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Abstract

The theoretical predictions for the P- and S-wave velocity of basalt with
pore spaces filled with gaseous COz, liquid water, or water ice presented herein
could help improve interpretations of the seismic data collected by NASA’s

InSight lander, which landed on the Martian surface in November 2018.
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Highlights

» Velocities of porous basalt decrease as a function of increasing porosity

* Velocities of porous basalt depend on pore aspect ratio

* Velocities of water ice-saturated basalt are higher than gaseous COz- or
liquid water-saturated basalt

* Presented modelling could improve interpretations of the seismic data

collected by the InSight lander

1 Introduction

There is abundant evidence that liquid water existed on the surface of
Mars in its geological past (e.g., Baker, 1979; Carr, 1996; Baker, 2001). However,
the present-day Martian surface is largely dry and water is restricted to polar ice
caps (e.g., Titus et al., 2003; Bibring et al.,, 2004; Grima et al.,, 2009) and the
subsurface hydro- and cryosphere (e.g., Fanale et al, 1986; Clifford, 1993;
Boynton et al., 2002; Mitrofanov et al., 2003; Mellon et al., 2004; Orosei et al,,
2018). Since the surface temperature of Mars ranges from -150 to 20 °C,
subsurface water exists as water ice or liquid water, varying with, amongst other
factors, space (i.e. latitude) and time (i.e. seasonal variations) (e.g., Fanale et al,,
1986; Bandfield, 2007).

NASA’s InSight lander (Banerdt et al., 2013) touched down on the Martian
surface on 26 November 2018. One of the aims of the InSight mission is to better
understand the interior of Mars using a seismometer (Seismic Experiment for
Interior Structure, SEIS; Panning et al, 2015; 2017). Since laboratory

measurements and theoretical predictions show that elastic wave velocities for
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rock can differ depending on whether the rock is dry or saturated with either
liquid water or water ice (e.g., O’Connell and Budiansky, 1974; Toksoz et al.,
1976; Kahraman, 2007), the influence of saturation state on the P- and S-wave
velocity of crustal rocks is therefore of interest to those tasked with using
seismic data collected by SEIS to interpret the structure and physical properties
(e.g., porosity) of the shallow Martian subsurface (the brittle lithosphere) and to
locate marsquakes and impacts. Due to the paucity of laboratory measurements
and theoretical predictions, the P- and S-wave velocity of dry, water-saturated,
and frozen basalt—the most representative rock type of the Martian crust
(McSween et al., 2009)—are estimated herein as a function of porosity and pore

shape using scattering theory.

2 Theory

Porous basalt, a solid groundmass that hosts pores (e.g., Saar and Manga,
1999; Al-Harthi et al., 1999; Bubeck et al.,, 2017), can be approximated by an
equivalent homogeneous medium for wavelengths that are much longer than the
characteristic pore size. Assuming that the pores (represented by spheres and
oblate spheroids) are randomly distributed and that the medium is isotropic,
scattering theory can be used to calculate the elastic wave velocities of the
equivalent medium (Kuster and Toksoéz, 1974; Toksoz et al, 1976). The
equivalent bulk modulus, K*, equivalent shear modulus, u*, and equivalent
density, p*, of the equivalent homogeneous medium are given by (Kuster and

Toks6z, 1974; Toksoz et al., 1976):
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3K +4u 3 C 3K +4u U M
w—u ()

1
6u*(K + 2u) + u(9K + 8u) C25M(3K )l U T3 u]]] (2)

pr=p(l—-c)+cp’. (3)

Where K, u, and p, are the bulk modulus, shear modulus, and density of the solid

!

groundmass, respectively, and K', ', and p’ are the bulk modulus, shear
modulus, and density of the pore-filling medium, respectively. T;;;; and T;j;; are
scalar quantities that depend on the aspect ratio of the pores and the elastic

properties of the groundmass and pore-filling medium (Kuster and Tokséz,

1974; Toksoz et al., 1976) and are given by:

T = 3F; @
iijj F,’
1 2 1 F4F5+ F6F7_F8F9
Ljij 3 jj F3 F4 F2F4 ( )

