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ABSTRACT

Private companies and governments alike have expressed interest in characterizing the
location and abundance of water ice on the Moon. Water not only provides valuable insight into
the Moon’s history but could also be processed into human consumables or rocket propellant for
future missions. To date, remote sensing measurements have established the presence of water
ice within some craters near the lunar poles, but little is known about the distribution and
concentration of ice throughout the lunar soil, or regolith. An upcoming NASA mission plans to
directly sample the upper meter of potentially ice-bearing regolith in the Moon’s south pole
region which will provide significant constraint on ice properties. However, this mission does
little to inform ice concentration and distribution over the large spatial scales that would be
required to identify an economically viable subsurface ice deposit. Geophysical techniques such
as seismic methods are routinely used on Earth to extrapolate information from samples over
tens of meters to thousands of kilometers and are suitable to do the same for extraterrestrial
bodies.

This study aims to advance our understanding of how seismic methods may be used to
explore for subsurface water ice deposits on the Moon. I performed ultrasonic velocity
measurements of simulated lunar regolith at low temperature and low confining pressure with
varying concentration and texture of water ice and developed a predictive rock physics model
calibrated with these measurements. To build confidence in this approach, | show that seismic
velocity predicted by my rock physics model agrees with near-surface seismic data collected by
the Apollo 14 and 16 missions. My laboratory measurements and model show that seismic
velocity is sensitive to ice concentration, however this sensitivity varies significantly with ice
texture. These results indicate that seismic methods would be an impactful addition to a

comprehensive lunar ice exploration mission.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 Introduction

The fundamental goal of this dissertation is to contribute towards locating and characterizing
lunar water resources for use during future space missions. Similar to early human explorers who
gathered resources along their route, future space explorers may be able to gather vital supplies
from various locations in space. By using resources located in space, one can reduce the amount
of supplies that must be launched off Earth’s surface. Although outer space may at first seem
devoid of any useful materials to human explorers, extraterrestrial bodies like the Moon or
asteroids may in fact be able to supply resources like water and oxygen to supplement mission
supplies.

To effectively rely on resources located in space, the resource locations must be identified and
properly characterized in terms of composition and distribution. This work contributes towards
understanding the role of seismic methods for characterizing lunar water ice deposits. The high-
level objectives of this project are:

1) Measure ultrasonic velocity of simulated lunar soil with varying porosity, confining

pressure, ice concentration, and ice texture.

2) Develop a rock physics model that is calibrated with laboratory and field measurements to

predict seismic velocity under variable geologic and ice property conditions.

3) Use this predictive model to evaluate the feasibility of seismic methods to characterize

subsurface lunar ice deposits.

By developing this calibrated rock physics model, I am able to estimate the lunar subsurface
seismic properties for various ice deposit scenarios. Interrogating how these seismic properties
differ between ice deposit scenarios leads to conclusions on how effective seismic methods may
be for accurately characterizing lunar ice deposits. The results of my modeling suggest that
seismic methods could be a valuable addition to future lunar ice exploration missions, however
the effectiveness of seismic methods depends heavily on the concentration and texture of water

ice.



1.2 Dissertation Organization

This dissertation is organized as follows: the remainder of Chapter 1 presents relevant
background information on lunar resources, field and laboratory geophysical methods useful for
resource exploration, and modeling procedures which are used to link these field and laboratory
measurements. Chapter 1 ends with a brief overview of seismic exploration of the Moon. Chapter
2 describes the experimental procedure used to measure ultrasonic velocity of simulated lunar
regolith and presents a rock physics modeling approach that can explain these velocity
measurements. The rock physics model is then used to predict near-surface lunar velocity and is
compared with data from the Apollo 14 and 16 active seismic experiments. Chapter 3 expands on
the work detailed in Chapter 2 by presenting ultrasonic measurements of simulated lunar regolith
with varying concentrations and textures of water ice. Additionally, a rock physics modeling
approach is presented that describes seismic velocity as a function of regolith and ice properties.
The material presented in Chapters 2 and 3 is intended for journal publication along with my co-
authors: Dr. Manika Prasad, Dr. Kevin Cannon, and Dr. Chris Dreyer. The final chapter
summarizes the conclusions presented throughout this dissertation and ends with suggestions to

continue this research program.

1.3 Background
1.3.1 Lunar Resources and ISRU

In-situ resource utilization (ISRU) is an important concept to enable sustained human
exploration of space by reducing reliance on Earth-sourced materials and thus reducing overall
mission cost. The concept is simple: identify, characterize, process, and use resources located in
space to reduce the cargo that must be launched out of Earth’s gravity well. While the lunar
regolith contains several volatile and mineral species of interest for ISRU activities (Taylor and
Martel, 2003; Crawford, 2015; Keszthelyi et al., 2023), water processed into rocket propellant or
human consumables is considered one of the most important resources for early space
development (Spudis and Lavoie, 2011; Metzger, 2016; Kornuta et al., 2019). Oxygen from
regolith may be targeted first because no exploration is needed, but in most scenarios lunar water
is needed to launch that oxygen to different locations in cislunar space. However, before using

in-situ water resources we must first confidently locate and characterize water ice deposits so that



appropriate excavation technology, processing technology, and mission architectures can be
developed. This knowledge will directly inform the economic viability of exploiting lunar water
ice at commercial scale (Carpenter et al., 2016; Metzger, 2023). Geophysical methods are
uniquely positioned to provide this information for lunar ice presence and distribution and will be
discussed further in the following sections.

Several remote observation methods have indicated the presence of water ice at or near the
surface of permanently shadowed regions (PSRs) of the lunar poles (Feldman et al., 2001;
Colaprete et al., 2010; Hayne et al., 2015; Fisher et al., 2017; Li et al., 2018). Individual
observations are limited by spatial or vertical (subsurface) resolution, in most cases are limited to
just the optical surface, and interpretation of measured data may be ambiguous. For example,
orbital radar measurements have been interpreted to indicate the presence of subsurface ice at
some locations (Nozette et al., 1996; Patterson et al., 2017), while other interpretations suggest
the radar measurements simply indicate scattered rocks near the lunar surface (Campbell et al.,
2006; Fa and Cai, 2013; Fa and Eke, 2018). Ice concentration interpreted from radar is also
highly variable, with some authors arguing for thick, pure ice deposits (Spudis et al., 2013) while
others place an upper limit of 5-10 wt.% ice mixed in with the regolith (Thomson et al., 2012).
Spectroscopic analysis of an ejecta plume during the Lunar Crater Observation and Sensing
Satellite (LCROSS) mission suggested 5.6 + 2.9 wt.% water ice in the regolith, in line with some
radar interpretations (Colaprete et al., 2010). In addition to the ambiguity surrounding ice
locations and concentration, no current remote measurements can discern the mechanical form of
lunar ice, so it is unknown if deposits may exist as loose discrete ice grains or as cement between
regolith grains. Figure 1.1 illustrates these two ice textures, which may serve as plausible
endmembers with respect to material stiffness. Because little is known about in-situ lunar ice
texture, ice may exist in many forms not represented by these stiffness endmember textures.

Sources of near-surface lunar water include asteroids and comets, outgassing from volcanic
events, and implantation from solar wind (Arnold, 1979; Lawrence, 2017). It is not well
understood how water migrates into PSRs, however some of these locations are cold enough (<
110 K) for water ice to remain stable for geologic time scales (Watson et al., 1961; Arnold, 1979;
Hayne et al., 2020). It is suggested that impacts or volcanic events could generate a transient
lunar atmosphere allowing the migration of volatiles towards the lunar poles (Prem et al., 2015;
Head et al., 2020; Wilcoski et al., 2022). It is also possible that water ice that has been



sequestered near the lunar poles could be remobilized or buried due to impact events, potentially
creating complex stratigraphies of ice and regolith (Cannon et al., 2020). Since all information
regarding lunar polar ice is from relatively low-resolution remote sensing instruments, additional
ground-truth data is required to begin constraining models of the origin, abundance, and
distribution of water ice. NASA’s planned Volatiles Investigating Polar Exploration Rover
(VIPER) mission aims to drill up to 1 m into the subsurface in a potentially ice-bearing location

of the lunar south polar region to provide such constraints (Colaprete et al., 2019).

Figure 1.1 Illustrations of a) discrete granular ice with regolith grains and b) ice-cemented
regolith

To understand the economic viability of using lunar water resources, we must have a firm
understanding of the concentration and distribution of accessible water ice. When a resource is
identified in a terrestrial setting, typically via coarse or low-resolution data, additional data is
collected to refine estimates of the quality and size of the resource deposit. This may involve
gathering data by drilling and directly collecting samples, or indirectly with geophysical
measurements taken from the surface. As uncertainty is reduced and potential extraction plans
are developed, that resource can be classified as a reserve if the extraction plan is profitable. A
recent study by Neal et al. (2024) argues that a similar life cycle should be applied to lunar



resources, and points out that it is currently difficult to determine the profitability of lunar water
without an existing lunar water consumer market.

In addition to the economic hurdles of establishing lunar water ISRU activities, there are still
legal uncertainties regarding the commercial extraction of lunar resources. The Outer Space
Treaty (Treaty on Principles Governing the Activities of States in the Exploration and Use of
Outer Space, Including the Moon and Other Celestial Bod#5) states that “celestial bodies
shall not be subject to national appropriation by any means,” however the Artemis Accords
(Bartdki-Gonczy and Nagy, 2023) allow for commercial activity on the Moon, including
resource extraction. To date, no nation or private company has launched a resource extraction
mission to the Moon which would test the current interpretable international legal framework.
Additional legal clarity will likely be required before any commercial lunar resource extraction
occurs, such as a detailed expansion of the building blocks proposed by The Hague International
Space Resources Governance Working Group (Bittencourt Neto et al., 2020).

1.3.2 Geophysical Methods for Resource Exploration

Two widely used geophysical methods for terrestrial subsurface investigation are active-
source seismic and ground-penetrating radar (GPR). Active source seismic experiments have
been used to create images of Earth’s subsurface since at least 1921 (Dragoset, 2005), and GPR
has been successfully employed for subsurface investigations since at least 1956 (El-said, 1956).
Both methods work by emitting an energy wave that interacts with subsurface materials and
collecting data that describe those interactions. Because the type of energy wave differs between
these two methods, there are differing benefits and limitations between seismic and GPR.

An active seismic experiment begins by creating a mechanical seismic wave using impact,
explosive, or vibrational sources and measuring the time delay for that wave to travel through the
subsurface to a signal receiver instrument. By measuring the time delay of the seismic wave as
well as the horizontal offset distance between the source and receiver, the seismic velocity of the
subsurface material can be determined. In the case of an active source seismic experiment, the
term “active” refers to the seismic energy source being actively created using man-made
methods, as opposed to passive seismic which relies on natural seismic sources such as quakes or
impact events. A typical terrestrial seismic survey may employ several receivers (tens to
thousands, depending on the experiment) which are mechanically coupled to the ground to record

motion created by passing seismic waves. The most widely used type of receiver in terrestrial



land seismic surveys is a standard geophone. A geophone is essentially a small mass which is
coupled to the ground via a spike and converts ground motion into an electrical signal by
inducing voltage within a coil surrounding the mass as the mass moves. These voltages are
recorded from multiple geophones and converted to seismic amplitudes, which communicate the
strength of the recorded seismic wave. Another type of receiver is based on
microelectromechanical systems (MEMS) technology, which measures how much energy is
required to hold a small chip in place as the sensor is moved by seismic waves.

Seismic waves can travel along the surface as Rayleigh or Love waves, and they travel
through the subsurface as body waves. This study will focus solely on seismic body waves. Body
waves travel through the subsurface in two forms: primary compressional waves (P-waves) and
secondary shear waves (S-waves). P-waves travel faster than S-waves, and their velocity is
controlled by the compressional stiffness of the medium (bulk modulus), the shear rigidity of the
medium (shear modulus), and the density of the medium. S-wave velocity depends on the

medium’s shear modulus and density. P-wave velocity () and S-wave velocity () are given

by:

(1.1

= V- (1.2)

where is bulk modulus, is shear modulus, and is density. Since seismic velocity is related
to moduli and density, recorded seismic velocities can be used to infer subsurface material
properties as well as constrain plausible geologic materials.

In addition to traveling through the subsurface direct from the source to the receiver, the
seismic wave will reflect at subsurface boundaries characterized by contrasts in elastic properties.
Recording the strength and time delay of these reflected seismic waves allows one to understand
the physical structure of the subsurface as well as deduce certain material properties. Strong
seismic reflections occur when there is a large change in wave velocity and density of the

medium, which may reflect rock type, porosity, or changes in pore-filling fluids. Low amplitude



seismic reflections occur when there is only a subtle change in the properties controlling wave
velocity and density. When surveyed over a spatial area, seismic reflections can record the
general subsurface structure such as geologic bedding planes and faults, as well as changes in
subsurface properties. Figure 1.2 conceptually illustrates a near-surface active seismic
experiment with multiple seismic raypaths.

Seismic waves can also refract at subsurface boundaries, meaning they travel parallel to the
boundary rather than continuing to penetrate deeper into the subsurface. This occurs when the
seismic wave impacts the boundary at its critical angle, which is determined by the velocity
contrast above and below the boundary. Recording refracted waves can provide valuable
information about subsurface layering and the layer velocities, which can be used to infer
material properties of the subsurface.

Figure 1.2 offers a simplistic illustrative schematic to understand propagation paths of seismic
waves. As with many things in research studies, the true natural conditions and behavior (in this
case, the subsurface model and seismic wave propagation) are more complicated than our basic
models. For example, seismic waves propagate outwards as a curved wavefront, however this
can be simplified by only considering the shortest path between a source and receiver (i.e., the
seismic raypath). Additionally, the near-surface soil layer may not have a constant seismic
velocity as illustrated in Figure 1.2, but instead display a velocity gradient as the unconsolidated
material becomes more compact with depth, with decreasing porosity and increasing confining
pressure. This velocity gradient would lead to a curved raypath as illustrated in Figure 1.3.
Chapter 2 will use these concepts to evaluate our predictive rock physics model versus field
seismic data collected by Apollo 14 and 16.

GPR experiments emit electromagnetic (EM) waves that will reflect at contrasts in dielectric
properties, with the amplitude of that reflection being proportional to the dielectric contrast. The
dominant dielectric material property affecting GPR studies is dielectric permittivity, which can
be thought of as how polarized a material becomes when exposed to an external electric field.
Changes in dielectric permittivity may be caused by changes in the mineralogy and composition
of layers as well as changes in density or porosity. To detect these subsurface changes, an EM

wave is generated from a source antenna and reflections are captured by a receiver antenna.
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Figure 1.2 Conceptual schematic of an active source seismic experiment. One seismic source
(S) is deployed on the ground, and three seismic receivers (R) are offset by some distance away
from the source. Three seismic raypaths are illustrated: a) a wave reflected at the boundary
between the first and second layers, b) a wave transmitted into the second layer and reflected at
the boundary between the second and third layer, and c) a wave refracted along the boundary
between the first and second layer.
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Figure 1.3 Conceptual schematic of an active source experiment through a near-surface layer
with a velocity gradient. Seismic raypaths are illustrated between the source (S) and receivers
(R). Raypaths (a) and (b) illustrate the path curvature caused by the velocity gradient. Raypath
(c) is curved through the upper layer and refracts along the boundary with the lower layer of
higher velocity.



