
1. Introduction
The long-term geological evolution of a planet is dependent on the bulk concentration of the long-lived 
heat-producing element (HPE; 238U, 235U, 232Th, and 40K) and their distribution between the crust and the 
mantle. High enrichment of HPE in the crust depletes the mantle of heat production and lowers the man-
tle potential temperature. In contrast, crust with lower enrichment of HPE thermally insulates the man-
tle increasing the mantle potential temperature (e.g., O'Neill et al., 2005). The thermal state of a planet's 
mantle modulates its convection, which influences volcanism, crustal tectonics, and geomagnetism (e.g., 
Stevenson, 2007). These geological processes directly impact hydrospheric and atmospheric processes (e.g., 
Halevy & Head, 2014; Kurokawa et al., 2018; Liggins et al., 2020), highlighting the importance of heat flow 
measurements in our understanding of the geological evolution of planets.

On Earth, surface heat flow is one of the way in which the solid interior directly interacts with the overlying 
cryosphere, hydrosphere, and atmosphere (e.g., Etiope & Klusman, 2002; Fahnestock et al., 2001; Mash-
ayek et al., 2013). In various areas of the West Antarctic Ice Sheet (Fisher et al., 2015), Greenland (Bowl-
ing et  al.,  2019; Martos et  al.,  2018), and the Canadian Arctic (e.g., Rutishauser et  al.,  2018), subglacial 
lakes are formed by geothermal heat. Radiogenic heat-driven hydrothermal systems have been discovered 
in the Paleozoic Mt. Gee-Mt. Painter system in the Northern Flinders region of South Australia (Brugger 
et al., 2005, 2011). Recently, several putative subglacial lakes have been proposed to exist beneath the south 

Abstract Heat flow measurements are important for our understanding of planetary interior 
composition, structure, and evolution. In the absence of direct measurement, a first-order estimate of 
a planet's interior heat flow can be made by modeling the lithosphere's viscoelastic response to stress 
exerted by large surface loads. Here, we model the Martian lithosphere's viscoelastic response to the south 
polar layered deposits and estimate the local mantle heat flow to be less than ∼10 mW/m2. Combined with 
our previous estimate of the low mantle heat flow from the north polar region (∼7 mW/m2), our results 
suggest that the Martian mantle may be globally depleted in heat-producing elements. The relatively low 
mantle heat flow has significant implications for Mars' long-term thermal evolution and on the possibility 
of basal melting in the south polar region.

Plain Language Summary The outermost layer of a planet is called the lithosphere. The 
lithosphere can bend due to the weight of large mountains or thick glaciers. The total amount of the 
bending depends on the stress imparted by topographic loads and strength or thickness of the lithosphere, 
which depends on the planet's interior heat. Despite the huge amount of stress exerted by the south 
polar cap of mars, the lithosphere underneath is remarkably flat. In this work, we model the lithospheric 
bending using numerical methods and provide a first-order estimate of the heat being generated in the 
Martian mantle. Our results suggest that the lithosphere in the southern polar region is thick and that 
Mars' interior is relatively cool.
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polar layered deposits (SPLD) on Mars (Lauro et al., 2020; Orosei et al., 2018). Given the low mean annual 
surface temperature in the south polar region of Mars (<160 K), any subglacial body of water in this region 
will require a substantial reduction in their eutectic temperature and/or high geothermal heat flow (e.g., 
Sori & Bramson, 2019). Sori and Bramson. (2019) suggested that a geothermal heat flux over 72 mW/m2 
would be needed for basal melting to occur beneath the SPLD under the most favorable compositional 
conditions. The feasibility of such high geothermal heat flow values in present-day Mars, however, remains 
unclear.

Previously, Ojha et al.  (2019) used available radar constraints and finite element models to estimate the 
mantle heat flow in Mars' north polar region. Despite exerting more than 10 MPa of stress on the underlying 
lithosphere, the surface underneath the north polar cap is found to be flat (≤200 m of deflection; Phillips 
et al., 2008; Selvans et al., 2010). Using this radar constraint and viscoelastic modeling of the lithosphere, 
Ojha et al. (2019) estimated that the heat flow from the mantle in the north polar region could not exceed 
7 mW/m2. Here, we expand on that work and use similar radar constraints from the SPLD to estimate the 
mantle heat flow in the south polar region of Mars. We first discuss the implication of our mantle heat flow 
estimates on Mars' geophysical evolution. We then estimate the geothermal heat flow required for the basal 
melting of various briny ice at the SPLD and discuss its possibility given our heat flow constraints.

