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Abstract The polar ice caps are the largest reservoir of water ice on Mars. The north polar ice cap is
composed of the ice‐rich north polar layered deposit (NPLD) and a lower‐lying, silicate‐rich basal unit
(BU). Together, these units represent a record of Martian climate history throughout the Amazonian period.
Here we place a bulk compositional constraint on the BU by modeling its gravity signature in both
spatial and spectral domains using two independent approaches. We find the density of the BU to be
2007−445þ493 kg/m

3, suggesting that it may contain 55 + 25% water ice. We estimate that the BU contains ~1.5‐m
global equivalent layer of water making it one of the largest reservoir of water‐ice on Mars. Our
compositional constraint suggests that the north pole of Mars was not only a cold trap for ices but also an
aeolian trap for silicates during the Amazonian period.

Plain Language Summary The north polar cap of Mars consists of thick sheets of extremely
pure ice called the north polar layered deposits and the sand‐rich basal unit. Radar data have been able to
provide information on the composition of the north polar layered deposits; however, the composition
of the basal unit is not entirely clear. In this study, we use gravity data of Mars to estimate the density of the
basal unit. We find that the density of the basal unit is best matched by a combination of water ice
and sand mixture. The relatively low density of the BU suggests that it may contain more than 50% ice. Thus,
our study suggests that the basal unit may one of the largest sources of water ice on Mars.

1. 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 (Cutts, 1973). The largest sec-
tion of the north polar ice cap is the topographic dome of Planum Boreum (PB), which is composed of ice‐
rich north polar layered deposits (NPLD), and an underlying, silicate‐rich basal unit (BU; Figure 1). A sec-
ond lobe of the cap called Gemina Lingula composed entirely of the NPLD is separated from the main dome
of PB by a large canyon called Chasma Boreale (Figure 1).

Volumetrically, the NPLD is the second largest reservoir of water ice on the surface of Mars (Brothers et al.,
2015; Putzig et al., 2009; Selvans et al., 2010) and plays an important role in regulating the Martian climate
via active exchange of water vapor with the atmosphere (e.g., Farmer et al., 1977). The depositional record of
ice and sediment in the capmay also contain a record of climatic variations over timescales of 105 to 107 years
(Banks et al., 2010; Cutts, 1973; Herkenhoff & Plaut, 2000; Landis et al., 2016; Pathare et al., 2005). 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.

The NPLD is composed of subhorizontal layers of ice, up to tens of meters in thickness and makes up the
majority of PB volumetrically (>68%; Brothers et al., 2015). The NPLD accumulated throughout its deposi-
tional history with various ice‐dust fractions (e.g., Cutts & Lewis, 1982; Hvidberg et al., 2012). Radar and
gravity data have been used to constrain the bulk composition of the NPLD (e.g., Brothers et al., 2015;
Grima et al., 2009; Malin, 1986; Phillips et al., 2008, 2011; Plaut et al., 2007; Selvans et al., 2010). Based on
radar data, the NPLD is known to be almost pure ice with a bulk volumetric dust content less than 5%
(Grima et al., 2009; Picardi, 2005). Using early gravity data from the Mariner‐9 and Viking Orbiter observa-
tions, Malin (1986) found the density of the north polar ice cap to be ~1,000 kg/m3 and estimated the
composition to be 5% silicate dust and 95% H2O‐ice.
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While radar and gravity data have been able to provide a compositional constraint on the NPLD, 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 (e.g., Brothers et al., 2015; Byrne & Murray, 2002; Fishbaugh & Head, 2005; Malin
& Edgett, 2001; Phillips et al., 2008; Selvans et al., 2010; Tanaka et al., 2008). The BU has been further sub-
divided into two units, the Rupes Tenuis unit and the PB Cavi unit (e.g., Tanaka et al., 2008), separated by a
major unconformity. The PB Cavi unit is composed of interbedded icy and lithics‐rich layers (Herkenhoff
et al., 2007; Tanaka et al., 2008), whereas the Rupes Tenuis unit is more lithic‐rich with radar data suggesting
the presence of a substantial nonice component within the unit (Plaut et al., 2012). Previous studies based on
radar sounding, visible imagery, and spectrometry determined that cavi is composed of sand‐sized lithic
materials organized in aeolian cross strata and dune forms, weakly cemented by water ice and interbedded
with purer ice layers (Byrne & Murray, 2002; Fishbaugh & Head, 2005; Phillips et al., 2008; Selvans et al.,
2010; Tanaka et al., 2008). Analysis of MARSIS radar profiles indicates that Rupes is composed mainly of
water ice with a lithic component occupying up to 50% of the volume (Plaut et al., 2012; Selvans et al.,

