulation predicts an annual migration of water 

ice from the periphery/equatorial outliers of the mod-

ern north residual water ice cap towards the cap center, 

resulting in an accumulation rate of ~0.01 cm/yr pole-

ward of 77.5
o
 N but no annual water ice accumulation 

in the south. Both polar regions undergo net dust ac-

cumulation at a rate of ~0.001 cm/yr. 

This results in a ~15% bulk dust con-

centration northward of 77.5
o
 N. 

Paleoclimate Models. 2) For zero 

orbit eccentricity, polar cap source con-

ditions, GCM results predict a pole-to-

pole exchange of water ice, with the 

direction of transfer dependent on 

obliquity (north-to-south at 25
o
 obliqui-

ty as in Fig. 1) and the rate of transfer 

generally increasing with increasing 

obliquity. The rate of transfer increases 

from ~2.5e-5 cm/yr (15
o
 obl.) to ~0.2 

cm/yr (30
o
 obl.), but decreases to ~5e-2 

cm/yr at 35
o
 obliquity due to enhanced 

net water ice removal in local summer. 

Under zero orbit eccentricity, mid-

dle latitude water ice source conditions, 

GCM results predict rapid annual water 
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Figure 2: North Polar Region: (a) Modelled net water 

ice deposition rate and (b) dust deposition rate vs time 

(million years ago). Solid lines = north polar region 

averages, dashed lines  = south averages. (c) Mod-

elled layers resulting from the integration of a) and b) 

ice accumulation in both polar regions at the expense 

of these middle latitude reservoirs. This rate of transfer 

increases with increasing obliquity from ~1 cm/yr (15
o
 

obl.) to ~2 cm/yr (30
o
 obl.). In the north at 35

o
 obliqui-

ty, this deposition rate decreases to ~0 cm/yr due to the  

sublimation of all seasonally-deposited water ice in 

local summer, while in the south at 35
o
 obl.., this depo-

sition rate increases to ~3 cm/yr. 

In both polar cap and middle latitude water ice 

source configurations, polar dust deposition rates in-

crease from ~1e-4 (15
o
 obl.) to ~0.01 cm/yr (35

o
 obl.). 

Middle latitude source models produce compara-

tively thicker but more dust-poor annual deposits than 

do polar cap source simulations, at a given obliquity, 

due to three factors: higher seasonal polar water ice 

deposition rates, lower dust-to-water ice volume con-

centrations of deposited ice, and a lack of net removal 

of polar water ice in local summer [Fig. 1].  

A Model of PLD Growth and Layer Formation at 

Low-Eccentricity. 4) The GCM-generated deposition 

rates are obtained from simulations spanning ~20 mar-

tian years. Such timescales are not themselves suffi-

cient to assess the total thicknesses and dust concentra-

tion that would arise for a specific obliquity-water ice 

source scenario. To assess longer time effects of the 

GCM simulated deposition rates, an integration model 

that ingests these GCM-derived deposition rates and 

applies them over obliquities experienced during the 

time period of 1.68-0.98 million years ago has been 

developed. Several integration models produce a hypo-

thetical northern deposit that is ~400 m-thick. This 

corresponds to an average deposition rate of ~0.5 

mm/yr, which compares well to previous estimates of 

~0.5 mm/yr over the NPLD’s entire accumulation his-

tory [4]. Most integration models that produce a ~400 

m-thick deposit are characterized by the initial em-

placement and persistence of north and south polar 

caps, and exhibit a long-term transfer of water from the 

south to the north, with no substantial middle latitude 

accumulation. 

5) These integration models produce vertically-

structured PLD layer packets in the north with bulk 

dust concentrations of ~10-15%, higher than the meas-

ured [1] bulk dust concentration of the entire  north 

PLD (< 2%). Such high simulated dust concentrations 

may be consistent with SHARAD detection of dust-rich 

layer packets within the north PLD, the weakest of 

which may be explained by layers as thin as 10-cm 

containing ~10% dust or by 1-m thick layers containing 

2% dust, and the strongest of which may be explained 

by 2-m layers of ice containing ~30% dust [6]. 

6) In the north, these integration models typically 

produce a stratigraphy characterized by two dust-rich 

layers per obliquity cycle [Fig. 2 c]. A thick layer with 

~25% dust forms at high obliquity when both water ice 

deposition and dust deposition are high [Fig. 2 a,b] 

(due to generally increased polar water ice and dust 

deposition with increasing obliquity under polar cap 

source conditions). A thin layer with ~100% dust forms 

at low obliquity when water ice deposition is low rela-

tive to dust deposition (< 25
o
 obliquity) or when water 

ice is annually lost from the north PLD (obliquity ~25
o
) 

[Fig. 2 a,b]. These layers resemble a hypothetical stra-

tigraphy produced in [2] via a similar mechanism 

though with opposite phasing with respect to obliquity 

variations, demonstrating the ability of obliquity varia-

tions to produce complex stratigraphy when the deposi-

tion and lifting of water ice and dust are dynamically 

modelled. 
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