Similar to conducting a seismic survey, a GPR survey requires both an energy source and
receiver, referred to as antennas. Many GPR surveys are conducted in a zero- or near-offset
configuration, meaning that the source and receiver antennas are located close (<1 m) to one
another. Due to this configuration, GPR surveys often solely rely on reflected waves and do not
include analysis of subsurface wave velocity. Unlike seismic methods, the source and receiver in
GPR surveys do not need to be mechanically coupled to the ground. GPR surveys utilize
frequencies several orders of magnitude higher than seismic surveys; since vertical resolution is
directly proportional to wavelength, GPR surveys can often detect smaller-scale features than
seismic surveys. However, since high frequency signals attenuate over shorter distances than low
frequency signals, this high resolution comes at the price of decreased depth of investigation. To
date, GPR has received more attention as a possible lunar resource exploration tool compared
with seismic methods, likely owing to its ease of deployment as well as a rich history of radar
investigation of planetary bodies. For example, as of this writing there are currently active rovers
with GPR instruments on the Moon and Mars (Fang et al., 2014; Hamran et al., 2020), while no
purpose-built active source seismic experiments have been flown since Apollo.

Both GPR and seismic methods are sensitive to certain material properties such as density,
however fundamental differences in these two technologies may affect field deployment
decisions. Some scenarios where both measurements are complementary to one another would
lead to a more robust interpretation of the subsurface, or there may be environmental conditions
that dictate one measurement is practical while the other measurement is infeasible. There may
also be material characteristics that are best characterized by one method over another; for
instance, the elastic properties of ice-cemented regolith may be drastically different than loose
granular ice mixed with regolith owing to differences in material rigidity, but the dielectric
properties of these two different ice textures may be very similar. By understanding the
similarities and differences between the elastic and dielectric properties of probable lunar ice
scenarios, a more robust resource exploration campaign may be developed.

Compared to EM methods, little research has been conducted concerning the application of
seismic methods for extraterrestrial resource exploration. While previous geophysical laboratory
studies applicable to space resource exploration have dominantly focused on characterizing the
dielectric properties of mixed icy materials (Stillman et al., 2010; Mattei et al., 2014; Brouet et

al., 2016, 2019), foundational laboratory elastic measurements of icy planetary materials are



especially sparse. Only a few studies (e.g., Lisabeth et al., 2023; Tsuji et al., 2023) have reported
measured elastic properties of icy regolith analogs. This existing dataset is far from
comprehensive with respect to porosity, pressure, and ice property variations. Additionally,
acoustic and elastic laboratory measurements have been performed for the somewhat related
applications of permafrost and clathrate characterization (Helgerud, 2001; Priest et al., 2005;
Matsushima et al., 2008, 2016; Ferrero et al., 2014; Dou et al., 2016). However, these studies
often include samples with liquid water, limiting their relevance to the Moon since liquid water is
unstable on the lunar surface and in the subsurface. Laboratory measurements provide an
understanding of how materials respond to different geophysical methods in a controlled fashion
and allow us to develop predictive models. These models can then be used to better constrain and

interpret the results of field experiments.

1.3.3 Geophysical Laboratory Methods

| use the time-of-flight method (Birch, 1960) to measure ultrasonic velocity of my samples
(see sections 2.4.1 and 3.4 for sample descriptions). The concept of this method is simple: by
recording the time required for an ultrasonic wave to travel through a sample of known length,
the velocity can be determined as = + . I then record how the velocity
changes with varying sample properties such as porosity, confining pressure, ice concentration,
and ice texture.

In practice, an acoustic wave is generated using a piezoelectric transducer (PT) which is
transmitted into the mechanically coupled sample. Piezoelectric materials convert an electric
charge into mechanical stress, and vice versa. A pulse generator is connected to a transmitting
PT, which is then coupled to a sample. When the pulse generator sends an electric charge to the
transmitting PT, a compressional or shear wave is emitted into the sample. The type of emitted
wave is controlled by the design and orientation of the piezoelectric element within the PT. A
receiving PT is attached to the opposite end of the sample, where the received mechanical wave
is transformed into voltages by the PT. The receiving PT is connected to an oscilloscope, which
records voltage versus time. Finally, the pulse generator is connected directly to the oscilloscope
to record the time when an electric pulse was sent to the transmitting PT. Figure 1.4 shows a

schematic of the described configuration.
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Figure 1.4 Schematic of ultrasonic velocity measurement. A pulse generator is connected to
an oscilloscope as well as a transmitting piezoelectric transducer (PTt). The PTr is attached to
one end of the sample, and a receiving transducer (PTr) is attached to the other end of the
sample. The PTr is then connected to the oscilloscope.

The pulse generator simultaneously sends an electric signal to the oscilloscope and the
transmitting PT, called the trigger signal. The oscilloscope then records voltages from the
receiving PT for a set time period once the trigger signal is received. The time delay between the
trigger signal and the first onset of the ultrasonic wave as interpreted from the recorded voltages
is the uncorrected traveltime for the sample. Because experimental voltages are typically quite
low and a single measurement may suffer from high levels of noise, many measurements may be
quickly performed (in this case, 256 in a matter of seconds) to produce an average received
waveform. The average waveform can then be saved to a computer and analyzed to determine
the time delay.

The PTs cause a slight time delay while converting between mechanical and electrical energy,
known as the system delay, which requires correction to the measured values. The system delay
is measured by removing the sample and placing PTs directly into contact (“head-to-head”) and
recording the time delay between the trigger signal and the first onset of the wave. The system
delay is subtracted from the sample time delay, and this corrected traveltime coupled with sample
length yields sample velocity.

The time delay for each sample is determined by interpreting the initial onset of the ultrasonic

wave. For compressional waves, the wave onset can be identified by the first deviation from zero
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voltage. Choosing the location of the onset is also known as “velocity picking.” Figure 1.5a
shows an example recorded compressional wave with the onset noted by the arrow.

Shear wave onset can be more difficult to confidently identify. Although shear transducers are
designed to dominantly emit shear waves, some compressional energy is typically produced
when the PT is triggered. Because compressional waves travel faster than shear waves, the shear
wave onset can be contaminated by the compressional wave. The amplitude of shear waves tends
to be higher than compressional waves, so | identify the main body of the shear wave as the
highest-amplitude event. Then, to identify the shear wave first arrival | look for evidence that the
recorded waveform has changed prior to the main body of the shear wave, which may be the start
of an interference pattern or discrete change in slope in the waveform shape. Figure 1.5b shows

an example recorded shear wave with the interpreted onset noted by the arrow.
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Figure 1.5 Example recorded waveforms. a) Compressional waveform with onset noted by
red arrow. b) Shear waveform with onset noted by red arrow, and compressional wave
contamination outlined by the blue box.
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1.3.4 Rock Physics Modeling of Granular Media

Rock physics modeling involves creating mathematical models that predict the elastic
properties of a medium given physical properties such as composition, confining pressure, and
general structure (i.e., porosity, grain angularity, grain cementation, etc.). Because rock physics
models require parameterization, a robust model should be calibrated with measured data
constraints (e.g., ultrasonic velocity measurements). This is an effective way to bridge the gap
between the subsurface physical properties of interest and the field data collected from seismic
surveys.

One popular model used to describe the effective elastic moduli of unconsolidated media is
the Hertz-Mindlin (HM) contact theory (Mindlin, 1949). The effective bulk and shear moduli
( and ) are given by (Mavko et al., 2020):

2(1- )2 2 vs
S 182(1-  )? !

(1.3)

_ 321- )2 2 Y3
_5-4 (1- ) 2 L)
5(2- ) 221- )

where is the coordination number (the average number of contacts per grain), s porosity,
is the shear modulus of the grain material, is the Poisson’s ratio of the grain material, and
is the confining pressure. This model assumes that grains are identical spheres under
hydrostatic confining pressure and (in the derivation above) have perfect adhesion between
grains. Alternate derivations allow for some amount of slip at grain contacts (Mavko et al.,
2020). The HM model is also known as a contact radius model (CRM) because the effective

moduli can be related to the average contact radius between grains ( ) with (Mavko et al., 2020):
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where s the grain radius, is the normal stiffness, and is the tangential stiffness.

This dissertation is concerned with granular media in the shallow subsurface (<10 m) because
| am interested in accessible near-surface lunar resources. Unconsolidated regolith would be
under relatively low confining pressure at near-surface conditions, especially under reduced lunar
gravity. Previous authors have noted that established CRMs like the HM model fail to predict
moduli that agree with experimental observations at low confining pressure (Bachrach et al.,
2000; Prasad et al., 2005; Zimmer et al., 2007a). Specifically, the HM model predicts shear
moduli much higher than observed in low pressure granular media. To address this observation,
Bachrach and Avseth (2008) provided another CRM which is an extension of the HM model that
also builds on derivations by Walton (1987):
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where and are the effective bulk and shear moduli respectively, / relates the

effective contact radius to grain radius, and  denotes the fraction of non-slipping grain contacts.

Adjusting these parameters can yield a lower effective shear stiffness and increase the predicted
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/  ratio, providing a better match to some experimental observations. Chapter 2 describes
how we incorporate this modified CRM into our rock physics model for lunar regolith.

The CRMs above can be used to estimate the effective moduli as grains first come into
contact with one another (i.e., at the “critical porosity”, the point above which the media is a
suspension). To estimate the effective moduli below the critical porosity, one may use the
Hashin-Shtrikman bounds (HS; 1963) in conjunction with these CRMs. These bounds provide

an upper and lower limit to the effective moduli, and for a two-phase mixture are given by:

(1.12)
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where 1 and , are the volume fractions of the two phases, 1 and , are the bulk moduli of the
two phases, and ; and , are the shear moduli of the two phases. and  are the maximum
or minimum phase moduli; the upper bound (¥, ) is computed using the maximum
moduli, and the lower bound (=, ) is computed using the minimum moduli.
Conceptually, these bounds can be thought of as representing a granular material where, for each
grain, a sphere of phase 1 is wrapped with a shell of phase 2. The lower HS bound represents
when the softer material forms the shell with a rigid center, and the upper HS bound represents
when the stiffer material forms the shell with a softer center. If one considers the CRM moduli at
critical porosity to be phase 1 and the solid grain material to be phase 2, then to compute the
effective moduli at some new porosity 0 < < where is the critical porosity, we need
onlyset = / and , = 1- / inEquations 1.12-1.13. Using the softer CRM moduli
for and produces a HS lower bound between the solid mineral moduli at zero porosity
and the effective moduli at critical porosity, and is the basis for the “uncemented sand” model
(Dvorkin and Nur, 1996). Using the stiffer grain moduli for and produces a HS upper
bound between the mineral point and the effective moduli at critical porosity, and is the basis for
the “stiff sand” model (Mavko et al., 2020).
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Another important consideration for granular materials is the effect of cementation. As
cement is deposited and begins to bind grains together, the stiffness of the grain pack will
increase significantly. A popular model used to describe this behavior is the contact cement
theory (CCT) provided by Dvorkin and Nur (1996). This model is used to estimate the large

increase in stiffness as cement is deposited into a grain pack at initial porosity , and is given

by:

=5 (- (. +—) (1.14)
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where is the bulk modulus of the cement and is the shear modulus of the cement. The

parameters and  are proportional to the normal and shear stiffnesses, and are estimated with

the following:
= 2+ o+ = 24 (1.16)
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The parameter as written in Equation 1.25 describes cement that is deposited at grain
contacts rather than uniformly along the grain surface. The difference between the initial porosity
and the current porosity ( o — ) describes the porosity reduction due to cement deposition.
CCT assumes an initial porosity o = 3 6 %nd coordination number = 9, and is typically
only used up to ~10 vol.% cement, beyond which the cement material is assumed to be pore-
filling.

The CCT model above assumes that cement is deposited at grain contacts evenly throughout
the grain pack, and results in significantly increased velocity with cement concentration. Avseth
and Skjei (2011) note that some poorly cemented sands do not exhibit this drastic increase in
velocity, and proposed the patchy cement model to account for varying cement distributions.
This modeling strategy uses the HM model (Equations 1.3-1.4) to establish a lower bound for the
elastic moduli at critical porosity and uses CCT (Equations 1.14-1.25) to establish the upper
bound. These two boundaries are then mixed using the HS bounds (Equations 1.12-1.13) to
describe varying cement distribution and concentration. Increasing cement concentration is
captured by increasing the fraction of CCT compared to HM during mixing. Using the lower HS
bound for mixing corresponds to a soft cemented grain pack and is conceptually described as
disconnected patchy cement. While some grains are cemented together, there are no significant
continuous linkages between cemented grains and therefore the moduli are still dominated by the
grain-to-grain contacts. Using the upper HS for mixing produces a stiff cemented grain pack and
is conceptually described as connected patchy cement. In this case the cement is distributed in
such a way as to significantly contribute to the stiffness of the grain pack. These two patchy
cement distributions are conceptually illustrated in Figure 1.6. The moduli produced by this

mixing at high porosity can then be extrapolated to the zero-porosity mineral point using the
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lower HS bound as in the uncemented sand model (Dvorkin and Nur, 1996). This modeling

scheme will be used in Chapter 3 to describe ice distributed throughout lunar regolith.

Figure 1.6 Conceptual illustrations of a) disconnected patchy cement and b) connected
patchy cement distributions. Grains are yellow circles, cement is colored red. Blue lines
emphasize grains that are connected via contact cement

1.3.5 Seismic Exploration of the Moon

Seismic exploration of the Moon was attempted with the early Ranger missions, however all
of these attempts were unsuccessful due to various component failures (Lognonné and Pike,
2015). Ranger 3, 4, and 5 aimed to “rough land” a seismometer (i.e., land at a velocity of ~150
miles per hour) on the Moon in 1962, with the seismometer encased in a balsawood “survival
sphere” to remain functioning after impact. Guidance and electrical system failures caused
Ranger 3 and 5 to miss the Moon entirely. Ranger 4 successfully impacted the Moon, however a
failure in the main computer system resulted in no data being collected.

The first successful lunar seismometer was deployed as part of the Early Apollo Surface
Experiment Package (EASEP) during the Apollo 11 mission in 1969 and was followed by a
passive seismic experiment as well as multiple active seismic experiments (Nakamura, 2015;
Nunn et al., 2020). The passive seismic experiments measured seismic waves produced by
natural events like moonquakes and meteoroid impacts as well as artificial impacts from Saturn
rocket components. These measurements allow very deep (km scale) but low-resolution

investigation of the Moon’s interior compared to the active seismic experiments. For the active
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source experiments, astronauts deployed various types and sizes of explosives over a limited
study area to create seismic waves. Figure 1.7 shows astronauts Edgar Mitchell and Alan
Shepard Jr. deploying geophones along the surface of the Moon and operating the “thumper”
seismic source during the Apollo 14 mission. During both the Apollo 14 and 16 missions, three
geophones were deployed in the lunar regolith at 45.7 m intervals, and the thumper was
nominally deployed at 4.6 m intervals parallel to the line of geophones. Direct, refracted, and
surface seismic waves were recorded during these active source experiments, allowing for
seismic investigation of the shallow (<20 m) lunar crust. The data collected during these active
seismic studies were crucial to develop an early understanding of the structure of the lunar crust
(Latham et al., 1970; Toks0z et al., 1972; Kovach and Watkins, 1973; Watkins and Kovach,
1973; Cooper et al., 1974; Mark and Sutton, 1975; Gangi and Yen, 1979; Horvath et al., 1980;
Nakamura et al., 1982). Modern technology and techniques are allowing for further analysis of
these seismic data over 40 years later (Dal Moro, 2015; Sollberger et al., 2016).

