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Abstract

The ongoing temperature rise in the Arctic may have severe effects on large areas of to-
day’s permanently frozen ground. Therefore, it is important to establish robust systems
that can monitor permafrost changes with time. Surface wave methods are useful for
mapping seismic structures in permafrost because they do not require abrupt velocity
contrasts or normal velocity gradients (i.e., increasing velocity with depth). Rock physics
models can be used to calculate how the stiffness and density of permafrost change with
the degree of freezing, and they can be helpful when interpreting real seismic data from
repeated acquisitions. I have tested several rock physics models and parameters of lay-
ered subsurface models to investigate their effects on elastic properties and surface wave
propagation in permafrost. Changes in the dispersion characteristic of Rayleigh waves
can be seen in the frequency-velocity spectra of the waves and depend on the distribution
of the layer velocities and thicknesses. The seismic velocities depend on the ice saturation
and the geometrical ice distribution in the pore space. However, other factors such as
pore saturation, porosity, and sand properties also affect the seismic velocities and must

be considered in analyses.
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Chapter 1

Introduction

1.1 Motivation

The increasing temperature in the Arctic may cause extensive thawing of today’s perma-
nently frozen ground. Permafrost is a subsurface phenomenon that defines ground that
stays at or below 0°C for at least two consecutive years (Dobinski, 2011)). Today, it covers
about a quarter of the land surface in the Northern Hemisphere, as shown in Figure [I.1]

However, permafrost areas are expected to degrade in the future (e.g.,[Smith et al., 2022).

Permafrost thawing has several consequences. Frozen ground that thaws loses its mechan-
ical strength and becomes unstable, and water may be released into the ground. That
especially affects permafrost in mountain areas because slope instability causes hazards
like landslides in steep slopes and mountain sides (e.g., Haeberli, (1997} |[Isaksen, [2018;
Lindner et al.l 2021)). Destabilizing of the ground also affects level ground and may lead
to subsidence and cause thermokarst, which is a terrain with very irregular surface (Nel-
son et al., 2001)). In addition to the geomorphic consequences, permafrost stores large
amounts of climate gases like carbon dioxide and methane, which may be released into
the atmosphere and potentially accelerate climate changes (Schuur et al.; 2015; [Koven
et al.; 2015). The cost and methods used for infrastructure development are also highly
affected because of unstable ground, which appears due to thawing (Melnikov et al., [2022).
Climatic warming caused by increased climate gases in the atmosphere is predicted to be
more significant in the Arctic than elsewhere (Zhang et al., [1997; |Overland et all 2014).

How much impact thawing of the Arctic ground has on global warming is currently uncer-
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tain and leads to the importance of establishing robust systems that can map and monitor

permafrost changes with time.
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Modelled permafrost zones . ' o
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Figure 1.1: Map of modeled permafrost zones on the Northern Hemisphere based on
temperature models for the 2000 -2016 period (Obu et al., 2019).

Permafrost occurs when the extent of ground freezing during winter exceeds the ground

thawing during summer (Dobinskil 2011). The surface layer thaws seasonally and is called

an active layer (see Figure for illustration). The active layer typically has a thickness

of a few centimeters to several meters, which depends mainly on the length of the thaw

season and the summer air temperature (Zhang et all, [1997; [[saksen| [2014)). Studies on

permafrost in Alaska show a trend of thinner active layers along the coast where the thaw

season is short and cool compared to the inland (Zhang et al., [1997). However, the active

layer’s thickness is changing due to warmer temperatures. Several borehole measurements

distributed in the Nordic area, from 1980 to 2010, show a general trend of a thicker active

layer in the latest decades (Christiansen et al., 2010). Permafrost thickness varies from

less than one meter in the southern sporadic zone to about 1500 m in parts of Siberia
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(Isaksen, [2014)). Typically, the thickness is between 100—-800 m in the continuous zones,
25—-100 m in the discontinuous zones, and 10—50 m in the sporadic zones (Anisimov and

Renevay, 20006)).

Ground surface

Active Iayer: seasonally freezing and thawing

Permafrost table

Depth

Permafrost: perennially frozen

v Permafrost base

Perennially unfrozen

Figure 1.2: Schematic illustration of permafrost. The upper meters of permafrost, which
thaw and refreeze seasonally, define the active layer. Below the active layer, it is peren-
nially frozen ground.

Usually, near-surface structures are mainly controlled by lithology, which results in in-
creasing seismic velocity with depth. In permafrost, the structure (including its ice and
water content) may as well be controlled by thermal, chemical, and hydrological conditions
(Dou and Ajo-Franklin, 2014). Temperatures of near-surface permafrost are susceptible
to climate changes since they depend on air temperatures, precipitation, and snow depth
(Isaksen et al., 2007). The temperature of a rock does not always represent a linear rela-
tion to ice saturation, which defines the percentage of ice in the rock’s pore space. The
freezing temperature largely depends on the salinity of the rock and the pore fluid (Dou
et al., 2016). Nonsaline permafrost is generally stable unless its temperature approaches
0°C. However, saline permafrost is more temperature sensitive and very responsive to
temperature changes well below 0°C (Dou et al., 2017). Permafrost can therefore contain
water that is frozen, unfrozen, and partly frozen (Dobinski, |2011). Variations in salinity
with depth may cause irregular ice and water distribution in the subsurface. Examples of
unfrozen permafrost are the seabeds of the continental shelf of the Arctic Sea in north-

ern Alaska and Siberia because of the salinity of the seawater (Dobinski, [2011)). Saline

3
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permafrost can also be found in uplifted ground previously located under the marine
limit, such as the Adventdalen valley on Svalbard (Stemland et al., [2020a)). Under thick
glaciers, unfrozen permafrost can exist due to the overlaying pressure of the ice. The pres-
sure prevents water from freezing. Partly frozen permafrost can also exist due to surface
effects from fine-grained materials, such as clay, where only small amounts of water freeze
at 0°C (Dobinski, 2011; Dou et al.| |2016). This latter phenomenon will not be further

investigated in this thesis.

Further, seismic waves are very sensitive to the stiffness of sediments. Thus, as frozen
sediments thaw, their seismic properties change significantly. If seismic properties of near-
surface sediments can be monitored over time, that may be used to predict the heat flux

into the terrestrial Arctic (Stemland et al.; [2020b).

Boreholes have been established in several places in the Arctic, and they are beneficial
for the investigation of permafrost (e.g., Isaksen et al., 2007; |Christiansen et al [2010)),
but it is difficult to extract information about lateral variations from them (Stemland
and Johansen, [2021). Geophysical techniques may be used to overcome this issue. These
techniques indirectly enable detection, monitoring, and visualization of subsurface per-
mafrost, where the obtained information may relate to shallow conditions such as the

active layer (Hauck, 2013]).

Ordinary refraction methods do not detect low-velocity layers below higher-velocity layers.
That makes this method unsuitable for permafrost, where the distribution of frozen and
unfrozen layers may cause irregular velocity gradients with depth. Electric methods can
distinguish between frozen and unfrozen layers, but they are complicated to use in partly

frozen sediments with highly conductive salt in their pore space (Wu et al 2017)).

However, surface waves are useful for mapping seismic structures in permafrost because
the surface wave methods do not require abrupt velocity contrast or normal velocity
gradients (Dou and Ajo-Franklin, 2014). Several surface wave analysis methods have
been developed for mapping near-surfaces and may potentially be used on permafrost
(e.g., [Park et al., 2007; Tsuji et al., 2012; Dou and Ajo-Franklin|, 2014} Foti et al., [2018))).
While surface waves may be used to map and monitor the upper part of the permafrost,
well-established reflection seismic can be used to find the thickness of the permafrost and
variations in the deeper parts and to see lateral transitions from unfrozen to frozen ground

as modeled in |Johansen et al.| (2003).



1.2. Objective

For mapping and monitoring permafrost, it is important to look into the effective rock
properties of the sediments. The effective rock properties determine the seismic veloci-
ties, which can be linked to geophysical observations with rock physics modeling. Several
rock physics models have been developed to describe the effective elastic properties of a
rock (e.g., Zimmerman and King} [1986; [Dvorkin et al., [1999; |Johansen et al. 2003; Dou
et al., 2017, Stemland et al 2020b). Although most rock physics models were originally
developed to describe the properties of deeper reservoir rocks, some of these models can
also be used to analyze how a warmer climate may impact the seismic properties and the
stability of permafrost. They may be helpful when interpreting real seismic data from

repeated acquisitions to estimate the degree of freezing.

1.2 Objective

The objective of this master thesis is to study the effect of temperature variations on
the elastic properties and seismic surface wave propagation in permafrost. To achieve
this, I perform both rock physics modeling and seismic modeling. When the temperature
changes, the ice saturation in the pore volume in unconsolidated sediments varies, and
the sediments’ stiffness and rigidity are largely affected. The rock physics modeling aims
to investigate how variations in ice saturation impact sediments’ stiffness and rigidity,
assuming two different models for ice formation in the pore space. The seismic modeling
aims to investigate how frozen, partly frozen, and unfrozen layers in the subsurface affect

the dispersion of surface waves, which can be detected with surface wave analysis.

1.3 Outline

To study the objective of this thesis, I first make several models of possible freezing and
thawing processes of sand saturated by a mixture of water and ice. Thereafter, based on
these models, I use rock physics methods to compute elastic moduli and seismic velocities
of frozen and unfrozen sand. Parameters such as porosity and sand properties may affect
the velocity, and various parameter values are therefore tested in combination with ice

saturation to study their effects.
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Further, I do seismic modeling for several synthetic subsurface models. These subsurface
models represent a near-surface consisting of frozen, partly frozen, and unfrozen layers.
The thickness and velocity of the layers vary, as well as the number of layers. The velocities
I use in the subsurface models are based on rock physics modeling. Finally, dispersion
images are computed from the seismic gathers to study the dispersion characteristics for

the various subsurface scenarios.

This master thesis is structured in seven chapters. The first chapter, Chapter 1, in-
troduces the topic and objective of this thesis. Chapter 2 and Chapter 3 provide
the theoretical background. They give a basic understanding of seismic waves and rock
physics and describe the connection between the physical rock properties and the elastic
properties. Chapter 4 describes the generation of synthetic velocity models based on
rock physics modeling, including how seismic modeling is used in surface wave analysis.
Chapter 5 presents the results of rock physics and seismic modeling, while Chapter 6
discusses the results concerning the theory and the objective of this thesis. Suggestions
for further investigations are also provided. Finally, Chapter 7 summarizes the main

conclusions of this thesis.



Chapter 2

Background - seismic waves

Seismic waves propagate through the Earth away from seismic sources. Their motions
can be detected by receivers along the Earth’s surface and contain information about the
underlying subsurface. Several types of seismic waves exist. However, some elementary
concepts need to be considered to understand how they propagate in unfrozen and frozen

ground and are introduced in this chapter.

2.1 Characterization of elastic media

When seismic waves propagate through the Earth, the subsurface deforms elastically.
Elasticity refers to strain, also denoted as deformation, that vanishes entirely upon removal
of stresses that cause deformations (Barber, 2002). Thus, stress and strain are essential

quantities within elasticity theory.

Stress, o, is defined as force, F, per unit area, A, i.e., 0 = %, and is a measure of
the capacity of a material to carry loads (Reddy, 2013)). The units for stress are Pascal
(Pa) or Newton per square meter (N/m?). When a material is subjected to stress, its
shape and/or size will deform. The mechanical effects of the deformation are confined to
the stretch, characterized by a dimensionless strain measure (Kennett and Bunge, [2008)).
Strain, e, relates the change in length, Al, of the material to its initial length, [, i.e.,

_ Al
€ = 7
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Within elasticity theory, deformations are assumed to be both reversible and proportional
to stress. Hooke’s law expresses the relationship between stress and strain in a relatively

simple equation,

M= (2.1)

g
)
€

where M is an elastic modulus measured in Pascal (Guéguen and Palciauskas, [1994).

A typical stress-strain curve for a solid material is shown in Figure 2.1, Hooke’s law is
valid for small deformations with a linear relationship between stress and strain. In the
linear domain, the material behaves elastically. Beyond the yield point, the material is
inelastic, and the deformations are ductile and irreversible. Fracturing happens when
further stress is applied. In most near-surface studies, inelasticity can safely be neglected

(Everett, 2013).

A | ;
Elastic field. Ductile field L e
point

Stress

Strain >

Figure 2.1: Stress-strain relation. The yield point defines a material’s transition from
elastic to ductile behavior. When further stress is applied to the medium, it fractures.
Modified from Kearey et al.| (2002).

A material is characterized by its elastic moduli, and each elastic modulus expresses the

ratio of a specific type of stress to the resultant strain (Kearey et al., 2002).

When a rod is stretched, Young’s modulus, F, expresses the ratio of the longitudinal

stress to the longitudinal strain (Kearey et al., 2002). Young’s modulus measures the
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material’s resistance to change its length when it is under lengthwise tension or compres-
sion. The higher the modulus, the more resistant the material. The equation for Young’s

modulus is

E=4, (2.2)

~|B|x 1

where F' is the force, A is the initial cross-sectional area, [ is the initial length, and Al is

the change in length. An illustration of the parameters is given in Figure

N
Vv

Figure 2.2: Elongated rod illustrates the parameters of Young’s modulus and Poisson’s
ratio.

When the rod is stretched, the elongated rod’s width reduces. The change in width makes
a transverse strain equal to the change in width divided by the original width. Poisson’s
ratio, v, is a dimensionless measure of the transverse strain divided by the longitudinal

strain (Everett, [2013)), and can be expressed as
Ad
V= ﬁ (2.3)
l

where d is the original diameter and Ad is the change in diameter. Typical values of the
Poisson’s ratio are between 0 and 0.5, where 0.5 represents a liquid. Poisson’s ratio of
0.25 is a common assumption for the Earth’s upper continental crust (Zandt and Ammon,

1995)). Values less than 0 are seldom, if ever, observed (Mavko et al.l 2009).

Bulk modulus, K, measures a material’s resistance to being compressed (Kearey et al.,

2002). It defines the ratio of the volumetric stress, P, to the volumetric strain, %. The
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equation for bulk modulus can be expressed as
P
%

and the parameters are illustrated in Figure (a).

