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THESIS ABSTRACT

An Evaluation of the Sensitivity of Nuclear Magnetic Resonance Measurements to

Hydraulic Parameters of the VVadose Zone

By Samuel O Falzone

Dissertation Director:

Professor Kristina Keating

Hydrogeologic processes of the vadose zone have important implications for
many environmental issues including agricultural practices such as irrigation, water
resource management, and contaminant transport, among others. Current methods for
characterizing the vadose zone involve invasive and sparse data collection techniques.
While geophysics has the potential to measure hydrogeologic processes non-invasively,
current geophysical measurements have not been widely used to study the vadose zone.
Of interest in this study is developing nuclear magnetic resonance (NMR) as a means to

investigate the vadose zone.

The first laboratory study in this thesis investigated the NMR relaxation time
versus saturation curve of unconsolidated geologic media for samples exhibiting NMR
relaxation in different diffusion regimes. Six synthetic sands were created that varied in
both grain size and total iron content, in order to simulate different pore size distributions

and surface relaxivities. The relative relaxation time versus saturation curve was found to



be linear for fast diffusion regime samples and a power law relationship for samples
outside the fast diffusion regime. This study proves that samples in different diffusion

regimes have different relaxation time versus saturation relationships.

The second laboratory study investigated the response in the NMR measurement
due to hysteresis caused by drainage and imbibition. The water retention curves, WRC, of
four synthetic sands and two loamy sand soils were measured with a porous plate
experiment during both drainage and imbibition. Hysteresis was observed for the WRC’s
of all samples, but not observed for NMR parameters versus water content. This study
proves that NMR is insensitive to differences in the WRC as expressed during drainage

and imbibition.

Surface NMR is an NMR field measurement, which is capable of measuring a
vertical profile of water in the subsurface, and offers a new way of studying the vadose
zone. The third study investigated the ability of signal cancellation algorithms to remove
the signal originating from a surface water layer present during a surface NMR
measurement. An infiltration experiment resulted in a scenario in which the measurement
loop was submerged in a layer of surface water. The algorithms presented in this study
were capable of removing the signal originating from the surface water layer, resulting in

a usable dataset for monitoring infiltration.
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Chapter 1

Thesis Overview

1.1 Motivation

The Food and Agriculture Organization of the United Nations predicts that, in
order to feed the growing world population, global food production must rise by 70%
from 2005 levels by 2050 (HLEF, 2009). Driven by population growth and increasingly
precious water resources, agricultural practices will need to become more efficient in the
future in order to provide for increasing demand. In order to conserve water resources
necessary for irrigation, a comprehensive understanding of subsurface hydrogeologic

processes is necessary.

Nearly all water used for irrigating crops enters into the water cycle through the
vadose zone, or the region between the root-zone and the water table. It is therefore
important to understand the physical processes driving flow through this region in order
to maximize production while conserving water resources. Studying how water flows
through the vadose zone, however, relies on invasive probes and laboratory
measurements. These measurements have the potential to disturb the natural state of soils
and produce uncertain results. Geophysics however provides a means to study the
subsurface without disturbing the natural state of soils, and has been successfully used to
study subsurface hydrogeologic processes non-invasively (Slater et al., 2006). By relating

the physics governing a geophysical measurement to the physics governing how water
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moves through the subsurface, geophysical measurements can provide an alternative to
standard methods for investigating the vadose zone (Ferré et al., 2007). One method in
particular that has become well established in geophysical research for studying
groundwater processes below the water table is nuclear magnetic resonance, NMR
(Behroozmand et al., 2015). The ultimate goal of this thesis is to develop NMR as a

geophysical method for investigating the vadose zone.

NMR is capable of investigating hydrogeologic processes because of its direct
sensitivity to the amount of water in a pore space, by interpreting the signal magnitude of
the measurement. The measurement is also capable of predicting the size of saturated
pores, by interpreting the measurement’s relaxation time (Seevers, 1966; Brownstein and
Tarr, 1979; Godefroy et al., 2001). NMR has also been shown to be an effective field
method, able to provide non-invasive surveys of groundwater to depths up to 100 m using
surface based instruments (Legchenko et al., 2004) and borehole instruments (Knight et
al., 2015). More recently, it has been shown that surface based instruments can monitor
infiltration within the vadose zone (Walsh et al., 2014). By increasing our understanding
of how NMR measurements relate to hydrogeologic processes of the vadose zone, NMR

can inform our understanding of how best to manage water resources.

The research presented in this study is focused on further defining how the NMR
relaxation time relates to hydrogeologic state variables characteristic, which govern the
flow of water within the vadose zone. Chapters 2 explores the effect of physical and
mineralogical characteristics on the interpretation of NMR measurements as a function of
saturation. Chapter 3 explores the effect of drainage and imbibition processes on the

NMR relaxation time. Finally, Chapter 4 develops cancellation algorithms for removing



standing water signal from a surface NMR measurement, in order to increase the

sensitivity of the measurement to water within the subsurface.

1.2 Background
1.2.1 Vadose zone hydrogeology

Soils within the vadose zone are typically unsaturated, and contain a significant
atmospheric gas phase within their pore space. Unlike in the saturated zone below the
water table, in which water is typically under positive/outward pressure, water in the
vadose zone is subjected to negative/adhesive forces due to the interaction of water with
the mineral surface (Richards, 1931). Because of these adhesive forces, also known as
capillary forces, water cannot be removed from unsaturated geologic media without being
subjected to a positive/external force necessary to counteract them, such as suction
(Buckingham, 1907). The energy state of water in unsaturated geologic media resulting
from capillary forces is defined by the hydrogeologic state variable known as matric
potential, y, which is typically defined in terms of negative pressure. As the y decreases
(or gets more negative) the water content, &, will decrease. Washburn’s equation
(Washburn, 1921) relates y to a pore size threshold known as the critical radius, r¢, which
defines the maximum radius that can be saturated at a specific value of y known as the

air entry value, v,

__2y,cosd
r 1

c

(1-1)

c



where y, is the surface tension at the liquid-air interface and @ is the contact angle of
water on the pore surface, both resulting from cohesive and adhesive forces between the
liquid and air phases, and the solid matrix. Consequently, the size of saturated pores
within an unsaturated soil will vary due to changes in y; as w decreases, water is limited

to smaller pores.