Where:

F=1+af3a+ 9 -R(Go+26-3)] ©
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Fy=A 1—2R+%(R—1)+§(5R—3) +B(1—$)(3—4R), (13)

Fy =A[g(R—1) —R¢] + Bp(3 —4R), (14)
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1 /K’ MI
=—|——-——], (16
(%) a0
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= 1
3K + 4y’ a7
— a [ -1, 1— 2 1/2] 18
¢_—(1—a2)3/2 cosTta—a(l—a”)/4|, (18)
- % Ge—2). (9
The P-wave velocity, I},", and S-wave velocity, V;", of the equivalent homogeneous

medium can then be calculated using the following expressions (Kuster and

Toks6z, 1974; Toksoz et al.,, 1976):
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Vp*= */3 , (20)
p
% 1/2
w=5 " en
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3 Model set up and considerations

The equivalent bulk modulus, equivalent shear modulus, and equivalent
density of porous basalt saturated with liquid water, water ice, and gaseous CO2
(the most abundant molecule in the present-day Martian atmosphere; Owen et
al., 1977) were determined for pore aspect ratios from 0.1 to 1 (since the aspect
ratio of pores within basalt on Earth can vary significantly; e.g., Bubeck et al,,
2017) and for porosities from 0 to 0.2 (since the porosity of basalt on Earth can
also vary; e.g., Saar and Manga, 1999) using Equations 1, 2, and 3 and the values
provided in Table 1. The P- and S-wave velocities of these equivalent media were
then calculated using Equations 20 and 21, respectively. The values in Table 1
were simply chosen to explore the range of possible pore fluid properties in the
Martian subsurface. I highlight here that, for example, the density of CO:
increases from 1.8 to 2.3 kg/m3 as temperature is decreased from 20 to -40 °C
(at a pressure of 0.1 MPa). CO2 will be a liquid, with a density close to liquid
water, at ~0 °C when, for example, the pressure is higher than a few megapascals
and at ~-60 °C when the pressure is higher than ~1 MPa. CO2 will be a solid at
temperatures = ~-80 °C. Indeed, there is evidence of frozen COz on the surface of
Mars and its presence is inferred for the Martian subsurface (e.g., Mitrofanov et

al, 2003). Although the density of frozen CO: is higher than that of water ice
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(frozen CO2 has a density between 1400 and 1600 kg/m3 at ~-80 °C and water
ice has a density of 980 kg/m3 at ~-40 °C; Table 1), their bulk moduli, for
example, are very similar (Table 1; Liu, 1984). Therefore, the estimated
velocities for rock saturated with liquid water may approximate those for rock
saturated with liquid CO2, and the estimated velocities for water ice-saturated
rock may approximate those for rock saturated with solid (i.e. frozen) CO2. I also
highlight that liquid water and water ice on Mars could contain salts (e.g., Clark
and van Hart, 1981; Vaniman et al., 2004; Zorzano et al.,, 2009; Stillman and
Grimm, 2011) that would serve to slightly increase density (the density of
seawater at 0.1 MPa, for example, varies between 1020 and 1029 kg/m3) and
lower the freezing point (salt solutions at the point of saturation will freeze at ~-
20 °C). I further highlight that the densities of liquid water and water ice do not
increase significantly as temperature is decreased. For example, the density of
liquid water increases from 998.2 kg/m3 at 20 °C to 999.8 kg/m3 just above the
freezing temperature. For simplicity, therefore, a water density of 1000 kg/m3

was adopted herein (Table 1).

Density (kg/m3) | Bulk modulus (Pa) Shear modulus
(Pa)
Solid (i.e. pore- 2900 8.0 x 1010 4.0 x 1010
free) basalt
groundmass
Liquid water 1000 2.2 x10° 0
(20 °C)
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Water ice (-40 °C)

980

8.1 x10°

3.7 x 10°

Gaseous CO2 (20

OC)

1.8

1.0 x 10°

Table 1. Density, bulk modulus, and shear modulus for the solid groundmass of

the basalt and the three pore fluids. Solid properties for basalt estimated using

data from Christensen (1972). Properties of water ice at -40 °C were taken from

Tokso6z et al. (1976). Properties of liquid water and CO: are for a pressure of 0.1

MPa and a temperature of 20 °C.