Shear modulus, p, measures a material’s resistance to shear deformation. Liquids and
gases cannot resist shear deformation and have thus zero shear moduli. Shear modulus
expresses the ratio of the shear stress, 7, to the shear strain, tanf/, within a medium

(Kearey et al., |[2002). The equation is given by

T

o= tanb’

and the parameters are illustrated in Figure (b).

(@) (b)

Figure 2.3: (a) Compressed sphere illustrating the parameters of bulk modulus. (b) Shear-
deformed box illustrating the parameters of shear modulus.

Within seismic, bulk and shear moduli of a rock are often used together with the density
of the rock to characterize the material the waves travel through. P- and S-wave velocities
are essential velocities that may be derived from the elastic moduli and are explained in

the following section.

10
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2.2 Various types of seismic waves

Seismic waves can be divided into body waves and surface waves. Body waves propa-
gate through the internal volume of an elastic solid, and they are further divided into
compressional waves and shear waves. The compressional waves, also known as P-waves,
propagate in the direction of the particle motion. They travel through all types of ma-
terial with a particle motion consisting of alternating compression and dilation (Kearey

et al., 2002).

Shear waves, also called S-waves, propagate in the direction perpendicular to the particle
motion, where the particle motion consists of transverse motions (Kearey et al., 2002).
S-waves travel through solids but not through liquids or gases, which have zero shear
moduli. If all the particle oscillations are confined to a plane, the S-waves are plane-
polarized (Kearey et al., |2002). S-waves may be horizontally polarized with motions in
a horizontal plane (SH-waves) or vertically polarized with motions in a vertical plane

(SV-waves).

The elastic moduli of the layers, which the wave excites, determine the seismic wave
velocities (Everett), |2013). The P- and S-wave velocities, Vp and Vg, in a homogeneous

isotropic elastic medium are given by

K+ 4
Ve =1/ # (2.6)

Vs=,/2, (2.7)

N

where p is the density of the medium measured in kg/m?3 (Kearey et al., 2002). Studies by
Johansen et al| (2003) indicate that the P- and S-wave velocities increase with 80—90%

when fully, or almost fully, water saturated unconsolidated sediments freeze.

Surface waves travel along a ”free” surface, such as the earth-air or the earth-water in-
terface. They travel slower, have longer wavelengths, and have a wider frequency range
than body waves. Their amplitudes of particle motion, which are larger than for body
waves, generally decrease with depth (Krebes, |2019). Surface waves may be divided into
several types, two of which are Rayleigh waves and Love waves. They can occur along

the earth-air interface.
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2.3. Seismic wave propagation

Rayleigh waves are the most fundamental of the surface waves resulting from interfering
P- and SV-waves (Mi et al., 2018)). These waves have an elliptical particle motion in a
vertical plane with respect to the surface. The Rayleigh wave velocity is typically 0.88-
0.95 times the S-wave velocity, depending on the Poisson’s ratio (Mi et al., [2018)). The

Rayleigh wave equation can be expressed as

CVEN (VY (Y,
V2 V32 ve) 7

where Vp is the Rayleigh wave velocity, and the equation is valid when the medium it

travels along is an isotropic homogeneous elastic solid (Nkemzi, |1997)).

Love waves are generated from constructive interference of multiple reflections of SH-waves
at the free surface. They only occur at the surface when the S-wave velocity increases
with depth, and they cannot exist in a homogeneous half-space (Mi et al.| 2018]). These
waves have a particle motion perpendicular to the wave propagation but parallel to the

surface (Kearey et al., 2002).

Surface waves are generated in all seismic surveys, and they are often considered noise in
seismic profiles (Park et al., 2007). This thesis emphasizes their advantages and discusses

how to use them for mapping near-surface.

2.3 Seismic wave propagation

A seismic pulse propagates outwards from a seismic source. In a homogeneous medium,
the pulse travels at constant velocity in all directions, and the wavefront, representing a
constant travel time curve, is a sphere. A ray represents the direction of the energy. In
an isotropic medium, where the physical properties are the same regardless of direction,
seismic rays are perpendicular to a given wavefront (Kearey et all 2002). That is illus-

trated in Figure 2.4
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2.3. Seismic wave propagation

Wavefront

Figure 2.4: Representation of the relationship between rays and wavefront in an isotropic
medium.

The propagation velocity and direction of the waves change at geological boundaries
within the subsurface depending on the physical properties of the layers in the earth. At
such interfaces, the energy within an incident seismic pulse is partitioned into transmitted
and reflected pulses of P- and S-waves. Figure 2.5] illustrates an energy partitioning of an

incident P-wave.

Reflected
S-wave

Incident

P-wave Reflected P-wave

Medium 1

Medium 2

Transmitted P-wave

Trahsmitted
S-wave

Figure 2.5: Reflected and transmitted P- and S-wave rays generated by an incident P-
wave on an interface. Medium 2 has higher seismic velocity than medium 1.

The distribution of the reflected and transmitted energy depends on the contrast of acous-
tic impedance of the medium above and below the interface. Acoustic impedance, often

denoted as Z, is the product of velocity, V, and density, p, i.e., Z = Vp. At normal

13



2.4. Frequency-dependent waves

incidence, the reflection and transmission coefficients, R and 7', are given as

Zy — 1y
R=Z2"21 2.8
Lo+ 24 (2:8)
T - 1 - R) (2'9)

where subscripts 1 and 2 represent the medium above and below the interface, respectively
(Castagna and Backus, [1993). For incident waves that are not normal to the interface,
the more complex Zoeppritz equations are developed to compute the reflection and trans-

mission coefficients (Castagna and Backus, [1993)).

However, the angles for the reflected and transmitted rays can, in any case, be calculated

from Snell’s law,

sinf;  sinbs
— = 2.10
P= "y v (2.10)

where p defines the ray parameter, which remains constant along one ray (Kearey et al.,

2002). 6 is the angle, and V' is the velocity.

When the velocity of the underlying layer is higher than the layer above, it is a particular
angle of incidence, critical angle 6., that provides a refracted wave ray that travels along
the interface at the higher velocity (Kearey et al. [2002)). The motions of waves that re-
turn to the surface after refraction or reflection at geological boundaries may be detected
as traveltimes and amplitudes by receivers along the surface. These traveltimes can be
converted into depth values to get an image of the ground. In permafrost, the underlying
layer sometimes has a lower velocity than the layer above, and the seismic methods using

refracted waves are therefore not the best in such areas.

2.4 Frequency-dependent waves

If the medium is heterogeneous, with spatially varying elastic moduli, the Rayleigh wave
packet is dispersive (Everett, |2013). That means that the packet can be decomposed
into its individual frequency components, and each frequency component travels at its
own characteristic phase velocity, which is different from the group velocity. The phase

velocities are the velocities of any given wave phase, and the group velocity is the velocity
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2.4. Frequency-dependent waves

of the entire wave packet envelope (Krebes| 2019). The group velocity is typically slower
than the phase velocity, and both velocities are illustrated in Figure [2.6]

phase velocity group velocity
moveout ! . moveout
1 ’
@ : <
2 ’ ,
© b /
g A ’ ’ RX5
S ) ‘
— I
o [
2 WRM
3 s T C
iy Lo '
8
= ' RX3 ~
o
g ! wave-packet
cC
£ . RX2 envelope
© |
o , '
O 1
£

W geophone RX1

s
’

» iNcreasing time

Figure 2.6: Comparison of phase and group velocities within a dispersive wave packet
(Everett, 2013).

If there is no dispersion, the group velocity equals the phase velocity, and the pulse

shape stays the same. Rayleigh waves traveling in a homogeneous elastic medium are not

dispersive (Everett], 2013).

When dispersion occurs, the shape of the pulse changes as it propagates (Everett] 2013).
The shape of the phase velocity versus frequency curve can be called the dispersion char-
acteristic and is described further in Chapter Both Rayleigh waves and Love waves
can be dispersive (Mi et al., |2018). Their propagation depth depends on their wave-
length. Waves with short wavelengths (high frequencies) propagate in top layers, and the
upper layers’ properties influence the velocities (Socco and Strobbiaj, [2004). Waves with
long wavelengths (low frequencies) propagate deeper than the high frequencies, and their
velocities therefore depend on the properties of more layers. The dispersion associated

with the geometric distribution of the sediment properties is called geometrical dispersion

(Socco and Strobbial, 2004).
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2.5. Seismic waves in frozen and unfrozen sediments

Rayleigh waves are not inherently dispersive. Thus, any observed dispersion has to be gen-
erated because of variation in the elastic properties of the layers (Stemland et al., [2020a).
Some seismic methods try to utilize these dispersion properties of the waves when map-
ping the shallow subsurface (e.g., Park et al., 2007 |Foti et al., 2018), while Stemland et al.
(2020a) has investigated the use of the methods in the near-surface Arctic. The seismic
velocity gradient is often irregular in permafrost, and therefore seismic data from these

areas show highly dispersive surface waves (Dou and Ajo-Franklin, [2014; |Stemland, [2020)).

2.5 Seismic waves in frozen and unfrozen sediments

The freezing and thawing of permafrost result in varying ice saturation distribution in the
active layer. Ice has higher bulk and shear moduli than water, meaning ice is stiffer and
more rigid. The stiffer the material, the higher the seismic wave velocity. Consequently,
as a medium freezes, the seismic wave velocities increase. Several rock physics models are
used to model the velocity changes as a function of ice saturation, and these are discussed

in Chapter [3]

Figure shows an example from [Stemland et al. (2020a)) of real seismic data acquired
in Adventdalen, Svalbard. In this area, the active layer is approximately 1.2 m, and the
permafrost thickness is about 100 m. Seismic acquisition was performed in October 2013,
January 2014, and August 2014 at the same location. Seismic gathers and dispersion
images are shown for all three cases. The ice saturation in the ground was presumed
to be highest in January and lowest in August, and it is assumed to be most laterally
heterogeneous in October. The figure shows clearly that freezing and thawing affect real
seismic data since it is possible to see changes in the seismic gathers and the dispersion
images. The data from January show significant differences from the two other months.
Frozen, stiff near-surface sediments in January result in strong amplitude events at in-
creasing phase velocities with increasing frequency. These amplitude events may be signs
of higher surface wave modes, as described in Chapter [4.2.3] Chapter provides several

synthetic examples of such phenomena.
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2.5. Seismic waves in frozen and unfrozen sediments
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Figure 2.7: Seismic data acquired by [Stemland et al. (2020a)) in Adventdalen, Svalbard.
Top row: seismic gathers for (a) October 2013, (b) January 2014, and (c) August 2014.
Bottom row: corresponding dispersion images for (d) October 2013, (e) January 2014,
and (f) August 2014. The capital letters G —J identify different wave modes described in
Stemland et al.| (2020a)).
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Chapter 3

Background - rock physics

Rock physics describes the relationship between geophysical observations and the under-
lying physical properties of rocks (Mavko et al.l 2009). The geophysical observations, such
as P- and S-wave velocities, are directly related to the effective elastic moduli as seen in
Chapter The elastic moduli of a rock are again affected by its physical properties,
as will be shown in this chapter. Several rock physics models can be used to describe
these relations, and the following sections describe the background and general use of the

models.

3.1 Physical rock properties

Several physical rock properties are important parameters used in rock physics modeling,

some of which are discussed in this section.
The density, p, of a rock defines its mass, M, divided by its volume, V', ie., p = %
Considering a mixed material consisting of N constituents, the effective density can be

estimated exactly with a weighted sum of the densities of all constituents,

N
p= Zfipiu (3.1)
i—1

where f; denote the volume fraction and p; is the density of the ith constituent (Mavko

et al., 2009).
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3.2. Effective elastic media: upper and lower bounds

Porosity defines the fraction of a rock volume that is not occupied by solid matter, and
permeability indicates how easily fluids can flow through this pore space (Guéguen and
Palciauskas, (1994). The porosity equals the pore volume divided by the total volume
of the rock, and it gives no information concerning pore sizes, their distribution, and
the degree of connectivity (Guéguen and Palciauskas, 1994). Therefore, two rocks may
have different physical properties, such as varying permeability, even though they have
identical porosities. Open porosity, @epen, constitutes the connected pore space, while
closed porosity, ¢coseq, constitutes the isolated pore space. Only the open porosity, also
called the effective porosity, impacts the rock’s permeability. The sum of the various
porosities makes the total porosity, ¢ = @open + Dcivsea- Effective porosity is an essential
variable concerning seismic properties and density. Several rock physics models depend
on the critical porosity, ¢g, which defines the maximum porosity possible when the grains

are still in contact.

The coordination number defines the average number of contacts per grain. The rela-
tionship between coordination number and porosity can be approximated by the empirical

equation,
n =20 — 34¢ + 14¢°, (3.2)

where n is the coordination number (Avseth et al., [2005).

3.2 Effective elastic media: upper and lower bounds

Some properties must be considered to predict the effective elastic moduli of a mix of
grains and pores. The volume fractions and the elastic moduli of the various materials
should be specified in addition to the geometric details of the materials (Mavko et al.)
2009). The upper and lower bounds are possible to predict when only having the vol-
ume fractions and the elastic moduli. The effective elastic moduli fall in between the
bounds. Stiffer shapes will have higher values within the range, and softer shapes will

have lower values. Several bounds can be used, some of which are discussed in this section.
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3.2. Effective elastic media: upper and lower bounds

3.2.1 Voigt and Reuss bounds

The Voigt and Reuss bounds are the simplest bounds to use on a mixture of several
phases. This method presupposes that each constituent is isotropic, linear, and elastic

(Mavko et al., 2009).

The equation for the Voigt upper bound, My, is given by

N
=1

where N defines the number of phases, f; is the volume fraction and M; is the elastic
modulus for each phase 7. The Voigt upper bound gives the ratio of the average stress to
the average strain when all phases are assumed to have the same strain. Considering a
medium of two isotropic phases distributed in parallel layers, the phases have the same

strain when the stress is applied parallel to the layers (Figure [3.1] (a)).

