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Introduction:  The north polar ice cap of Mars 
consists of large, kilometer-thick sheets of water ice that 
interact with the atmosphere and are thought to record 
climatic variations in their stratigraphy. The largest 
section of the north polar ice cap is the topographic 
dome of Planum Boreum, which is composed of ice-rich 
north polar layered deposits (NPLD), and an underlying, 
silicate-rich basal unit (BU). A second lobe of the cap 
called Gemina Lingula composed entirely of the NPLD 
is separated from the main dome of Planum Boreum by 
a large canyon called Chasma Boreale. Volumetrically, 
the NPLD is the second largest reservoir of water ice on 
the surface of Mars [1] and plays an important role in 
regulating the Martian climate via active exchange of 
water vapor with the atmosphere. The depositional 
record of ice and sediment in the cap may also contain 
a record of climatic variations over timescales of 105 to 
107 years [2]. As such, compositional constraints on the 
Martian polar caps are important for understanding past 
atmospheric conditions along with global transport 
cycles of water, sand, and dust on Mars.   

While radar data has been able to provide a 
compositional constraint on the NPLD [3-4], the bulk 
composition of the underlying BU has been difficult to 
ascertain. The BU is a low-albedo, sand-rich ice deposit 
lying stratigraphically between the NPLD and the 
underlying Late Hesperian aged Vastitas Borealis 
Interior Unit [5]. The basal unit represents a time before 
formation of the modern ice cap, therefore, 
understanding its origin may provide insights into more 
ancient epochs of Martian climate history. Here, we 
utilize the available Martian gravity and topography 
data to constrain the bulk density of the north polar ice 
cap. We then combine the gravity-derived bulk density 
estimates with previously published radar data to isolate 
the bulk density and composition of the Basal Unit. 

Methods: The basic steps we took to estimate the 
density of the north polar ice cap are as follows. We first 
localized the gravity [6] (𝛤"#) and topography (𝛹"#) 
signature of the north polar ice cap using a set of 
orthogonal functions that are constructed within a 
specific band limit to optimally concentrate signals 
within our region of interest in both space and frequency 
domains. The localized gravity fields were expanded in 
the 4π-normalized spherical harmonic domain and the 
cross-power spectrum as a function of spherical 
harmonic degree (l) was calculated by: 𝑆()(𝑙) =
	∑ 𝛤"#"

#./" 𝛹"#. The localized admittance Z(l) and the 
correlation 𝛾(𝑙) between gravity and topography were 
calculated as:	𝑍(𝑙) = 234(")
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The lack of absolute correlation between gravity and 
topography was also used to estimate the error 7σ(𝑙)8 

in the localized admittance given by: σ9(𝑙) =
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. We constrained the best fitting load 
density and the elastic thickness (Te) of the lithosphere 
by calculating the root-mean-square (RMS) difference 
between synthetic admittance spectra and the observed 
admittance spectrum. We constructed forward models 
by assuming that the lithosphere is a thin shell that 
deforms elastically in response to surface loads [7].  

The regionally averaged density of the BU was also 
estimated from an alternative approach in which we 
conducted regression analysis between the thickness of 
the polar units and the observed gravity. The 
representation of a spherical field in Cartesian 
coordinates is inhomogeneous and suffers from 
meridian convergence and singularities at the poles [8]. 
We, therefore, interpolated the gravity and the 
topography fields using Fibonacci lattice, which is a 
mathematical idealization of natural patterns with 
equal-area optimal packing. The multiple linear 
regression was conducted between the equal area 
representation of the gravity and polar unit thickness.  

Results: We found three windows within the north 
polar ice cap with sufficient gravity-topography 
correlation. Figure-1 shows an example of one such 
location. We used a spherical cap of an angular radius 
of 7° and Lwin of 37 to ensure that over 99% of the 
gravity and topography signals was from inside this 
window. The comparison between observed and the 
synthetic admittance was conducted over the spherical 
harmonic degree of 46 and 59, where correlation is 
above 0.7 (Fig. 1 (b)). The best fit load-density within 
1-σ of the observed admittance corresponds to 1140 + 
20 kg m-3 for Te greater than 125 km (Fig 1(c)). The 
second and third window (not shown here) are centered 
at 84°N, 10°E and 87°N, 20°E. For these locations, the 
best-fit density estimate correspond to  1090 + 20 kg m-

3 for Te greater than 100 km and 1245 + 55 kg m-3 for Te 
greater than 100 km. 