Figure 1.7 Astronauts Edgar Mitchell (foreground) and Alan Shepard Jr. (background)
deploying a string of geophones near the Apollo 14 landing site. The instrument being held in the

foreground is called a “thumper,” which used small explosives to create seismic signals. Image
credit: NASA.

19



CHAPTER 2
VELOCITY MEASUREMENTS OF POWDERED ROCK AT LOW CONFINING
PRESSURES AND COMPARISON TO LUNAR
SHALLOW SEISMIC VELOCITY

2.1 Abstract

Seismic methods will be useful for future lunar near-surface characterization, and high-
fidelity elastic models will be required to aid interpretation of seismic observations. To develop
an elastic lunar near-surface model, we performed ultrasonic velocity measurements of lunar
regolith simulant at low confining pressure and developed a rock physics model calibrated to
these measurements. Grain contact models based on Hertz-Mindlin theory produce accurate
results at high confining pressure (i.e., several hundred meters or more burial depth), but
historically fail to predict observed velocities in unconsolidated media at low pressure.
Therefore, we heuristically modified existing models to fit our measured data over a range of
porosities and confining pressures. To compare with Apollo 14 and 16 active seismic
experiments, we used our new rock physics model to produce lunar subsurface velocity profiles.
We performed ray tracing through our velocity profiles to calculate seismic traveltime, which
results in good agreement with first arrivals interpreted from the Apollo seismic experiments.
Our model suggests a slightly higher dependence of velocity on pressure than inferred from in-
situ measurements that may be due to the model not capturing porosity reduction in the lunar

regolith from impact-induced and natural vibrations.

2.2 Introduction

Active source seismic experiments have been used to investigate Earth’s subsurface since the
early 1900s (Dragoset, 2005; Hubscher and Gohl, 2014), and much of what is known about how
the Earth has structurally evolved over time has come from seismic studies. Similarly, seismic
studies using controlled active sources as well as natural passive seismic sources (e.g.,
earthquakes and meteorite impacts) have revealed details of the interior structures of the Moon
and Mars (e.g., Toksoz et al., 1972; Cooper et al., 1974; Lognonné et al., 2020). While
historically the seismic studies of extraterrestrial bodies have focused on body-wide or large

features (kilometer depth scale), less work has focused on the near-surface seismic properties of
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these bodies (meter depth scale). Near-surface seismic studies are regularly employed on Earth
for geohazard detection, site characterization, and resource exploration (e.g., Galfi and Palos,
1970; McCann and Forster, 1990; Steeples, 1990; Hack, 2000; Abd EI-Aal and Mohamed, 2010;
Pegah and Liu, 2016) and may be a viable technique for similar studies on extraterrestrial bodies.
With the increase of lunar exploration activity associated with the Artemis program which may
place humans on the Moon as early as 2026, increasing our understanding of the Moon’s near
surface in terms of geotechnical safety and resource potential will be paramount for future space
development (Spudis and Lavoie, 2011; Metzger, 2016).

Seismic velocity is the speed at which a mechanical seismic wave travels through a material,
and is controlled by the elastic properties (i.e., compressive stiffness, shear stiffness, and bulk
density) of the material (see Equations 1.1-1.2). A highly dense and incompressible material will
display high seismic velocity, and a compressible porous material will display low seismic
velocity. Measuring seismic velocity and its changes with depth provides information to help
identify subsurface materials and structures. For example, a sharp change in seismic velocity
observed from the Apollo 14 active seismic data is interpreted to occur at a depth of ~8.5 m
where unconsolidated regolith overlies a much more rigid rock layer at the experiment location
(Kovach and Watkins, 1973). To offer plausible interpretations of observed seismic velocities,
we can create numerical elastic models of various subsurface scenarios to see if these models can
reproduce our velocity measurements. To create these models for the lunar near surface, we must
understand the relationships between the elastic properties of lunar regolith and properties such
as porosity and confining pressure with depth. Our laboratory measurements provide calibration
for these relationships to enable lunar near-surface seismic modeling.

This chapter focuses on laboratory ultrasonic velocity analysis of lunar regolith simulant. Our
goal is to develop a predictive rock physics model that is calibrated to laboratory velocity
measurements and is consistent with seismic velocity observed in the shallow (<10 m) lunar
regolith from Apollo seismic experiments. We achieve this by 1) conducting compressional and
shear velocity measurements of lunar regolith simulant under variable confining pressure at
constant low temperature, 2) modifying existing rock physics models to predict our experimental
velocities, and 3) forward-modeling seismic traveltimes to compare with the Apollo 14 and 16

active seismic experiments. Our data and rock physics model may be used in future studies for
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predicting the near-surface seismic response of various geotechnical and resource scenarios to

evaluate the potential effectiveness of lunar seismic exploration campaigns.

2.3 Background

Section 1.3.5 presents details regarding collection and analyses of Apollo seismic
experiments. Collating existing analyses of lunar seismic experiments (Table 2.1) yields a near-
surface (<10 m) compressional seismic velocity () of roughly 100-140 m/s and shear velocity
() of 35-100 m/s. This range of interpreted velocities reflects the difficulty in identifying the
first arrival time of seismic waves in the recorded Apollo data due to a mixture of experimental
uncertainty and data quality (Brzostowski and Brzostowski, 2009) and is up to 60% lower than
velocities typically observed in near-surface terrestrial settings (e.g., Bachrach et al., 1998; Shen
et al., 2016). Seismic velocity depends on a materials’ elastic moduli and density (Equations 1.1—
1.2); seismic waves travel faster through stiffer materials. The stiffness of a granular material is
controlled by porosity, confining pressure (i.e., grain contact force), sorting, grain size, and grain
shape (Prasad and Meissner, 1992; Zimmer et al., 2007a, 2007b), whereas grain mineralogy
appears to have negligible effect (Blangy et al., 1993). When comparing seismic velocity
observations from lunar regolith to terrestrial examples, we must also consider the reduced lunar
gravity and lack of moisture in lunar conditions. Although reduced gravity would weaken grain
contacts and lower velocity, the lack of moisture may result in higher elastic moduli and velocity
(Clark et al., 1980; Murphy et al., 1984).

Table 2.1 In-situ and laboratory seismic velocity measurements

Source Material Measurement  Pressure (m/s) Pressure
Type (MPa) Exponent

Kovach & Watkins (1973) Lunar In-situ - 104-114 -

Cooper et al. (1974) Lunar In-situ — 100-114 -

Talwani et al. (1974) Lunar Laboratory 0.1 170-250 -

Johnson et al. (1982) Lunar Laboratory 0.005 125-220 0.25-0.33

Bachrach et al. (1998) Terrestrial  In-situ - 150-180 0.33

Zimmer et al. (2007a) Terrestrial ~ Laboratory 0.1 350-750 0.2-0.25

Prasad (2002) Terrestrial ~ Laboratory 0.05 477 —

Hardin and Richart (1963) Terrestrial Laboratory 0.015 240-270 0.25
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The low near-surface seismic velocities from Apollo data are interpreted to be caused by a
layer of fine-grained regolith. This ubiquitous layer of pulverized, angular, and glassy material
with a global average depth up to ~20 m was formed by innumerable impact events over billions
of years (McKay et al., 1991). Samples of the lunar regolith as well as intact rocks were returned
to Earth for detailed analysis including ultrasonic velocity measurements (Anderson et al., 1970;
Kanamori et al., 1970, 1971; Chung, 1972; Todd et al., 1972; Mizutani and Newbigging, 1973;
Talwani et al., 1974; Johnson et al., 1982), although only a few of these studies report measured
velocities at low confining pressures (Table 2.1). Talwani et al. (1974) measured velocities at
0.1-250 MPa confining pressure (equal to 25-1400 m depth), with their low-pressure
measurements yielding  between 170 and 250 m/s from Apollo 17 samples. Johnson et al.
(1982) measured sample velocity at several pressure steps between 0.004 and 0.2 MPa,
representing the most detailed dataset of lunar regolith velocity at near-surface confining
pressures and yielding low-pressure  measurements of 125-220 m/s from Apollo 15 regolith.
The lowest pressure measurements reported by Johnson et al. correspond to a lunar depth >5 m,
and their lowest reported velocity of 125 m/s is the only velocity measurement from all studies
which explicitly agrees with the low (100-140 m/s) velocity interpreted from the Apollo active
seismic experiments. Increasing our comprehension of the elastic properties of the lunar near
surface requires a better understanding of the elastic behavior of granular materials at low
confining pressure, a topic which is relatively underexplored compared to higher-pressure
settings (Prasad et al., 2005).

Seismic velocity in granular media is sensitive to changes in confining pressure and is often
expressed by a pressure exponent. The pressure exponent describes the shape of the polynomial
relationship between seismic velocity and confining pressure. Table 2.1 illustrates pressure
exponents published for lunar and terrestrial granular media. Laboratory measurements by
Hardin and Richart (1963), Johnson et al. (1982), and Zimmer et al. (2007a) showed pressure
exponents between one-fifth and one-third at low confining pressures. These observations do not
agree with several existing contact radius models (CRMs; e.g., Mindlin, 1949; Walton, 1987),
which assume grains are equal-sized spheres and predict that velocity should vary with effective
pressure to the one-sixth power. Duffy and Mindlin (1957) showed experimentally that the
velocity-pressure dependence of metal spheres transitioned from one-fourth at low pressure to

one-sixth at high pressure, suggesting that idealized CRMs may not accurately describe low-
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pressure behavior of granular materials. Additionally, Goddard (1990) described how altering the
idealized contact geometry (i.e., a cone contacting a plane rather than two spheres in contact) can
produce a one-fourth power pressure dependence, suggesting that complex contact geometries
resulting from angular grains may be contributing to the pressure dependencies observed from
experimental data. These observations point to the inadequacy of idealized CRMs for accurately
predicting how velocity varies with confining pressure, particularly at low-pressure near-surface
conditions.

For granular media at low effective pressure, existing CRMs typically overpredict shear
velocity and an underpredict /  ratio. Prasad (2002) reported anomalously high /  ratios
in sediments at low pressure, values which are hard to reconcile with CRMs. Makse et al. (1999,
2004) discussed how the shear modulus of high-porosity granular systems violates assumptions
inherent in many CRMs which could contribute to the discrepancy between modeled and
observed velocities. While some existing contact models may be parameterized to provide an
acceptable match to observed  in some studies, a recurring observation is an overprediction of

. To account for these differences, several authors have proposed models and model
modifications that reduce tangential stiffness of the grain pack to better predict experimental
observations. Bachrach et al. (2000) proposed to extend standard HM contact theory (Mindlin,
1949) with two additional parameters that allow for fractional slip at grain contacts and correct
for grain contact area of non-spherical grains. This modeling approach has recently been used by
Caicedo et al. (2023) to describe the elastic behavior of martian regolith simulant at low pressure.
Zimmer et al. (2007a) used an empirical fit to laboratory data that relies on a void-ratio relation
and corrects for compaction. Dutta et al. (2010) focused on empirical relations between
coordination number (the average number of contacts per grain), porosity, and pressure to correct
for observed /  ratios, although one shortcoming is the need for differing coordination
numbers in the calculation of and . It should also be noted that most of these rock physics
modeling studies focused on terrestrial sands and glass beads, which may not share the same
geotechnical properties as the angular, fine-grained lunar regolith. However, these studies
provide a starting point to model the elastic behavior of granular material at low effective

pressures.
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2.4 Materials and Methods
2.4.1 Lunar Regolith Simulant

Colorado School of Mines Lunar Highlands Type 1 (CSM-LHT-1) regolith simulant was
designed and manufactured on campus at Colorado School of Mines. CSM-LHT-1G, used in this
study, is a variant which includes synthetic anorthosite-composition glass fragments. This
simulant is designed to mimic the composition and geotechnical properties of the lunar highlands
regolith which was encountered at the Apollo 16 landing site. Particle size analysis was
performed for CSM-LHT-1G and two Apollo 16 regolith samples, shown in Figure 2.1a. CSM-
LHT-1G and Apollo sample 64501 display very similar grain size distributions, while sample
67461 displays a slightly coarser grain size distribution. Overall distribution shapes for Apollo 16
samples and CSM-LHT-1G are similar, with mode grain sizes between 350 and 590 um. In
Section 2.7.1 we compare our collected velocity data to laboratory measurements by Johnson et
al. (1982) from sample 15301 of Apollo 15. The grain size distribution for sample 15301
reported by Graf (1993) is presented in Figure 2.1b along with our CSM-LHT-1G data binned to
match the reported sieve sizes, showing an overall finer distribution from sample 15301. Figure
2.2 shows the variety of grain sizes and morphologies of CSM-LHT-1G.

Mineral phase analysis identified the volume distribution of individual minerals contained
within CSM-LHT-1G. Plagioclase feldspar is the dominant mineral phase present, and together
with augite and anorthosite glass represents 88% by volume. Table 2.2 lists the primary mineral
constituents along with their elastic properties reported from various sources. The effective
mineral (i.e., a theoretical mineral representing the average of the mineral constituents) was

calculated using a Voigt-Reuss-Hill average (Mavko et al., 2020).

2.4.2 Average Grain Density

Average grain density of the regolith simulant is required for accurate porosity estimation of
samples. We determined average grain density using a helium pycnometer with a reported
accuracy of 0.03% of the measured reading. Individual sample mass was relatively low (10-14
g); therefore, grain density measurements were taken on 18 separate samples to capture any
potential sample variability. Grain density measurements ranged between 2.83 and 3.04 g/cm?®
with a mean of 2.98 g/cm?®, which is in excellent agreement with pycnometer measurements of
Apollo fines (Anderson et al., 1970).
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Table 2.2 Elastic properties of CSM-LHT-1G dominant mineral phases.
Constituent Volume Bulk Shear Density Reference
Fraction Modulus Modulus (g/cm®) (m/s) (m/s)
(GPa) (GPa)

Plagioclase 0.573 84.2 39.9 2.73 7094 3823  Hearmon (1984)

Augite 0.158 95.0 59.0 3.26 7298 4254  Bass (2013)

Glass 0.15 69.2 38.7 2.69 6701 3792  Wang (1989)

Biotite 0.05 59.7 42.3 3.05 6169 3724  Mavko et al. (2020)

Quartz 0.03 37.9 44.3 2.65 6049 4088  McSkimin et al.
(1965)

Olivine 0.024 130.0 80.0 3.32 8443 4908  Carmichael (1989)

Chlorite 0.007 164.3 81.9 2.84 9813 5370  Wang et al. (2001)

Muscovite  0.006 58.2 41.1 2.79 6364 3838  Vaughan &
Guggenheim (1986)

Calcite 0.002 76.8 32.0 2.71 6639 3436  Simmons & Wang
(1971)

Effective  — 80.9 43.5 2.98 6827 3819 -

mineral
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Figure 2.1 a) Grain size distributions measured from CSM-LHT-1G and Apollo 16 samples
64501 and 67461. b) Grain size distributions of CSM-LHT-1G simulant and lunar regolith
sample 15301 from Apollo 15 (Graf, 1993). Data for sample 15301 was converted to volume
percent assuming uniform particle density.
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Figure 2.2 Optical microscope image of CSM-LHT-1G illustrating an assortment of grain
shapes and sizes. Each black scale division is 100 pm. Dark green grains are anorthosite glass.