The Reuss lower bound, Mg, is given by

1
— = AR 3.4

and gives the ratio of the average stress to the average strain when all phases are assumed
to have the same stress. That is the case when stress is applied perpendicular to the

layers of the medium of two isotropic phases (Figure (b)).
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3.2. Effective elastic media: upper and lower bounds
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Figure 3.1: Physical interpretation of the Voigt-Reuss bounds for a two-phase material.
(a) Stress is applied perpendicular to layers, and the two phases have the same strain
(upper bound). (b) Stress is applied parallel to layers, and the two phases have the same
stress (lower bound).

When an estimate of the elastic modulus is needed, the Voigt-Reuss-Hill (VRH) average
can be useful (Mavko et al., [2009). The arithmetic average, My gy, also known as Hill
average (Hill, [1963), gives an estimate of the modulus of Voigt upper bound and Reuss
lower bound,

My + Mg

My ry = 5

(3.5)

3.2.2 Hashin-Shtrikman bounds

The Hashin-Shtrikman (HS) bounds (Hashin and Shtrikman, 1963) give the narrowest
possible range without specifying anything about the geometries of the various phases.
This method presupposes that each of the individual constituents and the whole rock is

isotropic, linear, and elastic (Mavko et al., |2009).

The upper HS bound (HS+) is the stiffest combination of the mixture, and the lower HS
bound (HS-) is the softest mixture. When the medium consists of two phases, the upper

and lower bounds for the bulk and shear moduli, Kys+ and pgs+, are given by

f2
K = K; + : 3.6
e ' (KZ_Kl)il“'fl(Kl“‘%,ul)il (3.6)
PHS: = p1 + J: (3.7)

_ K142 ’
(12 — )" + 21 (—5“1(;(1;%1#1))
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3.2. Effective elastic media: upper and lower bounds

where f is the volume fraction of the individual phases (Mavko et al., [2009). When the

softest material is subscripted 1, the equations yield the lower bounds, and when the
stiffest material is subscripted 1, the equations yield the upper bound. These expressions

assume that the material with the larger bulk modulus also has the larger shear modulus.

A generalized form of the HS bounds, called the Hashin-Shtrikman-Walpole (HSW)

bounds, Kysw+ and pugsw+, can be written as

fo
(Ky— K1)7t + fi(Ky + § )™t
fo

1>
(2 — )1+ fu [/h + “Tm (%)}

Kpsw+ = Ky +

UHSW+ = U1 +

where K, and u,, represent the individual constituents’ maximum bulk and shear moduli,

respectively, when calculating the upper bounds (Mavko et al., |2009). When calculating

the lower bounds, they represent the minimum bulk and shear moduli, respectively.

If one of the media in the mixture has zero shear modulus (i.e., it is a liquid or a gas), the

Hashin-Shtrikman lower bound gives the same values as the Reuss lower bound (Mavko
et al], [2009).

A schematic illustration of the HS bounds is shown in Figure (3.2l The illustration shows
how one phase is surrounded by the other. The upper bound is realized when the stiffest
material forms the shell, and the lower bound is realized when the stiffest material is in

the core.

HS+ HS-

O R ®
v B Stiff material

. ¢ || Soft material

Figure 3.2: Physical interpretation of the Hashin-Shtrikman bounds for a two-phase ma-
terial.

If a medium has properties between the upper and lower bounds, the arithmetic average
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3.3. Effective elastic media: the impact of physical and structural rock properties

(Hill average) of the two HS bounds can be used to estimate the effective properties. The

equations are

K Kps—
Kpsy = HS+; ZEE (3.10)
+ _
P HHS+ . HHs ’ (3.11)

where Kysy and pgsy are the Hashin-Shtrikman-Hill bulk and shear moduli, respectively.

In this thesis, I use the HS bounds as a two-end-member mixing approach with ice sat-
urated rock as the stiff end-member and water saturated rock as the soft end-member,
as in Dou et al| (2017) and Stemland et al.| (2020b)). The workflow of this method is
represented in Chapter [£.1.1]

3.3 Effective elastic media: the impact of physical
and structural rock properties

The upper and lower bounds of the effective elastic moduli are simple models. However,
more complex models are often needed to understand the effect of structural variations
and to give a more accurate estimate of the effective elastic properties. This chapter de-
scribes some of the more complex models that consider both the physical and structural

properties of a rock.

3.3.1 Elastic properties in dry unconsolidated rocks

When considering a dry, random pack of identical spherical grains, the Hertz-Mindlin
contact theory (CT) from Mindlin (1949) can be used to find the effective bulk and shear
moduli, Kop and per. ”Dry rock” denotes a rock with only vacuum in its pore space.

The equations are given by

n2(1 - go)%u ]
Ker = P 12
“r {18#(1 — )2 } ’ (812)
5—dve [3n2(1— o) 1%
_ P 1
HeT = 52— vg) [ 221 —ve)? | (3.13)
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3.3. Effective elastic media: the impact of physical and structural rock properties

where n is the coordination number, P is the effective pressure, and v is the Poisson’s
ratio of the grain (Avseth et al. [2005). u¢g is the shear modulus of the grain, and ¢ is

the critical porosity.

The results of these equations are often referred to as the elastic properties of the solid
frame of the rock, which are not consolidated. Hertz-Mindlin contact theory cannot be
used if the rock is consolidated, but other inclusion models like self-consistent approxi-

mation may then be used.

3.3.2 Inclusion models

Several inclusion models are developed, and the self-consistent approximation (SCA) is
one of them. The SCA is a method to estimate the effective properties of a composite
material. As for the other upper and lower bounds, information about each phase’s volume
fraction and elastic moduli is needed. Besides that, specific inclusion shapes are assumed

for the SCA (Mavko et al., 2009).

The SCA method assumes that the grains and the pore-filling medium are inclusions
in another background medium with initially unknown elastic properties. In practice,
the elastic properties of the background medium are adjusted iteratively until the net

scattering from all inclusions, caused by an incident wave, vanishes. The general equations

for the SCA are

N
> Si(K; = Ksca)Pi =0, (3.14)
=1
N
Z Si(,ui - MSCA)Qz’ =0, (3'15)
=1

where S; is the volume fraction of each inclusion type ¢, and Kgca and psca are the
medium’s effective bulk and shear moduli, respectively (Berryman, |1995). P; and @Q); are

shape-dependent factors from Berryman| (1995]).
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3.3. Effective elastic media: the impact of physical and structural rock properties

In the case of spherical inclusions, the equations for P, and ; are

_ Ko+ 3

. = , (3.16)
Pom + Cm
Q= ——, 3.17
where
w (9K + 8u
== — . 3.18
¢ 6 ( K +2p ) (3.18)

The subscripts m and ¢ refer to the matrix and inclusion phases, respectively. When

penny-shape inclusions are assumed, the equations for P; and @); are

-[(’r71—i_é %
= m T3k (3.19)
K + 3p + maBy,

Q=< |1+ a +2 43(“ fm) | (3.20)

5 A + mwa(pm + 26m) K + 31 + mafBy,

where
3K +

= _— 3.21
i=u(rre) 21)

and « is the aspect ratio of the inclusions.

3.3.3 The effect of fluid

The effective properties of a dry rock change when a fluid saturates its pore space. One
pore fluid may, in some cases, replace another fluid, referred to as fluid substitution. When
a fluid fully saturates the pore space in a rock, Gassmann’s equations (Gassmannl, [1951)
can be used to find the effective elastic moduli of the rock. The effective bulk modulus,

Kqt, can be expressed as

doKer — (1 + ¢o) KpKer/Ke + Kp
(1—¢o)Kp + ¢oKeg — KrKer /K

Koy = Ko (3.22)

where Ko denotes the dry rock bulk modulus found by CT in Chapter [3.3.1, K is the
bulk modulus of the grain, and K is the bulk modulus of the fluid. The effective shear
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3.3. Effective elastic media: the impact of physical and structural rock properties

modulus of a saturated rock, fis, is unaffected by the presence of a nonviscous fluid and

can therefore be expressed as

Hsat = HoT- (3.23)

Gassmann’s equations assume that the rock is homogeneous and isotropic (Smith et al.|
2003). If there are several fluids in the pore space, Reuss lower bound may be used
to estimate the effective fluid bulk modulus for a homogeneous mixture of these fluids.
If the medium consists of several types of grains, the effective grain bulk modulus may
be estimated using the Voigt-Reuss-Hill average, representing a patchy mixing of several
grains. Gassmann’s equations also assume that the pore space is fully fluid-saturated and
completely connected (i.e., open porosity = effective porosity). The equations are only

valid for frequencies lower than ~ 10* Hz (Mavko et al.l [2009).

3.3.4 The effect of ice

When the pore water freezes, the rock consists of ice fragments in its pore space. Ice is a
stiffer material than water, acting as a solid, with both bulk and shear moduli above zero.
Therefore, it is not possible to use Gassmann’s equations to find the effective properties
of the ice saturated rock. This chapter discusses some freezing processes, including a

method to calculate the effective elastic moduli of an ice saturated rock.

Freezing and thawing processes

If a rock is saturated by water and the temperature decreases, the water starts to freeze
at a specific temperature. For pure water, the freezing point is 0°C, but saline water has a
decreased freezing point depending on the salt-to-water ratio, salinity (Ming et al., [2020)).
The freezing point depression is limited by a critical temperature at approximately —21°C
for brine, called the eutectic point (Dou et al., 2017). Below the eutectic point, all salts
become solid crystals. The relation between temperature, salinity, and ice saturation can

be calculated from equations in [Potter et al.| (1978).

Progressive salination of the residual pore water is another effect of the dissolved salt (Dou

et al 2017). The various freezing points of saline water and the progressive salination of
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3.3. Effective elastic media: the impact of physical and structural rock properties

the residual cause gradual freezing of water with temperature. The residual pore water
becomes more saline because salts are excluded from ice. That will further lower the

freezing point and slow down the freezing process. Saline permafrost therefore usually

consists of partially frozen slush (Dou et al., [2017).

A rock consisting of grains and pores fully saturated by water may start to freeze when
the temperature decreases. Several models describe how water may freeze in the pore

space, and some examples are illustrated in Figure Water is assumed to freeze in a

patchy way in the model used in [Stemland et al. (2020b)). Patchy freezing means that

ice fragments are distributed spatially nonuniformly (Guéguen and Palciauskas| 1994)).

Another way of freezing can be that the water starts to freeze in the middle of the pore
space, and the water closest to the grains freezes the last. The water in the pore space
may also start to freeze homogeneously, which means it freezes everywhere in the pore
space simultaneously. Another assumption can be that a water saturated rock starts to

freeze at the contact points between the grains before the rest of the pore-filling water

freezes, as it is assumed in the paper by |Johansen et al. (2003), or it starts to freeze all

around the grains.

Whichever freezing processes are assumed in a model impacts how the rock’s effective

properties change with ice saturation since the effective elastic properties depend on the

geometrical distribution of the ice as well as the ice saturation (Dou et al., 2016]).

Freezin
Water g ) Ice
saturated saturated
sand sand

Thawing
<

() (d)

Figure 3.3: Schematic representation of ice distribution in an early stage of a freezing
process. Grains are surrounded by water and/or ice. (a) Freezing with a patchy ice
distribution. (b) Freezing in the middle of the pores and not at grain contacts. (c)
Homogeneous freezing. (d) The water freezes at contact points and (e) around the grains
and acts as cement.
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3.3. Effective elastic media: the impact of physical and structural rock properties

Cementation effects
If the water starts to freeze at the grain contacts or all around the grains (Figure (d)

and (e), respectively), the ice may act as cement.

To calculate the effective elastic moduli of dry rocks when cement deposits at grain con-
tacts, contact cementation theory (CCT) can be applied. This model assumes loose sand-
stone with direct grain contacts (Dvorkin and Nur, |1996). The contact cement reinforces
the grain contacts and increases the stiffness of the rock. The initial cementation effect
will cause a considerable velocity increase with only a small porosity decrease (Avseth
et al., 2005). The effective bulk and shear moduli of a cemented rock, Kcor and pccor,

can be expressed as

1

Keer = 6”(1 — ¢o)McS,, (3.24)
3 3

peor = gKCCT + %n(l — ¢o) e Sr (3.25)

where Mo = Ko + %,uc (Dvorkin and Nur} [1996). K¢ and pc are the bulk and shear
moduli of the cement, respectively, and S,, and S, are parameters that are proportional
to the normal and shear stiffnesses, respectively. The parameters S,, and S, depend on
the amount of contact cement and the properties of the cement and grains. Equations

describing the parameters are given in Appendix [A.T]

The amount of contact cement can be expressed by the ratio, a, by

(3.26)

a
o = E,
where a is the radius of the cement layer, and R is the grain radius.

The ratio, a, can be expressed with more complex equations depending on how the cement
is deposited on the grains (Mavko et al., [2009). If all the cement is deposited at grain
contacts, as in Figure (d), the equation is

=[5 = lrara] 2

and if the cement is evenly deposited on the grain surfaces, as in Figure (e), the
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3.3. Effective elastic media: the impact of physical and structural rock properties

equation is

Here, S denotes the cement saturation of the pore space. The CCT restricts to small

concentrations of cementation, i.e., S <15% (Johansen et al., 2003).
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Chapter 4

Modeling

The physical properties of a rock determine its effective elastic moduli, which directly
affect the seismic velocities of waves traveling through the rock. Rock physics model-
ing is used to investigate the connections between the physical rock properties and the
seismic observations. I have used a forward rock physics modeling approach to compute
effective elastic and seismic properties from known/chosen physical rock properties using
MATLAB. Rock physics modeling may also be used for inversion modeling by estimating

physical properties from seismic observations as in |Johansen et al.| (2013]).

Several velocity models based on rock physics modeling are presented in this chapter and
used for further investigation. I have conducted a series of seismic modeling experiments
to investigate the effect of velocity variations due to freezing and thawing on the disper-
sion of surface waves, and the results of this are presented in Chapter [f} Usually, surface
wave analysis aims at estimating the S-wave velocity profile by solving an inverse prob-
lem of model parameter identification based on experimental dispersion curve (Foti et al.,
2018). In this thesis, I have produced synthetic seismic data from already known effective
rock physics properties based on rock physics modeling (i.e., using a forward modeling
approach). That is done to investigate how the dispersion curves change for numerous

frozen and unfrozen layered shallow subsurface scenarios.
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4.1. Rock physics modeling of frozen and unfrozen sediments

4.1 Rock physics modeling of frozen and unfrozen
sediments

This thesis uses two main methods to calculate the effective elastic response of freezing
and thawing sediments. One approach is based on a two-end-member mixing method
using Hashin-Shtrikman bounds, and the other method is mainly based on the contact
cementation theory and the self-consistent approximation. The bulk modulus and the

shear modulus describe the freezing effects in the models.