The water retention curve (WRC) defines the relationship of 8to y, and is used to
explain how a soil will drain and imbibe water as capillary forces are overcome by
environmental conditions. This relationship is characteristic of different soil types. Due to
the relation of  to pore size as defined in equation 1-1, the WRC of a soil is related to
the pore size distribution of a soil: soils with smaller pores will remain saturated at
smaller y than soils with larger pores (Nimmo, 1997). Quantification of the WRC of a
soil is necessary for determining hydrogeologic state variables such as the unsaturated
hydraulic conductivity, or the ability of a soil to conduct water through its unsaturated
pore space dependent on @ (Richards, 1931). Predicting how water will move through
unsaturated soils is therefore dependent on characterizing the WRC. More information on

these concepts can be found in Koorevaar et al. (1983).

The WRC is difficult to characterize because it is dependent on the specific
drainage and imbibition history of a soil (Nimmo, 1992). During drainage, as
decreases, water will drain from pores with radii greater than rc. The opposite is true
during imbibition; as w increases, water will saturate pores with radii less than re.
Hysteresis due to drainage and imbibition history can occur if pores have a regulating

effect on the flow of water to or from pores. During drainage, smaller pores can block the
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flow of water from larger pores, while during imbibition, larger pores can block the flow
of water to smaller pores. This process results in separate discrete pathways of the WRC
during drainage and imbibition, and can lead to uncertainty of how a soil will react to

different environmental conditions (Likos et al., 2014).

1.2.2 Near-surface geophysical methods

Geophysical methods have proven useful for investigating hydrogeologic
processes in the subsurface by providing non-invasive survey alternatives to conventional
invasive methods (Sneider et al., 2007). Measurements of the saturated zone have shown
the ability to determine hydraulic conductivity (Slater, 2007), identify fracture zones
(Robinson et al., 2015), characterize ground water flow pathways (Wynn, 2002), and
monitor biologically mediated contaminant degradation (Personna et al., 2013). Other
studies have shown that geophysical methods may be relatable to the WRC (Mufioz-
Castelblanco et. al., 2012). While geophysical methods have been adapted to study the
vadose zone (Ferré et al., 2007), the petrophysical relationships between the
measurements and physical processes characteristic of the vadose zone are still a source

of ongoing research (Binley et al., 2005; Attwa and Gunther, 2013).

While geophysical methods have been shown to be capable of measuring changes
in @in the vadose zone (Reedy and Scanlon, 2003), the ability of geophysics to measure
w has not been proven. A geophysical measurement must be capable of determining both

the #and the y in order to successfully determine the WRC of soils. This thesis seeks to
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continue the development of NMR for the study of the vadose zone by improving how

the measurement is related to 6, y, and consequently the WRC.

1.2.3 NMR background

NMR has been adapted for use in geophysics as a surface instrument
(Behroozmand et al., 2015) and as a borehole instrument (Walsh et al., 2013b). Recently,
instruments have been developed specifically for measuring the vadose zone (Walsh et
al., 2013a). While other geophysical measurements are indirectly sensitivity to 6 of
geologic porous media, NMR is capable of measuring @directly because of its ability to
measure the combined magnetization of protons in water within a pore space (Timur,
1969). Additionally, the NMR measurement has been shown to be sensitive to the
physical properties of the pore space (Seevers, 1966; Brownstein and Tarr, 1979;
Godefroy et al, 2001). The ability of the NMR measurement to directly detect water and
to provide insight into the physical nature of saturated pores provides an opportunity for
geophysics to monitor hydrogeologic processes, including those affecting flow in the

vadose zone.

Nuclear magnetic resonance occurs in atoms with unpaired protons or neutrons
that possess a non-zero nuclear spin angular momentum (Callaghan, 2011). This property
provides a means to measure the presence of these atoms by generating external magnetic
fields. Of specific interest in near-surface geophysics is the ability to measure hydrogen,
which is primarily found in water and organic compounds in the subsurface. When

hydrogen atoms, in which the most common isotope has a nucleus consisting of a single



unpaired proton, are placed in a static magnetic field, their nuclear magnetic spins will
align with and precess about the field at the Larmor frequency, fo. This frequency is
proportional to the strength of the static magnetic field, Bo, and the gyromagnetic ratio of
hydrogen,yy,

f, = g—H B, (1-2)
T

In NMR field measurements fo ranges from ~2 kHz for surface-based measurements to 2
MHz for borehole instruments. In laboratory measurements fo can be much higher
(Callaghan, 2011). The NMR experiment begins when an energizing magnetic field,
oscillating at fo, tips the protons’ magnetic spins out of alignment. When the applied field
is removed, the protons’ spins return, or relax, back to the axis of the static magnetic
field. The change in the precession of the spins induces a measurable signal. This study
focuses on the change in the transverse component of the NMR signal, Axy(t), with time,
t, which describes the signal measured in the plane perpendicular to the static magnetic

field.

In porous media, such as soils, Axy(t) is a multi-exponential decay,
,tT
Agt)=Ae ™, (1-3)

where A; is the i signal component with a relaxation time of Tzi. Multi-exponential decay
occurs because water in porous media occupies different physical environments. The sum
of Ai, Ao, results from the combined magnetization of all energized protons, and is
therefore proportional to the amount of water within the sample. In saturated porous

media Ao is related to the total porosity and in unsaturated porous media is linearly
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proportional to the . Axy(t) is typically inverted to represent the distribution of Aoi versus
Tai, and is referred to as the To-distribution. The mean relaxation time of the sample is
characterized by a single relaxation time, typically the geometric mean of the distribution,

TomL.

The interpretation of the measurement is dependent on the specific mechanisms
responsible for relaxation. There are three dominant mechanisms of relaxation in porous
media: bulk fluid relaxation, T2g, which occurs when protons couple with other protons
within the fluid; surface relaxation (Bloembergen et al., 1961), T2s, which occurs when
protons couple with the pore surface; and diffusion relaxation (Brownstein and Tarr,
1979), T2p, which occurs due to protons diffusing through magnetic field

inhomogeneities (Keating and Knight, 2008),

e e (1-4)

In porous media, Tos is usually the dominant relaxation mechanism, and TomL = T2s. The
petrophysical relationship discussed in Godefroy et al. (2001) relates relaxation time to

the mean pore radius, rm., for saturated samples,

2
ST (1-5)
p,o 20D

T2ML =

where D is the self-diffusion coefficient of water, « is the shape parameter of the pore («
=1, 2, or 3; for planar, cylindrical, and spherical pores respectively), a/rmc is the mean
surface-area-to-volume ratio, and p» is the surface relaxivity, which defines the ability of

the pore surface to enhance relaxation. o is dependent on the presence of paramagnetic



sites on the pore surface, such as Fe(lll) bearing minerals. The relaxation time is
therefore sensitive to both pore size and the mineralogical characteristics of the porous
media (Keating and Knight, 2007); both these characteristics can influence relaxation in
similar ways. Directly relating relaxation time to pore size is therefore dependent on an
understanding of pz, which is difficult to characterize. Pore size and p, can also change

the fundamental interpretation of the NMR measurement.

