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Introduction:  Large volumes of water are hypothe-
sized to have passed through Martian outflow channels 
[1] and Mars may have hosted large, transient oceans 
[2,3]. Most of this water, if it existed, is no longer on 
Mars’ surface and was likely not lost to space [4]. Plau-
sible models have been proposed to store much of this 
water underground in pore space, either frozen in a cry-
osphere and or as groundwater in deeper aquifers  [e.g., 
5]. Cryosphere-confined aquifers may provide the hy-
draulic head that enables liquid water to erupt through 
fractures such as at Cerberus Fossae [6]. Thickening of 
a cryosphere over time may also generate overpressures 
that enable surface discharge of water [7]. Thus, detect-
ing the presence and quantifying the volume of subsur-
face water constrains the water budget and cycle from 
the Noachian (oceans and outflow channels) to present 
(Cerberus Fossae). Recently computed shear wave ve-
locities, Vs, from InSight [8] may be sensitive to a pos-
sible deep cryosphere and aquifers. Our goal is to inter-
pret Vs using rock physics models that can help distin-
guish between gas, liquid water, ice, or cement-filled 
porous basalt. 

 
InSight observations we seek to explain:  Vs within 
Mars’ upper ~8-11 km is ~1.7-2.1 km/s [8] and possibly 
lower [9]. The low seismic velocities have been at-
tributed to “highly altered and or damaged layers” [8]. 
Receiver function analyses suggest that Vs increases by 
~0.4-1 km/s below depths of ~8-11 km [8-10].  

 
Model: We constrain Mars’ subsurface hydrology by 
comparing Vs computed from InSight data with Vs 
modeled for gas, liquid water, and ice-filled porous bas-
alt. We model Vs with a so-called self-consistent ap-
proximation for an idealized material containing speci-
fied volume fractions of randomly-oriented oblate ellip-
soids inclusions with specified aspect ratios [11, 12]. 
Aspect ratio is the minor axis divided by the major axis. 
We estimate Vs for water-filled pores by using 
Gassmann-Biot theory to saturate dry inclusions [13]. 
This approach is appropriate for the frequency of seis-
mic waves on Mars and can capture porosity-Vs rela-
tionships found in laboratory measurements on basalt 
[14,15]. We use mineral moduli and densities from  
[14].  
 
No thick, ice-saturated cryosphere: Vs in the upper 
crust is similar to or lower than the standard pure ice Vs 
of 2.0 km/s [16]. No rock physics modeling is thus 
needed to conclude that the low measured velocities are 

not compatible with an ice-saturated regolith or crust. 
Predicted Vs (Figure 1) is also much larger than ob-
served Vs even when we assume high porosities and 
crack-like pores. 

 
Figure 1: S-velocity (contours in km/s) for ice-filled el-
lipsoidal pores as a function of aspect ratio and porosity. 
All these velocities exceed that of the upper 8-11 km of 
crust.  
 
Evidence for an aquifer: Replacing ice with gas or 
liquid water in the pores of the upper crust greatly re-
duces Vs (Figure 2). For plausible pore geometries and 
porosities, it is possible to obtain the observed Vs. For 
example, similar rock physics models for Snake River 
Plain basalt (a reasonable Mars analog) found that as-
pect ratios of ~0.02 to 0.1 fit measured velocities and 
were similar to pores imaged in computed tomography 
models [15]. 
 

 
Figure 2: S-velocity (contours in km/s) for gas-filled el-
lipsoidal pores as a function of aspect ratio and porosity 
In the white region, approximations inherent in the 
model make it unsuitable. 
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It is challenging to distinguish between water and gas-
filled pores. Since the shear modulus is the same in 
both cases, and the density increase from saturating 
pores with water is small, there is a small decrease in 
Vs when passing from dry to water-saturated rocks 
(Figure 3). Velocity reductions <100 m/s are probably 
smaller than the uncertainties in velocities and velocity 
changes. 

 
Figure 3: Difference in S-velocity of gas-filled and liq-
uid water-filled pores (contours in m/s). Vs should de-
crease upon entering a water-saturated aquifer. Velocity 
changes from saturating an aquifer are probably too 
small to detect unless pore geometry and porosity also 
change. In the white region, approximations inherent in 
the model make it unsuitable. 
 
Vs may increase by 0.5 to 1 km/s via decreases in po-
rosity and/or pore aspect ratio, assuming no lithology 
changes. For illustrative purposes, consider a porosity 
of 10%, for which a (reasonable) aspect ratio of 0.06 
[15] leads to a velocity of ~2 km/s for dry or wet rocks. 
Slightly less elliptical pores (0.08) will raise the veloc-
ity ~0.5 km/s. Alternatively, decreasing porosity by ~2 
% would cause the same increase in velocity.  
 

Cementation can decrease pore elongation 
and porosity simultaneously via precipitation of miner-
als at narrow pore apertures. Sequestering 1 bar of CO2 
as carbonate cement requires 1 weight % cement over 
a two km depth [17]. Assuming a heat flow of ~18 
mW/m2 [18], a thermal conductivity of 2-3 W/mK 
[19], and a mean surface temperature of 70 K below 
freezing, the melting temperature of ice is reached at a 
depth of 7.8-11.7 km – with considerable uncertainty 
owing to parameter uncertainty. The depth of the ve-
locity increase is similar to the depth at which liquid 
water would be stable at present (and in the past). A  
couple %  precipitated carbonates, assuming similar 
mineral properties for basalt and cement, may explain 
the increase in Vs. 

Viscous creep-induced compaction and pore 

closure can also decrease porosity and aspect ratio 
[19]. Since compaction has an exponential time de-
pendence and viscosity depends exponentially on tem-
perature, the porosity change has a double exponential 
dependence on temperature leading to a very sharp and 
near-complete porosity reduction below some depth. If 
this were the case, we should expect Vs to increase to 
3.7 km/s (much larger than observed) unless subse-
quence processes such as impacts or tectonic and ther-
mal stresses created new porosity and fractures. 

 
Conclusions and significance: The challenges in re-
solving Vs and its depth-variation provide some limita-
tions on quantifying Mars’ subsurface hydrology. As-
suming that Vs is ~2 km/s in the upper ~8-10 km of the 
crust and there are sharp or gradual Vs increases of 
~0.5-1 km/s at ~ 8-11 km depths does, however, allow 
us to draw some general conclusions. These units are 
unlikely to be ice-filled. Hence there cannot be a con-
fining cryosphere above any groundwater unless the 
layer is thin enough to be (currently) seismically invisi-
ble. Whether or not unconfined liquid water aquifers ex-
ist cannot be robustly constrained by the published Vs 
models. However, the velocity increase at a depth of 8-
11 km may document a relatively small volume (<3 %) 
of mineral cement such as carbonates precipitated from 
groundwater, which may be indirect evidence for large 
volumes of past or current groundwater. 
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