Figure 1. Radar isopach maps showing the thickness of the (a) north polar layered deposit (NPLD) and the (BU) basal unit (BU). (c) Gravity and (d) topography of
the north‐polar region of Mars. Both gravity and topography fields were expanded to a spherical harmonic degree and order 100. The white outline shows the
geographical extent of the north polar ice cap.
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2010). 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 bulk density estimates with previously published radar data to
constrain the bulk density and composition of the BU. Although the Rupes and Cavi units are
stratigraphically distinct, the current resolution of the Martian gravity data does not permit us to estimate
their densities separately.

2. Methods
2.1. Gravity and Topography Admittance

The basic steps we took to estimate the density of the north polar deposits are as follows. We first localized
the gravity and topography signature of the north polar ice cap by multiplying the global gravity and topo-
graphy fields of Mars by a localization window Φ in the spatial domain. The windows are designed to con-
centrate signals within our area of interest in both space and frequency domains (e.g., Simons et al., 2006).
We used the spherical harmonic gravity field of Mars (Konopliv et al., 2016) expanded to degree and order
100, and MOLA topography [MarsTopo719; Wieczorek, 2007] to localize the gravity and topography signa-
ture (Figure 1). We localized the gravity and topography signature using spherical localization windows of
an angular radius θ with a harmonic bandwidth of Lwin. We varied θ and Lwin of the window to ensure that
the localized gravity Γlm and topography Ψlm estimates had a minimal contribution (<1%) from regions out-
side of our region of interest. The Lwin can be increased to ensure that the windowed fields have less than
0.1% contribution from regions outside. However, this leads to a smaller range of spherical harmonic degrees
where spectral analyses can take place. The degree l and orderm of a spherical harmonic model indicate the
scale over which the function varies with latitude and longitude.

We downward continued the localized gravity field to the effective planetary radius, which is given by the
following ratioΦ00/h00. HereΦ00 and h00 are the degree zero terms of the window and the localized topogra-
phy. We expanded the localized gravity and topography fields in the 4π‐normalized spherical harmonic
domain and calculated the cross‐power spectrum (S) as follows:

SΓΨ lð Þ ¼ ∑l
m¼−lΓ lmΨ lm: (1)

We estimated the localized admittance Z(l) and the correlation γ(l) between gravity and topography
as follows:

Z lð Þ ¼ SΓΨ lð Þ
SΨΨ lð Þ (2)

and

γ lð Þ ¼ SΓΨ lð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SΓΓ lð ÞSΨΨ lð Þp : (3)

The admittance function examines the relationship between gravity and topography fields 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. For this work, we assume that the deflection of the underlying lithosphere
in the north polar cap is only due to surface loads. If this assumption is completely valid, then the localized
spectral correlation between gravity and topography should have a value of one at all spherical harmonic
degrees. The presence of unmodeled signals (related to the noise in the gravity field or subsurface anomalies
uncorrelated with the topography) will bias the correlation function downwards but will not bias the admit-
tance spectra (Wieczorek, 2007). In the presence of these unmodeled signals, the correlation spectra will
have a value lower than unity, which can be used to estimate the signal:noise (S/N) ratio of the admittance
spectrum as follows (e.g., Grott & Wieczorek, 2012; Wieczorek, 2008):

γ lð Þ ¼ 1þ 1
S=N lð Þ

� �−1
2

(4)

Wieczorek (2008) used a similar approach as the one described here to estimate the density of the south
polar ice cap. Wieczorek (2008) limited his spectral analysis to the range where S/N ratio of the
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admittance spectrum exceeded 1.5, noting that due to the loss of fidelity of Martian gravity data with
increasing degrees, the magnitude of the correlation and admittance spectra decreases wherever the
S/N ratio is less than 1.5. Grott and Wieczorek (2012) also limited their spectral analysis to the range
where the S/N ratio exceeded 1.5 to characterize the density and lithospheric structure of Tyrrhena
Patera. We find that there are relatively few windows within the geographical boundary of the north polar
ice cap with S/N ratio higher than 1.5. Thus, wherever possible, we provide a bulk density estimate from
windows where the S/N ratio exceeds 1.5. However, due to the scarcity of such windows in the north
pole, we also estimate bulk density from windows where the S/N ratio exceed 1. Previously, we con-
strained the density of the Medusae Fossae Formation on Mars by analyzing the portion of the admit-
tance spectra with S/N higher than 1 (but less than 1.5) and found the results to be remarkably
consistent with radar constraints (Ojha & Lewis, 2018).