Different interpretations of the relaxation time are described by diffusion regimes,
which define how water will move through, and consequently sample, a pore volume
during an NMR measurement (Brownstein and Tarr, 1979). As pore size and p, increase,
the relation of NMR relaxation to pore size changes. When a sample is in the fast
diffusion regime, in which the diffusing protons are sampling the entire pore volume
within the course of an NMR measurement, relaxation of all protons will be averaged

within a single pore and Axy(t) from each pore is mono-exponential,

A )= Age . (1-6)

In the fast diffusion regime, the relaxation time is predominantly sensitive to the pore
size; in this case the first term of equation 1-5 is dominant, and there is a linear
relationship between relaxation time and pore size. If pore size and p» are large, to the
extent that protons are incapable of sampling the entire pore volume during the
measurement, the sensitivity of relaxation to pore size is reduced. In this case, relaxation
is said to occur outside the fast diffusion regime, and Axy(t), from a single pore, is multi-

exponential as expressed in equation 1-2. Relaxation in this case is still related to pore
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size, but now the second term in equation 1-5 is dominant and the relaxation time is a

function of r2.

Investigating the vadose zone with NMR requires understanding how the
measurement changes as a function of saturation in addition to differences in the
interpretation of the measurement resulting from different diffusion regimes. Equation 1-
5 is based on the assumption that the pore space is saturated. In unsaturated samples,
however, signal originates from, and the relaxation time is only sensitive to, the water
saturated fraction of the pore space (Costabel and Yaramanci, 2011b). Because the size of
saturated pores varies as a function of saturation as defined in equation 1-1 (Washburn,
1921), the NMR relaxation time is also a function of saturation (Bird and Preston, 2004;
Ioannidis et al., 2006; D’Orazio et al., 1990; Falzone and Keating, 2016a). Additional
research however is required to relate relaxation time to y in unsaturated porous media
before NMR can be used to effectively study the vadose zone. What is not well
understood is how to interpret relaxation time as a function of saturation when samples
exhibit relaxation in different diffusion regimes. Relating relaxation time to y also
requires an understanding of how the measurement is effected by hysteresis. It is also
important to demonstrate the ability of field NMR measurements to obtain a quality of

field data that is capable of observing these relationships.

1.3  Summary of Research

The focus of this thesis is to address two research topics concerning the successful

use of NMR as a field method to investigate the vadose zone: how NMR relaxation time
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measurements of unconsolidated geologic media are affected by variations in saturation
and y, and whether NMR field methods can be used to obtain reliable measurements of
water within the vadose zone. This thesis is divided into three chapters to address these
research topics. The first two chapters focus on defining the relationship of relaxation
time to saturation and relating this relationship to the WRC. The final chapter focuses on
improving the quality of data obtained from field NMR measurements to study the
vadose zone. Each chapter has been previously submitted to a peer-reviewed scientific
journal for publication. References for all papers have been consolidated at the end of this

manuscript for simplicity.

1.3.1 A laboratory study to determine the effect of pore-size, surface relaxivity,

and saturation on NMR T2 relaxation measurements

Chapter 2 presents the results from a laboratory study to determine the relation of
NMR relaxation time to saturation in samples that occupy different diffusion regimes,
which occur due to different physical characteristics, such as the o, and the pore size
distribution. While previous studies have presented models for how NMR relaxation
varies as a function of saturation (Costabel and Yaramanci, 2011a; Costabel, 2011;
Mohnke et al., 2015), these models have not been tested for a wide range of soil types.
Sands were synthetically modified to produce samples with distinct mean grain diameters
and total iron contents in order to vary pore size and p,. The saturation of these samples
was then increased in order to evaluate the relative Tos versus saturation curve. Models

based on ideal filling mechanisms and pore structures are presented to explain this
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relation. The findings of this study show that the relative NMR relaxation time versus
saturation curve is more complicated than simple models predict, and can vary dependent
on different diffusion regimes. This chapter was published in the journal Near Surface

Geophysics (Falzone and Keating, 2016a).

1.3.2 The NMR relaxation response of unconsolidated sediments during drainage

and imbibition

Chapter 3 presents a laboratory study focusing on the effect of hysteresis, due to drainage
and imbibition, on the NMR relaxation time measurement. Whether NMR relaxation
times exhibit hysteresis due to drainage and imbibition is currently disputed in the
literature. Mohnke et al. (2015) presented a numerical model that predicts the NMR
relaxation time versus & curve will display hysteresis. Contrary to this prediction, in
Porion et al. (1998) it was observed that NMR relaxation time versus & did not exhibit
hysteresis. In the laboratory study presented in Chapter 3, NMR measurements were
collected from a porous plate experiment during drainage and imbibition for a wide range
of soils at magnetic field strengths similar to those used for NMR field measurements (2
MHz). Gravimetric measurements of the WRC, also obtained during the porous plate
experiment, show well defined hysteresis loops for all samples; however, the NMR
relaxation time versus saturation curves do not exhibit hysteresis. These findings confirm
the observations of Porion et al. (1998) and contradict the predictions of Mohnke et al.

(2015), by showing that NMR relaxation times are not sensitive to differences in drainage
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and imbibition. This chapter has been submitted for publication to Vadose Zone Journal

(Falzone and Keating, 2016c).

1.3.3 Algorithms for removing surface water signals from surface NMR

infiltration surveys

Unlike Chapters 2 and 3, Chapter 4 focuses on a problem associated with surface
NMR measurements of the vadose zone: signal originating from surface bodies of water
involved in an infiltration test. Chapter 4 focuses on removing this unwanted signal
source from surface NMR datasets, so that the sensitivity of the measurement to signal
originating from water in the vadose zone is maximized. The three algorithms presented
in this study were demonstrated to successfully remove signal from surface water
associated with a ground water storage and recovery site from datasets collected during
the infiltration survey first published in Walsh et al. (2014). The data in this study proves
that surface NMR, through additional processing steps, can be adapted for studying the
vadose zone, and proves that complications from infiltration tests can be corrected. This
chapter has been submitted for publication to Geophysics (Falzone and Keating, 2016b),

and is currently in review.



-14 -

Chapter 2

A Laboratory Study to Determine the Effect of Pore-Size, Surface Relaxivity, and

Saturation on NMR T2 Relaxation Measurements?