The final P- and S-wave velocities are calculated with effective bulk and shear moduli

found from the various models and the effective density. The effective density, peyys, is

defined as

pess = (1 = do)pc + ¢oSwpw + ¢oSipr, (4.1)

where the subscripts G, W, and I represent grain, water, and ice, respectively, and S is

the saturation.

4.1.1 Rock physics model 1: two-end-member mixing

The modeling used in |Stemland et al.| (2020bja) is based on two-end-member mixing
of fully frozen and unfrozen composites as presented in |Dou et al.| (2017). Figure
illustrates the workflow for the two-end-member mixing method. Member A is either
a fully or patchy water saturated sand, and member B is either a fully or patchy ice

saturated sand.

The first step in this modeling is to calculate the elastic moduli of a dry rock with the
help of Hertz-Mindlin contact theory (Equations and [3.13). The elastic moduli for

quartz are, in many cases, used for the grain properties.

The second step is to calculate the bulk modulus of a fully water saturated rock using
Gassmann’s equations (Equations and [3.23) with the results from Hertz-Mindlin con-

tact theory as input. The elastic moduli for water are used for the fluid properties.
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Figure 4.1: Schematic illustration of the two-end-member mixing approach. Member A
represents either patchy or fully water saturated sand, and member B represents either
patchy or fully ice saturated sand. HS bounds are found from the two end-members, and
the Hill average is calculated from the upper and lower bounds to finally estimate the
effective properties of the medium.

In the third step, the bulk modulus of a patchy water saturated rock is calculated. The
arithmetic average of the dry rock modulus and fully water saturated modulus is calculated

to estimate the patchy water saturated bulk modulus, Kputchyy » by

1
Kpatehyy = 5 (Kot + Kat)- (4.2)

2

Ko is the dry rock bulk modulus from Hertz-Mindlin contact theory, and K, is the
fully water saturated bulk modulus from Gassmann’s equations. The patchy water sat-
urated shear modulus, fipatchyy, , 1S independent of the fluid content inside the pores, i.e.,
Upatchyw = Msat = por. For the case of Equation the pore space is 50% water-

saturated. Other concentrations of Kop and K, are also calculated to investigate the
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4.1. Rock physics modeling of frozen and unfrozen sediments

effect of pore saturation when the rock is not fully saturated.

The fourth step is to find the effective elastic moduli of a fully ice saturated rock. The
fully ice saturated moduli are calculated using the SCA described in Chapter [3.3.2] For
this case, I investigate two scenarios. Scenario 1 (K7 and py) assumes spherical or penny-
shaped ice inclusions in an unknown background medium, and scenario 2 (K3 and ps)
assumes spherical grain inclusions in an unknown background medium. The two scenarios

are written as

Ky = S;(K; — Ksca)FPr, (4.3)
= Si(pr — psca)Qr, (4.4)
Ky = Sq(Kg — Ksca)Pa, (4.5)
p2 = Sa(pe — psoa)Qa; (4.6)

where the subscripts I and G denote ice and grain, respectively. These equations are
solved iteratively for Kgoa and pgca, where Ky + Ky = 0 and p; + pe = 0 is required.
The results for Kgca and pgcoa are the fully ice saturated effective elastic moduli of the

rock.

The arithmetic average of the dry rock moduli and the fully ice saturated moduli are
derived to estimate the effective elastic moduli of a patchy ice saturated rock, Kputcny,

and fipateny, - The equations used are

1

Kpatehy; = §(KCT + Ksca), (4.7)
1

Mpatehy; = §(MOT + pisca), (4.8)

where Kor and per are the dry rock moduli, and Ksca and psca are the fully ice

saturated moduli.

Subsequently, HS bounds (Chapter are used to describe the transition from the
unfrozen to the frozen state or vice versa. The water saturated rock is the soft end-
member, and the ice saturated rock is the stiff end-member in the HS equations (Equation
and [3.7). The lower HS bound (HS™) represents a rock when the frozen pore water
occurs in local domains. The ice fragments are disconnected except when the rock is fully

saturated and frozen. The upper HS bound (HS*) describes how the ice gradually forms
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4.1. Rock physics modeling of frozen and unfrozen sediments

as a connected aggregate in the rock’s pore space (Stemland et al.l 2020Db)).

The arithmetic average of the HS bounds is finally calculated using the Hill average. The
seismic velocities used further from this rock physics modeling are based on the arithmetic

average of the HS bounds.

4.1.2 Rock physics model 2: CCT and SCA

A rock physics model based on the paper by [Johansen et al,| (2003) is described in this

section. The workflow of this method is illustrated in Figure |4.2]

(@) From dry to water saturated sand (b) From dry to ice saturated sand
Fully 15% Fully
Dry water saturated Dry ice saturated ice saturated
Gassmann } 4 CCT CCT + SCA
— — —

(€) From fully water saturated to fully ice saturated sand
The ice concentration in the mixture increases, as well as the total ice saturation increases\

7
Fully Saturated with 15% of the pore space Fully
water saturated ice-water mixture is cemented ice saturated
Gassmann CCT + SCA o o ( CCT+SCA
444 g4 THSCA ) :

The mixture starts p © © ¢
to cement A A

at grain contacts

Ice-water mixture acts as fluid Ice-water mixture acts as solid

Figure 4.2: Schematic illustration of the ice cementing approach. (a) From dry to water
saturated sand. (b) From dry to ice saturated sand. (c) From water saturated to ice
saturated sand. The ice-water mixture that acts as cement is illustrated with another
color than the surrounding pore space in this figure. However, it always contains the
same ratio of ice and water as the surrounding ice-water mixture.

Firstly, the contact theory is used to estimate the elastic properties of unconsolidated

grain composites when the voids are dry and uncemented (Equations and [3.13)).

Secondly, the elastic moduli of an ice-water mixture are calculated. The SCA is used to
estimate how the elastic properties of water change when the water starts to freeze more

and more, eventually becoming only ice. In this case, a mixture of only water and ice is
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4.1. Rock physics modeling of frozen and unfrozen sediments

concerned. The SCA equations (Equations and are used for all scenarios from
0 to 100% ice in the ice-water mixture. Spherical inclusions are assumed for both water
and ice. The elastic moduli for the ice-water mixture are illustrated in Figure [4.3. The
figure shows a critical point at an ice saturation of 0.4. With ice saturation less than
0.4, the shear modulus is approximately zero, and the ice-water mixture acts as a fluid.
When the ice saturation exceeds this critical point, the shear modulus is higher than zero,
and the mixture acts as a solid. This ice-water mixture is further used as the pore fluid

content in the sand.

g X 10 Bulk and shear moduli of a mixture of ice and water

Bulk
Shear

Modulus [Pa]

0 0.2 0.4 0.6 0.8 1
Ice saturation

Figure 4.3: Elastic moduli of a mixture of ice and water as functions of ice saturation
using the SCA with spherical inclusions assumption. For ice saturation equal to zero, the
mixture only consists of water. When the ice saturation increases, the water saturation
decreases as much.

Gassmann’s equations (Equations and [3.23)) are used to find the effective properties
of a rock when the pore space is fully saturated with the ice-water mixture when it acts

as a fluid (i.e., 0—-0.4 ice saturation).
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4.1. Rock physics modeling of frozen and unfrozen sediments

When the ice-water mixture acts as a solid (i.e., ice saturation is more than 0.4), some
of the ice-water mixture starts to act as cement between the contact points. For small
concentrations of ice-water cement (1-15% cement concentration in the pore space),
contact cementation theory is used to find the effective elastic properties of the medium,
and the matrix consists of both the grains and the cemented ice-water mixture. The
effective bulk and shear modulus, Kcor and pcer, are calculated (Equations and
3.25)). The cement properties are based on the ice-water mixture, and all cement is

assumed to be deposited at grain contacts.

When 15% of the pore space is cemented, and the ice saturation continues to rise in the
pore space, the SCA is used to calculate the effective elastic moduli of the rock. The
method of combining CCT with SCA is based on the papers by Dvorkin et al.| (1999) and
Johansen et al.| (2003)).

After calculating Keceor and pcer, a continuous host material is defined with bulk and
shear moduli, Ky and pg, respectively. The following set of equations are solved directly

for the host properties,

1 B l-¢ . _ ¢ (4.9)
Keer + (4/3)pcer Ku + (4/3)pcer — (4/3)pcer’ '
1 1—
_ v .9 (4.10)
pecer+Z  pp+24 0 Z
where
7 peer(9Kcer + SNCCT)' (4.11)

6(Kcer + 2ucer)

The final step in this rock physics model is to use the host properties in an SCA to esti-
mate the effective elastic moduli when the ice saturation increases even more and finally
ice fills the entire pore space. The same set of equations for solving the SCA system is
used as in the two-end-member mixing approach (Equations , and , but
instead of the grain properties, the host properties are used. The resulting Kgc4 and
isca represent the effective elastic moduli of the sand for the varying ice saturation when

the pore-filling ice-water mixture acts as a solid.
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4.2. Seismic modeling of near-surfaces

4.2 Seismic modeling of near-surfaces

Seismic modeling is an essential part of geophysical data processing. It is a technique for
simulating wave propagation in the Earth that aims to predict a seismogram that a set
of receivers record, given an assumed structure of the subsurface (Carcione et al. 2002).

Seismic modeling may also be used to evaluate and design seismic surveys.

There are many approaches to seismic modeling. In this thesis, the seismic modeling
is based on a full-wavenumber integration method called OASES (Schmidt and Jensen,
1985). The seismic modeling is done to generate synthetic seismic data corresponding to

velocity models based on the rock physics modeling described in Chapter [4.1]

4.2.1 Workflow of surface wave analysis

Surface wave analysis aims to estimate near-surface S-wave velocity profile, and it is to-
day widely adopted (Socco et al.; 2010). S-wave velocity models are made by solving an
inverse problem based on an experimental dispersion curve (Foti et al., [2018]). Typically,
the surface wave analysis is implemented in three steps regardless of which type of surface
waves are investigated (Socco et al) 2010). The workflow is illustrated in Figure [£.4]
where the three steps can all be attempted with several strategies. The first step is the
acquisition of seismic data, which are represented in seismograms. In this thesis, OASES
is used for that purpose (see Chapter for details). The second step is to estimate
the dispersion curves. Geogiga software is in this thesis used to look at the seismograms
and to generate the dispersion images corresponding to the seismograms. The details of
this step are described in Chapter [4.2.3] The third and final step is to do an inversion of
the dispersion curves to obtain S-wave velocity profiles. Seismic inversion may be done
by comparing synthetic data generated through forward modeling to observed data, then
minimizing the error between them iteratively until a satisfactory match is reached (Socco
and Strobbiay, 2004). The last step is not performed in this thesis since the purpose is
mainly to compare and analyze the possible variations of dispersion images for various
subsurface scenarios. Also, inversion of dispersion curves containing strong higher modes,

as is typical for data from permafrost environments, is not straightforward.
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Figure 4.4: Main steps of the surface wave analysis workflow. The steps consist of gener-
ating seismic data, dispersion curve, and S-wave velocity profile (Foti et al., 2018)).

4.2.2 Seismic survey and subsurface models

Acquisition of seismic data is performed with seismic receivers and either an active source
or using ambient seismic sources (passive seismic). Seismic data can also be generated

synthetically, as in the case of this thesis.

The multichannel analysis of surface waves (MASW) method has the most common ac-
quisition layout, which consists of an array of evenly-spaced vertical geophones aligned
with the seismic source (Foti et al., |2018). This layout is used for the synthetic data
acquired in this thesis. The modeled receivers measure vertical motions, i.e., the effect of

Rayleigh wave propagation is presented in the synthetic data.

The near-surface is modeled as vertical stacks of homogeneous and isotropic elastic layers.
Each layer is characterized by its thickness, density, P- and S-wave velocities, and attenu-
ation ratio. The velocities and densities used in these subsurface layered models are based
on the rock physics velocity modeling described in Chapter [4.1} The attenuation ratio is
set to 0.1, i.e., assuming constant attenuation. Several subsurface models are made with
various distributions of frozen, unfrozen, and partly frozen layers (i.e., various distribu-
tions of low- and high-velocity layers). The purpose of testing that is to investigate which
dispersion signatures the various models give. A variation in thickness and amount of

layers are also tested to investigate how that influences the synthetic data.

For all cases, the source is defined as a point source at 0.01 m depth, and the receiver
depths are set to 0.05 m depth. Various numbers of receivers and intervals between

them are tested to investigate how that affects the results. Poor survey design can cause
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4.2. Seismic modeling of near-surfaces

aliasing. Aliasing is a form of distortion of the result, and it occurs when data are not
sampled often enough in time or space (Steeples and Miller, 1998). Temporal aliasing
happens at frequencies above the Nyquist frequency (Kearey et al., [2002). The Nyquist

frequency, fxn, can be expressed as

fy=—— (4.12)

where At is the sampling interval. Temporal aliasing occurs therefore when a wave is
sampled with less than two points per time period for a signal (Haldorsen) |2021). Spatial
aliasing issues may occur if the receiver distance is longer than half of the spatial wave-

length of a propagating wavefield (Haldorsen, 2021)).

4.2.3 Dispersion curves

The dispersion image is represented in a frequency-phase velocity spectrum. I use Geogiga
to calculate the dispersion images corresponding to the seismic gathers generated with
OASES. The peaks in the spectrum for the various models represent various solutions
(combinations of frequencies and phase velocities) of the equation describing surface wave
propagation. These solutions are called modes and define dispersion curves in the spec-
trum. The fundamental mode corresponds to the solution with the lowest phase velocity
for a given frequency (Zhang et al., 2003; Stemland et al.l 2020a). The phase velocity of

each mode, Vppqse, is expressed by

2
V;)hase = Tfy (413)

where f is the frequency (temporal frequency) and k is the wavenumber (spatial frequency)

(Dou and Ajo-Franklin| 2014)).