The lack of perfect correlation between gravity and topography can also be used to obtain the error (σ(l)) in
the estimate of localized admittance via the following relation:

σ2 lð Þ ¼ SΓΓ lð Þ
SΨΨ lð Þ

1−γ2 lð Þ
2l

(5)

The uncertainty associated with the measurements of the gravity field can also be a notable source of error in
the localized admittance. We mostly rely on the Jet Propulsion Laboratory (JPL)‐gravity model of Mars
(Konopliv et al., 2016) for our analysis; however, the associated covariance of the Martian gravity model
can be used to generate gravity models that are different from each other but still satisfy the uncertainties.
These “clone” gravity models are alternative gravity models than the ones archived in National
Aeronautics and Space Administration (NASA)'s Planetary Data System (PDS), but nevertheless completely
equivalent because they are from the same statistical data set. We used five different gravity models of Mars
to assess how the uncertainty in gravity measurements affects the amplitude of the localized admittance of
the north polar ice cap. The localized admittance spectra generated from these five different Mars gravity
models were compared with synthetic admittance spectra generated from geophysical models to constrain
the bulk density of the north polar ice cap and to estimate the associated uncertainty. We do not rederive
the equations for the synthetic admittance spectra in this work (see Belleguic et al., 2005; Wieczorek, 2008;
and Grott & Wieczorek, 2012, for the derivation of the synthetic models), but we provide a brief summary
and report values of the parameters used in the forward models for reproducibility (Text S1 in the supporting
information). Although, we are simultaneously solving for the elastic thickness of the lithosphere (Te) and
the density of the north polar ice cap in our forward models, previous radar work have found that the Te
in the north polar region exceeds 300 km (Phillips et al., 2008; Putzig et al., 2009; Selvans et al., 2010). We
therefore only report best fit load density estimates from models in which the Te lies between 250 and
300 km.

2.2. Regression Analysis

The density estimates from regional admittance modeling may not be representative of the density of the
BU elsewhere. We therefore conducted regression analyses on the gravity and the topography fields of
the entire north polar ice cap to estimate the regionally averaged density of the BU. This approach pro-
vides an independent estimate of the density of the BU and will allow us to assess the validity of our
results from the admittance approach. The radar data do not show a significant deflection of the litho-
sphere (Phillips et al., 2008; Selvans et al., 2010) underneath the north polar ice cap; therefore, we assume
that the ice cap rests directly on top of a flat crust. In such a scenario, the observed free‐air gravity (gf) is
given by

gf ¼ gb þ 2πρlGh (6)

where gb is the Bouguer gravity anomaly, ρl is the density of the surface load, G is the universal gravitational
constant, and h is the thickness of the load. Using our best estimate of the density of the NPLD and the BU
from the admittance approach, we perform a Bouguer correction within the geographical boundary of the
north polar ice cap. There are large positive and negative Bouguer anomalies within the north polar ice
cap, but as will be shown in section 3, over the regional scale, the mean/median Bouguer anomaly is close
to zero. Thus, we neglect the gb in equation (6), in which case gf is given by
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gf ¼ 2πG ρnpldhnpld þ ρbuhbu
� �

(7)

where h is the thickness of the polar units. We use radar‐derived thickness estimates of the two polar units
(Nerozzi & Holt, 2019) and free‐air gravity measurement of the north polar ice cap to solve for the density of
the two polar units. To create a gravity and topography grid of the north polar ice cap, we first expanded the
spherical harmonic field of Martian gravity to a maximum degree of 100, which yields a global gravity grid of
181 × 361 pixels. We then use the published thickness maps of the NPLD and the BU (e.g., Figure 1) to
extract gravity field only from the areas where these two polar units have been mapped. The representation
of a spherical field in Cartesian coordinates is inhomogeneous and suffers from meridian convergence and
singularities at the poles (e.g., González, 2010). We therefore interpolated the gravity and the topography
fields using the Fibonacci lattice, which is a mathematical idealization of natural patterns with equal‐area
optimal packing. In the Fibonacci lattice, the area represented by each point is nearly identical and help pre-
vents oversampling of points at the poles (Text S2). We ran regression models on the Fibonacci grid repre-
sentation of the gravity and the thickness of the polar units to estimate the density of the BU (Text S2).