4 Results

The P- and S-wave velocity of basalt saturated with gaseous CO, liquid

water, and water ice are plotted in Figure 1 as a function of porosity. Figures 1a,

1b, and 1c show examples of the modelled curves for pore aspect ratios of 1 (i.e.

a perfect sphere), 0.5, and 0.1, respectively.
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Figure 1. Elastic wave velocity (P- and S-wave velocity) of basalt as a function of
porosity and saturating fluid/medium, calculated using scattering theory (see

main text for details). (a) Elastic wave velocities for a basalt containing pores
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© P-wave data for dry basalt (Al-Harthi et al,, 1999)
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with an aspect ratio of unity. (b) Elastic wave velocities for a basalt containing
pores with an aspect ratio of 0.5. (c) Elastic wave velocities for a basalt
containing pores with an aspect ratio of 0.1. The modelled curves are plotted
alongside laboratory-measured P-wave velocity data for dry porous basalt (data

from Al-Harthi et al., 1999).

The modelling shows that there are only small differences between the P-
and S-wave velocities for basalts with pore aspect ratios above 0.4 (Figures 1la
and 1b show modelled results for pore aspect ratios of 1 and 0.5, respectively).
Below a pore aspect ratio of 0.4, the P- and S-wave velocities for basalt
containing water ice within the pores are higher than those containing gaseous
CO2z and liquid water (Figure 1c shows modelled results for a pore aspect ratio
0.1).

The example shown in Figure 1c (pore aspect ratio = 0.1) shows that the
P-wave velocity of basalt with pores containing water ice at a porosity of 0.2 can
be more than 1 km/s higher than basalt containing liquid water, and almost 1.5
km/s higher than basalt containing gaseous CO2. The S-wave velocity of basalt
containing water ice is about 0.5 km/s higher than basalt containing either liquid
water or gaseous COz, and the P-wave velocity of the water-saturated basalt is
higher, by about 0.5 km/s, than the basalt containing gaseous COz2, although their

S-wave velocities are essentially identical (Figure 1c).

5 Discussion, implications, and conclusions
Theoretical calculations, based on scattering theory, show that the P- and

S-wave velocity of frozen basalt (i.e. basalt containing water ice-filled pores) is
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higher than dry (containing gaseous CO2) and water-saturated basalt when the
pore aspect ratio is low (for the range of porosity values tested herein; Figure 1).
These predictions are in accordance with previous observations of and
theoretical predictions for ice- and water-saturated sandstone, limestone, and
granite (Toksoz et al, 1976). The modelled curves of Figure 1 are plotted
alongside laboratory-measured P-wave velocities for dry porous basalt (from
Saudi Arabia; data from Al-Harthi et al.,, 1999). Not only is the P-wave velocity of
the basalt with a very low porosity (a porosity of 0.002) close to the modelled
curves, validating the chosen P-wave velocity for porosity-free basalt (Table 1),
but the decrease as a function of porosity also closely matches that of the
modelling. The comparison between these data and the modelled curves
suggests that the pores within the basalt have an aspect ratio between 1.0 and
0.1 (Figure 1). Indeed, Al-Harthi et al. (1999) note that the pores in these basalts
“vary in shape between being spherical and irregular, but are generally
spherical”.