2. Methods
The apparent surface age of the south polar caps of Mars is estimated to be from 5–10 Ma (Herkenhoff & 
Plaut, 2000) to 30–100 Ma using crater counts (Koutnik et al., 2002). Thus, modeling the lithospheric re-
sponse to these young topographic loads can provide a first-order estimate of the present-day background 
heat flow. Due to the lack of direct measurements, one of the most widely used techniques to estimate heat 
flow involves estimating the elastic thickness of the lithosphere (Te) by using gravity and topography data 
(e.g., Grott & Breuer, 2008; McGovern, 2004; McGovern et al., 2002; Phillips et al., 2008). The lithosphere's 
elastic thickness (Te) is the upper layer of a terrestrial planet that supports stresses over a geologically 
long interval and is a measure of the lithosphere resistivity to bending under the application of an applied 
load. Consequently, the lithospheric flexure magnitude will depend largely on the weight/wavelength of 
the surface load and the thickness of the lithosphere (Figure 1). The main factor that determines the elastic 
thickness of the lithosphere is its thermal structure (Hyndman et al., 2009); thus, it is possible to indirect-
ly estimate the interior heat flow of a planet by modeling the observed deformation of the lithosphere in 
response to large topographic loads (e.g., Ojha et al., 2019). The surface heat flow of a planet (qs) primarily 
includes contributions from the heat originating from radiogenic decay of HPE within the crust (qc), the 
upper mantle (qm), and the lower mantle (qb) (Figure 1). If the stress imparted by topographic loads on a 
planet's surface is known, then a first-order estimate of qb can be made by modeling the lithosphere's vis-
coelastic response.

2.1. Stress Imposed by the SPLD and the Lithospheric Deflection Magnitude

The south polar region of Mars contains a large volume of H2O ice in combination with lesser amounts of 
CO2 ice and dust (e.g., Bierson et al., 2016; Phillips et al., 2011). Given the SPLD's volume of 1.6 × 106 km3 
(Plaut et al., 2007) and a mean gravity-derived density of ∼1,270 kg/m3 (e.g., Li et al., 2012; Wieczorek, 2008), 
the mass of the SPLD is approximately 2 × 1018 kg. We used the mean gravity-derived density of ∼1,270 kg/
m3 and radar-derived relief maps (e.g., Plaut et al., 2007) to estimate the stress experienced by the under-
lying lithosphere from the SPLD. An explicit assumption in our stress estimation is that the substrate un-
derneath the SPLD is flat, supported by previous radar mapping of the basal interface (Plaut et al., 2007).

Similar to our previous work in the north polar region (Ojha et al., 2019), we extract stress profiles from the 
SPLD and fit various functions to approximate the stress profile (Text S1; Figure S1).

We equate the magnitude of surficial downwarping observed in the Mars Advanced Radar for Subsurface 
Ionosphere Sounding (MARSIS) radargrams to the magnitude of the lithospheric deflection in the south 
polar region. Although confounded by the southern highland's rugged topography, on a regional scale, 
the surficial downwarping underneath the SPLD does not exceed 500 m anywhere (Plaut et al., 2007). The 
vertical resolution of the MARSIS data is ∼85 m in water ice, with an estimated uncertainty on a given 
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measurement less than 120 m. Plaut et al. (2007) used a dielectric constant of three to covert time delay 
to depth. A reasonable variation in the dielectric constant of ±0.5, would add an error of 10% in the depth 
estimate (Plaut et al., 2007). The presence of dust and CO2 ice within the SPLD (e.g.,Phillips et al., 2011; 
Wieczorek, 2008) can further increase the uncertainty in the depth estimate. Given these uncertainties, we 
use an extremely conservative estimate that the maximum deflection underneath the SPLD (at the center of 
the topographic load) does not exceed 1 km.