2.1  Abstract

In this study we present laboratory experiments investigating the effect of pore-
size and surface relaxivity, p2, on the nuclear magnetic resonance (NMR) response of
variably saturated sands that relax both within and outside the fast diffusion regime. We
measured the NMR response of sands with a range of grain sizes (129 to 753 um), which
resulted in samples with different pore-sizes, and a range of iron concentrations (0.07%
to 0.38%), which resulted in sands with different o, values. The laboratory results
showed that the relation between relaxation time and water saturation depended on the
regime in which relaxation occurred. For samples relaxing in the fast diffusion regime
(i.e., small pores, low surface relaxivity), the relation between relaxation time and water
saturation was linear; for the remaining samples, the relation between relaxation time and
saturation demonstrated a power law relationship with an exponent greater than one. In
addition we performed numerical simulations based on common pore-filling mechanisms
(i.e., capillary tubes or thin films). The numerical simulations did not predict the
experimental results for the relative surface relaxation versus saturation trends. We
conclude that, in addition to the diffusion regime in which relaxation occurs, the shape of

the relaxation time versus saturation curve depends on the pore-filling mechanism, the

! published in Near Surface Geophysics as Falzone and Keating (2016a)



value of o, and the pore-size. The dependence of NMR relaxation on the pore-filling
mechanism of saturating porous media may complicate efforts to develop a relation
between relaxation time and saturation for use in characterizing unsaturated porous

media.

-15 -
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2.2 Introduction

Nuclear magnetic resonance (NMR) measurements are used in geophysics to
probe the pore-scale environment of water (or oil) bearing geologic material. The
measurement is unigque in geophysics as it is the only method that can directly detect
hydrogen. NMR has been used since the 1950’s to characterize petroleum reservoirs (e.g.,
Kenyon, 1991; Brown and Fatt, 1956); more recently, instrumentation has been
developed that allows NMR to be used for hydrogeologic investigations of the top 100 m
of the subsurface (e.g., Behroozmand et al., 2015; Legchenko et al., 2002; Yaramanci et
al., 2002; Yaramanci and Miller-Petke, 2009; Walsh et al., 2010). NMR measurements
can be made in the field using a surface-based instrument, which consists of a large wire
loop laid out on the ground, or in a borehole using a well-logging instrument (Mdller-
Petke et al., 2011b; Knight et al., 2012). When used for hydrogeologic investigations, the
NMR measurement is typically used to estimate variations in water content and hydraulic
conductivity with depth. Although NMR is not widely used to investigate unsaturated
sediments, instrumentation has recently been developed that is capable of collecting high-
resolution, non-invasive measurements of the top ~1 m of the surface and has the
potential to provide a fast and inexpensive method for characterizing the vadose zone
(Walsh et al., 2014). In addition to field instruments, laboratory NMR instruments are
used to characterize the NMR response of materials, to improve petrophysical relations,
and to test novel applications of NMR, such as estimating mobile versus immobile
porosity or determining the size and orientation of clay platelets (Swanson et al., 2012;

Porion et al., 2010). Of interest in our research is improving the interpretation of NMR
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measurements in unsaturated, unconsolidated materials for use in characterizing in the

vadose zone.

The NMR signal is an exponential decay, characterized by an initial signal
amplitude, Ao, and a distribution of relaxation times, or To-distribution. Ag is directly
proportional to the number of relaxing hydrogen atoms and can be used to determine the
volume of water present within a sample. The interpretation of NMR data in geophysics
typically assumes that the measured volume is fully saturated (e.g., Behroozmand et al.,
2015; Kenyon, 1991; Knight et al., 2012; Mohnke and Yaramanci, 2008; Seevers, 1966),
in which case Ao is proportional to the total porosity. Assuming that relaxation occurs in
the fast diffusion regime (i.e., that protons can move through and sample an entire pore
within the time scale of the NMR measurement), in a saturated sample, the T»-
distribution is related to the pore-size distribution, PSD (Kenyon et al., 1988; Seevers,
1966; Timur, 1969). In this case the average relaxation time (determined from the T»-
distribution) is proportional to the average pore radius and consequently inversely
proportional to the surface-area-to-volume ratio (Seevers, 1966); the constant of
proportionality is called the surface relaxivity. It is the relation between the To-
distribution and the surface-area-to-volume ratio that allows NMR measurements to be
used to estimate the hydraulic conductivity (e.g., Knight et al., 2012). We are interested
in expanding the NMR theory developed for saturated geologic media and applying it to
geologic media with varying degrees of saturation to extend the use of NMR

measurements to characterize the vadose zone.

While the literature on NMR measurements of water-saturated materials is

extensive, there are only a limited number of studies that focus on the interpretation of
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NMR measurements for applications in the vadose zone. Such studies have shown that
the To-distribution, via its relation to the PSD, can be used to estimate the water retention
curve (e.g., Costabel and Yaramanci, 2011b; Costabel and Yaramanci, 2013; Jaeger et al.,
2009); however, this interpretation requires that the NMR measurement be collected on a
fully saturated sample and that relaxation occurs in the fast diffusion regime. For NMR
measurements made on unsaturated geologic media, as noted by Costabel and Yaramanci
(2011a), the To-distribution is not a measure of the PSD, but rather a measure of the
distribution of the water within the pore space at a specific degree of saturation. This
observation is confirmed by experiments showing that the To-distribution and the average
relaxation time are a function of saturation (Chang and loannidis, 2002; D’Orazio et al.,
1990; Jaeger et al., 2009; Pohlmeier et al., 2009; Stingaciu et al., 2009; Yao et al., 2015).
Because of this relation, a number of studies have successfully estimated the unsaturated
hydraulic conductivity and the water retention curve for unsaturated, unconsolidated
materials (Bird and Preston, 2004; Costabel and Yaramanci, 2011a; Costabel and
Yaramanci, 2013; Chen et al., 1994; loannidis et al., 2006). However, while these studies
demonstrate the value that NMR measurements have for estimating vadose zone
properties, the experiments were conducted using simple materials (e.g., glass bead or
clean sands), and it is not known if the results can be extended to more complex geologic

media.