2.4.3 Experimental Configuration

We designed and constructed an experimental apparatus to determine compressional and
shear velocity of unconsolidated granular media at low confining pressure by measuring the
ultrasonic time-of-flight through the material (Birch, 1960). Figure 2.3 shows the experimental
configuration. The three primary components of the apparatus are the sample holder, contact
transducers, and the sample chamber. The sample holder consists of two precision-milled
aluminum end plates connected by steel dowels that serve to support and align the transducers
via recesses milled into each plate. The upper plate slides freely along the steel dowels, allowing
for easy loading and unloading of transducers and samples within the holder. Additionally, the
upper plate was designed with minimal mass, resulting in very low confining pressure (0.005

MPa) being applied to the sample under vertically-oriented static conditions.
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Figure 2.3 Experimental setup inside freezer. Two transducers (A) are held in a vertical
orientation separated by the sample chamber (B) and secured by the sliding end plate (C).
Calibration masses (D) were placed on top of the sliding end plate to increase confining pressure
applied to the sample.

Two pairs of ultrasonic transducers were used in this analysis: Olympus V601 compressional
transducers and V151 shear transducers. Both sets of transducers were constructed with 500 kHz
piezoelectric crystals with a nominal element size of 2.5 cm. Vinyl tubing with an inner diameter

of 3.3 cm was used for the sample chamber, which fit snugly around the 3.2 cm diameter face
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plates. The upper edge of the vinyl sample chamber was beveled to ensure the upper transmitting
transducer was only in contact with the granular sample.

Friction between the sliding upper plate and steel dowels was assumed to be negligible since
the guide holes in the upper plate were milled 1 mm larger than the diameter of the dowels. The
confining pressure being applied to a sample within the sample chamber was calculated based on
the surface area of the transducer element in contact with the sample as well as the weight being
applied above the transducer element. Combining the weight of the transducer and the upper
plate, the calculated baseline confining pressure is 0.005 MPa. By adding calibration masses on
top of the upper plate, experimental pressure steps up to 0.08 MPa were achieved. The precise
pressure applied to samples was not calibrated due to equipment and environmental limitations;
future improvements to this work should include precise calibration for confining pressure.

Figure 2.4 shows compressional velocity measurements at fifteen-minute intervals as pressure
was applied to a sample. Some velocity measurement scatter is likely related to human error in
velocity picking (note the decrease in velocity for step P3-t45, which may represent a ~1.5%
human pick error), but it is evident that most of the velocity increase with pressure occurred
within the first fifteen minutes under applied pressure. This implies that porosity reduction of
CSM-LHT-1G occurs relatively quickly under applied pressure. Overall, the velocity
measurements appeared stable by 60 minutes, which was the stabilization time allowed between
measurements. For each sample that was measured under variable pressure, the pressure was
incrementally increased as seen in Figure 2.4. Velocity measurements were not taken during
pressure unloading, however this should be pursued in future work to calibrate how compaction
history may affect regolith velocity. Due to the length of time required to make velocity
measurements over our full pressure cycle, many more velocity measurements were taken at our
baseline pressure of 0.005 MPa to evaluate the velocity impact of porosity variation at static
pressure.

The entire experimental apparatus was kept inside a large walk-in freezer with a nominal
temperature of -26 °C. Freezing conditions were not strictly required for the measurements
presented in this chapter but were driven by additional experimental goals discussed in Chapter
3. Coaxial cables connected the transducers to a pulse generator and Tektronix TDS 3014B
oscilloscope located outside of the freezer.
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Figure 2.4 Compressional velocity versus time under variable confining pressure. Each step
along the horizontal axis is labeled with the confining pressure as well as the time in minutes
under that applied pressure (e.g., P2-t15 was taken after 15 minutes under 0.03 MPa). Note that
velocity appears stable after sixty minutes under each pressure level.

2.4.4 Sample Preparation

CSM-LHT-1G simulant was vacuum dried for 24 hours and then stored in an airtight
container within the walk-in freezer, minimizing any moisture within the samples. Simulant was
loaded into the sample chamber using three methods to create porosity variation between
samples: 1) gentle air pluviation for high relative porosity, 2) lightly tamping the sample for
medium relative porosity, and 3) heavily tamping and tapping the sample for low relative
porosity. This process resulted in sample porosities of ~36-49%.

The mass of each sample was recorded using a digital balance with 0.01 g readability.
Measurement drift of >1 g over 30 minutes was observed due to the low temperature

environment affecting the balance, so efforts were made to warm the equipment between sample

31



measurements. The transducers and sample chamber were loaded into the sample holder, with
sample compaction minimized by ensuring gentle contact of the upper transducer and plate.
Sample length was recorded using a digital caliper with <0.2 mm error which was determined by

using a calibration block.

2.4.5 Porosity Determination

We calculated average porosity () for each measurement sample as follows:
1
=1-(— —) (2.1)

where is the sample mass, is the sample volume, and IS the average grain density.
Porosity values presented throughout this study are calculated using an average grain density
value of 2.98 g/cm?. In Section 2.4.2 we reported that average grain density measurements of
CSM-LHT-1G ranged between 2.83 and 3.04 g/cm?, which would result in ~+2% porosity
uncertainty.

While the maximum calculated sample porosity was 49% after minor compaction at 0.005
MPa, a value of 66% porosity was reported using the helium pycnometer under completely
uncompacted conditions. The higher value from the pycnometer also includes a small amount of
sample headspace which would artificially increase the porosity measurement. These values
provide bounds for the critical porosity, which is the crossover point above which a granular
material behaves like loose suspended particles within a fluid (Nur et al., 1995). For this study, a
critical porosity value of 60% was chosen, which is above the average estimated porosity of 50—

54% for the upper 15 cm of the lunar subsurface (Carrier et al., 1991).

2.4.6 Velocity Determination

Compressional and shear wave first arrivals were manually determined for each measurement.
Compressional first arrivals were determined by selecting the time at which the recorded signal
begins to deviate from zero amplitude. The first arrivals from shear measurements are more
difficult to identify due to contamination from preceding compressional waves and were
determined by locating a slope change or start of a perceived interference pattern that denotes the
onset of the shear wave. Due to this increased ambiguity of the shear first arrival, the error for

shear wave picking is estimated to be up to 10% as opposed to compressional pick error up to
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5%. Figure 2.5 illustrates representative examples of compressional and shear waveforms. We
measured the system delay time by placing the transducer elements in direct contact and
identifying the first arrivals. The system delay time was then subtracted from the total measured
delay time from the manual picks, which combined with the measured sample length yields the
velocity of the sample.

2.5 Experimental Results

Amos et al. (2023) provide compressional and shear velocity data as well as the recorded
waveforms used in this analysis. It should be noted that compressional and shear velocity
measurements were not taken on identical samples due to experimental constraints, therefore the
exact porosity values vary between the two measurement sets. Notably, porosity values down to
36% were achieved during compressional measurements, whereas the lowest porosity value for
shear measurements was 40%.

Both the compressional and shear velocity show clear porosity and pressure trends (Figure
2.6); velocity increases with decreasing porosity or increasing pressure. Some measurement
scatter exists due to irreducible heterogeneity between samples, and may be due to the unique
packing structure of each sample (Zhai et al., 2020). Although each pressure step represents a
consistent pressure increase of 0.025 MPa, velocity does not linearly increase with confining
pressure and instead shows a diminishing pressure dependence as pressure is increased. In other
words, a significant velocity gradient should be observed over our depth of interest (< 10 m). As
confining pressure was increased from 0.005 to 0.08 MPa, porosity was reduced by 1.5-4.5%
(absolute), and porosity reduction was directly proportional to initial porosity of the sample (i.e.,
samples with higher initial porosity tended to show a larger porosity reduction with pressure).
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Figure 2.5 a) Compressional and b) shear waveforms under variable confining pressure. Note
the very low amplitude values at 0.005 MPa make these waveforms hard to discern when
compared to higher pressure measurements.
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measurements were taken on different individually-prepared samples, resulting in the




2.6 Rock Physics Modeling

As previously discussed, established CRMs struggle to predict velocity of granular materials
at low confining pressure (Bachrach et al., 2000; Zimmer et al., 2007a). Figure 2.7 illustrates a
select few of these models and how they compare to our lowest pressure (0.005 MPa) velocity
measurements. The HM model (Equations 1.3-1.4) with no grain slippage agrees with only a few
of the measured bulk moduli values around 40% porosity, however most of the data as well as
the data trend are not captured. This model also severely overpredicts the shear modulus, leading
to overpredicting both  and . The modified CRM model proposed by Bachrach et al. (2000)
(Equations 1.10-1.11; hereafter referred to as the Bachrach model) agrees with the bulk moduli
measurements above 40% porosity, but overpredicts shear modulus, ,and , even with a high
reduction in shear stiffness of the material compared to the HM model. This mismatch was not
observed by Caicedo et al. (2023) who used the Bachrach model to describe martian regolith
simulant, perhaps due to the larger rounded grains used in their study. The uncemented sand
model (Dvorkin and Nur, 1996) shown in Figure 2.7 has been modified to use the effective
moduli from the Bachrach model at critical porosity, which agrees with measured bulk moduli
above 40% porosity but again overpredicts shear modulus, ,and . Although a moderate
model fit can be achieved to our  measurements or bulk modulus by adjusting input parameters
such as grain contact radius and coordination number, the combination of bulk modulus, shear
modulus, ,and is not matched by any existing CRM.

While the uncemented model does desirably trend to the mineral moduli point at zero porosity
(a robust model should honor the solid mineral moduli), the measured bulk modulus shows an
increasing (i.e., stiffening) trend below ~40% porosity which is not captured by the model.
Preparing samples below 40% porosity required heavy tamping and tapping, possibly resulting in
the emergence of force chains which would stiffen the grain pack (Peters et al., 2005). A similar
compacting effect may be caused in the lunar regolith by impact-induced vibrations, evidenced
by bulk density in the upper 3 m of the lunar subsurface being higher than anticipated based on
self-compaction (Carrier et al., 1991). We expect porosity values above 25% in the lunar near
surface (Carrier et al., 1991), so capturing this stiffening behavior is critical for our model.
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Figure 2.7 Elastic moduli (a, b) and velocities (c, d) of select rock physics models versus our
model. Black circles are from our lowest pressure (0.005 MPa) measurements. Variable
agreement is observed between models and measurements for bulk modulus (a), however our
model provides a significantly improved match to the observed shear modulus (b) and velocities
(c, d).

Observing that existing contact radius models do not effectively capture our measured data
(namely shear modulus), a new independent method is needed to model elastic properties of
lunar regolith simulant. To this end, we have developed a new workflow that draws from existing
models and makes heuristic modifications to fit our data. Our approach addresses model

inaccuracies due to uncertainty in CRM input parameters and model assumptions, and
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specifically corrects for our observed low shear modulus values. Additionally, we introduce a
model modification to account for the sharp increase in velocity observed below 40% porosity.
We accomplish this by adopting the modified CRM model from Bachrach et al. (2000) which
adequately describes bulk modulus above 40% porosity, adopting a gradual isoframe model
approach (Fabricius, 2003) to capture the stiffening trend below 40% porosity, then calculate
shear modulus based on our modeled bulk modulus coupled with Poisson’s ratio observations
from our measured data. We then calculate shear modulus based on our modeled bulk modulus
and Poisson’s ratio observations from our measured data as:
3 -6
e (2.2)
where is bulk modulus, is shear modulus, and is Poisson’s ratio. We can then calculate
and  from our modeled effective moduli and bulk density (Equations 1.1-1.2).
Specifically, our rock physics modeling approach is as follows:

1. Use the Bachrach model to calculate the effective moduli at critical porosity
(Equations 1.10-1.11).

2. Fitting a lower Hashin-Shtrikman (HS) bound to this critical porosity point,
calculate the effective bulk modulus as porosity is reduced to a point we term the
transition porosity (Equations 1.12-1.13).

3. Below the transition porosity, calculate the effective bulk modulus based on a
gradual trend from the HS lower bound at the transition porosity to the HS
modified upper bound at zero porosity (Equations 1.12-1.13).

4. Calculate a fitting function between the grain Poisson’s ratio at zero porosity and
the measured Poisson’s ratio at experimental porosity.

5. Use the Poisson’s ratio fit function with the modeled bulk modulus to calculate
the shear modulus (Equation 2.2).

6. Repeat steps 1-5 for each experimental pressure step.

7. Based on the results from Step 6, calculate a fitting function to describe how
Poisson’s ratio varies with pressure.

This procedure produces a model which is calibrated to experimental observations and
describes elastic behavior over a range of porosities and confining pressure. Figure 2.8 shows the
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results of this modeling approach against our measured data which adequately captures the
observed moduli and velocities, including the observed increase in compressive stiffness below
the 40% transition porosity. Due to experimental limitations, the shear modulus is not calibrated
below this transition porosity.

With respect to the Poisson’s ratio fitting function, our objective is to estimate Poisson’s ratio
with respect to porosity and pressure. We calculate Poisson’s ratio from our measured data at
42% porosity (average porosity from all pressure steps) and calculate a fitting function between
the effective grain Poisson’s ratio at zero porosity and the calculated Poisson’s ratio at 42%
porosity (Figure 2.9a). At every pressure step, the observed Poisson’s ratio is higher than the
theoretical Poisson’s ratio from the HM model (~0.33). Similarly high Poisson’s ratio values
were observed by Stesky and Renton (1977) and Talwani et al. (1973) at low pressures. To
interpolate between the grain and experimental Poisson’s ratios, we chose a sigmoid fitting
function under the assumption that elastic properties of the grain pack may not change rapidly at
very low or very high porosity. Next, we fit a root function to the calculated Poisson’s ratio
values with respect to pressure (Figure 2.9b). This allows us to calculate a “target” Poisson’s
ratio at pressures not sampled in this study to use for fitting the sigmoid function. These two
calibrated fitting functions allow for continuous estimation of Poisson’s ratio with respect to
porosity and pressure. Using Equation 2.2, we can calculate shear modulus from the modeled
bulk modulus and estimated Poisson’s ratio. By relying on observed Poisson’s ratio values to
calibrate our fitting function, we are able to match the low measured shear modulus values while
keeping our modeled shear modulus coupled with our modeled bulk modulus. This results in
rational /  ratio values over a wide porosity range (Figure 2.8e).

Implications of this model may be more readily understood by considering the /  ratio
(Figure 2.8e). At low pressure and high porosity, the /  ratio is high (up to 4.5) and reduces
to the mineral /  ratio at zero porosity. As confining pressure is increased, there is a non-
linear decrease inthe /  ratio. This implies that tangential stiffness increases more rapidly

with confining pressure than normal stiffness.
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Figure 2.8 Elastic moduli and velocities of our rock physics model (lines) versus
measurements (points) under variable confining pressure. Our model provides a good fit to
measurements for bulk and shear moduli (a, b) aswellas and (c,d). / ratio (e) and
Poisson’s ratio (f) are calculated using  data and a least-squares polynomial fitto  data since
both and measurements could not be taken from identical samples.
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Poisson’s ratio at 42% porosity under variable confining pressure, b) Root function fit to the
observed Poisson’s ratio at 42% porosity versus confining pressure.