In a vertical heterogeneous media, numerous modes of propagation can exist at the same
frequency and have various propagation velocities. The importance of the various modes

depends on the stratigraphy and on the source, which can be problematic to interpret

(Socco and Strobbia, [2004).

Each layer’s thickness and S-wave velocity influence the dispersion curve the most, while

P-wave velocity and density have a smaller impact (Foti et al.,[2018). For further inversion
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of the dispersion curves, the inverted parameters are therefore often reduced to thickness

and S-wave velocity.
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Chapter 5

Results

The following sections present the results of this thesis. Firstly, the results of the rock
physics modeling are described in Chapter The elastic moduli and seismic veloci-
ties are shown for various compositions of sediments. Thereafter, in Chapter [5.2] seismic
gathers that are generated based on the rock physics models are provided along with their
corresponding dispersion images. Several modeled scenarios are made of shallow layered

subsurface, sometimes resulting in noticeable variations in the dispersion characteristics.

5.1 Rock physics models

This section shows how the subsurface’s elastic properties and seismic velocities vary
with changing ice saturation. Variations in the composition of sediments, pore fluid, and
porosity are other examples that result in variations of the elastic properties. Numerous
parameters are therefore tested to clarify which parameter variations that change the

velocity model and how.
The following assumptions are made for all calculations unless anything else is stated:

e The critical porosity is 0.38 because, typically, unconsolidated quartz sand has a

porosity between 0.36 and 0.4 (Nur et al., [1998).

e The coordination number is 9.1, corresponding to the porosity of 0.38 using Equation

5.2
e The pressure is 24525 Pa, corresponding to a constant depth of 10 m, and an average
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5.1. Rock physics models

density of 2.5 g/cm?3.

e The pore space of the sediment is often assumed to be fully saturated by either

water or ice, or a mixture of these two phases.

e The sand matrix only consists of quartz in most cases since this is a common mineral

in permafrost (e.g., |Gilbert et al., [2018).

The physical properties of constituents used for the modeling are given in Table [5.1]

Table 5.1: Physical properties. The values are taken from Mavko et al| (2009) and
Johansen et al.| (2003)).

Bulk modulus Shear modulus Density (g/cm?)
(GPa) (GPa)
Quartz 37.0 44.0 2.65
Feldspar 37.5 15.0 2.62
Clay (Kaolinite) 1.5 1.4 1.58
Water 24 0.0 1.0
Ice 8.4 3.6 0.92

5.1.1 Elastic and seismic properties as functions of ice and water

saturation

The elastic moduli of a rock change with the amount of water in its pore space, as shown
in Figure 5.1} In this figure, zero water saturation means that the rock’s pore space is
empty. The shear modulus is constant, as assumed from Gassmann’s equations. However,
the increasing bulk modulus with increasing water saturation indicates a stiffer medium

when the amount of pore-filling water in an initially dry porous rock increases.
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Figure 5.1: Effective elastic moduli of a porous rock as functions of water saturation. The
pore space only consists of water and empty space. The values yield both rock physics
model 1 and rock physics model 2.

Figure [5.2] shows how the elastic moduli of a porous rock change with the amount of ice in

its pore space. The results are shown for the two different rock physics models described

in section |4.1.1{and 4.1.2] respectively. The pore space is empty when the ice saturation is

zero. The rock’s resistance to both bulk and shear deformation increases with increasing
ice saturation, indicating a stiffer medium. The elastic moduli are higher when ice is in the
rock’s pore space than when the same amount of water is in its pore space, corresponding
to the higher moduli of ice. For rock physics model 2, the moduli increase rapidly when

the ice saturation starts to increase from zero due to the cementation effect.

43



5.1. Rock physics models

(a)
05 X 10'9Elastic moduli (model 1): From dry to fully ice saturated
Bulk
Shear
2
g 1.5
2]
S
>
©
O
= 1
0.5
0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
(b) Ice saturation
g X 109E!astic nlfloduli I(modell 2): Frf)m dr¥ to ful!y ice s.laturatglad
Bulk
Shear
‘©
o,
7]
=
=]
©
(@]
=
2 <
0 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Ice saturation

Figure 5.2: Effective elastic moduli of a porous rock as functions of ice saturation based

on (a) rock physics model 1 and (b) rock physics model 2. The pore space only consists
of ice and empty space.
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Elastic moduli: rock physics model 1

The first rock physics model (rock physics model 1) assumes a porous sandstone consisting
of quartz and is fully pore saturated with water and/or ice. Figure shows the upper
and lower Hashin-Shtrikman bounds and the arithmetic average of both shear and bulk
moduli as functions of ice saturation. When the rock has zero ice saturation, the pore
space is fully saturated by water. The model assumes spherical inclusion in SCA. When
the ice saturation increases, the increase of elastic moduli indicates a stiffer and more

rigid medium.
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Figure 5.3: (a) Effective bulk and (b) shear moduli, and their HS bounds, of a fully water
and/or ice saturated rock based on rock physics model 1.

Elastic moduli: rock physics model 2
The elastic moduli for the same fully saturated porous sandstone, but based on rock
physics model 2, are shown in Figure 5.4, For the SCA, spherical inclusions are assumed

for both grains and ice fragments. The constant shear modulus at ice saturation between
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0 and 0.4 indicates that the ice-water mixture in the rock’s pore space acts as a fluid in
that interval. The "jump” from lower to higher moduli at 0.4 ice saturation indicates a

transition from fluid to solid behavior of the ice-water mixture.
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Figure 5.4: Effective elastic moduli of a fully water and/or ice saturated rock based on
rock physics model 2.

Seismic velocities: rock physics model 1 and 2

The same curve effects as seen in the elastic moduli graphs for increasing ice saturation
are shown for the seismic velocities. To compare the two rock physics models described in
Chapter 4.1, equal model parameters of a porous rock are used for both models. Spherical
inclusions are assumed for both the grains and ice fragments in the SCA. In Figure |5.5,
both rock physics models show that the velocities increase with the degree of freezing
(i.e., as the medium gets stiffer). However, the geometrical ice distribution differs, so
the velocity curves are unequal for the two cases. That indicates that the velocities also

depend on the distribution of the ice fragments and not only the amount of ice.
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Figure 5.5: (a) P-wave and (b) S-wave velocities of a fully water and/or ice saturated
rock based on rock physics model 1 and 2. Spherical inclusions are assumed for both the
grains and ice fragments. Note that the two models use different methods to calculate
the fully saturated rock, resulting in different velocities also at the endpoint.

5.1.2 Variation in the assumed shape of ice fragments

Various shapes of ice fragments are tested in the rock physics models to investigate how
they affect the elastic moduli and seismic velocities of an ice saturated rock. Both spher-
ical and penny-shaped inclusion assumptions are used for ice fragments in the stiff end-
member in rock physics model 1. The resulting elastic moduli and seismic velocities as
functions of ice saturation are shown in Figure |5.6f The spherical inclusion assumption
gives higher bulk and shear moduli (i.e., stiffer medium) than the penny-shaped assump-
tion. The penny-shaped ice inclusion model gives a similar P-wave velocity to rock physic

model 2 for a fully ice saturated rock, but it gives a lower S-wave velocity for this endpoint.
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Figure 5.6: (a) Effective elastic moduli and (b) seismic velocities of a fully water and/or
ice saturated rock based on rock physics model 1 with various ice fragment shapes. The
results of both spherical and penny-shaped ice inclusion assumptions for the fully ice
saturated end-member are shown.
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5.1.3 Variation in porosity

The effective elastic moduli and seismic velocities are calculated for rocks with various
porosities to investigate the porosity effect. Figure shows the elastic moduli and seis-
mic velocities when three different values of critical porosity are assumed for the same
rock. The elastic moduli are higher for lower porosities, indicating a stiffer medium, and
they have more considerable variations when the rock has more ice than water in its pore
space. The elastic moduli increase more rapidly for higher concentrations of ice. The
shear modulus for each porosity has almost the same values at zero ice saturation. The
reason is that shear modulus is not affected by the presence of a nonviscous fluid in the
pore space, which is water in this case, as described in Chapter [3.3.3] However, higher
porosity in the rocks results in a slightly lower shear modulus. Since the variation in fluid
does not affect the value when it is fully water saturated, the only reason for the variation
in shear modulus is the effect of porosity variations. The variation in porosity has the

same effects on the seismic velocities as for the elastic moduli (Figure (b)).
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Figure 5.7: (a) Effective elastic moduli, and (b) seismic velocities of a fully water and/or
ice saturated rock based on rock physics model 1 with varying porosity. Three different
cases of critical porosity are shown with porosity equal to 0.4, 0.36, and 0.32. Spherical
inclusions are assumed for both grains and ice fragments in the SCA.
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5.1.4 Variation in pore saturation

Variations in pore saturation in a rock are tested based on rock physics model 1. Figure
[5.8]shows the effective elastic moduli found from the arithmetic average of the HS bounds
and presents the varying pore saturation: fully, 75%, 50%, and 25%. The elastic moduli
are higher for increased pore saturation because ice has significantly higher elastic moduli
than air (and water has a higher bulk modulus than air). At zero ice saturation, the shear
modulus is equal for all cases due to the non-existent shear modulus in water. However,
they increase significantly as soon as the water transfers to ice, and the increasing elastic

moduli indicate that they are very sensitive to freezing.
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Figure 5.8: (a) Bulk modulus and (b) shear modulus of a water and/or ice saturated
rock based on rock physics model 1 with varying pore saturation. Fully, 75%, 50%, and
25% pore saturation are shown. Spherical inclusions are assumed for both grains and ice
fragments in the SCA.

Figure [5.9 shows the seismic velocities for the corresponding elastic moduli from Figure
5.8l The velocities are also higher for higher pore saturation due to the higher moduli of
ice than air, except for S-wave velocity close to zero ice saturation since higher saturation

increases density and reduces velocity.

o1



5.1. Rock physics models

P- and S-wave velocities for various pore saturations

5000
Vp (fully)
4500 | Vp (75%)
Vp (50%)
I Vp (25%)
4000 1 1__ - vs (rully)
- - - - Vs (75%)
3500 Vs (50%) 1
@ Vs (25%)
£, 3000 ;
= s
'-5 /1 ’
S 2500 7
@ - #
> P
2000 - 1
1500 | eeie T .
1000 _LezETCC :
- - k= -
500 r 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Ice saturation

Figure 5.9: P- and S-wave velocities of a water and/or ice saturated rock based on rock
physics model 1 with varying pore saturation. Fully, 75%, 50%, and 25% pore saturation

are shown. Spherical inclusions are assumed for both grains and ice fragments in the
SCA.

5.1.5 Variation in grain properties

The type of material varies in the Earth’s subsurface, as do the properties of the various
materials. The properties of quartz, feldspar, and clay, which are often found in per-
mafrost (e.g., |Gilbert et al. |2018), are used in models of fully water and/or ice saturated
rocks. The velocity results based on rock physics model 2 are plotted in Figure [5.10|
All other parameters are assumed to be equal. Lower velocities are present for softer
grain properties (properties are shown in Table . The "jump” in velocities at 0.4 ice
saturation indicates the transition from fluid to solid sediment behavior, and it is not
as significant for the softer minerals as for the stiffer ones. The difference between fully
water saturated and fully ice saturated is also less for the softer minerals. That indicates

that the soft sediments are less sensitive to freezing than the stiffer sediments.
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Figure 5.10: P- and S-wave velocities of a fully water and/or ice saturated rock based on
rock physics model 2 with various grain materials: (a) quartz, (b) feldspar, and (c) clay.
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5.2. Seismic data and dispersion curves

5.2 Seismic data and dispersion curves

Some seismic modeling experiments are conducted for further investigation of freezing and
thawing effects on the dispersion of surface waves, and are shown in this chapter. The
first section shows results from models when the seismic velocities increase gradually with
depth. That is often the case in unfrozen ground as well as in permafrost. Results from
subsurface models with decreasing velocity with depth are shown in the second section.
The last section shows results from more irregular velocity gradients, typical for saline

permafrost.

The variation in elastic properties in the shallow subsurface changes the surface wave sig-
natures represented in dispersion images. For all dispersion images, the highest amplitude
is represented with red and the lowest amplitude with blue. However, the values in the
amplitude scale are not equal for all figures, and therefore, the amplitude of two different
images can not be compared. Also, note that all arrows in the figures are interpretations.
The seismic gathers start from an offset at 50 m (often corresponding to trace number

50) due to noise in the traces close to zero offset.

5.2.1 Increasing ice saturation with depth

Typically, an upper active layer above permafrost is thawing and freezing seasonally,
resulting in varying velocity during the year, and sometimes the ice saturation increases
with depth. The first layer model, LM1, with properties from Table represents near-
surface where the upper 10 m has varying ice saturation. This model is a 5-layered
2D model without lateral variations. The seismic gather and its corresponding dispersion
image for LM1, with seismic velocities based on rock physics model 1, are shown in Figures
5.11] (a) and (d). Figures [p.11] (b) and (e) show the results for a model similar to LM1
but with a uniform layer thickness of 4 m (LM1-U4), and Figures (c) and (f) show
the results for LM1 with uniform layer thickness of 6 m (LM1-U6). The ice saturation
increases with depth in the model, resulting in stiffer layers with depth. In this case, 300
receivers are used with a spacing of 1 m. The porosity is constant with a value of 0.38
for all layers, and the pore space is fully saturated by either water, ice, or both. Quartz

is the only mineral in the sand matrix.
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5.2. Seismic data and dispersion curves

Table 5.2: 5-layered 2D models: LM1, LM1-U4, and LM1-U6.