A number of factors have been shown to complicate the interpretation of NMR
data in saturated geologic media and we anticipate that such factors will have a similar
impact on the interpretation of NMR data in unsaturated geologic media. First, the

surface relaxivity, which is used to determine pore-size from NMR measurements, is
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strongly affected by the presence, concentration and mineral form of iron(l11) (Keating
and Knight, 2007; Foley et al., 1996; Bryar and Knight, 2002). Increases in the
concentration of iron(l11) on the surface of a pore will decrease the relaxation time.
Second, the standard interpretation of NMR data assumes that relaxation occurs in the
fast diffusion regime; however, it has been shown that for unconsolidated materials with
large pores and high iron(l11) concentration relaxation can occur outside the fast diffusion
regime (i.e., the slow or intermediate diffusion regime; Dlugosch et al., 2013; Hinedi et
al., 2010). Third, the presence of magnetic minerals such as magnetite can cause
inhomogeneities in the magnetic field, which also enhances relaxation (e.g., Keating and
Knight, 2008). In this study, we focus on the first two factors stated here and address the
following research question: What is the effect of variations in surface relaxivity and
pore-size, and consequently the diffusion regime, on the relation between NMR
relaxation time and water saturation? While we expect that magnetic minerals will also
have an impact on this relation, for simplicity we leave understanding their effects on the
relation between NMR relaxation time and water saturation to another study. To the best
of the authors’ knowledge, no study has been published that systematically investigates
the relation between NMR relaxation time and water saturation for geologic media with a

range of surface relaxivity values and pore-sizes.

To understand how varying surface relaxivity and pore-size affects the relation
between NMR relaxation time and water saturation, we collected laboratory
measurements on sand packed columns. To vary the surface relaxivity, the iron(111)
concentration was varied by coating the surface of the sands with different concentrations

of the iron-oxide mineral hematite. To vary the pore-size, we used sands with different
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grain sizes. Samples with large pores and high surface relaxivity were expected to violate
the fast diffusion assumption. NMR measurements were then collected while the samples
underwent imbibition. The results from the laboratory measurements were compared to
numerical simulations of the NMR response of pore systems during imbibition. The
simulations were performed for pore systems with a range of pore-sizes and surface
relaxivities expected in natural sands using two different pore-filling mechanisms. This
study improves the interpretation of NMR relaxation data collected in the vadose zone by
providing an understanding of the effect of pore characteristics on the NMR response of

unsaturated geologic media.

2.3  Background

The NMR phenomenon occurs in atoms with unpaired protons or neutrons that
possess a non-zero nuclear spin angular momentum, such as hydrogen with a nucleus
consisting of a single proton (Callaghan, 2011). When hydrogen atoms are placed in a
static magnetic field their nuclear spins align with and precess about the field. The
frequency of precession, called the Larmor frequency, is proportional to the strength of
the static magnetic field. For geophysical studies the Larmor frequency ranges from ~2
kHz for surface-based measurements, which are collected in the Earth’s magnetic field,
up to over 300 MHz for laboratory studies in which strong magnets are used to generate
the static magnetic field (e.g., Rassi et al., 2011). The measurements made in this study
were collected at a Larmor frequency of 2 MHz, which is within an order of magnitude of
the frequency used in most well-logging instruments. The NMR experiment begins when

an oscillating magnetic field, tuned to the Larmor frequency, is applied, tipping the spins
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out of alignment with the static field. When the applied field is removed, the protons
return, or relax, back to their equilibrium position. The change in the precession of the
spins in the static magnetic field induces a measurable signal. This study focuses on the
change in the transverse component of the NMR signal, or the component of the
magnetization in the plane perpendicular to the static magnetic field, Mxy(t), with time, t,
as this is the component of the magnetization that is most commonly measured in near-
surface NMR applications. To measure Mxy(t), and determine the transverse relaxation
time, T2, we use a CPMG pulse sequence (Carr-Purcell-Meiboom-Gill; Carr and Purcell,
1954; Meiboom and Gill, 1958). The CPMG pulse sequence is a 90° pulse, followed by a
series of refocusing 180° pulses with alternating phase angles, separated by the echo
spacing, te. The purpose of the refocusing pulses is to reduce dephasing of the precessing
protons due to magnetic field inhomogeneities. Data are collected halfway between the
180° pulses, by measuring the echo produced when the phases of the precessing protons
are maximally realigned. Additional details on the CPMG pulse sequence can be found in

Callaghan (2011) and Dunn et al. (2002).

2.3.1 NMR relaxation in a single pore

We start by considering the NMR response of the simple case of water in a single
water-saturated pore. In this case, Mxy(t) is described by a multi-exponential decay

(Brownstein and Tarr 1979),

M XY (t): Moz fke%m ' (2-1)
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where Mo is the initial magnetization and is proportional to the number of protons, or the
volume of water, in the pore and fx is the relative amplitude of each component of the
magnetization decaying with a surface relaxation time of Task. Values of Task are ordered
from longest to shortest, with the longest mode represented by Taso, the zeroth mode
surface relaxation time. In equation 2-1 we have neglected the component of relaxation
corresponding to the bulk fluid relaxation time and the effect of inhomogeneities in the
static magnetic field. We note that the effect of bulk fluid relaxation can be accounted for
in the laboratory by collecting measurements on the bulk fluid; the effect of
inhomogeneities in the static magnetic field can be accounted for by collecting

measurements at multiple te values.

Brownstein and Tarr (1979) showed that in a single pore the relaxation behavior
can be separated into three diffusion regimes: the slow, intermediate, and fast diffusion

regime. The boundary of the diffusion regimes is defined by the control parameter, x,
P2
K=", 2-2
D (2-2)

where a is the average distance a proton can travel within the time scale of an NMR
measurement, equivalent to the pore radius for a single pore. D is the self-diffusion
coefficient of water (D=2.46x10° m?s for water at 30°C). p is the surface relaxivity, a
measure of the ability of the pore surface to decrease the relaxation time, which is a
function of the concentration and distribution of paramagnetic ions on the surface of the

pore (e.g., iron(I11) and manganese(ll); Foley et al., 1996).
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In the slow and intermediate diffusion regimes, which we refer to as “outside the
fast diffusion regime”, relaxation occurs at the pore surface but the decay of
magnetization is controlled by the diffusion of the spins to/from the surface of the pore.
In this case, the distribution of magnetization within the pore is both time-dependent and
non-uniform (Kleinberg et al., 1994). The slow diffusion regime is defined by «>>10; in
this regime >60% of the signal relaxes with T2so. The intermediate diffusion regime is

defined by 1<<x<<10; in this regime >95% of the signal relaxes with Taso.

In the fast diffusion regime, also called the surface limited regime, the relaxing
spins can diffuse through the entire pore space within the time scale of the NMR
measurement and the rate of decay of magnetization is governed by relaxation at the
surface of the pore. The fast diffusion regime is defined by x <<1; in this regime the
relaxation in a single pore is represented by a single exponential decay, i.e., 100% of the
signal relaxes with Taso. In this study we use the limit, x<0.1 to determine the fast

diffusion regime, which was said to be a sufficient condition for fast diffusion by Ryu

(2009).