2.7 Discussion

We now compare our model that was calibrated with lunar regolith simulant to reported

velocity from both laboratory and in-situ experiments from the Apollo program.

2.7.1 Comparison with Apollo Regolith Samples

Figure 2.10 shows  data we estimated from published figures in Johnson et al. (1982) along
with our modeled . While porosity was not reported by Johnson et al. (1982), using an average
grain density of 3.0 g/cm? along with their reported initial and final bulk densities suggests that
their experimental porosities ranged from 37-57%. Our ~ model and measurements at roughly
42% porosity are slightly higher than most  values reported by Johnson et al., however there is
some agreement at both low and high pressures. No clear initial bulk density dependence is
observed in the Johnson et al. (1982) measurements, but some hysteresis is observed based on the
compaction history of the sample; the points representing the pressure unloading cycle (solid
symbols) are generally higher than measurements from the pressure loading cycle (unfilled
symbols). This hysteresis leads to these data displaying a variable pressure dependence based on
compaction history. Although there is considerable variability in velocity versus pressure, the

data are generally explained with pressure exponents between 0.25 and 0.33. Our estimated

41



pressure exponent for  is 0.2, which is slightly lower than observed from the Johnson et al.
(1982) data.

Prasad and Meissner (1992) observed that effective elastic moduli decreased with decreasing
grain size and increasing grain angularity. The grain size distribution of Apollo sample 15301
(Graf, 1993) used in the Johnson et al. study is shown in Figure 2.1b alongside the CSM-LHT-
1G grain size distribution. Sample 15301 appears more heavily weighted to finer grain sizes
compared to CSM-LHT-1G, which likely contributes to the lower  observed by Johnson et al.
(1982) compared to our measurements. Detailed grain shape analysis was not available at the
time of this analysis to determine if shape could be a contributing factor to the velocity
discrepancy observed between CSM-LHT-1G and lunar regolith but should be considered in
future studies.

Velocity data measured by Talwani et al. (1974) at atmospheric pressure is also presented in
Figure 2.10. The reported  generally agrees with measurements reported by Johnson et al.
(1982) but is slightly higher than our ~ model. s slightly higher than found in this study but
appears to agree with modeled  from Zimmer et al. (2007a). However, samples from Talwani
et al. (1974) were prepared and measured at ambient humidity conditions, likely allowing a small
amount of adsorbed moisture within the grain pack. This moisture may increase the cohesion
between grains which in turn may stiffen the grain pack at low confining pressure, although
studies on consolidated rocks show that adsorbed moisture lowers the effective moduli (Clark et
al., 1980; Murphy et al., 1984). The effect of adsorbed moisture on the moduli and velocity of
unconsolidated media is an underexplored and important topic that should be addressed in future
work.

Another potential contributing factor to the observed velocity discrepancy between our
measurements and those of Johnson et al. (1982) and Talwani et al. (1974) is experimental error.
It was observed that the vinyl sample chamber became very stiff under our cold experimental
conditions, potentially providing a low-loss medium with a higher velocity than the CSM-LHT-
1G sample. This could result in an inaccurately high measured velocity if the ultrasonic waves
refracted along the sample chamber. Additional experimental configurations and materials should

be included in future work to test this hypothesis.
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Figure 2.10 Modeled and  versus pressure at a constant 42% porosity.  measurements
of lunar regolith from Johnson et al. (1982) are shown by black symbols corresponding to their
initial bulk density (square=1.29 g/cm3, triangle=1.39 g/cm3, circle=1.53 g/cm3). Velocity
measurements of lunar regolith from Talwani et al. (1974) are shown by colored diamonds,
velocity measurements of terrestrial sands from Prasad (2002) are shown with colored squares.
and calculated from equations given in Zimmer et al. (2007a) for dry terrestrial sands are

shown by dashed lines.
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We compare these velocity results of actual and simulated lunar regolith to measurements of
dry terrestrial sands in Figure 2.10. Our  measurements and resulting model agree with several
low pressure measurements by Prasad (2002), although there is a group of measurements at
roughly 0.8 MPa that falls below our modeled velocity. This reduced velocity is attributed to
higher grain angularity in these samples, suggesting that our model provides a closer match to
sands with rounded grains at pressures higher than our experimental range. Our modeled
agrees with Prasad (2002) above 0.6 MPa. We also compare  and  calculated with equations
from Zimmer et al. (2007a) which shows close agreement to our modeled  but higher velocity
than our modeled . CSM-LHT-1G contains finer and more angular grains than sands measured
by Zimmer et al. (2007a) which would reduce the shear stiffness of the grain pack and produce

our lower observed shear velocities.

2.7.2 Depth Profile Modeling

Our model can be used to calculate 1D velocity versus depth profiles for estimated lunar near-
surface conditions. Key inputs to create these velocity profiles are density, porosity, and pressure
profiles with depth.

Bulk density has been measured from several core samples that were retrieved during the
Apollo program (Carrier et al., 1991), but no density calibration exists deeper than 3 m. In-situ
bulk density is relatively poorly constrained due to sample disturbance from the coring and
transportation process, however Carrier et al. (1991) offer two equations to relate bulk density

( ) to depth () given the range of available core measurements:

()=19 21—1122 (2.3)
()=1390056 (2.4)

Additionally, the studies compiled by Carrier et al. (1991) provide a range of regolith grain
density between 2.9 and 3.24 g/cm?®. Combining these two bulk density equations with the grain
density range, we can calculate a range of porosity values with depth using Equation 2.1 (Figure
2.11a). Our measured bulk density values are slightly lower than those estimated by these depth-
density relationships, suggesting that in-situ lunar regolith may be more compacted at a given

depth/pressure than our measured samples. Lastly, we calculate confining pressure with depth as:
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()=12 (2.5)
0

where is lunar acceleration due to gravity (1.625 m/s?) and is the depth-dependent bulk

density.
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Figure 2.11  a) Calculated bulk density, porosity, and confining pressure profiles. Experimental
bulk density and porosity are shown by horizontal bars at their respective confining pressure
(depth), b) Vertical and  velocity ranges from our rock physics model. A one-sixth power
velocity-depth fit to Apollo  first arrivals from Martella et al. (2022) is illustrated by the black
dashed line, ¢) Computed average velocity profiles.
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Using these density, porosity, and pressure profile ranges, we use our rock physics model to
calculate 1D instantaneous and  profiles with depth, shown in Figure 2.11b to a depth of 25
m. To compare with published average velocity values interpreted from the Apollo active seismic
experiments, we compute average velocity profiles (Figure 2.11c) from these instantaneous
velocity profiles. Much of our average  and  ranges agree with the 100-140 m/s and 35-100
m/s ranges interpreted from Apollo experiments. It is important to note that our experimental
conditions only produced one group of measurements at a confining pressure equivalent to being
within the upper 10 m of the lunar surface, and our model is uncalibrated at pressures shallower
than 7 m depth equivalent. Future work should attempt to calibrate velocity under these

extremely low confining pressures to better predict very near-surface seismic velocity.

2.7.3 Comparison with Apollo Seismic Experiments

To further evaluate our model, we used the open-source pyGIMLI package (Rucker et al.,
2017) to builda2D  profile based on our velocity-depth relations and simulate the Apollo 14
and 16 active seismic experiments. Calculating the shortest traveltime path through this ~ model
(Moser, 1991) allows us to compare simulated first arrivals to those interpreted from Apollo
seismic records. Although the regolith mineralogic composition was different at the Apollo 14
and 16 landing sites, Blangy et al. (1993) notes that mineralogy is not a dominant factor in elastic
moduli of poorly consolidated material. This observation coupled with relatively similar seismic
velocity interpreted at both landing sites lends confidence that mineralogy differences within the
regolith are not a main contributing factor to any seismic velocity variation in the near surface.

To build our  profile, we assume a uniform layer of regolith with depth-dependent velocity
overlying a layer with a constant higher velocity (~300 m/s). Thickness of the lunar regolith layer
estimated from in-situ seismic measurements at Apollo 14 and 16 landing sites ranges from
roughly 9to 12 m (e.g., Cooper et al., 1974; Horvath et al., 1980) and is treated as an uncertainty
in our model. For the seismic receivers, three geophones are simulated with 45.7 m spacing as in
the Apollo experiments. We simulated a very dense shot spacing to produce a continuous
estimation of first arrivals versus distance between shots and receivers (offset). Figure 2.12
illustrates the shortest raypaths through our ~ model between a single seismic shot and the three
receivers. Note the curved raypaths through the shallow regolith layer as well as the refracted

raypath at the top of the deeper constant-velocity layer.
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Figure 2.12 profile of the lunar near surface produced using our rock physics model. Black lines illustrate the shortest seismic
raypath between the seismic source and the three receivers. The displayed configuration would be representative of shot 5 from the
Apollo 16 seismic survey. Note the horizontal refracted raypath along the top of the second layer at 12 m depth.
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Martella et al. (2022) presented an analysis of the Apollo 14 and 16 active seismic data which
is compared against our simulated first arrivals (Figure 2.13). The best match between our
modeled range of  and first arrivals from Martella et al. comes from our slowest  model.
This velocity model results in slightly larger traveltime (lower average velocity) at short offsets
and slightly lower traveltime (higher average velocity) at further offsets, however our model
appears to be in overall good agreement with interpreted Apollo data. This same trend can be

observed in Figure 2.11c.
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Figure 2.13 first arrivals from our velocity model (blue) versus interpreted first arrivals

from Apollo 14 and 16 (gold) from Martella et al. (2022). Black dotted lines represent average
velocity bounds of 100-140 m/s for the regolith layer, the vertical black line represents the
maximum horizontal offset distance associated with first arrivals of the regolith based on our
velocity model. Our model is in good agreement with interpreted Apollo shallow velocity but
displays a lower average  over the first several m horizontal offset and underpredicts refracted

first arrivals from the deeper layer.
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A ~0.17 depth exponent provides the best fit to first arrival data from Martella et al. (2022),
whereas our calibrated rock physics model yields depth exponents of 0.42-0.45 under our
estimated lunar subsurface conditions. This is different than our previously mentioned pressure
exponent of 0.2 since pressure does not increase linearly with depth in our lunar subsurface
model due to porosity reduction. The difference between  depth exponents from our model and
interpreted Apollo data suggests we are overestimating the pressure dependence of velocity in the
near surface. Previous studies have shown a reduced pressure dependence in unconsolidated
sands that had been previously loaded under pressure (Vega et al., 2006; Zimmer et al., 2007a),
suggesting that irrecoverable porosity reduction may lower the pressure dependence of a grain
pack. Additionally, Figure 2.11a shows that our experimental porosity range at 0.005 MPa (~7 m
depth) is mostly higher than the estimated lunar subsurface conditions, suggesting that our
measurements taken during sample loading represent porosities higher than anticipated for the
lunar near surface. While there does not appear to be a feasible mechanism to bury lunar regolith
at high pressure/depth and then exhume this regolith to the surface in an intact state, it has been
observed that the shallow lunar regolith displays higher relative density than can be explained by
compaction from self-weight alone and may be caused by repeated impact events and natural
seismic quakes (Carrier et al., 1991). Such a densification would result in a similar reduced-
porosity grain pack as pressure cycling and could reduce  pressure dependence in the near-
surface regolith. Future studies should include additional porosity reduction techniques and
velocity measurements during pressure unloading to further calibrate the velocity-pressure
dependence of simulated lunar materials.

Another potential source of discrepancy between our model and Apollo data is moisture.
Although the velocity measurements used to calibrate our model were made on vacuum-dried
samples, any remaining moisture on grain surfaces may impact the recorded velocity (e.g.,
Lisabeth et al., 2023). Previous studies have shown that extensive outgassing procedures to
remove adsorbed volatiles from rock samples results in seismic quality factor measurements in
agreement with Apollo seismic data (Tittmann et al., 1974; Tittmann, 1977); such extensive
procedures were not used in this study. Future work should focus on the effect of low moisture
content in regolith simulant to quantify any moisture-induced discrepancy between laboratory

and lunar in-situ data.
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2.8 Conclusions

We developed a rock physics model to describe the elastic behavior of fine-grained lunar
regolith simulant at variable porosity and confining pressure and calibrated this model with
laboratory ultrasonic velocity measurements. Forward-modeling seismic traveltime using our
velocity-depth relations yields a good agreement with observed Apollo near-surface seismic
velocity. While our observed velocity-pressure dependence agrees with other published studies
on unconsolidated sands, we note a slight difference in pressure dependence compared with
interpreted Apollo first arrivals. This difference in pressure dependence may be due to porosity
reduction in the lunar regolith caused by vibrations from impact events.

Future work may focus on improving our experimental technique and conditions, such as
testing the effect of apparatus materials on velocity measurements at low temperatures, exploring
additional porosity reduction procedures, and performing measurements at even lower confining
pressures to calibrate elastic properties of regolith at <7 m depth equivalent. Additional analysis
and comparison of CSM-LHT-1G characteristics (e.g., grain angularity) versus Apollo regolith
samples may yield further insight into any observed velocity discrepancies. Experimental errors
should also be analyzed and propagated through to the rock physics modeling results to
understand the velocity uncertainty associated with this model.

Finally, our current calibrated rock physics model provides a level of confidence by producing
a good agreement with observed Apollo seismic velocities. The following work will focus on
perturbing this model to predict seismic velocity under varying conditions; i.e., with varying

water ice concentrations and textures mixed with regolith.
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CHAPTER 3
VELOCITY MEASUREMENTS OF ICY POWDERED ROCK WITH IMPLICATIONS FOR
SEISMIC RESOURCE EXPLORATION ON THE MOON

3.1 Abstract

Although water ice has been detected near the lunar poles, little is known about ice
concentration and properties at small (1-10 m) scales. To create an economically viable
extraction and production plan for water ice resources, we must characterize near-surface ice
concentration and distribution at these small scales. Geophysical methods that can be deployed
on the Moon’s surface, such as seismic surveying, could supply some of this information for
future lunar mine planning. To improve our understanding of how water ice may affect data from
lunar seismic surveying, we performed laboratory ultrasonic measurements of lunar regolith
simulant with variable amounts of granular and cementing ice. These measurements were
performed under variable confining pressure (0.005-0.08 MPa) and constant low temperature (-
26 °C). We used these measurements to calibrate a rock physics model to predict seismic
velocity as a function of porosity, pressure, ice concentration and ice texture. Our results show
that seismic velocity increases with ice concentration, and this increase is roughly 20 times
higher for cementing ice than for granular ice. Our model can be used in future studies to predict
how effective seismic methods may be for detecting and characterizing subsurface lunar ice

deposits with varying ice properties and geologic complexity.
3.2 Introduction

Near-surface seismic studies coupled with other geophysical methods like ground-penetrating
radar (GPR) represent our best tools for investigating the lunar near-surface at the meter scale.
Recent missions have deployed rover-mounted GPR on the lunar surface (Fang et al., 2014; Li et
al., 2020); however, lunar active source seismic studies have not been attempted since the Apollo
era. Because different geophysical methods respond to different physical properties, to robustly
characterize the lunar subsurface we need to combine multiple measurement types. For example,
seismic wave propagation is highly sensitive to the mechanical compressibility of a material
while GPR is not, making seismic uniquely suited to determine whether the lunar soil is

cemented with ice. To determine how effective seismic studies may be for activities like lunar
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near-surface resource exploration, we must create plausible models of the subsurface elastic
properties (i.e., compressive stiffness, shear stiffness, and bulk density) of lunar soil with
variable resource concentrations and textures. Here we present experimental data used to develop
and calibrate such models for lunar water ice resources.