2.2. Thermal and Mechanical Simulation of the Lithosphere

The viscoelastic response of the Martian lithosphere to the SPLD was modeled using the finite element 
package Marc-Mentat. Here, we only summarize the methodology, and interested readers are referred to 
several previous works (e.g., Karimi & Dombard, 2016; Karimi et al., 2016; Ojha et al., 2019) for a detailed 
description.

We use dual-layered, axisymmetric planar finite element mesh within which a single crustal layer overrides 
a mantle to mimic the Martian counterpart. Since the objective of our investigation is to match the observed 
surface downwarping in MARSIS radargrams, the mesh has depth-dependent resolution such that the crust 
has more elements per unit area than the mantle. In total, the mesh has 104 elements. The wavelength of 
the SPLD is relatively small (<10°; Figure S1), so the flexural response of the lithosphere can be sufficiently 
modeled in a planar mesh. We set the depth and the width of the mesh to be 350 and 3,000 km wide so 
that the far edge boundaries do not notably impact the model results. We use the gravity derived crustal 
thickness estimate of ∼60 km for the southern highlands in our model (e.g., Neumann et al., 2004). The 
enrichment of the HPE in the crust can significantly affect the geothermal gradient and is a parameter that 
we explore in our models.
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Figure 1. (a) Schematic illustrating the setup for the estimation of the mantle heat flow. The surface heat flow (qs) includes heat generated by radiogenic decay 
of HPE within the crust (qc), upper mantle (qm), and the lower mantle (qb). Lithospheric flexure will primarily depend on qb. The thickness of the crust (Tc) 
and the lithosphere (TL) are set to 50 and 300 km, respectively. (b) FEM mesh (axisymmetric and not to scale) used for estimating the mantle heat flow. τ, shear 
stress; σn, normal stress; μ, velocity. The σn profile shows the stress from SPLD as a distributed load (see Figure 2). FEM, finite element method; HPE, heat-
producing element; SPLD, south polar layered deposit.
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A steady-state thermal simulation is run on the mesh by setting the following boundary conditions. We 
set the surface temperature at the base of the SPLD (i.e., top of the Martian crust) to be 165 K (Piqueux 
et al., 2008). As discussed below, plausible variations in this temperature value have a negligible impact on 
the lithospheric deflection magnitude. We assume the crust and mantle density to be 2,900 and 3,500 kg/m3, 
respectively, similar to numerous previous works (e.g., McGovern et al., 2004; Neumann et al., 2004; Zuber 
et al., 2000). The mantle and crustal thermal conductivities are set to 4 and 2.5 W/m·K, respectively (Schu-
macher & Breuer, 2006). The elastic Young's moduli for the crust and mantle are set to 60 and 120 GPa, re-
spectively, while the Poisson's ratio for both is set to 0.25 (Turcotte & Schubert, 2014). We do, however, vary 
both thermal conductivity and Young's modulus to assess their effect on our final results. We set the heat 
flow from the domain's left and right boundaries to zero and vary the mantle heat flow (Figure 1). The out-
puts from the thermal simulation are used to drive the mechanical simulation. The mechanical simulation 
runs for a maximum of 10 million years, sufficient to model over 90% of the lithospheric deformation (Ojha 
et al., 2019). The composition of the crust and mantle is uniform with depth, and their viscoelastic rheology 
is temperature-dependent (e.g., Caristan, 1982; Karato & Wu, 1993; Mackwell et al., 1998).

2.3. Thermophysical Evolution of the SPLD

To simulate the thermophysical evolution of the SPLD subject to variable basal heat flux, we simplified the 
three-phase ice sheet deposition and densification model of Ojha et al. (2020). This model simulates the 
deposition, densification, and thermophysical evolution of Martian ice sheets, including the production 
of basal melt by implementing an implicit finite difference method to solve the volume-averaged thermal 
conductivity equation in the ice sheet alongside the enthalpy method to calculate basal melt volumes. More 
details about this model is provided in Text S2.