Generally, Taso is given by (Godefroy et al., 2001),

- . (2-3)

—
ap, 20D

where « is a shape parameter (a=1 for planar pores, 2 for cylindrical pores, and 3 for
spherical pores). In the case of fast diffusion, the first term in the denominator dominates;
for simple pores a/a=S/V, where S/V is the surface-area-to-volume ratio of the pore and

S0 equation 2-3 reduces to (Godefroy et al., 2001; Seevers, 1966),
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(2-4)
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In the slow diffusion regime, the second term of the denominator of equation 2-3

dominates.

2.3.2 NMR relaxation in geologic media

The previous discussion focused on relaxation in a single pore; however, geologic
media consists of multiple pores with multiple pore environments. In water saturated
geologic media the measured NMR signal, Axv(t), is a multi-exponential decay even in

the fast diffusion regime,
-t
Agt) =AY e ™, (25)

where Ao is the initial signal magnitude and is proportional to the volume of water in the
measured sample, hj is the proportion of the signal relaxing with a relaxation time of Tai,
and the sum is taken over all relaxation environments. In saturated samples, Ao is
proportional to the total porosity. We note that in equation 2-5, unlike equation 2-1, the
bulk fluid relaxation time of the saturating water, T2g, has not been neglected. The

relation between To;, the i" surface relaxation time, Tasi, and T2z is,

e S (2-6)

The value of Tz is affected by temperature, due to associated changes in the viscosity of

water, and by dissolved paramagnetic ions (Bloembergen and Morgan, 1961). If



-25-

relaxation occurs in the fast diffusion regime and, if the additional assumption is made
that o is constant across all pores, each value of T»; in equation 2-5 corresponds to a
specific pore-size. The To-distribution is then a linear transformation of the PSD (e.g.,
Bird and Preston, 2004). When fast diffusion cannot be assumed the To-distribution still
represents the PSD but is not a linear transformation (Keating and Falzone, 2013). In
practice, a single relaxation time, the mean-log relaxation time, Tam, is used to represent

the To-distribution and is calculated from,

T2ML = Zhi Iog T2i . (2-7)

Equation 2-6 then becomes,

=—+—, (2-8)

2ML TZS TZB

—

where Tas is the mean-log surface relaxation time across all pores. In geologic media, T2
is typically much longer than Tzs, and therefore TamL ~ Tas in most cases. Tamw is related
to the average pore-size or S/V using equation 2-3 or 2-4. A third term in equations 2-6
and 2-8 accounting for inhomogeneities in the magnetic field, the diffusion relaxation
time, has been neglected as it was found to be negligible for the materials used in this
study (Keating and Falzone, 2013). « for geologic material can now be calculated using
equation 2-2 with rw, the average pore radius, substituted for a. For additional

information concerning these concepts, see Dunn et al. (2002).
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2.3.3 NMR relaxation in unsaturated porous media

The interpretation of NMR measurements of saturated porous media is not
directly transferable to unsaturated porous media. For example, unlike in saturated media,
in unsaturated porous media, Ao is not proportional to total porosity. However, Ag is
proportional to the water saturation, Sw. Following the notation of Costabel and
Yaramanci (2011b), the NMR estimated water saturation, Snmr, Which is assumed to be

equivalent to Sw, is calculated from,

Syr = M (2-9)

)
AO,Sat - AO,Res

where Aores and Ao,sat are the initial NMR signal magnitude from measurements of

samples at residual and full saturation respectively.

While many studies have shown that the relaxation time varies as a function of
saturation, only one study by Costabel and Yaramanci (2011b) quantified this relation.
Costabel and Yaramanci developed a model based a capillary tube model, i.e., the idea
that the soil pore space behaves as a bundle of capillary tubes. In this model at a given
suction there is a critical radius r¢ that determines whether a pore is empty or filled. Pores
with radii, r, greater than rc are empty while pore with r less than or equal to r¢ are filled.
Based on the assumption the Tawmc is proportional to r¢, Costabel and Yaramanci (2011b)
introduced a Brooks-Corey parameterization of unsaturated NMR measurements, in

which there is a power law relation between T2so and Snwr,

2
T
SNMR:£ 250 ] , (2-10)

TZSO,Sat
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where Tasorel IS the relative Taso, or the value of Taso at a specific degree of saturation
divided by Tasosat, the relaxation time at saturation, and A is a fitting parameter, assumed
to correspond to the parameter relating matric potential to saturation in the Brooks-Corey
model of the water retention curve (Brooks and Corey, 1964). Equation 2-10 is consistent
with the relation between relaxation time and saturation seen in a number of previous
studies (e.g., Chen et al., 1994; Costabel and Yaramanci, 2011a). In particular, A > 1 for
the porous glass materials (Vycor and VitraPOR #5) with pore diameters of 4 nm and 1
um (Mattea et al., 2004), for glass beads with mean diameters of 300 um (loannidis et al.,
2006), and for industrial sands with low iron(I11) concentrations and mean grain
diameters ranging from 0.06 mm to 2 mm (Costabel and Yaramanci, 2011b). While
loannidis et al. (2006) and Mattea et al. (2004) examined the longitudinal relaxation time
versus Sw relation, this relation is parallel to the Tasorel Versus Sw relation when Tog is
constant and diffusion relaxation is negligible (Dunn et al., 2002). Costabel and
Yaramanci (2011b) speculated that the value of A depends on the homogeneity of grain
size of the materials measured with 1~0.1 for very inhomogeneous material and as high
as ~2 for very homogeneous material. However, what has not been considered is the
effect of pp, pore-size, and consequently diffusion regime, on the Taso rel VErsus Sw
relation. In our work we examine the effects of p, via the iron(l11) concentration, and the
pore-size, via the mean grain diameter, dmean, On the NMR relaxation response of
unsaturated geologic media. We first present NMR measurements made on sand packed
columns, with a range of iron(l11) concentrations and dmean. VWe next numerically simulate

the relation between Tasorel and Sw using two simplified pore-filling mechanisms.
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Finally, we compare results of the numerical simulations to the results of the laboratory

measurements.

2.4  Laboratory Methods and Materials

2.4.1 Sample preparation

The effect of surface relaxivity and pore-size on the relation between NMR
relaxation time and water saturation was examined by making NMR measurements on
columns packed with sand. Silica sand (99.5% SiO2, 0.157% Al,O3, 0.084% Fe»Os; Best
Sand Corporation) was used as an analog for a naturally occurring material. To ensure
that the samples had a range of pores sizes, we used sands with three ranges of grain

sizes: fine sand (grain diameters from 88 to 149 um), medium sand (grain diameters from

149 to 210 um), and coarse sand (grain diameters from 400 to 841 um).