Layer Thickness [m] Ice saturation
LM1 LM1-U4 LMI1-U6
1 0.5 4 6 0.2
2 1 4 6 0.5
3 1.5 4 6 0.7
4 7 4 6 0.8
) - - - 1

For the first case (LM1), the seismic gather and the dispersion image barely show disper-
sion, providing one visible mode, which can be interpreted as the fundamental mode. For
the second and third cases (LM1-U4 and LM1-UG), the upper layers are thicker (i.e., the
intersections between the layers are more spread out), and the seismic data clearly show
surface wave dispersion. The dispersion images provide distinct modes and the first higher
order modes appear at different frequency ranges for these two cases. Weak events are
also present next to the first higher order modes, which may be signs of other higher order
modes. However, all three cases indicate that the thickness of the layers is important for

the resulting dispersion characteristics of Rayleigh waves.
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Figure 5.11: Top row: synthetic seismic gathers for (a) LM1, (b) LM1-U4, and (c) LM1-
U6. Bottom row: corresponding dispersion images for (d) LM1, (e) LM1-U4, and (f)
LM1-U6. The seismic velocities are based on rock physics model 1.

The same seismic modeling is done for LM1 with seismic velocities based on rock physics
model 2. The results are shown in Figure [5.12] The dispersion curves are slightly differ-
ent due to the velocity changes, but they show more dispersion when the thickness of the

layers are 4 m and 6 m, as for the previous case (Figure [5.11)).

56



5.2. Seismic data and dispersion curves

Rock physics model 2
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Figure 5.12: Top row: synthetic seismic gathers for (a) LM1, (b) LM1-U4, and (c) LM1-
U6. Bottom row: corresponding dispersion images for (d) LM1, (e) LM1-U4, and (f)
LM1-U6. The seismic velocities are based on rock physics model 2.

Another layer model, LM1a, is represented in Table The layers in this model are 4 m
thick except for the first and second layers, which are 6 m and 2 m, respectively, and the
ice saturation for the layers is the same as for the previous cases. The results are shown
in Figure[5.13] Here, the seismic velocities are based on rock physics model 2. This figure
is very similar to the case when all layers are 6 m (LM1-U6). Hence, Figures and
indicate that the changes in the upper part of the subsurface affect the dispersion

characteristic the most.
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Table 5.3: 5-layered 2D model: LM1a.

Layer Thickness [m] Ice saturation
1 6 0.2

2 0.5

4 0.7
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Figure 5.13: Seismic data for LM1a with seismic velocities based on rock physics model
2. (a) The seismic gather and (b) the corresponding dispersion image are presented.

(a) and (b)) and LM1-U6 with seismic velocities
The

The residual between LM1a (Figures

based on rock physics model 2 (Figures (c) and (f)), is shown in Figure

seismic data show highly dispersive waves, and signs of several higher order modes are
presented in the dispersion image. This indicates that there may be several higher order

modes for the case with the previous models, but they are difficult to identify in the data

presented.
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Figure 5.14: Residual between LM1a and LM1-U6 with seismic velocities based on rock
physics model 2. (a) The seismic gather and (b) the corresponding dispersion image are
shown and indicate several higher order modes for such models.

Small changes in thickness affect the dispersion curves, and the seismic data shown in

also illustrate that. Figures (a) and (d) show the same results as for the first

Figure
layer model with a uniform layer thickness of 4 m (LM1-U4), with seismic velocities based
on rock physics model 2. Figures (b) and (e), and figures (¢) and (f) show the results for
small changes in thicknesses, LM1b and LMIc, respectively, which the model parameters

are provided in Table

Table 5.4: 5-layered 2D models: LM1b and LMlec.

Layer Thickness [m] Ice saturation
LM1b LMIlc
3 4 0.2
5 3 0.5
4 ) 0.7
4 4 0.8
- - 1

T W N =
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Rock physics model 2
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Figure 5.15: Top row: synthetic seismic gathers for (a) LM1-U4, (b) LM1b, and (c) LM1c.
Bottom row: corresponding dispersion images for (d) LM1-U4, (e) LM1b, and (f) LMI1c.
The seismic velocities are based on rock physics model 2.

For the second case (LM1b), when the upper layer is 3 m thick, the first higher order
mode appears at a higher frequency than for the other cases. The other two cases (LM1lc
and LM1-U4 based on rock physics model 2) are quite similar, and the residual between
them is shown in Figure [5.16] Despite the fact that the amplitudes can not be compared
between the two dispersion images, the residual shows that there are some energy differ-
ences, and a possible second higher order mode is visible, which it is not in the previous
plots (Figures [5.15] (d) and (f)). That expresses the complications with interpreting the
different higher order modes in such models. The results from this figure (Figure
and the previous ones (Figures and Figure indicate that small vertical changes
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5.2. Seismic data and dispersion curves

in velocity can result in discernible changes in the seismic data when the layers have spe-
cific thicknesses. The figures also indicate that when an intersection deeper in the ground
changes, the changes in the dispersion of surface waves are not as significant as if the

change happens at a shallower dept.
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Figure 5.16: Residual between LM1-U4 and LM1c with seismic velocities based on rock
physics model 2. (a) The synthetic seismic gather and (b) the corresponding dispersion
image are presented.

In addition to the subsurface properties, the survey setup impacts the resulting seismic

shows results from LM1-U4 (based on rock physics model 2) with the

data. Figure
same maximum offset (300 m) but for varying receiver number and spacing. In figures
(a) and (d), when the receiver interval is 1 m, and the receiver number is 300, there are

(b) and

no signs of aliasing, and represent the same figures as shown before (Figures
(e)). For the cases when the receiver interval is 5 m and 10 m, with 60 and 30 receivers,
respectively, both the seismic gathers and the dispersion images show signs of aliasing.

In the seismic data, the surface waves have a moveout similar to an anticline, which are

signs of aliasing (Steeples and Miller, [1998)). When the interval is 5 m, aliasing can be

observed in the dispersion image for frequencies higher than ~120 Hz. When the receiver
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interval is 10 m, aliasing can be seen for frequencies above ~75 Hz. For the last case,

some numerical artifacts are also visible for frequencies below ~40 Hz.
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Figure 5.17: Top row: synthetic seismic gathers for LM1-U4 (based on rock physics model
2) with varying receiver interval and number of receivers. The receiver interval is (a) 1 m
with 300 receivers, (b) 5 m with 60 receivers, and (c¢) 10 m with 30 receivers. Bottom row:
corresponding dispersion images when the receiver interval is (d) 1 m with 300 receivers,
(e) 5 m with 60 receivers, and (f) 10 m with 30 receivers.

In permafrost environments, the active layer, which is on top of the permanently frozen

ground, may today typically be of 0.5 m to 2.5 m (Christiansen et al., 2010)), but this

will likely increase in the future due to surface warming. A simple simulation of how the
dispersion image may change for a two-layered model, when the top layer’s thickness in-
creases, is performed, and the results are shown in Figure[5.18] This experimental scenario

is performed for a subsurface model where an unfrozen top layer is increasing from 1 m to
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5.2. Seismic data and dispersion curves

1.5 m and further to 2 m. The second layer is frozen. Velocity values from rock physics
model 2 are used, and the difference in velocity for the two layers defined is around 2500
m/s for both the P- and S-wave velocities. The first higher order mode clearly changes its
energy from higher frequency ranges to lower frequency ranges in the dispersion images

when the unfrozen top layer increases its thickness, i.e., reaching a lower depth.

Both layers: quartz
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Figure 5.18: Top row: synthetic seismic gathers for (a) 1 m, (b) 1.5 m, and (¢) 2 m
unfrozen layer of quartz on top of a frozen layer of quartz. Bottom row: corresponding
dispersion images for (¢) 1 m, (b) 1.5 m, and (c¢) 2 m unfrozen layer of quartz on top of
a frozen layer of quartz.

Since the sand type varies in real subsurface, a test is performed for layered subsurface
with both quartz and feldspar. Figure [5.19 shows results for the same models used as for
Figure [5.18, but the upper unfrozen layers consist of feldspar, and the upper layers are
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therefore significantly softer with lower velocities. The layer below consists of only quartz.
The energy of the first higher order mode appears at higher frequencies when the upper

layer is softer (i.e., the difference between the top layer and the layer below is increasing).

Unfrozen top layer: feldspar
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Figure 5.19: Top row: synthetic seismic gathers for (a) 1 m, (b) 1.5 m, and (¢) 2 m
unfrozen feldspar layer on top of a frozen quartz layer. Bottom row: corresponding
dispersion images for (¢) 1 m, (b) 1.5 m, and (c¢) 2 m unfrozen feldspar layer on top of a
frozen quartz layer.

The active layer freezes during winter seasons. An example of how a partly frozen (0.5 ice
saturation) layer above a frozen layer may be reflected in seismic data is shown in Figure
5.20L The seismic velocities are based on rock physics model 2, and only quartz is used
for the sand properties. The seismic modeling results for a 1 m thick partly frozen layer

on top of frozen subsurface are shown in Figures (a) and (d), and the results for a 2
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m thick partly frozen top layer are shown in Figures[5.20] (b) and (e). The seismic gathers
and the dispersion images are quite similar for these two cases, and they do not show any
significant signs of dispersion. The reason for no dispersion could be related to a very
little change in the velocity between the partly frozen layer above the interface and the
frozen layer below (~0.9 m/s in difference for P-wave velocity, and ~0.7 m/s for S-wave
velocity). The residual between the seismic data when the partly frozen layer is 1 m and
when it is 2 m is also presented (Figures[5.20] (c) and (f)) and shows that it is a change

in energy for the fundamental mode.
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Figure 5.20: Top row: synthetic seismic gathers for a (a) 1 m and (b) 2 m partly frozen top
layer above a frozen layer, and (c) the residual between them. Bottom row: corresponding
dispersion images for a (d) 1 m and (e) 2 m partly frozen top layer above a frozen layer,
and (f) the residual between them.
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Figure [5.21]| shows how the seismic data are affected by gradually increasing the ice sat-
uration in the upper top layer. That could be the case for gradually decreasing salinity
in the pore water. Results for a top layer with ice saturation equal to 0, 0.2, 0.4, and
0.5 are shown where the seismic velocities are based on rock physics model 2. The layer
below is frozen. The plots have no significant differences, except when comparing the case
with 0.5 ice saturation to the others. The case with 0.5 ice saturation shows no signs of
dispersion. That is due to the "jump” to higher elastic moduli after 0.4 ice saturation

and the relatively stable low elastic moduli before 0.4 ice saturation for this rock physics

model (see Figure [5.4).
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Figure 5.21: Top row: synthetic seismic gathers for a 2 m thick top layer above a frozen
layer. The ice saturation is (a) 0, (b) 0.2, (¢) 0.4, and (d) 0.5 for the top layer. Bottom
row: corresponding dispersion images with ice saturation given as (e) 0, (f) 0.2, (g) 0.4,
and (h) 0.5. The seismic velocities are based on rock physics model 2.

Figure|5.22|shows the two cases again when the ice saturation is 0 and 0.4 in the top layer,
but together with the residual between them. The two first dispersion images (Figures

5.22| (d) and (e)) look similar, but the residual shows amplitude differences.
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Figure 5.22: Top row: synthetic seismic gathers for a 2 m thick top layer above a frozen
layer. The ice saturation is (a) 0 and (b) 0.4 for the top layer, and (c) the residual between
them is presented. Bottom row: corresponding dispersion images with ice saturation given

(d) 0 and (e) 0.4, together with (f) the residual between them. The seismic velocities
are based on rock physics model 2.

The same simulation, with a changing ice saturation of the top layer, is done based on
rock physics model 1. That is shown in Figure In this case, the figures have more
significant differences due to a gradually increasing velocity of the top layer, correspond-

ing to the seismic velocities from rock physics model 1.
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Figure 5.23: Top row: synthetic seismic gathers for a 2 m thick layer on top of a frozen
layer. The ice saturation is (a) 0, (b) 0.2, (c) 0.4, and (d) 0.5 for the top layer. Bottom
row: corresponding dispersion images with ice saturation given as (e) 0, (f) 0.2, (g) 0.4,
and (h) 0.5. The seismic velocities are based on rock physics model 1.
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5.2.2 Decreasing ice saturation with depth

If the sand properties of the subsurface are vertically equal, but the ice saturation de-
creases with depth, the velocities also decrease with depth. That may be the case if the
salinity in the near-surface increases with depth or the upper layers of a subsurface are
frozen due to cold surface temperatures. The properties of a second 5-layered 2D model
(LM2) are provided in Table 5.5 Figures[5.24] (a) and (d) show synthetic seismic gather
and its corresponding dispersion image for LM2. Figures[5.24] (b) and (e) show the results
for a similar model, but with a uniform layer thickness of 4 m (LM2-U4), and Figures
5.24] (¢) and (f) show the results for the same model with a uniform layer thickness of 6

m (LM2-U6).
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Table 5.5: 5-layered 2D models: LM2, LM2-U4, and LM2-U6.

Layer Thickness [m] Ice saturation
LM2 LM2-U4 LM2-U6

1 0.5 4 6 1

2 1 4 6 0.9
3 1.5 4 6 0.7
4 7 4 6 0.1
) - - - 0
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Figure 5.24: Top row: synthetic seismic gathers for (a) LM2, (b) LM2-U4, and (c) LM2-
U6. Bottom row: corresponding dispersion images for (d) LM2, (e) LM2-U4, and (f)
LM2-U6. The seismic velocities are based on rock physics model 2.

Lower frequencies show amplitudes for lower phase velocities. As the frequencies increase,
the velocities also increase. That is different from the dispersion images from the previous

section (Chapter [5.2.1). Figures[5.24] (e) and (f) show signs of multiple modes. The higher
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order modes appear at lower frequencies for the model with a uniform thickness of 6 m.

For the case in the dispersion image for LM2, it looks like only one mode is present.