This chapter focuses on laboratory ultrasonic velocity analysis of lunar regolith simulant with
variable ice concentration and texture. We build on the work presented in Chapter 2 to construct
a predictive rock physics model that describes compressional and shear seismic velocity for
shallow (<10 m depth) icy lunar regolith. Our predictive model is sensitive to porosity, confining

pressure, ice concentration, and ice texture.

3.3 Background

Reducing uncertainty around the texture and concentration of lunar ice will require high-
resolution surface-based measurements, such as the spectroscopic and drill measurements
planned for NASA's Volatiles Investigating Polar Exploration Rover (VIPER; Colaprete et al.,
2019). Additional geophysical measurement methods such as electrical resistivity, GPR, and
seismic may also offer significant utility for determining the spatial and depth distribution of
subsurface ice, especially below the 1 m depth limit of VIPER’s drill and instruments. A
thorough resource exploration campaign would combine multiple measurement types because
any one measurement will have time, cost, or technical limitations. For example, measurements
from drilling a borehole into the subsurface would provide high-fidelity information about ice
texture and concentration at the drill location, but it can be challenging to extrapolate this
information over a large spatial area without the help of geophysical surveys. GPR surveys may
be collected relatively fast over a large spatial area compared to seismic methods, providing
extrapolation of ground-truth data from boreholes. However, GPR cannot distinguish between
granular or cementing ice mixed with regolith. Since seismic waves are sensitive to stiffness,
seismic methods would be invaluable for determining whether a subsurface ice deposit is in the
form of a loose, unconsolidated media or a cemented block. This information would help
calibrate geologic models of ice emplacement and distribution (e.g., Cannon and Britt, 2020)
providing missing information to help determine the economic viability of extracting and using
lunar water ice and enabling new cislunar economic opportunities (Carpenter et al., 2016;
Kornuta et al., 2019).
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To address the current knowledge gap of how seismic experiments may respond to near-
surface lunar ice, recent studies have focused on characterizing the elastic properties of icy lunar
regolith simulant. Laboratory measurements by Tsuji et al. (2023) showed a ~100% increase in
shear velocity () with 1 wt.% cementing ice. Lisabeth et al. (2023) studied the effect of
moisture content on ultrasonic velocity as granular samples were cycled between freezing and
room temperature. Their study showed a ~200% increase in measured velocity with 3 wt.%
cementing ice. Kunimasu et al. (2023) performed finite element analysis using a 3D computed
tomography model of regolith simulant with ice numerically precipitated within the pore space.
Based on their simulations, these authors proposed empirical relationships to calculate ice
fraction from compressional velocity () and , however these relationships were only
modeled up to 5 wt.% ice. Depending on how ice was distributed within the pore space, modeled

increased by 140-185% while modeled  increased by 150-200% with 5 wt.% ice. The
larger increase in  compared to  is indicative of the increased sensitivity of the shear
modulus to cement at grain contacts, especially at high porosity and low effective pressure.

Several studies have also investigated the effect of freezing on seismic velocity of terrestrial
granular materials. Zimmerman and King (1986) studied seismic wave speed in unconsolidated
permafrost as a function of porosity and degree of melting, and reported a nonlinear increase in
velocity as liquid water transitioned to solid ice. Park et al. (2014) analyzed seismic velocity in
sand-silt mixtures at variable water saturation and temperature. Although the authors did not
report a comparison with fully dry conditions, they found a substantial drop in Poisson’s ratio as
samples were cooled below 0 °C that varied with ice concentration. Dou et al. (2016) studied
how  changes with ice saturation and salinity in sands and permafrost. The authors reported a
monotonic increase in  with increasing ice saturation and noted that their data could not be
explained by either a purely cementing or purely pore-filling model of ice distribution. We point
out that none of these studies treat ice as load-bearing discrete grains or with patchy saturation
distributions. These studies were also interested in how seismic velocity changes as the water
phase changes from liquid to solid, something of less interest for lunar studies since liquid water
is unstable on the Moon’s surface.

Various rock physics models have been used to describe the elastic behavior of grain and ice
mixtures. Zimmerman and King (1986) used a inclusion model after Kuster and Toks6z (1974) to

model velocity as a function of porosity and water phase. This approach assumes spherical
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inclusions of water and quartz are embedded in a matrix of ice. Johansen et al (2003) used a
combination of contact radius modeling (Mindlin, 1949), contact cementation theory (Dvorkin
and Nur, 1996), and self-consistent approximation (Berryman, 1980a, 1980b) to model the elastic
behavior of permafrost. This approach models the permafrost as an unconsolidated granular
media that becomes cemented as temperature decreases and results in a nonlinear increase in
velocity as liquid water transitions to solid ice, similar to Zimmerman and King (1986). Dou et
al. (2017) used the self-consistent approximation (Berryman, 1980a, 1980b) to model a fully
frozen ice-filled permafrost endmember and contact radius modeling (Mindlin, 1949) with fluid
substitution (Biot, 1956) to model an unfrozen water-filled endmember. These models are then
mixed by averaging the upper and lower Hashin-Shtrikman (HS) bounds computed for these two
endmembers (Hashin and Shtrikman, 1963) to predict seismic velocity versus ice concentration.

Contact cementation theory (CCT; Dvorkin and Nur, 1996) has also been extended to
extraterrestrial settings. Wright et al. (2022) concluded that little to no grain-binding cement
exists below the InSight lander on Mars by comparing modeled ice-cemented Martian regolith to
interpreted near-surface seismic velocity. Kilburn et al. (2022) use contact radius modeling
(Mindlin, 1949) and CCT (Dvorkin and Nur, 1996) to explain the measured  from Mars’ upper
crust (0-8 km). The presence and distribution of a subsurface cryosphere on Mars is an open
scientific question (Rossbacher and Judson, 1981; Clifford, 1993; Clifford et al., 2010; Lasue et
al., 2019), and Kilburn et al. (2022) report that measured velocities are not consistent with a thick
ice-saturated cryosphere layer beneath InSight based on their rock physics modeling.

To account for varying cement structure within a grain pack, Avseth and Skjei (2011)
proposed the so-called patchy cement model. This model uses HS bounds computed between an
unconsolidated sand endmember and cemented sand endmember to describe both the amount and
structure of cement within the grain pack. The upper HS bound is used to describe well-
connected cement that quickly stiffens the grain pack even at low concentration, and the lower
HS bound describes disconnected patches of cement that provide much less stiffening to the
overall grain pack. Due to its versatility in capturing cement structure, this modeling approach
has proven useful for describing various in-siturock formations (Bredesen et al., 2015; Avseth et
al., 2016; Mur and Vernik, 2019). Since the exact subsurface lunar ice concentration and texture
is not known, the patchy cement model may be useful to predict a variety of ice scenarios and
their elastic properties.
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3.4 Materials and Methods

A description of the Colorado School of Mines Lunar Highlands Type 1 (CSM-LHT-1G)
regolith simulant used in this study is provided in Chapter 2, including a mineral phase analysis
and determination of average grain density. Because seismic velocities are controlled by the
stiffness of a material, we prepared samples to represent two stiffness endmembers:
unconsolidated discrete ice grains mixed with regolith represents the low stiffness end, and ice-
cemented regolith represents the high stiffness end. Because little is known about in-situ lunar ice
texture, ice may exist in many forms not represented by these stiffness endmember textures.
Rather than explore the seismic velocity all possible ice textures, our goal is to characterize two
plausible ice textures with significantly different mechanical properties.

We varied ice concentration between 0 and 20 wt.% for the granular ice samples and between
0 and 10 wt.% for the ice-cemented samples. Note we reference ice concentration by weight to
remain consistent with existing lunar ice literature, however our sample porosity determination
and rock physics modeling requires ice concentration be given in volume fraction. Therefore, ice
weight and volume concentrations will be referenced throughout this chapter. Figure 3.1
illustrates the conversion between ice wt.% and vol.%.

To create ice grains, we adopt procedures introduced by Purrington et al. (2022) and Johnson
et al. (2024). We first froze deaired distilled water into small cubes and passed the cubes through
a mechanical ice shaver within a walk-in freezer at -26 °C. Ice grains were then passed through a
1000 and 500 um sieve, and ice grains below 250 um were discarded. The resulting 250-500 pm
ice grains are similarly-sized as the dominant grain size in CSM-LHT-1G (Figure 2.1). We
placed 100 g of vacuum-dried CSM-LHT-1G into a container and added the appropriate mass of
ice grains to create the desired fraction of ice. An airtight lid was placed onto the container and
the bulk sample was thoroughly mixed. This process resulted in enough bulk material for five
separate velocity measurements. Although we believe our bulk sample was homogenous with
respect to ice content, we limited the size of our bulk sample preparation to minimize the risk

each individual sample would contain artificially too high or low ice concentration.
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Figure 3.1 Conversion between ice weight percent and ice volume percent of a regolith-ice
mixture, assuming an average regolith grain density of 2.98 g/cm? and ice density of 0.92 g/cm?®
(see section 3.6.1).

To create the ice-cemented samples, we measured 100 g of vacuum-dried simulant into a
sealable plastic pouch and added the appropriate amount of liquid distilled water to the pouch to
create the desired fraction of ice. The bulk sample was hand-mixed inside the sealed pouch until
the water was evenly distributed throughout the simulant. We placed the wetted mixture into
cylindrical 4 cm diameter by 1.6 cm length polyvinyl chloride sample chambers with a nitrile
film affixed to the bottom openings, and immediately covered and placed the samples into a
freezer to minimize any water loss from evaporation. We held samples at an ambient temperature
of -26 °C for 24 hours prior to use.

Samples were placed into the sample holder and the length of each sample was recorded using
a digital caliper. A detailed description of the experimental apparatus is in Chapter 2. Our setup
resulted in a base-case confining pressure of 0.005 MPa applied to each sample, and additional
pressure steps up to 0.08 MPa were achieved. For confining pressures above 0.005 MPa, the
sample was allowed to equilibrate for 60 minutes prior to length measurement. Average porosity

(G ) was then calculated for each measurement sample using Equation 2.1. We assume our
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thorough mixing procedure resulted in ice concentration being evenly distributed between
samples, therefore we determine the average grain density by averaging simulant grain density
(2.98 g/cm®) and ice density (0.92 g/cm?) based on the volume fraction of each constituent.

A pulse generator and oscilloscope were located outside of the freezer, and coaxial cables
were passed into the freezer and attached to 500 kHz ultrasonic transducers in contact with either
end of the sample. Since compressional and shear measurements could not be taken
simultaneously on the same sample, new granular ice samples were prepared for each
measurement. The ice-cemented samples were competent enough that and  measurements
could be attempted on identical samples. and  were then determined by manual first-break
picking on the recorded waveforms and the time-of-flight method (Birch, 1960). Figures 3.2 and

3.3 illustrate representative waveforms collected during our experiments.
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Figure 3.2 Compressional (a) and shear (b) recorded waveforms for varying granular ice
concentration at 0.005 MPa. Compressional (c) and shear (d) recorded waveforms for varying
confining pressure with 10 wt.% granular ice. Note the very low amplitude values at 0.005 MPa
make these waveforms hard to discern when compared to higher pressure measurements.
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Figure 3.3 Compressional (a) and shear (b) recorded waveforms for varying cementing ice
concentration at 0.005 MPa. First breaks for compressional waves are marked with arrows. No
clear onset of shear waves is observed. The poor quality of shear measurements for cemented
samples is likely due to inadequate coupling between the sample and the transducers.

3.5 Experimental Results

Measured and  versus granular ice concentration and confining pressure are shown in
Figure 3.4 and measured  versus cementing ice concentration is shown in Figure 3.5. Shear
first arrivals could not be confidently identified for cemented samples. All measurement sets
show a clear increase in velocity with increasing ice concentration. Velocity increase with ice
concentration compared with ice-free samples is approximately 20 times greater in cemented ice
samples compared to granular ice samples.

Figure 3.4a includes  data from 100 wt.% granular ice. Noting that our 20 wt.% ice samples
represent 46 vol.% ice, we observe a roughly linear increase in ~ with ice vol.% at 45%
porosity.  and pressure measurements are not available for 100 wt.% granular ice but should be

included in future work.
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Figure 3.4 Measured velocity versus granular ice concentration and confining pressure. a)

versus ice concentration at 0.005 MPa, b)  versus confining pressure for variable ice
concentration, ¢)  versus ice concentration at 0.005 MPa, d)  versus confining pressure for
variable ice concentration.

The observed velocity increase with ice concentration in granular ice samples (Figure 3.4a, ¢)
may appear counterintuitive since other authors have noted that grain mineralogy has a negligible
impact on velocity in unconsolidated media (Blangy et al., 1993). Additionally, the elastic
moduli of ice are lower than our average grain moduli (see section 3.6.1), therefore even if
mineralogy were to impact velocity one would assume velocity should decrease with increasing
granular ice concentration. Another interesting observation from our data is how porosity
increases with increasing ice concentration. A likely mechanism to explain the observed increase

in stiffness and porosity is sintering of ice grains, a phenomenon which has previously been
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exploited to create consolidated icy regolith simulant samples (Johnson et al., 2024). As two or
more ice grains come into contact, material is transported to the contact areas through vapor or
volume diffusion (Hobbs and Mason, 1964; Blackford, 2007). This results in a sintered neck
between the particles which acts as contact cement. Although the rate of ice sintering is pressure,
temperature, and particle size dependent (Bahaloo et al., 2022), Kuroiwa (1961) observed large
sintered necks between ice particles in 35 minutes at -3.5 °C. This suggests that ice sintering
would be expected on the time scales and temperature of our measurements. Additionally,
modeling by Gundlach et al. (2018) indicates some ice sintering is expected to occur at
temperatures relevant to lunar PSRs (100-120 K, approximately -173 to -153 °C) at relatively
short timescales of <30,000 years (Johnson et al., 2024). Since our icy samples were made in
batches in advance of measurements, sintering would occur prior to loading an individual sample
into the measurement chamber. The rigidity of these sintered particles could allow for larger
voids to form as the sample was pluviated into the measurement chamber, resulting in the
observed porosity increase with ice concentration. Gundlach et al. (2018) showed how the
compressive strength of pure granular ice increased with grain sintering, and related this increase
in strength to the size of the sintered neck between particles. Additionally, Johnson et al. (2024)
showed how penetration resistance of pressure-sintered icy lunar regolith simulant increased for
samples which had undergone higher applied confining pressure and thus had formed larger
sintered connections between particles. Unlike many studies of ice sintering, ice particles in
Johnson et al. (2024) were mixed with lithic particles, resulting in ice grains sintering to mineral
grains. Sintered ice particles distributed throughout our sample would increase the overall
stiffness of the sample similar to these studies, resulting in the observed velocity increase with
granular ice concentration.