3. Results and Discussion
We find that the SPLD imparts up to 14 MPa of normal stress on the underlying lithosphere (Figure S1). 
The slight underestimation of the observed stress profile by our linear approximation does not notably 
impact the results since the goal here is to provide an upper limit on qb. We first disregard the heat flow 
contribution from both the crust and lithospheric mantle and only vary the heat flow provided by the lower 
mantle to the lithosphere (qb; Figure 1). Both the crust and the lithospheric mantle can be significant heat 
sources, so our simplification is clearly an idealized scenario. However, by disregarding both qc and qm, we 
can place an upper limit on qb. Assuming hydrous rheology for the crust and the mantle, we find that qb 
higher than 10 mW/m2 produce lithospheric deflection over 1 km at the center of the SPLD (Figure 2). Even 
at a distance of ∼500 km from the center of the SPLD, the lithospheric deflection should exceed 500 m for qb 
larger than 10 mW/m2 (Figure 2). There is no evidence for regional surface downwarping exceeding 500 m 
in MARSIS radargrams of the SPLD at this distance (see Figures 1 and 2 of Plaut et al., 2007). Thus, we find 
10 mW/m2 to be a conservative upper limit on qb.

Having established 10 mW/m2 as a preliminary estimate of qb in the south polar region of Mars, we explore 
how various parameters involved in our finite element models can affect this estimate. While the Martian 
crust can be a large source of heat (e.g., Hahn et al., 2011), the inclusion of qc will only act to increase the 
magnitude of the lithospheric deflection, so it does not change the upper limit estimate of qb (Figure 2). We 
use a crustal density of 2,900 kg/m3, but recent gravity work suggests that the crustal density of Mars could 
be as low as 2,500 kg/m3 (Goossens et al., 2017). We tested our model's sensitivity to variation in crustal 
density but found it to have a negligible effect on the lithospheric flexure. However, if the lower density of 
the Martian crust is due to impact-induced fractures, then resulting variations in thermal conductivity could 
notably affect our heat flow estimates. The thermal conductivity (kc) of the Martian crust is likely depth-de-
pendent, largely modulated by variations in temperature and pressure (Schumacher & Breuer, 2006). The 
kc of terrestrial crustal rocks is observed to vary between 1 and 4 W/m·K (Majorowicz et al., 2019), and a 
similar range is expected for the Martian crust (Schumacher & Breuer, 2006). Here, we varied the kc of the 
crust between 2.5 and 4 W/m·K and find that they do not affect our upper limit on qb (Figure 2). For a qb 
of 10 mW/m2, the magnitude of the lithospheric deflection is slightly higher than 1 km at the center when 
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kc is assumed to be 4 W/m·K. The lithospheric deflection magnitude increases when a lower kc value of 
2.5 W/m·K is assumed, which is expected as lower conductivity leads to a higher degree of thermal insula-
tion. If the bulk average thermal conductivity of the Martian crust is even lower than 2.5 W/m·K, then our 
upper limit of qb is likely an overestimate. In summary, the end member scenarios presented in Figure 2 
illustrate that regardless of our choice of kc, the lithospheric deflection should exceed 1 km at the center 
of the SPLD for qb greater than 10 mW/m2. The lithospheric deflection magnitude is smaller in anhydrous 
rheology (Figure 2). However, even if the Martian interior is assumed to be anhydrous, the magnitude of 
the lithospheric deflection should exceed 1 km at the center of the SPLD for qb higher than 10 mW/m2 
(Figure 2). We also varied the Young's modulus of the Martian crust but reasonable variations are not found 
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Figure 2. Flexure models of the Martian lithosphere for various thermal conditions. (a) The modeled deflection of the lithosphere from the weight of Planum 
Australe for various qb and assuming kc of 4 W/m·K and hydrous rheology. (b) Same as (a), but assuming kc of 2.5 W/m·K. (c) Same as (b) but assuming 
anhydrous rheology. (d) The modeled deflection of the lithosphere showing the influence of crustal heat sources. All other parameters are identical among the 
four models (see Table S1 for a detailed summary of the parameters).
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to impact our upper limit on qb (Text S3). In summary, reasonable variations in the rheology and thermal 
parameters do not change our upper limit estimate of qb.