To make samples with different surface relaxivities, the iron(l11) concentration on
the surface of the sand grains was varied. Two subsets of each grain size range were
coated with different concentrations of hematite (Fe203) (low-concentration and high-
concentration) (synthesized following the method of Schwertmann and Cornell, 1991;
further details provided in Keating and Falzone, 2013); a third subset of each grain size
range was left uncoated. This procedure resulted in nine samples: uncoated, low-coated,
and high-coated fine sand, referred to as uF, IF, and hF respectively; uncoated, low-
coated, and high-coated medium sand, referred to as uM, IM, and hM respectively; and
uncoated, low-coated, and high-coated coarse sand, referred to as uC, IC, and hC

respectively (Table 2-1). All samples were washed by flowing water through a column
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packed with the sand for 8 hours at a flow rate of 50 puL/min; prior to the NMR

experiments the samples were dried in an oven at 80°C overnight.

Table 2-1. Sample descriptions and names.

Sample Description Sample Name
Uncoated Fine Sand uF
Low-Coated Fine Sand IF
High-Coated Fine Sand hF
Uncoated Medium Sand uM
Low-Coated Medium Sand IM
High-Coated Medium Sand hM
Uncoated Coarse Sand uC
Low Coated Coarse Sand IC
High-Coated Coarse Sand hC

2.4.2 Experimental procedures

Two sets of NMR experiments, a static saturation experiment and a wetting
experiment, were conducted on cylindrical columns (composed of Lexan; inner diameter
2.9 cm, inner height 11.7 cm, volume 77.3 cm®) packed with sand according to the dry
packing method outlined in Oliviera et al. (1996). Filter paper (11 pm) was placed at both
the top and the bottom of the columns to ensure that sand did not escape during the
experiment and that the bulk density, p» remained constant. Prior to each NMR
experiment, the column was weighed to determine the dry sand mass. An initial NMR
measurement was used to quantify the background signal from the column and
instrument prior to this study. This measured signal was subtracted from all NMR

measurements in this study.
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The static saturation experiment was used to evaluate the accuracy of Snmr as a
means of predicting Sw. Known volumes of water ranging from 0 to ~30 mL were added
to the sand-packed columns to produce six saturation states (i.e., Sw= 0, ~0.1, ~0.2, ~0.5,
~0.6, and 1). One NMR measurement was made on columns packed with each of the nine

sample materials at each value of Sw (54 measurements total).

In the wetting experiment, NMR measurements were made on sand packed
columns under changing saturation. Deionized water was pumped into the base of the
columns using a peristaltic pump with a flow rate of 50 uL/min. A valve at the top of the
column was left open to prevent atmospheric gas from being trapped. NMR
measurements were made at 20-minute intervals until saturation was reached. It was
assumed that saturation was reached when Ao remained constant (within a threshold of
0.1%) for a period of 120 minutes. For all columns saturation was reached within 10

hours.

2.4.3 NMR measurements and analysis

All NMR measurements were made using a 2 MHz Rock Core Analyzer
(Magritek Ltd). For each measurement, the column was aligned in the center of the NMR
instrument to ensure that the static magnetic field was homogeneous across the column.
Each NMR dataset was collected using a CPMG pulse sequence with 50,000 echoes and
te = 200 ps. Each echo was sampled with 32 points with a dwell time of 1 ps. All CPMG
measurements were stacked 32 times; each stack was separated by a delay time of 10 s,

resulting in measurement time of 10.7 mins. Based on the pump rate of 50 puL/min and
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the measurement run time, we estimate the saturation of the experiments will vary by

<4% during the acquisition of the measurement.

Prior to the inversion, each NMR dataset was subsampled to 5000 data points to
improve the speed of the fitting algorithm. The subsampled dataset was fit using a non-
negative least squares algorithm with second order Tikhonov regularization with 160 log-
spaced values of T ranging from 10 to 10* s (Tikhonov, 1963; Whittall et al., 1991),
which represents the likely range of times with which the observed NMR signal can
relax. The regularization parameter, which determines the degree of smoothness, was
chosen using the L-curve corner criteria such that both the model norm and the residual

were minimized (Hansen and O’Leary, 1993).

2.4.4 Physical and NMR properties

The total iron concentration, [Fe], mean grain diameter, dmean, and the specific
surface area, Ss of the sands used in this study were previously characterized by Keating
and Falzone (2013) and are only briefly discussed here (Table 2-2). All Ss values were
measured with the BET method using N> as the adsorbate; the sample mass was chosen
such that the total measured surface area for was >1 m2. For samples with Ss < 0.15 m?/g,
the BET measurements were repeated using Kr as the adsorbate; these measurement were
found to confirm the values of Ss measured with N». For all samples the variation in [Fe],
determined spectrophotometrically using the ferrozine method, was small. [Fe] ranged
from 0.07 £ 0.02% for sample uC, to 0.38 + 0.05% for sample hF. For the medium and

coarse sands the addition of hematite resulted in an increase in [Fe], as expected. For the
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fine sands, uF and IF had the same [Fe] value, while [Fe] of hF was greater. The dmean
values for the uncoated sands, determined from laser diffraction particle size analysis,
ranged from 129 um for the fine sand to 733 um for the coarse sand, indicating that the
sand packs have a range of average pore diameters. The values of dmean did not show a
trend with [Fe] indicating that coating the surfaces of the sands with hematite did not
result in a measurable increase in dmean. While it may be expected that the hematite
coating would increase dmean slightly, the size of the hematite synthesized for this
experiment was expected to be on the nanometer scale (Schwertmann and Cornell, 1991),
and so any change was outside the measureable range of the instrument. Ss was higher for
the coated samples for sands of a constant grain size indicating that Ss increased with
[Fe]. For each sand pack pp was calculated by normalizing the dry mass of the sand in the
packed columns by the volume of the sample holder (Table 2-2). py ranged from 1.42 +
0.06 g/cm?® for uF to 1.565 + 0.007 g/cm? for IC. There was no observable trend in p, with
dmean OF [Fe]. The small range in the pp values indicate that there was only minor
variability in the way the columns were packed and that the addition of hematite did not

change po.
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Table 2-2. Physical and chemical sample properties: bulk density, p», average grain

diameter, dmean, Specific surface area, Ss, and iron concentration [Fe].