Velocity versus confining pressure was measured for 0, 5, and 10 wt.% granular ice (Figure
3.4b, d). As discussed above, the ice grains in these samples were likely sintered to some degree
to adjacent grains, making the term “granular ice” somewhat disingenuous. While these samples
did generally behave as granular media, anecdotally it was observed that grains within these
samples appeared to be more cohesive with increasing ice concentration. For simplicity, we will
continue the use of “granular ice samples,” although these presumed sintered granular samples
may be similar to the pressure-sintered simulant of Johnson et al. (2024). All ice concentrations

show a decrease in porosity and increase in velocity with increasing pressure similar to ice-free

60



samples. However, granular ice samples display a greater velocity increase with pressure than
ice-free samples. Although experimental pressures differ, this is directionally in agreement with
observations from Johnson et al. (2024) who noted an increase in compressive strength of icy

regolith simulant proportional to ice concentration and applied pressure.
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Figure 3.5 Measured  versus cementing ice concentration (squares). Granular ice
measurements are shown in colored circles for comparison, see legend in Figure 3.4 for granular
ice concentration. Cementing ice samples are roughly ten times faster than equivalent wt.%
granular ice samples.

Porosity in the 5 wt.% cemented samples is similar to the higher porosity values observed in
the 5 wt.% granular ice samples (Figure 3.5). As the cemented samples were prepared, capillary
forces at the wetted grain contacts would increase cohesion between grains prior to freezing. This
would allow for larger voids between grains compared to a dry grain pack where grains would
slip into a lower porosity state. Porosity is reduced as cementing ice concentration is increased to
10 wt.%, signifying that more pore space is being occupied by pore-filling ice. There appears to
be a nonlinear increase in  with cementing ice concentration; a slightly larger increase in  is
observed from 0-5 wt.% ice concentration compared to 5-10 wt.%. Cementing ice significantly

increases the stiffness of the grain pack compared to dry simulant, resulting in a ~500% increase
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in  with 5wt.% ice and a ~900% increase with 10 wt.% ice. This is greater than the ~185%
increase in  that Kunimasu et al. (2023) predicted using finite element analysis, suggesting that

a portion of their modeled ice is behaving as pore-filling material rather than cement.

3.6 Rock Physics Modeling
3.6.1 Effective Mineral and Ice Properties

The Voight-Reuss-Hill average (Mavko et al., 2020) was used to calculate the effective
moduli of CSM-LHT-1G based on mineral volume fractions (Table 2.2), and a helium
pycnometer was used to determine the average grain density (Table 3.1). We assume the
effective mineral moduli are independent of temperature; although McSkimin et al. (1965) report
a 0.2% increase in velocity at -196 °C for quartz, this corresponds to a 0.4% increase in moduli

which we assume to be negligible for our purposes.

Table 3.1 Elastic properties of water ice and CSM-LHT-1G effective mineral at -26 °C.

Density Bulk Modulus ~ Shear Modulus (mis) (mis)
(g/cm3) (GPa) (GPa)
Effective mineral 2.98 80.9 43.5 6827 3819
Ice 0.92 8.95 3.59 3863 1974

To calculate ice density () as a function of temperature we use the following equation
from Pounder (1965):

=09 1618 15310%) (3.1)

where is temperature in degrees Celsius. To calculate the moduli of ice we first reviewed
published measurements of ice velocity and moduli versus temperature. Kohnen (1974) compiled
the temperature dependence of seismic wave speed down to -60 °C from various field
experiments in Greenland and Antarctica. Vogt et al. (2008) reported lab measurements of

and inice down to -20 °C. Neumeier (2018) compiled ice elastic constant data measured down

to -223 °C, which together with density from Equation 3.1 can be used to compute  and
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using Equations 1.1-1.2. Data from Neumeier (2018) and Kohnen (1974) show excellent
agreement with each other for both  and , while data from Vogt et al. (2008) shows a slightly
higher  and slightly lower  (Figure 3.6). We performed a least squares polynomial fit to data

compiled in Neumeier (2018) to compute bulk and shear moduli at our experimental temperature

(Table 3.1).
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Figure 3.6 Ice velocity and density versus temperature. Measurements by Vogt et al. (2008)
are calibrated to -20 °C, measurements by Kohnen (1974) are calibrated to -60 °C, and
measurements by Neumeier (2018) are calibrated to -223 °C. Density is calculated after Pounder

(1965).

3.6.2 Icy Regolith Modeling

To model both granular and cementing ice as well as capture the low shear velocity observed
in dry ice-free simulant, we modify the patchy cement modeling approach presented by Avseth et
al. (2016). Our approach is as follows: first, we use a modified CRM coupled with a lower HS
bound to model bulk and shear moduli versus porosity and pressure for ice-free simulant (see

Chapter 2) which serves as a lower bound for our patchy modeling. Next, we use CCT
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(Equations 1.14-1.25) to calculate the bulk and shear moduli of an ice-cemented grain pack
which serves as an upper bound for our patchy modeling. Next, we create an effective mixture
between these two bounds based on the amount and structure of cement to serve as an
endmember at critical porosity (the crossover porosity above which a material behaves as a
suspension). To represent patches of disconnected cement we use a lower HS bound (Equations
1.12-1.13) to create the effective mixture, and to represent well-connected cement we use an
upper HS bound (Equations 1.12-1.13) to create the mixture. We then use a lower HS bound to
connect this critical porosity endmember of the icy mixture to the mineral point at zero porosity.
Lastly, to correct for an increase in velocity observed in dry simulant below ~40% porosity, we
adopt an isoframe model approach (Fabricius, 2003) where we gradually mix the lower and
upper HS bounds below 40% porosity. This creates a stiffer grain pack as porosity is decreased
below this transition porosity, which fits our experimental observations. This modeling approach
allows us to capture the velocity increase in granular ice samples due to ice sintering as
disconnected patches of cement. We capture the large increase in velocity in cemented samples
as connected cement.

To determine the percentage of ice that is behaving as cement between grains, we compared
our velocity measurements to constant cement lines using the patchy cement model (Figure 3.7).
To achieve this, we compute our lower model bound with 0 wt.% ice and use a maximum contact
cement value of 10 vol.% to compute the upper bound. This cement concentration has been
found to account for the majority of velocity increase observed during cementation (Dvorkin et
al., 1994). We use a lower HS bound to calculate mixtures with disconnected cement at 1 vol.%
increments (Figure 3.7a) and use a HS upper bound to calculate mixtures with connected cement
(Figure 3.7b). We then observe how our velocity measurements compare to these constant
cement lines to infer the effective cement concentration. For example, the 20 wt.% granular ice
measurements fall between 4—7 vol.% disconnected constant cement, and the majority of the 5
wt.% cementing ice measurements fall between 3-6 vol.% connected constant cement.
Computing a least squares fit to these average cement volume fraction observations, we can
define the amount of cement to include in our patchy cement modeling based on total ice
concentration and texture (Figure 3.8). This implies that some percentage (~10-50%) of the total
ice is acting as cement, while the remainder is pore-filling or load-bearing material. Figure 3.9

illustrates the good agreement between our modeled and measured velocities versus ice
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concentration and texture. While our approach determines cement amount based on wt.% and
texture of ice, the measurement scatter observed in Figure 3.9 may be used to understand model

uncertainty.
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Figure 3.7 Patchy cement modeling versus measured . Colored lines in (a) and (b) are
constant cement in 1 vol.% increments. a) Granular ice measurements against the disconnected
patchy cement model, b) Cementing ice measurements (squares) against the connected patchy
cement model with granular ice measurements (circles) for comparison.
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Figure 3.8 Total cement in vol.% versus ice concentration in wt.% for granular and
cementing ice. Note that cement is limited to a maximum of 10 vol.%, after which additional ice
is assumed to be pore filling or load bearing.

We observe a discrepancy between our model and measurements at 20 wt.% granular ice
(Figure 3.9a). Porosity appears to have a negligible effect on measured , although the porosity-
velocity dependence in retained for . It is unclear if the high porosity  measurements
represent some form of experimental error that was not repeated during the ~ measurements, or
if a high concentration of granular ice negates the velocity impact of increasing porosity by
stiffening the porous grain pack. Currently our model does not consider a variable porosity-
velocity dependence based on ice concentration.

The use of a modified CRM allows us to include pressure effects on velocity within an
unconsolidated grain pack; however, the contact cement theory used to define the upper bound of
our patchy modeling is insensitive to pressure. We assume that at our low pressures of interest
(<0.1 MPa) a well-cemented grain pack would display negligible pressure dependency. Figure
3.10 shows our modeled and  as a function of porosity, pressure, and granular ice
concentration versus our measured velocities. Our model provides good agreement with our
measurements at 0 wt.% ice, and moderate agreement with measurements at 5 and 10 wt.% ice.
Some of the misfit between our model and measurements may be due to the increase in velocity
measurement scatter with ice concentration, which may be related to variable degrees of ice

sintering within individual samples.
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Figure 3.9 Measured and at 0.005 MPa versus patchy cement models. a, b)  and

measurements from granular ice samples versus disconnected patchy cement model, c)
measurements from cemented ice samples versus connected cement model, d)  from connected
cement model. Note that shear first arrivals could not be determined from cemented ice samples.
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3.7 Discussion
3.7.1 lIcy Lunar Regolith Modeling

Our rock physics model produces and  as a function of porosity, pressure, ice
concentration, and ice texture. Using lunar subsurface bulk density relationships from Carrier et
al. (1991) we can compute a 1D density profile, and then calculate porosity and pressure from
this bulk density profile under lunar gravity (1.625 m/s?). Bulk density is calibrated to 3 m depth
from Apollo core samples, however we extrapolate this information to 10 m depth for our
modeling. Figure 3.11 shows the results of using these calculated porosity and pressure profiles
tomodel and  with varying ice concentration and texture.

As expected from our model, both and  increase with increasing pressure (depth) and
increasing ice concentration. Ice texture plays a significant role in the predicted velocity; at 10 m
depth and 10 wt.% ice, and are 5.6 and 10.7 times higher with cementing ice than with
granular ice, respectively. Compared with ice-free regolith, 5 and 10 wt.% granular ice shows a
23% and 38% increase in  at 10 m depth, and a 28% and 43% increase in , respectively.
Cementing ice at 5 and 10 wt.% shows a 450% and 675% increase in  at 10 m depth compared
to ice-free regolith, and a 950% and 1420% increase in . For comparison, velocity modeled by
Kunimasu et al. (2023) for lunar regolith with ~5 wt.% ice falls between our modeled ice texture
endmembers, suggesting their modeled ice is a mixture of load-bearing as well as cementing
material.

In addition to our model predicting significantly faster velocity for cementing ice compared
with granular ice, the velocity versus depth profile shapes differ with ice texture. The velocity-
depth profile for granular ice displays a similar shape as ice-free regolith, meaning that porosity
and pressure are the dominant controlling factors for the granular ice velocity profiles. The
velocity-depth profiles for cementing ice show a sharp increase in velocity at shallow depth (<2
m) followed by a more gradual increase in velocity down to 10 m depth. This is due to the strong
influence of initial cementation between grains near the lunar surface (i.e., near critical porosity)

followed by the secondary influence of porosity reduction with depth.
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3.7.2 Seismic Traveltime Modeling

We used the open-source pyGIMLi package (Rucker et al., 2017) combined with our rock
physics model to create 2D velocity models of varying ice content and texture (Figure 3.12). We
assumed a regolith depth of 10 m overlying a rock layer with velocities =330m/sand =
100 m/s based on published Apollo seismic analysis (e.g., Kovach and Watkins, 1973; Cooper et
al., 1974; Horvath et al., 1980). We assume that ice concentration and texture are homogenous
throughout the regolith layer, and the deeper rock layer does not contain ice. With these
assumptions, the ice-bearing regolith displays a higher velocity than the underlying rock layer.
This would result in a refraction “hidden layer,” where seismic energy is transmitted downwards
rather than refract along the regolith-rock interface. Therefore, when computing seismic raypaths
using the shortest-time method (Moser, 1991), we limit the offset (i.e., distance between the
seismic source and receivers) to 25 m to avoid the regolith-rock interface and only consider the
direct compressional and shear waves.

Figure 3.12 illustrates the seismic raypaths for 0 wt.% ice, 5 wt.% granular ice, and 5 wt.%
cementing ice. This ice concentration was chosen based on the 5.6 + 2.9 wt.% ice interpretation
from the LCROSS experiment (Colaprete et al., 2010). Although the velocity values between the
ice-free and granular ice cases are different, the calculated seismic raypaths are similar between
the source and receivers for both cases. This is due to the velocity-depth profiles having a similar
shape between both cases, resulting in the seismic raypath penetrating to 7-9 m depth before
reaching the 25 m offset receiver. The cementing ice case, however, shows very different
raypaths compared with the other two cases. As observed in the 1D velocity-depth profiles, the
cementing case displays a sharp increase in velocity at shallow (<2 m) depth followed by a much
more gradual increase in velocity down to 10 m. This results in seismic raypaths that remain near
the lunar surface, only penetrating down to 2 m depth before reaching the 25 m offset receiver.

Although the 0 wt.% and 5 wt.% granular ice cases display similar raypaths between the
seismic source and receivers, the calculated shortest traveltimes (i.e., seismic first arrivals) are
different between the two cases. Figure 3.13 shows the traveltimes calculated from the velocity
models in Figure 3.12. As the offset distance between the source and receivers increases, the
traveltime difference between the ice-free and granular ice cases increases. At our furthest
modeled offsets (20-25 m), there is a 20% decrease in the modeled compressional traveltime

with granular ice compared with ice-free regolith. For the cementing ice case, there is a 90%
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decrease in modeled compressional traveltime at the furthest offsets compared with ice-free
regolith. The decrease in traveltimes is slightly higher for the shear wave, with a 22% decrease
for granular ice and a 96% decrease for cementing ice compared with ice-free regolith.

These modeled traveltime decreases due to ice within the regolith translate into increases in
average velocity (Figure 3.13). Note the calculated average velocity is simply the offset distance
divided by the modeled traveltime and does not consider raypath geometry. This results in the
ice-free and granular ice scenarios displaying artificially low velocities due to the deeper
penetration of raypaths compared with the relatively direct raypaths modeled in the cementing
ice scenario. With our granular ice scenario,  increases by 24% and  increases by 29%
compared with ice-free regolith. With the cementing ice scenario,  increases by 990% and
increases by 2380% compared with ice-free regolith. In addition to ice texture significantly
affecting the absolute velocity values, the /  ratio calculated from the modeled traveltimes is
also impacted by granular versus cementing ice (Figure 3.13f). Ice-free and granular ice
scenarios display 7/  ratios between 3.5-4.2, while cementing ice displaysa /  ratio of
~1.6. This reflects the significant increase in shear stiffness with cementing ice compared with

unconsolidated regolith or granular ice.