The lithospheric deflection in the south polar region may be small if insufficient time has passed since the 
emplacement of the SPLD for viscoelastic response to reach an equilibrium. Previously, we have shown that 
the majority of flexure occurs within 100,000 years of emplacement of the load (Ojha et al., 2019). Crater 
counting studies suggest the emplacement age of the SPLD to be 10–100 Ma (Herkenhoff & Plaut, 2000; 
Koutnik et al., 2002) and we run our models for 10 Ma; therefore, we can preclude ongoing or recent flexure 
development as a potential source of the estimated low qb. We also sought to understand if variations in 
surface temperature could impact our flexure simulation. Mars' obliquity evolves over long timescales due 
to secular orbital perturbations (e.g., Laskar et al., 2004). The variation in obliquity leads to heterogeneity in 
the mean surface temperature over geological timescales. The thermal time constant for a >300 km litho-
sphere (as considered here) is 109 years which is substantially longer than the time scale of our simulation. 
Thus, variation in surface temperature should not change our qb upper limit. We previously varied the sur-
face temperature by ±20 K in the north polar region and observed no major change in the magnitude of the 
lithospheric deflection (Ojha et al., 2019).

Our estimate of qb could change if radar observations have either underestimated or overestimated the 
actual extent of the surface bending in the south polar regions of Mars. There is no evidence of significant 
basal deflection in the north polar region (Brothers et al., 2015; Grima et al., 2009; Nerozzi & Holt, 2019; 
Phillips et al., 2008; Putzig et al., 2009; Selvans et al., 2010) or the south polar region of Mars (Abu Hashmeh 
et al., 2020; Plaut et al., 2007). Recently, Broquet et al. (2020) modeled the deflection of the north polar re-
gion of Mars by assuming the integrated permittivity of the north polar layered deposits (NPLD) and basal 
unit to be 2.75 (+0.40, −0.35) and estimated a maximum absolute deflection of 400 m at the center of the 
polar cap and 250 m below Gemina Lingula. Using these estimates of deflection, the authors derived a heat 
flow of 13–20 mW/m2 at the north polar region (Broquet et al., 2020), which is higher than the estimate 
provided in Ojha et al. (2019). However, depth correction for the radar assuming permittivity less than 3.15 
creates short-wavelength topography at the base that mimics the surface topography of the NPLD (i.e., mir-
ror image; Figure S3). This is neither geophysically nor geologically plausible since there should be no corre-
lation between topography in the upper NPLD, a relatively recent geologic feature undergoing modification, 
and the base of Planum Boreum (PB). Statistical treatment of this concept is given by Grima et al. (2009), 
who derived a dielectric constant of 3.10 ± 0.12 using 140,000 SHARAD data points.

Furthermore, an integrated permittivity of less than three implies a large fraction (> at least 10%) of the 
north polar cap to have CO2 composition. The vast majority of NPLD layers are laterally continuous for 
100s of km and are exposed in visible outcrops along spiral troughs and steep scarps all around PB (Becerra 
et al., 2016; Fishbaugh et al., 2010; Nerozzi & Holt, 2018; Tanaka et al., 2008). The yearly CO2 ice balance is 
negative at the north pole, and any exposed CO2 ice should sublimate during northern spring and summer 
(e.g., Blackburn et al., 2010). Similarly, CO2 clathrate hydrates are unstable under present conditions during 
all seasons, except perhaps under ideal conditions in northern winter (Herri & Chassefière, 2012). Yet, there 
is no documented evidence of the presence or sublimation of CO2 ice or clathrate hydrates within NPLD 
and basal unit layers. Recent atmospheric modeling results also suggest that substantial CO2-ice cannot 
accumulate in the north polar cap (Buhler et al., 2020).

Similar to the north polar region, the basal surface in the SPLD is found to be remarkably flat over 100s of 
km (Plaut et al., 2007). A more recent mapping of the SPLD basal interface also finds the SPLD subsurface 
to be regionally flat (Abu Hashmeh et al., 2020). The surficial downwarping underneath the SPLD is likely 
less than our conservative estimate of 1 km (e.g., Plaut et al., 2007). If surficial downwarping is ∼500 m, the 
mantle heat flow may be lower than 7 mW/m2, similar to our estimate of mantle heat flow in the north polar 
region (Ojha et al., 2019). Thus, reasonable variations in radar mapping of the basal surface do not notably 
change our upper limit on qb at the south polar region.