Figure [5.25| shows a scenario for a two-layered model, where the ground is frozen above
the interface between the layers and unfrozen below the interface. It shows three cases
where the top layer is 1 m thick, 1.5 m thick, and 2 m thick. The dispersion curve is nar-
rower in this case, and no significant signs of several modes are indicated. However, the

dispersion curves bend towards higher velocities for higher frequencies as for the previous

case (Figure [5.24]).
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Figure 5.25: Synthetic seismic data for a two-layered model consisting of a frozen top layer,
with varying thickness, and an unfrozen layer below. Top row: synthetic seismic gathers
when the top layer is (a) 1 m, (b) 1.5 m, and (c¢) 2 m thick. Bottom row: corresponding
dispersion images when the top layer is (d) 1 m, (e) 1.5 m, and (f) 2 m thick. The seismic
velocities are based on rock physics model 2.
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5.2.3 Unfrozen and partly unfrozen layers embedded in frozen

ground

Sometimes, the salinity varies, having an irregular gradient with depth, and sometimes,
an unfrozen active layer above frozen permafrost starts to freeze at the surface due to
colder surface temperatures (e.g., in autumn). In these cases, unfrozen and partly frozen
layers may be embedded in frozen ground. A third 5-layered 2D model (LM3) is described
in Table [5.6] representing one such scenario. Figure shows the resulting synthetic
seismic gathers and their corresponding dispersion images for LM3, LM3 with a uniform
thickness of 4 m (LM3-U4), and LM3 with a uniform layer thickness of 6 m (LM3-U6),
with seismic velocities based on rock physics model 1. The seismic data show a wide
range of seismic waves for all three cases, but the modes in the dispersion images are not
possible to separate for the first case (LM3) when the velocity changes are only happening
at the very top of the model. The results show clearly that the dispersive energy ”jumps”
from the fundamental mode to higher modes, and each mode lacks energy at different fre-
quencies. The energy ”jumps” from lower phase velocities to higher phase velocities with
increasing frequencies. When the thickness of each layer is 6 m, the modes are displayed

at lower frequencies than when the thickness is 4 m for each layer.

Table 5.6: 5-layered 2D models: LM3, LM3-U4, and LM3-U6.

Layer Thickness [m] Ice saturation
LM3 LM3-U4 LM3-U6
1 0.5 4 6 1
2 1 4 6 0.5
3 1.5 4 6 0
4 7 4 6 0.8
5 - - - 1
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Figure 5.26: Top row: synthetic seismic gathers for (a) LM3, (b) LM3-U4, and (c) LM3-
U6. Bottom row: corresponding dispersion images for (d) LM3, (e) LM3-U4, and (f)
LM3-U6. The seismic velocities are based on rock physics model 1.

The same seismic modeling is done for LM3 when the velocities are based on rock physics
model 2. That is shown in Figure The higher order modes are clearly visible in
LM3-U4 and LM3-U6, but the energy of each mode is present at slightly different fre-

quencies than when the velocities are based on rock physics model 1.
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Rock physics model 2
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Figure 5.27: Top row: synthetic seismic gathers for (a) LM3, (b) LM3-U4, and (c) LM3-
U6. Bottom row: corresponding dispersion images for (d) LM3, (e) LM3-U4, and (f)
LM3-U6. The seismic velocities are based on rock physics model 2.
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Another example of synthetic seismic data is shown in Figure [5.28] The figure illustrates
a scenario where an initial 2 m thick unfrozen layer above a frozen layer starts to freeze
from the top. The considered subsurface model consists of three layers where the inter-
face between the top frozen layer and the second unfrozen layer changes depth for each
case in the figure. The figure shows three scenarios where the thickness of the frozen
top layer changes from 0.5 m to 1 m, and further to 1.5 m. The changing thickness of
the high velocity layer on top impacts the resulting seismic data. The scenario where
the top layer is 0.5 m shows very dispersive waves in the seismic gather. The surface
waves are less dispersive for the scenario where the top layer is 1 m and very little for

the last scenario where the top layer is 1.5 m. The unfrozen layer is thinner for the
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5.2. Seismic data and dispersion curves

two last cases, and the less dispersive waves may indicate that the unfrozen layer is too

thin, concerning the wavelengths, to make the surface waves as dispersive as the first case.
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Figure 5.28: Synthetic seismic data for a three-layered model with a frozen top layer, an
unfrozen second layer, and a frozen layer below. Top row: synthetic seismic gathers when
the top frozen layer is (a) 0.5 m, (b) 1 m, and (c¢) 1.5 m. The third layer always starts at
2 m depth. Bottom row: corresponding dispersion images when the top layer is (d) 0.5
m, (e) 1 m, and (f) 1.5 m.

Three other 5-layered 2D models (LM4, LM5, and LM6) are made with slightly different
layer thicknesses and ice saturation than LM3 and are shown in Table Figure [5.29
shows the seismic data results of seismic modeling on these models when 300 receivers
with a receiver interval of 1 m are used, and the seismic velocities are based on rock
physics model 1. LM4 has a 1 m thicker top layer than LM5, and LM5 has a 1 m thinner
fourth layer than LMG6.
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Table 5.7: 5-layered 2D models: LM4, LM5, and LM6

Layer Thickness [m] Ice saturation
LM4 LMb LM6
1 2 1 1 1
2 3 4 4 0.5
3 3 3 3 0
4 8 8 9 0.5
5 - - - 1

300 receivers
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Figure 5.29: Top row: synthetic seismic gathers for (a) LM4, (b) LM5, and (c¢) LM6.
Bottom row: corresponding dispersion images for (d) LM4, (e¢) LM5, and (f) LM6. The
seismic velocities are based on rock physics model 1, and 300 receivers are used with a
receiver interval of 1 m.

The seismic modeling is also performed with 100 receivers with a receiver interval of 1

m, which the results are shown in Figure [5.30] The seismic gathers show less dispersion
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than in Figure [5.29 and the modes are more separated for the case with 300 receivers. A
comparison of these figures indicates that an increased number of receivers over a larger

area increases the resolution of the seismic data.

100 receivers

LM4 LM5 LM6
(a) Offset [m] (b) Offset [m] (c) Offset [m]
059 N 75 100 059 - ‘ ‘7 100 05“ A 75‘ " 100
T S T Sl L L LN T T e L LI L LT
A ———— : ‘ —— S — e
! i i - o
" — ‘ —
it A it
,‘"{{P<’)”{{) . ) {m : p(:)\I):\v}jv;:‘n‘:{y(»}))n{;
I : R ssis
_ fIHH Lt
0, J“<‘~' N K2 Hi ST K2
) ! | i ) i | o
£ E £
= [ [
(d) Phase velocity [m/s] (e) Phase velocity [m/s] (f) Phase veIocitX [m/s]
0% 000 4000 6000 0O 2000 4000 6000 0 0 2000 000 6000

40 40 40
N N N
T Z Z
> 80 > 80 = 80
C C C
g 2 2
o Higher order > o
2120 £ 120 2120
w [N [T
160 ; 160 160
200 200 200

Figure 5.30: Top row: synthetic seismic gathers for (a) LM4, (b) LM5, and (c¢) LMS6.
Bottom row: corresponding dispersion images for (d) LM4, (e) LM5, and (f) LM6. The
seismic velocities are based on rock physics model 1, and 100 receivers are used with a
receiver interval of 1 m.
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Chapter 6

Discussion

It has been shown in previous chapters that there are several ways to model seismic
properties as functions of ice saturation, and the models provide various results. In this
chapter, I discuss the modeling and results in relation to the theory and objective of this

thesis. Some suggestions for further work are provided in the last section.

6.1 Evaluation of the modeling

The modeling in this thesis does not represent data from real subsurface, and the syn-
thetic results therefore differ from real velocities from seismic data acquired in the field.

However, synthetic results may improve the understanding of how to interpret real data.

6.1.1 Remarks - rock physics modeling

The modeled composite rocks used in the rock physics modeling are simple, consisting
of only one or two minerals with equal grain size. The real Earth’s subsurface usually
consists of a mix of several mineral sizes (e.g., Gilbert et al., 2018), and this may result in
varying porosity within the subsurface as well as other parameter variations. The results
in Figures and show that variation in minerals and porosities impacts the seismic
velocities. Therefore, seismic velocities of real sediments are expected to differ from the

modeling in this thesis.
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Spherical inclusion shapes are assumed for the ice fragments in the ice-water mixture
used in rock physics model 2, which is based on ice cementation modeling, as assumed in
Johansen et al.| (2003)). If penny-shape inclusions were assumed for rock physics model 2,
which is the case for the models used by Dou et al.|(2017) and Stemland et al.| (2020b)), the
seismic velocities of the ice-water mixture would be different. The elastic moduli of the
ice-water mixture as functions of ice saturation are shown in Figure for both spherical
and penny-shaped ice inclusions. The ice-water mixture in the pore space may have a
critical point at an ice saturation equal to ~0.82 instead of 0.4 (Figure , meaning that

the mixture would act as a fluid until 82% of the mixture consists of ice.

9 «10°Ice-water mixture (penny-shape vs. spherical ice inclusion)
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Figure 6.1: Elastic moduli of a mixture of ice and water as functions of ice saturation
using the SCA. The results for both spherical and penny-shaped inclusion assumptions
for the ice fragments are shown. The water inclusions are assumed spherical for both
cases.

If the ice-water mixture with the penny-shape assumption was used in the modeling, the
velocities of a saturated rock would differ from the resulting velocity models shown in
Figures 5.5 and [5.10] The elastic moduli would probably show that the composite rock

would be softer for even higher ice saturation since the critical shear modulus is present
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at a higher ice saturation. The fact that small details, such as ice fragment shape, may

impact the modeling to a certain degree is important to be aware of in analyses.

Real grains may not always be spherical, as it is assumed in the composite rocks in
this thesis, and that may also make errors in the analysis as mentioned by Zimmerman
and King (1986). However, |Zimmerman and King| (1986) also state that small amounts
of elliptical inclusions should only affect the results slightly compared to only having

spherical grain inclusions.

The rock physics models are not applicable for clay-rich sediments because of large varia-
tions in the elastic properties of clay minerals, strong surface effects, and its cementation
behavior (Dou et al., 2016, |2017)). Further, some clay particles are more disk-shaped than
spherical (Zimmerman and King, [1986), and since the models used in this thesis always
assume spherical grain shapes (Hertz-Mindlin equations in Chapter , the models
would not be correct for clay. The velocity results for clay in Figure (c) are therefore

not reliable.

Numerical artifact in rock physics model 2

Rock physics model 2 had a numerical artifact close to the critical shear modulus point at
ice saturation equal to 0.4 (Figure . The seismic velocities had unrealistic high values
for ice saturation between 0.4—0.5. The ice-water mixture should be softer with a softer
cementation medium and with a softer pore-filling medium. However, high velocities were
present for a medium with lower ice saturation in that interval. A smooth function in
MATLAB (local regression) has therefore been used to smooth the velocity curves that
are used for further calculations. This numerical artifact was also reported by |[Johansen
et al.| (2003), which the model is based on, and was solved in a similar way by those
authors. Possible reasons for this artifact could be that there are some limitations of the
use of S,, and S, in the cementation equations (Equations and . When there
is a high water percentage in the cement, and the cement properties show a lower shear

modulus than bulk modulus, the equations are incorrect for the case in this thesis.
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Variation in lithostatic pressure
The lithostatic pressure in the subsurface does change with depth, and the pressure, P,

can be found by
P = pDy, (6.1)

where p is the density, D is the depth, and ¢ is the acceleration due to gravity.

The rock physics models do not consider depth-related pressure variations. For simplic-
ity, the pressure used in the Hertz-Mindlin equations (Equations and , which
further impacts other rock physics equations, is assumed as a constant since the other
parameters in the pressure equation (Equation are assumed as constants. The depth
value is assumed as a constant of 10 m. If it would change for each layer in the subsurface
models, this pressure would increase with depth. The elastic moduli of the layers below 10
m depth would be of a higher value, resulting in higher velocities, and for the layers above
10 m, lower velocities than those produced in this thesis would be present. The density
of the ground is assumed to be a constant of 2500 kg/m3. It is therefore not changing
with factors that may impact the density, such as porosity, pressure, and pore saturation.
These assumptions may affect the rock physics models but may result in small changes,

which may not be noticeable in the seismic data.

Ice morphology

The seismic velocities as functions of ice saturation depend on more than the amount of
ice in a rock’s pore space. Effective elastic properties of partially frozen sediments depend
strongly on the ice morphology (how ice is divided in the pore space), and none of the
freezing models (Figure gives velocities that fit exactly with lab experiments (Dou
et al., |2016; Matsushima et al., [2016). The effect of various ice distributions is illustrated
in Figure 5.5 where the velocities of rock physics models 1 and 2 are shown. If the ice
morphology is unknown, it is difficult to find the exact velocity from rock physics model-
ing because of the velocity variation. It is also shown, from a comparison of, for instance,
Figures and that the changes in velocities due to the ice geometry may impact

the seismic velocities remarkably and affect the dispersion characteristic of surface waves.
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6.1.2 Remarks - seismic modeling

The subsurface models made in this thesis for seismic modeling are based on 1D stacks
of layer properties and are quite simple, with few layers and no lateral variations. In the
case of a real subsurface, lateral changes can be present, and the layering can be more
complicated. Lateral changes in permafrost can be due to soil properties, but it can also,
for instance, be due to ice wedges, which are common in permafrost. Ice wedges are
cracks that appear due to stress during cold temperatures, and these cracks get filled by
water, which refreezes during winter (Romeyn et al., |2021)). Repeated cracking makes
the cracks grow laterally and makes the ground consist of a series of ridges (Christiansen
et al., 2016]). Lateral variations in ice saturation can also be present as|Johansen et al.
(2003)) assume in their study area in Adventdalen, Svalbard. Since the real subsurface
may vary laterally, short survey intervals in the field may provide seismic data that are

less affected by lateral changes and therefore easier to analyze.

Each layer can also be more complex than assumed in the models in this thesis. The
real subsurface has more variations in sand minerals, grain size and shape, porosity, and
pore saturation, which may vary laterally and vertically. Hence, seismic data for real
subsurface will differ from those in Chapter However, the synthetic data generated
from simple models may help in the analysis of real time-lapse seismic data from frozen
and partly frozen ground. It can help to understand what variations in real seismic data
indicate and how different physical properties affect the data in similar ways and possibly

oppose each other.

Seismic survey and aliasing

The aliasing shown in Figure is caused by spatial aliasing, resulting from too short
distance between the receivers. The synthetic seismic gathers and dispersion images in
that figure show that the receiver interval is important for the correctness of the seismic
data. The data show aliasing if the distance between the receivers is more than half of
the wavelengths of the seismic waves recorded and depends on the wave frequency and

the seismic velocities in the subsurface. The wavelength can be expressed as

A= (6.2)

?7
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where X is the wavelength, f is the frequency, and v is the velocity.