72



@ 0 wt.% Ice |E| 0 wt.% Ice
; 0

v Receiver

| * Source | il B * Source |j
—— Raypath # —— Raypath H
0 5 10 15 20 25 0 5 10 15 20 25
Horizontal Distance (m) Horizontal Distance (m)
30 116 202 289 375 0 30 60 90 120
Vp (m/s)

E| 5 wt.% Granular Ice
. SS— - :

v Receiver g & v Receiverg

Bl * Source |j * Source j

—— Raypath H —— Raypath H

0 5 10 15 20 25 0 5 10 15 20 25
Horizontal Distance (m) Horizontal Distance (m)
30 116 202 289 375 0 30 60 90 120
Vp (m/s) Vs (m/s)

E] 5 wt.% Cementing Ice E| 5 wt.% Cementing Ice

v Receiver g = v Receiver g

| * Source | Bl % Source §

B —— Raypath M —— Raypath H

0 5 10 15 20 25 0 5 10 15 20 25
Horizontal Distance (m) Horizontal Distance (m)
1400 1438 1475 1512 1550 900 925 950 975 1000
Vp (m/s) Vs (m/s)
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3.7.3 Seismic Characterization of Lunar lce

To determine the effectiveness of a shallow seismic experiment for characterizing ice in the
lunar subsurface, we modeled traveltimes of direct seismic waves between a single seismic
source and a 25 m offset receiver with 0-10 wt.% granular and cementing ice within the regolith.
We assume a homogenous distribution of ice wt.% throughout the regolith. Similar to our
previous models, bulk density and confining pressure increase with depth. Seismic velocities
versus ice concentration from our models are shown in Figure 3.14.

Increasing the concentration of granular ice results in relatively small increases in  and
of up to 20 m/s and 50 m/s at 10 wt.% ice, respectively. The slight decrease in /  ratio at low
granular ice concentration is related to the slight increase in shear stiffness due to sintering
between ice grains. Increasing concentration of cementing ice results in significant increases in

and  well over 1000 m/s at 10 wt.% ice. Velocity increases quickly at low cementing ice
concentrations (<0.5 wt.%) due to initial cementation between grains, followed by a more
gradual increase as additional cement is deposited. Additionally, a significantdropin  /  ratio
is observed at low cementing ice concentration, illustrating the large increase in shear stiffness
due to initial cementation.

Although the properties of lunar subsurface ice deposits are currently unknown, our idealized
models with uniform ice distribution represent best-case scenarios for seismic characterization of
lunar ice. If minor heterogeneities or experimental error resulted in just 5% deviation to the
velocities modeled in Figure 3.14, it may be impossible to distinguish between 0-2 wt.%
granular ice. Additionally, the relatively small increase in velocity with granular ice
concentration would create difficulty in relating observed seismic velocity to ice concentration.
This sensitivity suggests that seismic velocity alone may struggle to characterize granular ice
under in-situ lunar conditions. However, the large increase in velocity even at low cementing ice
concentrations suggests that seismic velocity may be able to readily detect a cemented ice deposit
even under heterogenous in-situ conditions. Depending on the amount of regolith and ice
heterogeneity, the steady increase in velocity with the fraction of cementing ice also suggests that

seismic velocity may be useful to characterize ice concentration of a cemented deposit.
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Figure 3.14  Direct wave seismic velocity versus ice concentration and texture calculated from
modeled traveltimes between a source and receiver with 25 m offset.

Since the elastic properties that control seismic velocity can be non-unique to any given
material, subsurface uncertainty can be reduced by combining multiple independent pieces of
information. For example, a GPR survey may be useful to help identify the presence of an ice
deposit but lacks information about the mechanical properties of the deposit. If a GPR survey
indicated that an ice deposit is present, information from a seismic survey would help determine

if the deposit is more unconsolidated or more cemented and competent. This information may
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then directly impact the design and deployment of extraction and processing technologies. Or, if
a GPR survey indicated that an ice deposit is not present but seismic velocity was nominally
consistent with a cemented ice deposit, this may indicate the presence of a highly competent ice-
free rock layer. By combining multiple geophysical surveying technologies, we can minimize the

uncertainty surrounding the presence, texture, and concentration of lunar subsurface ice deposits.

3.8 Conclusions

We developed a predictive rock physics model to describe the seismic velocity of shallow
lunar regolith with respect to porosity, pressure, ice concentration and ice texture. This model is
calibrated with laboratory ultrasonic velocity measurements using lunar regolith simulant. Our
measurements and subsequent modeling show an increase in seismic velocity with increasing
granular and cementing ice concentration. This velocity increase is approximately twenty times
greater with cementing ice compared to granular ice.

We created 2D velocity profiles using our rock physics model and calculated seismic
traveltimes from a simulated shallow lunar seismic experiment. While the relatively small
increase in seismic velocity with granular ice may be difficult to unambiguously detect or
characterize an ice deposit, the large increase in seismic velocity with cementing ice may be
useful for characterizing the concentration and texture of an ice deposit. Since seismic velocity
can be non-unique for any given material, a thorough resource exploration campaign should
combine seismic methods with additional geophysical surveying technologies along with ground-
truth data from subsurface drilling to fully characterize lunar subsurface ice deposits.

Although our modeling does take into account porosity reduction and pressure increase in the
lunar regolith with depth, currently we do not account for any lateral variation in subsurface
properties. Additionally, we assume a constant wt.% ice distribution throughout the regolith, and
only consider ice texture endmembers (i.e., granular and cementing) rather than mixtures of ice
texture. Future work should focus on modeling heterogenous regolith and ice deposits to
understand the effectiveness of seismic methods for lunar resource exploration under more
complex conditions.

Lastly, our laboratory measurements and modeling only consider two ice textures: granular
ice with some degree of sintering and fully cementing ice. Little is currently known about the

texture of in-situ lunar ice, and this is likely to remain unconstrained until landed missions
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directly sample ice-bearing lunar regolith. Future work should focus on developing additional
plausible ice deposition and alteration models based on lunar pressure and temperature
conditions coupled with the geologic history of the Moon, and creating icy regolith simulant
samples that reflect these models. This may include, but is not limited to, distributing ice via

vapor deposition and altering icy samples via pressure sintering.
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CHAPTER 4
GENERAL CONCLUSIONS

4.1 Seismic Modeling of Lunar Regolith

The predictive rock physics model that | developed for lunar regolith produces bulk and shear
moduli as a function of porosity and confining pressure. An estimate of subsurface bulk density
can be combined with my rock physics model to predict  and  for lunar regolith. Because
existing contact radius models (CRM) fail to accurately predict the elastic behavior of granular
media at low confining pressure, | include empirical modifications to CRMs calibrated with
velocity measurements of simulated lunar regolith between 0.005-0.08 MPa. Existing CRMs
overpredict shear moduli of granular media at low pressure, therefore my model estimates shear
moduli based on bulk moduli at a given porosity and pressure. | show that my modeling
approach accurately predicts my experimental compressional and shear velocity at variable
confining pressure.

Although shallow lunar active seismic data collected during the Apollo program is relatively
sparse and low-quality compared with typical terrestrial seismic studies, they represent the only
in-situ data to compare with my modeled regolith velocity. Using ray tracing through my
modeled velocity profiles to predict seismic first arrivals and comparing against published first
arrivals from the Apollo seismic experiments, | find that my modeled velocity yields seismic
traveltimes in agreement with experimental observations from the Moon. However, | observe
that the pressure dependence of my modeled velocity is slightly different than existing analysis
of Apollo data. One possible explanation for this discrepancy is compaction history. My
experimental velocity measurements were only taken during sample pressure loading when one
would observe the largest change in porosity and velocity with pressure. The Moon has
experienced billions of years of impacts and moonqguakes which would reduce porosity within
the regolith, leading to a smaller velocity-pressure dependence compared to my laboratory
measurements.

Overall, my predictive rock physics model agrees with laboratory measurements of simulated
lunar regolith as well as shallow lunar seismic data. This model can be used to predict shallow
lunar regolith velocity over a range of porosity and pressure (depth) conditions, which would be

useful to interpret any future shallow seismic data acquired on the Moon. Additionally, this
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model may be useful for future lunar resource exploration and serves as the basis for my rock

physics modeling of icy lunar regolith.

4.2  Predictive Seismic Modeling of Icy Lunar Regolith

My laboratory measurements of ultrasonic velocity in icy lunar regolith show clear trends of
increasing velocity with ice concentration, and this velocity increase is approximately twenty
times greater with cementing ice as opposed to granular ice. The velocity increase observed with
granular ice is most likely due to sintering of ice grains forming disconnected patches of fused
ice particles throughout the regolith. The cementing ice samples were prepared by freezing
wetted grain packs, resulting in well-distributed contact cement and consolidated stiff samples.
My rock physics model using a patchy cement approach captures the stiffening effect of both
granular and cementing ice on measured ultrasonic velocity, and can be used to predict lunar
near-surface seismic velocity as a function of porosity, confining pressure (depth), ice
concentration, and ice texture.

My laboratory measurements show that seismic velocity is affected by the presence of water
ice in regolith at low confining pressure equivalent to the upper 10 m lunar depth. This velocity
impact is heavily influenced by the texture of the ice (i.e., cementing versus granular). The
relatively small increase in velocity with increasing granular ice concentration suggests that
seismic methods may struggle to characterize or even detect the presence of granular ice,
especially at low ice concentration. Although there is a clear increase in velocity with granular
ice concentration observed from my laboratory measurements, seismic ray tracing through a
simplified lunar subsurface velocity model shows a minimal decrease in observed traveltime
between the seismic source and receiver with 5 wt.% ice. This velocity model represents ideal
conditions with homogenous ice distribution, homogenous regolith, and a laterally consistent
porosity-depth relationship. Any in-situ heterogeneities in ice concentration and distribution or
regolith properties would only increase the ambiguity of relating small seismic traveltime
variations to subsurface granular ice.

The relatively large increase in seismic velocity with increasing cementing ice concentration
suggests that seismic methods may readily detect cemented ice deposits and potentially indicate
ice concentration, especially for thick (several meters) and laterally continuous ice deposits.
Seismic ray tracing through a lunar subsurface velocity model assuming 5 wt.% cementing ice
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shows a large decrease in traveltime which is unambiguously inconsistent with ice-free granular
regolith. However, because seismic wave propagation is affected by the stiffness of a material
and not necessarily its composition, an observed decrease in seismic traveltime (increase in
velocity) may only be considered consistent with the presence of cementing ice and not directly
indicative of ice. Other potential scenarios such as stiff, competent rock must be ruled out with
additional observations and measurement methods to confidently relate seismic observations to

ice presence and distribution.

4.3 Feasibility of Seismic Methods for Lunar Ice Exploration

A robust lunar ice exploration mission should rely on multiple independent methods for
characterizing a subsurface ice deposit. | have shown that seismic methods may be a useful tool
for any such future mission, however seismic is not uniquely indicative of subsurface ice.
Combining seismic analysis with other complementary methods like ground-penetrating radar
(GPR) and neutron spectroscopy could help form a better understanding of subsurface ice
concentration and texture. For example, if GPR and neutron data indicate that water ice is likely
present in the subsurface but low seismic velocities are observed, this suggests that the ice likely
exists as weakly sintered particles within the regolith. However, if high seismic velocities are
observed, this suggests that the ice deposit likely exists as a stiff cemented material. Additionally,
observing how various measurement types change over a spatial area would indicate how ice
concentration and texture varies throughout the deposit. This information could prove to be
extremely valuable depending on the water extraction methods planned for the deposit.

Beyond the challenges that would face any rover-based mission to potentially ice-bearing
locations on the Moon (e.g., extreme cold, lack of direct sunlight for power generation, and
navigating the rocky lunar surface), robotically deploying a shallow seismic experiment over
several kilometers faces unique obstacles. First, for a seismic receiver to collect data, it must be
mechanically coupled with the ground. In terrestrial seismic surveys, a human will firmly insert a
receiver attached to a metal spike into the ground and ensure there is a rigid connection between
the instrument and the soil. In desert environments with dry, unconsolidated sand, the receiver
may be buried several meters to ensure proper coupling with the ground. Without a firm
mechanical coupling with the soil, a seismic receiver may not be able to detect the relatively

weak ground motion produced during a seismic experiment. Ensuring proper coupling of seismic
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receivers on the Moon may be challenging considering the loose, unconsolidated regolith and
reduced gravity. Various robotic receiver deployment mechanisms and receiver designs should
be evaluated in a trade study to determine the most effective way to perform a seismic survey on
the Moon.

Another challenge for robotic lunar seismic surveys will be the seismic energy source.
Astronauts used small explosive charges to create seismic waves during the Apollo missions,
however explosives present some drawbacks. A seismic survey covering several kilometers may
require hundreds of explosives, which would likely create logistic obstacles for transport and
deployment of the explosives. Instead, a single repeatable seismic source may be preferred, such
as a vibrational source or an accelerated weight drop. Repeatable sources have been developed
for terrestrial applications and should also be evaluated in a thorough trade study considering the
unique robotic deployment challenges that would be experienced on the Moon.

Seismic methods face robotic deployment challenges beyond other technologies like GPR and
spectroscopy which do not require mechanical coupling with the lunar regolith. However, the
information gathered by seismic methods concerning the mechanical properties of the subsurface
cannot be gained from other geophysical measurements. This information, specifically with
respect to subsurface ice texture, would provide valuable information about the competency of
water ice deposits distributed throughout the lunar subsurface. This knowledge could then inform
the design of lunar ice excavation and processing technologies, which may vary for a granular
versus cemented ice deposit. Since very little is currently known about lunar subsurface water ice
deposits, seismic methods should be included in future ice exploration missions to develop a

more thorough understanding of lunar water resources.

4.4 Future Research

This dissertation represents progress towards understanding how seismic methods may
respond to subsurface lunar ice, however several questions and potential improvements to this
project remain. | divide these proposed future research items into laboratory measurements and
modeling exercises.

For laboratory measurements, future work should include procedures to collect data during
pressure loading as well as unloading to constrain how compaction history may affect velocity.

New methods should also be explored to acquire data at confining pressure lower than 0.005
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MPa to provide calibration at <7 m lunar depth equivalent. For test cases, future work should
acquire ultrasonic data with even higher ice concentrations than presented here to calibrate the
ice-rich end of my rock physics model. Additionally, procedures and equipment should be
improved to allow for collecting compressional and shear data on identical samples, and
improvements should be explored to collect shear data from cemented ice samples. Additional
sample preparation procedures may also be explored for creating icy samples, such as vapor
diffusion and pressure sintering. Because little is known about lunar in-situ ice texture, plausible
ice deposition and alteration models should be explored and recreated with laboratory samples.
Lastly, to expand on this work and draw broader conclusions about the role of seismic for future
lunar ice exploration, simultaneously collecting dielectric and ultrasonic data should be explored
to compare how GPR and seismic measurements would perform under varying geologic and ice
resource conditions.

For modeling exercises, the work presented here illustrates simplified subsurface models as a
proof of concept. Future work should focus on including more complex subsurface models, such
as ones with ice properties that vary laterally and with depth. Exploring this uncertainty space
would help refine our understanding of how more complex resource scenarios may influence
subsurface seismic velocity, and ultimately inform how seismic methods should be deployed for
a lunar resource exploration mission.

Outside of directly continuing the laboratory and modeling exercises initiated here, another
branch of future work should focus on other challenges associated with robotically deploying a
seismic survey on the Moon. This includes investigating and developing new instruments or
methods that address lunar deployment challenges. Methods developed for terrestrial seismic
surveys may not directly translate to robotic seismic surveying over unconsolidated regolith
under low gravity, and a thorough trade study should investigate new and existing instruments
and methods considering the Moon’s unique challenges. Results of this study will help determine
deployment scenarios with the highest probability of successfully collecting high fidelity seismic

data on the Moon.
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