Given their incompatible nature, a strong fractionation of HPE in the Martian crust is an inevitable conse-
quence of mantle magmatism. The degree of HPE fractionation depends on the crustal thickness. Previous-
ly, Spohn (1991) suggested the Martian southern highlands' formation depleted the mantle of ∼50% of the 
HPE and lowered Mars' internal temperature by ∼200 K (Spohn, 1991). Taylor et al. (2006) modeled that 
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50% of the bulk Martian Th is in the crust for a nominal crustal thickness 
of 57 km. If the thickness of the crust is 81 km, then Th in excess of 70% 
may be present in the Martian crust. Numerical modeling by Plesa et al 
(2018) also suggest a strong fractionation (>67%) of HPE in the Martian 
crust. On Earth, HPE are replenished in the mantle via subduction of the 
crust, however, on a single-lid planet like Mars, the mantle would have 
been depleted by the formation of a mafic protocrust and subsequent vol-
canism (e.g., Hamilton, 2019).

Evidence for the depletion of HPE in the Martian mantle can be found in 
the chemical analyses of Martian meteorites. A basaltic shergottite called 
QUE 94201 is known to be significantly depleted in the concentration 
of HPE (Jones, 2003). The source region of the QUE is depleted in HPE 
comparted to the upper mantle of the Earth by a factor of 6, and the heat 
production rate from the QUE source regions is lower by an order of mag-
nitude compared to the heat production rate that can be expected from a 
chondritic source (Jones, 2003). The low inferred mantle heat flow esti-
mates in the north and the south polar region of Mars from our work are 
thus entirely consistent with the notion of a HPE-enriched Martian crust 
with a depleted mantle.

A major thermal implication of our result is that a strong crustal fraction-
ation of HPE would deplete the heat production in the mantle and lower 
the mantle temperature, leading to a decrease in melt production over 
time (O'Neill et al., 2005). Thus, as observed, over time volcanism would 
be expected to wane on Mars. Recent analyses of radar data from the 
MARSIS has interpreted bright subsurface reflectors as indications of liq-
uid water at the base of the SPLD (Lauro et al., 2020; Orosei et al., 2018). 
Augmentation of the background heat flux by at least 72 mW/m2 pro-
vided by extremely recent magmatism has been proposed as a potential 
source of heat for the putative liquid water (Sori & Bramson, 2019). We 
revisit this problem with our thermal model and find that the minimal 
geothermal heat flow needed to produce melt is ∼60 mW/m2 for Ca per-
chlorate enriched basal melt (Figure 3). This is in good agreement with 
the 72 mW/m2 predicted by Sori and Bramson (2019). Our estimation is 
slightly lower because our surficial frost layer is 5-m thick as opposed to 

the 1-m thick frost layer implemented by Sori and Bramson (2019), leading to enhanced insulation and a 
lower required geothermal heat flux to induce basal melting (Figure 3).

The surface heat flow in the south polar region of Mars, including an average crustal heat flow of 10 mW/
m2 (Hahn et al., 2011) and a mantle heat flow of 10 mW/m2 as estimated here, is nowhere enough to induce 
any melting. Liquid water in the south polar region would therefore require elevated heat flow, perhaps due 
to recent volcanism (e.g., Sori & Bramson, 2019). Sori and Bramson (2019) considered the elevated heat 
flow due to a small (∼5 km) magmatic intrusion. We ran several flexure models that included heat from a 
recent magmatic intrusion but found it to not affect the lithospheric flexure (Text S4; Figure S4). Thus, we 
can neither confirm nor reject whether such intrusion is present or even possible in present-day Mars. If 
the Martian mantle is globally depleted in HPE, then recent volcanism is likely rare. A possible scenario 
for the Martian interior is that it consists of a more enriched nakhlite source region, that is insulated by 
the more depleted shergottite mantle, and an enriched crust (Jones, 2003). An occasional mantle plume 
from the nakhlite source region could allow recent volcanism to occur on Mars (Neukum et al., 2004; Sori 
& Bramson, 2019), while the depleted shergottite mantle and the enriched crust helps explain the lack of 
significant flexure in the polar region.