The wavelength (and the minimum distance between the receivers) varies with the veloc-
ities in the subsurface. Hence, the minimum distance varies from place to place because

of lateral variations in the subsurface.

Most of the survey simulations done in this thesis have 300 receivers. The setup may be
possible, but the time and equipment available are often limited during real seismic acqui-
sition. It is possible to use fewer receivers, but it is important that the spacing between
them is short enough so that no spatial aliasing appears. A minimum of 24 receivers is
recommended for near-surface characterization, with a receiver spacing between 0.5 m
and 4 m (Foti et al.| |2018). Seismic modeling is tested with 100 receivers for Figure m,
and seismic data without aliasing is presented. However, the optimal number of receivers

and length of spacing may vary depending on the area.

I chose to carry on with the setup with 300 receivers and 1 m receiver spacing. With
this setup, the varying dispersion characteristic was clear and easy to investigate, which
was part of the objective of this thesis. The more receivers on the same distance, the
better resolution and therefore cleaner dispersion image (Foti et al., 2018). That is also
presented in Figures [5.29 and [5.30] which show that when more receivers over a wider

area are used, a better resolution is presented in the seismic data.

Romeyn et al.| (2021)) do passive seismic acquisition with geophones randomly spread out
in an area with permafrost in Adventalen, Svalbard. Their resulting dispersion curves
show higher frequencies for higher velocities like the ones provided in this thesis when the
ice saturation is decreasing with depth (Chapter . Several modes are identified in
their results, which are not easy to detect in the synthetic results in Figures and [5.25),
which have active seismic survey setup. In Figures and it looks like one mode
is present. The bending towards higher velocities indicates transitions to higher modes.
A passive seismic survey may detect information that an active survey may not detect
since passive sources usually have a low frequency (long wavelengths) of about 1-30 Hz,
providing a wide range of penetration depth (Park et al., 2007). However, this method
requires some sources to be present in the area, for instance, frost quakes (produced by
cracking of frozen surface), which was the case for the study by Romeyn et al.| (2021).
An active survey method uses an active source and a linear receiver array and typically

makes seismic waves with higher frequencies. A combination of active and passive survey
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images can be used to obtain dispersion information for a broader range of frequencies

and depths and to identify the dispersion modes better (Park et al., 2007]).

Inversion

Studies have shown that inversion can be done relatively easily for dispersion images with
a strong dominant fundamental mode (e.g., |[Park et al., [1998; Socco et al 2010]). These
methods do not take higher modes into account, and such inversion is therefore not correct
when the dispersion images contain strong and dominant higher modes, which usually is
the case in Arctic environments (Stemland) 2020), and is the case for most of the results
in this thesis. It is also not always easy to determine which mode is the fundamental
mode. Interference of higher modes may affect the characteristic dispersion curve of the
fundamental mode, and failure in separating the different modes can lead to errors in
the results (Park et al., [1998). To account for dominant higher modes, more complex
and computationally expensive inversion schemes are needed (e.g., Dou and Ajo-Franklin,
2014} |Ryden and Lowe, 2004). It has also been argued that future inversion techniques
should be based on the complete dispersion image and not only the dispersion curves.
The inversion part of the surface wave analysis process is not performed in this thesis due

to the complications related to higher modes.

Even if seismic inversion is successful and a velocity profile from the seismic data is
obtained, the next step of obtaining the physical properties from the seismic data (inverse
rock physics modeling (Johansen et al., [2013; Bredesen et al., 2015)) is a further challenge.
Interpreting velocity profiles, considering the physical properties, must be done carefully.
The rock physics modeling results presented in Chapter show that a velocity change
may have several reasons. One reason can be a change in the ice and water content, but
it can also be that there is a change in the type of mineral or porosity (Figures and
5.10)).

Because of all the parameters that impact the seismic velocities of a rock, it is essential to
calibrate the velocities with logs from boreholes. Samples may be analyzed to determine
porosity, permeability, and fluid content. That makes it feasible to analyze the seismic

results concerning, for instance, the degree of freezing (ice saturation).
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6.2 The effect of thawing on elastic properties

The thawing rate is investigated in this thesis by using the term ice saturation, and the
rock physics models’ results show the elastic properties as functions of ice saturation.
By investigating how the properties change when the ice saturation decreases, it can be

assumed how real frozen sediments will change their properties when they thaw.

Thawing affects the elastic properties of the sediments, as seen in all of the velocity results
based on the rock physics modeling. When there is less ice in a composite rock, the elastic
properties change, showing lower values of the rock’s elastic moduli. That results in a
softer rock and lower seismic velocities. The thawing gradient may vary depending on the
rock physics model used. Some models, where cementation of ice is taken into account
(e.g., rock physics model 2 in Chapter , indicate that a frozen and partly frozen
rock will behave as a relatively stiff medium until around 60% of the pore ice is melted
and then suddenly loses its stiffness and rigidity. This cementation model uses CCT,
which is only applicable for loose sandstone with direct contact, but Xue-Hui et al.| (2014)
have generalized this model to take into account the effect of contact thickness on the
velocities, and can therefore be applied for grains that are not in contact. Other velocity
models (e.g., rock physics model 1 in Chapter indicate a more gradual transition
from stiff to soft medium. The transition from ice to water saturated pore space may
be even smoother (i.e., the subsurface gradually decreases its rigidity and stiffness) if the
pore space is only partially saturated (Figures and. Lab experiments by Dou et al.
(2016) also support that the elastic properties of unconsolidated permafrost decrease with

thawing.

The effect of freezing has less impact when the porosity is lower (Figure [5.7)), which is
consistent with the results by Matsushima et al. (2016)) stating that the impact of freezing
is less for consolidated sediments than unconsolidated sediments. The experiments by,

e.g., Dvorkin and Nur| (1996)) support a higher seismic velocity with lower porosity.
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6.3 The effect of thawing on seismic surface waves

The results of the dispersion images in Chapter show a general trend for the dispersion

characteristics depending on the subsurface’s ice distribution.

For the first cases (Chapter , the ice saturation increases with depth, and thus,
the velocities increase with depth. Most of these results, independent of the number of
modes represented, show a dispersion image of dispersion curves with energy amplitudes
representing higher frequencies for lower velocities. That is because the higher frequencies
only travel through the upper layers with the lowest seismic velocities, and the lower
frequencies also travel deeper into the stiffer layers with higher velocities. The deeper the
interface between an unfrozen soft top layer and a frozen stiff layer, the lower frequency

ranges consist of higher order modes.

For the cases when the ice saturation decreases with depth, and the velocities therefore
decrease (Chapter , the dispersion curves show an opposite trend. Higher frequen-
cies show high energy amplitudes for higher velocities in the dispersion images. The
high frequencies travel in the top layers with the highest seismic velocities, and the low

frequencies can travel in deeper layers with lower seismic velocities.

The last cases with decreasing ice saturation in the top layers and thereafter increasing ice
saturation with depth (Chapter have another characteristic trend of their dispersion
curves. When the layers have a certain thickness, several modes can be seen in the
dispersion images (Figures[5.26] (¢) and (f), and Figures[5.27] (e) and (f)). Low frequencies
represent modes at high velocities. For slightly higher frequencies, the velocities decrease,
but when the frequencies increase more, the velocities increase again. At which frequencies
the dispersion curves shift (turn from decreasing to increasing velocities as functions of
frequency) and at which frequencies the modes appear depend on the thickness of layers,

type of sand and ice formation in the pore space.

These dispersion characteristics are the same as provided in [Foti et al.| (2018) and |Mi et al.
(2018). A transition from the fundamental mode to higher modes at low frequencies is
typically associated with an abrupt change in stiffness at a given depth, and a transition
to higher modes at high frequencies is typically associated with a stiff top layer (Foti
et al., 2018).
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Further, the thickness of the layers impacts the dispersion characteristic. For example,
Figure shows a very different dispersion curve for the model with a varying thickness
of the layers than for the models with uniform layer thicknesses of 4 m and 6 m. When
the subsurface has various properties in thin layers at the very top (shallow subsurface)
above a half-space (Figures[5.12] (a) and (d)), the dispersion curve shows almost the same
velocities for all frequencies and barely shows dispersion. That could be due to variations

in ice saturation only in the top layers, which are thinner than in the other two cases in
Figure [5.12

Physical rock parameters such as increasing ice saturation, decreasing porosity, and stiffer
sand minerals give all the results of stiffer ground and have the same effects on the seismic
data. Thus, different physical properties can affect the dispersion curves in similar ways,
and in some cases, contrarily. An example of this is that both increasing active layer

thickness and higher feldspar content in the top layer lead to higher order modes at lower

frequencies (Figures [5.18) and |5.19)), meaning that these effects may not be possible to

distinguish. The same effect appear if a partially frozen top layer above a frozen layer

thaws (Figure [5.23)).

If the ground was as simple as one layer above a half space, it would look like this method
would detect changes in the ground when seismic survey is done several times at the same
location (Figure . However, in many cases, the real subsurface consists of several
layers with different properties and thicknesses, and sometimes, the layers are too thin,
concerning the wavelengths, to be identified with the seismic surface wave method (e.g.,
Figures [5.11] (a) and (d) and Figures 5.2 (c) and (f)). Therefore, this method may not
detect every change in the subsurface. However, the surface wave method should be
further investigated in combination with other geophysical methods for better monitoring
of permafrost environments. Other methods that the surface wave method possibly could
be integrated with are, for instance, electromagnetic, electrical, and other seismic methods
(e.g., [Kneisel et al.; 2008; Briggs et al., 2017; [Wu et al., |2017; Keating et al., 2018).
Measurements from boreholes should also be performed to calibrate the seismic data and

directly measure permafrost temperatures (Isaksen et al., 2022]).
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6.4 Future work

Some suggestions for further work are listed in this section.

e Other rock physics models could be tested to investigate their impacts on seismic

velocities and compared to the ones used in this thesis.

e Another layout of receivers could be tested for seismic modeling of synthetic near-
surface models. For instance, receivers in a circle or randomly spread out could be
done, as for a typical passive seismic survey. That may give dispersion images with

more explicit modes, which are easier to separate.

e Seismic modeling on simple 2D models with lateral changes could be tested to

investigate the effects of lateral variations on the dispersion images.

e Looking at the residual between two almost similar dispersion curves is briefly done
in this thesis. That can be further studied to investigate the dispersion character-

istics.

e No inversion of the synthetic seismic data was done in this thesis due to its compli-
cations related to higher modes. It should be investigated further to overcome these
problems because it is an important step in the surface wave analysis to understand

what is beneath real surface.

e The surface wave methods should be integrated with other methods, such as elec-
tromagnetic, electrical, and other seismic methods, to better monitor permafrost

changes.
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Chapter 7

Conclusions

The main conclusions of the work of this thesis are:

e The seismic velocities depend on the ice saturation and the geometrical ice distribu-
tion in the pore space. However, other factors also impact the velocity, such as pore

saturation, porosity, sand properties, and shapes of the grain and ice fragments.

e Changes in the dispersion characteristic of Rayleigh waves can be seen in their
dispersion images, and the changes depend on the distribution of the layer velocities
and the thickness of the layers. Changes in thin or deep layers do not always affect

the dispersion of Rayleigh waves.

e Property differences in the subsurface are sometimes not possible to distinguish in
the dispersion images because two different events can have the same effect on the

dispersion curves and, in some cases, oppose each other.

e A better understanding of the rock physics modeling and surface wave analyses of
synthetic near-surface models can be helpful when analyzing real time-lapse seismic

data from permafrost environments.
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Appendix A

A.1 Normal and shear stiffnesses

The definitions of the parameters S,, and S, are as following:

S, = Apa® + Bya + Gy, (A1)
A, = —0.024153A,, 13646, (A.2)
B,, = 0.20405A,, 089008, (A.3)
C,, = 0.00024649A ;19564 (A.4)
S, = A.a* + B.a+C,, (A.5)
Ay = —1072(2.2607 + 2.07v, + 2.3)AOTWEH017540, 1342 (A.6)
B, = (0.057302 + 0.0937u, + 0.202)A%0274v5+0.05290,—0.8765, (A7)
Cr = —1074(9.65412 4 4.945p, + 3.1)AL-01867/+0.4011v, ~1.8186 (A.8)
P (1—v)(1 - Vc)’ (A.9)
s (1 —2v,)

A, = W/Z , (A.10)

o= %, (A.11)

Here, v, and v, are the Poisson’s ratios of the solid and the cement, respectively, and p
and p. are the shear moduli of the solid and the cement, respectively. a is the radius of

the contact cement layer, and R is the grain radius.

96



	List of Figures
	List of Tables
	Introduction
	Motivation
	Objective
	Outline

	Background - seismic waves
	Characterization of elastic media
	Various types of seismic waves
	Seismic wave propagation
	Frequency-dependent waves
	Seismic waves in frozen and unfrozen sediments

	Background - rock physics
	Physical rock properties
	Effective elastic media: upper and lower bounds
	Voigt and Reuss bounds
	Hashin-Shtrikman bounds

	Effective elastic media: the impact of physical and structural rock properties
	Elastic properties in dry unconsolidated rocks
	Inclusion models
	The effect of fluid
	The effect of ice


	Modeling
	Rock physics modeling of frozen and unfrozen sediments
	Rock physics model 1: two-end-member mixing
	Rock physics model 2: CCT and SCA

	Seismic modeling of near-surfaces
	Workflow of surface wave analysis
	Seismic survey and subsurface models
	Dispersion curves


	Results
	Rock physics models
	Elastic and seismic properties as functions of ice and water saturation
	Variation in the assumed shape of ice fragments
	Variation in porosity
	Variation in pore saturation
	Variation in grain properties

	Seismic data and dispersion curves
	Increasing ice saturation with depth
	Decreasing ice saturation with depth
	Unfrozen and partly unfrozen layers embedded in frozen ground


	Discussion
	Evaluation of the modeling
	Remarks - rock physics modeling
	Remarks - seismic modeling

	The effect of thawing on elastic properties
	The effect of thawing on seismic surface waves
	Future work

	Conclusions
	Bibliography
	Appendices
	
	Normal and shear stiffnesses