3. Results
3.1. Gravity and Topography Admittance

We found two windows near Chasma Boreale with sufficient gravity‐topography correlation (Figure 2; see
Figure S1 in the supporting information for examples of location within the North Pole with low correla-
tion). The first window is centered at 85°N, 20°E where we used θ of 7° and Lwin of 37 to ensure a concen-
tration factor of 99% (Figure 2a). The amplitude of the admittance spectra from five different gravity models
vary by less than a few milligals at this location (Figure S2); thus, gravity measurement uncertainty is not a
major source of error in our density estimate. Synthetic admittance spectra were compared with the
observed admittance spectra from these different gravity models of Mars to constrain the bulk density of
the north polar ice cap at this location. The best fit load‐density within 1‐σ of the observed admittance cor-
responds to 1,205 + 145 kg/m3 for any Te greater than 75 km (Fig 2c). However, the Te in the North Pole is
unlikely to be less than 300 km (Phillips et al., 2008), so we disregard the density estimates corresponding to
the lower Te values and only report density constraints for an elastic thickness between 250 and 300 km. The
best fit load‐density within 1‐σ of the observed admittance (for the JPL gravity model) for Te between 250 and
300 km corresponds to 1,100 + 40 kg m‐3 (Figure 2c). The density estimates from the other five gravity mod-
els do not vary significantly and yield an averaged bulk density of 1,103 + 44 kg/m3 for the north polar ice
cap (Table S1 in the supporting information).

The second window is centered at 84°N, 10°E (Figure 2d), where we used θ of 6° and Lwin of 39 to localize the
gravity and topography signals. Similar to the first location, we generated localized admittance spectra from
five different gravity models (Figure S2) and compared them with synthetic admittance spectra to constrain
the bulk‐density of the north polar cap and associated uncertainty. The best fit load‐density within 1‐σ of the
observed admittance corresponds to 1,220 + 130 kg/m3 for Te greater than 50 km (Fig 2f). The best fit load‐
density within 1‐σ of the observed admittance (for the JPL gravity model) for Te between 250 and 300 km
corresponds to 1,090 + 20 kg/m3 (Figure 2f). Combining the best fit density estimates from the other five
gravity models, we find the average bulk density of the north polar ice cap at this location to be 1,149 +
30 kg/m3 (Table S1).

Although the spatial extents of these two windows slightly overlap, the central locations of the two windows
are separated by more than 10° in longitude. The net contribution from the BU to the total thickness of the
ice cap varies between the two windows (Text S1 and Figure S3) enabling multiple independent constraints
on the density of the BU. Radar permittivity and loss tangent data have shown the ice within the NPLD to be
extremely pure (Grima et al., 2009), 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 amean surface tempera-
ture of 155 K (Grima et al., 2009), at which, pure H2O‐ice has a density of 930 kg/m

3 (Haynes, 2016). We rely
on radar‐derived thickness maps of the polar units to compute their mean volumetric contribution within
each of the windows (Text S1). Volumetrically, the BU contributes 18% and 16%, respectively, to the total
volume of the polar ice cap in the first and the second localization window (Figure S3). Accounting for impu-
rities and assuming the density of the NPLD to be 950 kg/m3 at most, the bulk average density of the BU that
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can explain our 1‐σ bulk density estimates from the two windows is 1,964 + 402 kg/m3. If the ice within the
NPLD is less pure than assumed here, then, our bulk density estimates for the BU may be overestimated.

We also performed multiple linear regression analysis between the observed gravity and the thickness of the
NPLD and the BU as an alternative approach to derive their density. The presence of large subsurface gravity
anomalies can introduce bias when estimating density using this approach. To ensure that our density esti-
mate from this approach is not significantly impacted by subsurface anomalies, we first perform a Bouguer
correction within the north polar ice cap using radar‐derived thickness maps and our best fit density esti-
mates of the polar units from admittance analysis. Although there are large positive and negative Bouguer
anomalies still present within the north polar ice cap after the Bouguer correction, the mean and the median
Bouguer anomalies are ‐37 and ‐42 mGal (Figure S4). We perform regression using a linear least squares sol-
ver with lower and upper bounds on the density of both the NPLD and BU set to 930 and 3,200 kg/m3. The
best fit density of the NPLD and the BU from regression analysis with lower and upper bounds correspond-
ing to 95% confidence intervals are found to be 1,200 + 200 kg/m3 and 2,050 + 450 kg/m3,
respectively (Figure S5).