Lauro et al. (2020) considered the recent magmatic activity as a solution to be largely speculative and in-
stead provided an alternative solution whereby the putative subglacial water bodies result from the “known 
physical and chemical properties of aqueous solutions.” Namely, the authors suggest the subglacial water 
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Figure 3. Thermophysical evolution of the ice sheet at the south polar 
region of Mars. (a) The basal temperature at the base of the SPLD as 
a function of geothermal heat flux for various perchlorates. Once the 
eutectic temperature of the salt-ice mixture is achieved, the temperature 
remains constant. (b) Basal melt thickness (per m2 column of ice) as a 
function of geothermal heat for a variety of perchlorate species. SPLD, 
south polar layered deposit.

(a)

(b)
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bodies to be due to supercooled Mg-and-Ca perchlorate-H2O solutions. Laboratory work has demonstrated 
that supercooled perchlorate-H2O solutions can remain in liquid form down to 150 K (Toner et al., 2014). 
However, the supercooled state of Mg-and-Ca perchlorates is inherently metastable and not stable over 
geologic time scales (Toner et al., 2014). Furthermore, other studies suggest that salt solutions resemble 
an amorphous glass phase at this temperature rather than a liquid (Chevrier & Altheide, 2008). The other 
issue with this formation mechanism in the SPLD is the sheer volume of Ca-and-Mg perchlorates required 
to explain the putative body of water. Lauro et al. (2020) estimate that the main body of putative water in 
the SPLD has a dimension of approximately 20 × 30 km. Assuming a shallow body with a thickness of 5 m, 
the water volume in this putative lake would equal 3 × 109 m3. The minimum molal concentration of salt 
required for supercooled brine is 3.4 m for Mg-perchlorate and 4 m for Ca-perchlorate. Thus, the volume of 
salts required to explain the concentrated brine in the SPLD exceeds 1.4 × 109 m3 for Mg-perchlorate and 
1.8 × 109 m3 for Ca-perchlorate. If an average density of 1,600 kg/m3 is assumed, these volumes imply salt 
masses in excess of 1012 kg. On Earth, Na, K, and Cl bearing salts can be leached from local rocks and may 
be concentrated locally. However, salts like perchlorates on Mars are not derived locally but globally from 
the atmospheric oxidation of HCl at low surface concentration (Catling et al., 2010; Wilson et al., 2016). The 
process responsible for such a large sequestration of perchlorates required to explain the putative body of 
water in the SPLD is unknown. Alternatively, if the radar-bright regions are instead a thin layer of saline 
fluid or brine saturated sediments, then the volume of salt required to explain the detections would be 
considerably less.

4. Conclusion
The Martian lithosphere's viscoelastic response to stress exerted by the SPLD is modeled using a finite el-
ement model. Our results suggest that the heat flow provided by the mantle to the base of the lithosphere 
does not exceed 10 mW/m2 in the south polar region of Mars. Along with our previous estimate of low 
mantle heat flow from the north polar region (Ojha et al.,  2019), the lack of lithospheric flexure in the 
SPLD suggest that the Martian mantle may be globally depleted in HPE. We suggest a strong fractionation 
of HPE in the Martian crust as the most likely reason for the inferred low mantle heat flow. Basal melting 
of SPLD, if it is happening, requires recent magmatic intrusion events which are not easy to reconcile with 
the inferred thick lithosphere at the south polar region of Mars. The planned measurement of surface heat 
flow by Heat Flow and Physical Properties Probe (HP3) onboard NASA's Interior Exploration using Seismic 
Investigations (InSight) will be critical to better understand the reasons behind the lack of lithospheric 
flexure in the polar regions of Mars.

Data Availability Statement
The radar data used in this work may be obtained from NASA PDS website at https://pds-geosciences.wustl.
edu/missions/mro/sharad.htm. The flexure profiles may be obtained from the corresponding author.
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