Since low aspect ratio voids (i.e. elongated pores and fractures, the latter
of which typically have an aspect ratio less than 0.01) may be commonplace in a
potentially highly fractured Martian crust (e.g., Carr, 1974; MacKinnon and
Tanaka, 1989; Rodriguez et al., 2005; Heap et al,, 2017), and estimates for the
depth of the base of the cryosphere are 2.3 and 6.5 km for the equator and poles,
respectively (Clifford, 1993), it is therefore not unreasonable to expect
differences in elastic wave velocities in the Martian subsurface solely as a result
of the saturating fluid/medium. To assess the influence of a higher-velocity layer
on the measured travel times from impacts and marsquakes, [ present the results

of some back-of-the-envelope calculations in Figure 2.
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Figure 2. Back-of-the-envelope P-wave travel time delay calculations. (a)
Schematic showing the simple model setup. (b) P-wave travel time delay (the
difference in travel time between a Martian subsurface with and without a
higher-velocity ice-saturated layer) as a function of the thickness of the ice-

saturated layer (for marsquakes) or the distance to impact (for impacts).

The simple model assumes a simple subsurface structure consisting of an
ice-saturated basalt layer above a dry basalt layer, both homogenous in terms of
their intra-layer seismic velocities, a flat Martian surface, and direct (i.e. non-
reflected) raypaths (Figure 2a). These calculations are designed to test the
influence of an ice-saturated layer on the travel time delay in isolation. I highlight
that there are other factors, not considered here (Figure 2), such as rock type
(e.g., Lesage et al, 2018) and hydrothermal alteration (e.g., Pola et al., 2012;
Mordensky et al., 2018) that are known to influence the seismic velocities of
volcanic rocks. The P-wave velocities of the layers within the model are assumed

to be 4.87 and 3.35 km/s for the ice-saturated and dry basalt layers, respectively
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(the P-wave velocities for at porosity of 0.2 and a pore aspect ratio of 0.1; Figure
1c), and therefore the travel time delay presented in Figure 2b could be
considered the maximum travel time delay (i.e., the travel time delays presented
here would be reduced if the porosities of the considered rock layers were
reduced, for example). These simple calculations show that the travel time delay
could be as much at 0.5 s for an impact even 5 km from the InSight lander,
resulting in a location error of about 2 km. Based on these back-of-the-envelope
calculations, the presence, and thickness, of a high-velocity ice-saturated layer
could be an important consideration when using data collected by SEIS to assess
the structure of the shallow Martian subsurface (the brittle lithosphere) and to
locate marsquakes and impacts.

[ note that the P- and S-wave velocity estimates provided herein do not
take depth into account, which will serve to decrease porosity (e.g., Clifford,
1993; Wilson and Head, 1994; Heap et al., 2017) and therefore increase elastic
wave velocities. However, the analysis presented herein shows that differences
in P-wave velocity would be observed, in the case of low aspect ratio pores
(Figure 1c), even if porosity is reduced to between 0.02-0.05, the porosity
predicted for depths between 6 and 10 km (Clifford, 1993). Finally, I highlight
that the small changes in pore fluid properties associated with differences in
temperature (e.g., the temperature of liquid water on Mars may vary from 20 to
0.5 °C) and/or salinity (e.g., liquid water on Mars is likely to contain salts; Clark
and van Hart, 1981; Vaniman et al., 2004; Zorzano et al., 2009; Stillman and
Grimm, 2011) do not significantly influence the predictions presented in Figure

1. For example, the modelled curves for rock containing liquid water at a
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temperature of 20 °C superimpose those for rock containing liquid water at 0.5
°C.

The predictions presented herein, that elastic wave velocity depends on
the void fraction and the nature of the fluid/medium within those pores, may
help improve assessments of the structure of the shallow subsurface (brittle
lithosphere) of Mars and place more accurate bounds on the locations of
marsquake hypocentres and surface impacts detected by the SEIS instrument on
the InSight lander (e.g., Teanby and Wookey, 2011). Further, if a saturating-
medium is assumed, the presented modelling can be used to provide estimates of
the physical properties (e.g., porosity) of the Martian subsurface. Seismic
reflection and transmission coefficients (e.g., Ben-Menahem and Singh, 2012),
useful for a wide range of seismological applications, could also be determined
using the modelling described herein. Finally, if this method can be used to
detect subsurface bodies of liquid water, it could be used to identify potentially
habitable sites on Mars, or as an independent check for sites identified using

other methods, such as radar (e.g., Orosei et al., 2018).
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