4. Discussion

Synthetic admittance spectra generated from geophysical models were compared with the observed admit-
tance spectra to constrain the density of the north polar ice cap at two different locations. Based on the joint

Figure 2. (a) A single taper of Lwin of 37∘, localized within the geographical boundary of the north polar ice cap centered at 85°N and 20°E. The color scale shows
the magnitude of the taper. (b) Admittance spectrum and correlation spectrum of the region shown in Figure. 2a. The admittance is plotted in gray where the
correlation spectrum is below 0.7 (S/N < 1). The vertical bars show error associated with the admittance estimates. (c) Root‐mean‐square error between observed
and modeled admittances as a function of elastic thickness and load density. The models that fit within the 1‐σ error bars of the observed admittance spectrum at
each spherical harmonic degrees where S/N exceed 1 are highlighted by the solid white contour. (d) Similar to (a) but centered at 84°N and 10°E and tapered with
Lwin of 39. (e) Similar to (b) but for the region shown in (d). The red bars show admittance estimates where the S/N ratio exceeds 1.5. (f) Same as (c) but for the
region shown in (d).
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constraints from these windows, the north polar ice cap has a bulk density of 1,126 + 38 kg/m3 (Figure 2 and
Table S1). It should, however, be emphasized that the bulk density of the north polar ice cap at any given
location will vary with the volumetric contribution by the NPLD and BU. Given the known volumetric
contribution from the BU at each localization windows (Figure S3), the 1‐σ bulk density estimate from
the admittance model requires the density of the BU to be 1,964 + 402 kg/m3 (Table S1). We 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 for the entire polar cap. The best fit density of the BU from
regression analysis is found to be 2,050 + 450 kg/m3 (Figure S5). The best fit density estimate for the BU
from spectral admittance models and spatial regression models are remarkably consistent with each other
and yield an average value of 2007−445þ493 kg/m

3.

There are three major sources of noise and bias in admittance techniques, which can affect our density
estimates: (i) uncertainties in the gravity coefficient measurements, (ii) subsurface density anomalies
uncorrelated with the topography, and (iii) subsurface density anomalies correlated with the topography
(Text S3). In our study area, we find the uncertainties associated with the gravity measurements to have a
minor effect on localized admittance and the estimate of the load density (Figure S2 and Table S1). The
second source of uncertainty in our density estimate could be from the presence of subsurface anomalies
uncorrelated with the topography. It has been previously shown that the uncorrelated subsurface anoma-
lies do not bias the amplitude of the admittance spectrum; however, it can introduce large errors (Text
S3). By limiting the comparison between observed and synthetic admittance spectrum to the spherical
harmonic domain with S/N higher than 1, we ensure that the errors due to uncorrelated subsurface
anomalies do not introduce large uncertainty in our estimates. Lastly, the admittance spectra can have
a bias due to the presence of subsurface density anomalies correlated with the topography. In the pre-
sence of such signals, the amplitude of the admittance spectrum will have a contribution from both topo-
graphy and the subsurface anomalies. Consequently, the estimates of the load‐density will be
overestimated in such a scenario. If such anomalies are present within our localization windows, then
our estimate of the density of the BU is an overestimate.

Our average density of the BU suggests that the BU is either composed of a mixture of ice and lithics or lithics
with a significant amount of porosity. The exact density of the lithic fraction of the BU is unknown, and here
we assume the lithics to be pore‐free constituents of Martian meteorites, the density of which generally lies
around 3,200 kg/m3 (Coulson et al., 2007; Neumann et al., 2004). If the BU is completely ice free, then our

estimated density of 2007−445þ493 kg/m
3 requires the porosity in the BU to range between 21 and 51%. On Earth,