Radar permittivity and loss tangent data has shown 
the ice within the NPLD to be extremely pure4, which 
suggests that the bulk of the higher density materials 
required to explain our gravity inferred density is 
present in the BU. The north polar ice cap has a mean 
surface temperature of 155 K4, at which, pure H2O-ice 
has a density of 930 kg m-3. Volumetrically, the BU 
contributes 18%, 16%, and 22% to the total volume of 
the polar ice cap within the three localization windows. 
Assuming the density of the NPLD to be 950  kg m-3 at 
most, the density of the BU that can explain our 1-σ bulk 
density estimates from the three windows is 2030 + 150 
kg m-3.  

The admittance spectra can have bias due to the 
presence of subsurface density anomalies correlated 
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with the topography. The presence of such a subsurface 
gravity anomalies within our localization windows 
cannot be ruled out. However, given the regionally low 
correlation between gravity and topography, it is 
unlikely for such subsurface anomalies to be present 
under the entirety of the north polar ice cap. We, 
therefore, also estimated the density of the north polar 
ice cap by conducting a regression analysis between the 
thickness of the polar units and the observed gravity. 
While density estimates from such an approach will be 
devoid of significant bias, the estimates will have large 
uncertainty bars because of the low gravity-topography 
correlation. The best-fit density of the BU from 
regression analysis is found to be 2050 + 450 kg m-3. 
The best-fit density estimate for the BU from spectral 
admittance models and spatial regression models are 
remarkably consistent with each other.  

Discussion: The admittance model examines the 
relationship between gravity and topography in the 
spectral domain and allows for the estimation of the load 
density, however, this approach requires the two fields 
to be correlated to each other. The uncertainties in the 
gravity coefficient measurements are relatively small 
and do not introduce significant uncertainties in the 
estimates of load density derived from localized 
admittance analysis7. Another potential source of the 
noise is produced by subsurface density variations 
uncorrelated with the topography. However, 
uncorrelated noise will not bias the admittance spectra, 
and will only bias the correlation function downwards.  

The relatively higher density of the BU compared 
to the overlying NPLD confirms the findings of 
previous studies in that the two units have remarkably 
different compositionse.g.5. The relatively lower density 
of the BU compared to basaltic dust (density of 3200 kg 
m-3 [9]) suggests the BU to either contain a large amount 
of air or ice within its pore space. It is unlikely for the 
BU to have a large amount of air in its pore space as the 
huge stress from the overlying NPLD would effectively 
compress any air in the pore space of the BU. In the 
absence of significant air in its pore space, a mixture of 

H2O ice and lithics may best explain the relatively low 
density of the BU. Assuming the density of H2O ice and 
lithics to be 930 kg m-3 and 3200 kg m-3 respectively, 
our best-fit density estimate from admittance approach 
(2030 + 150 kg m-3) requires the BU to be composed of 
45 – 59 % H2O ice. Similarly, the best-fit density 
estimates from the regression models (2050 + 450 kg m-

3) requires the BU to be composed of 31 – 71 % H2O 
ice.  The bulk dielectric constant of the basal unit in 
Olympia Planum is equivalent to a mixture of 38% 
basalt and 62% water ice, whereas, in the main lobe of 
Planum Boreum, water ice is the dominant fraction 
(80% - 90%) of the basal unit [10]. Our average density 
of the BU is thus in general agreement with the radar 
results.  

The current estimate of the volume of the BU is 3.8 
x 105 km3 (Brothers et al., 2015); our best fit density of 
1930 kg m-3, implies a 55% ice fraction, corresponding 
to a volume of 2.1 x 105 km3 (a ~1.4 m global equivalent 
layer), similar in magnitude to the volume of ice present 
in the mid-latitude glaciers (~105 km3) [11] (Levy et al., 
2014). The upper limit from the regression analysis 
(~2350 kg m-3) for the density of the BU still requires 
27% ice, or a 0.6 m global equivalent layer. Summarily, 
the BU may be one of the largest reservoirs of water-ice 
on Mars.  
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Fig 1. (a) A single taper of Lwin of 37, localized within the geographical boundary of the north polar ice cap. The color scale 
shows the magnitude of the taper. (b) Admittance and correlation spectrum for the localized region shown in (a). The 
admittance is plotted in black where the correlation spectrum is below 0.7. The vertical bars show uncertainty estimates of 
admittance. (c) RMS difference in mGals between observed and modeled admittance The solutions within 1-σ of the observed 
admittance at each spherical harmonic degrees are inside the solid white lines. 
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