typical aeolian sand deposits have porosities in the range of 34–40% (Atkins &McBride, 1992; Beard &Weyl,
1973). The overlying NPLD exerts a significant amount of stress on the BU, which will lead to a reduction of
pore spaces over a geological time scale. Therefore, it is unlikely for the BU to have pore space exceeding
50%. The BU could have a lower amount of pore space filled by air; however, there are multiple lines of evi-
dence from thermal, neutron spectroscopy, and geological measurements that suggest that the pore space in
the BU is most likely occupied by ice. For example, thermal and neutron spectroscopy data have revealed the
neighboring Olympia Undae to be ice‐cemented aeolian deposit (Feldman et al., 2008; Putzig et al., 2014).
The immobility of circumpolar sand dunes in the polar region has been attributed to be due to induration
by water (e.g., Bourke et al., 2008; Ewing et al., 2010). Furthermore, recent radar mapping of the BU has
found evidence for excess ice within the BU (Nerozzi & Holt, 2019). Thus, the relatively lower density of
the BU may be best explained by a mixture of H2O‐ice and lithics.

Assuming the density of H2O‐ice and lithics to be 930 and 3,200 kg/m3, respectively, our best fit density esti-
mates from admittance approach (1,964 + 402 kg/m3) requires the BU to be composed of 30–80% H2O ice.
Similarly, the best fit density estimate from the regression models (2,050 + 450 kg/m3) requires the BU to be
composed of 24—67% water ice. Previously, radar investigations found little attenuation of the radar signal
by the BU suggesting that it may only contain a few percent contaminants mixed with water ice (Selvans
et al., 2010). Further work by Lauro et al. (2012) and Nerozzi and Holt (2019) have both found evidence
for significantly more contaminants in some parts of the BU. Nerozzi and Holt (2019) used SHARAD data
to reveal substantial spatial variations in the bulk dielectric constant of the cavi unit in PB and Olympia
Planum. The bulk dielectric constant of the BU in Olympia Planum is equivalent to a mixture of 38% basalt
and 62% water ice, whereas in the main lobe of PB, water ice is the dominant fraction (~88%) of the BU
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(Nerozzi &Holt, 2019). Thus, our constraint on the volume of H2O ice present in the BU is in agreement with
the radar results.

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 compositions (e.g., Brothers et al., 2015; Byrne &
Murray, 2002; Fishbaugh & Head, 2005; Malin & Edgett, 2001; Phillips et al., 2008; Selvans et al., 2010;
Tanaka et al., 2008). Our density constraint for the BU suggests that unlike the NPLD, the BU has a signifi-
cant fraction of impurities such as sand and dust‐sized particles mixed with H2O ice. This is in excellent
agreement with previously hypothesized formation mechanism of the BU. Tanaka et al. (2008) suggested
that the Rupes Tenuis unit could have formed by an episodic accumulation of air fall and wind‐blown depos-
its. Its laterally extensive layers and the overall absence of horizontal mobilization suggest a predominantly
vertical construction by atmospheric precipitation and cold‐trapping of volatiles, dust, and sand, perhaps
forming ice‐cemented loess (Tanaka et al., 2008, 2012). Thus, the rupēs unit may be a remnant polar ice
deposit that was eroded into the present‐day irregular shape, and whose eroded material may have been
recycled into the younger cavi unit (Putzig et al., 2009; Tanaka et al., 2008, 2012). The best fit density estimate
from localized admittance models suggests that BU could have as much as 59% H2O ice. Given the current
estimate of the volume of the BU of 3.8 × 105 km3 (Brothers et al., 2015), our density estimate suggests the
volume of ice in the BU to exceed 2.2 × 105 km3 (an ~1.5‐m global equivalent layer), similar in magnitude to
the volume of ice present in the midlatitude glaciers (~105 km3; Levy et al., 2014). Thus, the BU may be one
of the largest reservoirs of water‐ice on Mars after the two polar layered deposits. Further, as previously sug-
gested (Tanaka et al., 2008), the density estimate also shows that the north polar region of Mars is not only a
cold trap for ices but also an aeolian trap for lithic fines.

5. Conclusion

We conducted a localized admittance study at two different locations within the north polar ice cap to con-
strain its density. We find the bulk density of the ice cap to be 1,126 + 38 kg/m3. Given the known thickness
of the BU within each localization windows, we estimate the required density of the BU required to yield the
observed bulk density of the BU and find it to be 1,964 + 402 kg/m3. We also estimate the density of the BU
by running a regression model between the thickness of the polar units and the observed free‐air gravity
anomaly. Using this approach, we find the density of the BU to be 2,050 + 450 kg/m3. Our results suggest
the presence of a substantial ice fraction in the BU. Future improvements of the Martian gravity data may
allow us to further refine the estimate.
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