Particle Size S,fl‘;nrﬁ ('f Omean (um) +  Ss(M?g) ¥ [Fe] (%wt)t o (glcm?d)
UF 129 + 11 037:001  018:004  142+006
Fine Sand IF 139+3  0373£0.003  0.18+001  1.51+0.02
hF 135 + 5 055+002  0.38+005  1.42+0.02
UM 235+ 13 015001 008:001 148002

Medium Sand  IM 238+ 6 020+£002  009£001  1.5580.007
hM 256+2  0306+0009  0.20+003  148+0.03
uC 733+16 00800007 007002  156%0.02

Coarse Sand  IC 700+33 01200005  010+0.02 15652 0.007
hC 753+14 02240006  022+005  153+0.01

T Keating and Falzone (2013)

Keating and Falzone (2013) calculated the values of p> and « for the sample

materials used in this study (Table 2-3). The value of p, ranged from 2.34 + 0.08 um/s for

the sample uC to 14.0 = 0.6 um/s for the sample hF. For the fine and medium samples, p»

increased with [Fe]; however, for the coarse samples, hC had a smaller value of p, than

IC despite having a larger value of [Fe]. The values of xranged from 0.06 to 0.29 and can

be divided based on the criteria for fast diffusion suggested by Ryu (2009): samples that

relax in the fast diffusion regime (k< 0.1; uF, IF and uM) and samples that do not relax

in the fast diffusion regime (x> 0.1; hF, IM, hM, uC, IC and hC).



Table 2-3: NMR properties: surface relaxivity, pz, and control parameter, «.

Particle Size Sﬁ;nrﬁée 22 (um/s) 1 KT
uF 3.20 £0.05 0.06

Fine Sand IF 3.28 £0.05 0.07
hF 14.0+£0.6 0.27

uM 3.03+0.05 0.1

Medium Sand IM 7.1+0.2 0.24
hM 10.9+0.5 0.4

uC 2.34 +£0.08 0.25

Coarse Sand IC 2.82 +£0.08 0.29
hC 24+0.2 0.27

T Keating and Falzone (2013)

2.5  Laboratory Results

2.5.1 NMR response of saturated samples

We start by considering the NMR response of the saturated samples. The
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saturated distributions from one column of each of the samples, obtained after saturation

had been reached in the wetting experiment, are shown in Figure 2-1. Replicate columns

showed similar distributions. For all saturated samples, the NMR response exhibited a

multi-exponential decay of magnetization. The shapes of the T.-distributions were

consistent with the results in Keating and Falzone (2013). For all samples, the T»-

distributions displayed multiple peaks: one large peak centered at short relaxation times

(102 s < T2 < 10°s), which we refer to as the short peak, and one or more smaller peaks

centered at longer relaxation times (10 s < T2 <10 s), which we refer to as the long

peaks. The location and width of the short and long peaks varied with both dmean and [Fe].

For the uncoated samples, the shape of the To-distributions was similar for the sands of all
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grain sizes with one narrow short peak and one separated long peak; however, the
location of the center of the peaks shifted to shorter relaxation times for the samples with
smaller grains. For samples with the same grain size, the short peak broadened and
shifted to shorter relaxation times with increasing [Fe]. Additionally, for samples with the
largest [Fe] the number of long peaks increased and merged with the short peak, such that
they were unresolved. Also observed in some of the distributions was a small peak
centered at a relaxation time of ~3 s; this peak, attributed to water that was present in the
tubing and fitting at the bottom of the column, was removed from the distributions shown

in Figure 2-1 and was not included in the relaxation time analysis.
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Figure 2-1. Saturated relaxation time distributions from one sample for each of the

uncoated sands, uF, uM, and uC (a), the low-coated sands, IF, IM, and IC (b), and the
high-coated sands, hF, hM, and hC (c).

The values of Tomo for the saturated samples collected at the end of the wetting
experiment are shown in Table 2-4. The mean and standard deviations of the saturated

Tome values were obtained from three replicate samples in the saturated state at the end of
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the wetting experiment. Toue varied over one order of magnitude and ranged from 0.026

+ 0.007 s for hF to 0.53 + 0.07 s for uC. For the uncoated samples TomL increased with

dmean; for samples with the same grain size, Tame decreased with [Fe].

Table 2-4. NMR parameters of saturated samples: mean log relaxation time, Tamc, and
surface relaxation time, Tos.

Particle Size  Sample Name Tawm (S) Tas ()

uF 0.16 £0.01 0.18 £0.02
Fine Sand IF 0.133 £ 0.006 0.141 = 0.007

hF 0.026 £ 0.007 0.027 £ 0.007
uM 0.34+£0.02 0.39+£0.03

Medium Sand IM 0.090 £ 0.001 0.093 £ 0.001
hM 0.060 + 0.009 0.06 + 0.01
uC 0.53+0.07 0.7x0.1

Coarse Sand IC 0.40£0.02 0.47 £0.02
hC 0.35+0.01 0.40 £0.02

Repeated NMR measurements on samples of 50 mL of deionized water yielded a

Tog value of 2.64 + 0.03 s; this value is similar to literature values for deionized water

(Keating and Knight, 2010). T2z of the effluent from each sand pack column during the

wetting experiment was also measured. The average value of Tog of all measurements

was 2.60 + 0.02 s; this was the value used in all further calculations.

Tas was calculated from Tam and T2g using equation 2-8; the value given is the

mean of the three replicate samples the error is the standard deviation. The values of Tas

range from 0.027 + 0.007 s for sample hF to 0.7 + 0.1 s for sample uC. As with Tom, for

the uncoated samples, Tzs increased with dmean and, for samples with the same grain size,

Tas decreased with [Fe].
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We note that while the diffusion relaxation time can influence NMR
measurements, previous studies have shown that for the hematite used in this study there
is no change in TomL associated with changing te (Keating and Knight, 2007; Keating and

Falzone, 2013). We thus neglect the effect of the diffusion relaxation time in this study.

2.5.2 NMR response as a function of saturation

In this work, we assume that Sxmr, calculated from equation 2-9, is equivalent to
Sw. To evaluate the accuracy of this assumption, we first compared Snmr to Sw for the
measurements collected during the static saturation experiment. The plot of Sw versus
Snmr IS shown in Figure 2-2. As expected, the relation between Sw and Snmr Was well
described by a line with a slope of 0.96 + 0.01 and an intercept of 0.03 + 0.02; the
coefficient of determination for the linear relation was R?= 0.99. We conclude that Sw

was accurately represented by Snwr.
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Figure 2-2. Gravimetrically determined saturation, Sw, versus NMR estimated saturation,
Snmr. Each data point is the mean determined from three repeated measurements. Errors
are smaller than the size of data points. The dashed lines in the line of best fit with a slope

of 0.96 + 0.01 and y-intercept of 0.03 + 0.02, and R? = 0.99.

As with the results from the saturated samples, the NMR data collected on the

unsaturated samples during the wetting experiment displayed a multi-exponential decay

of magnetization. The To-distributions at different values of Snmr for one sample of each

material type are shown in Figure 2-3. Data from replicate columns showed similar

distributions and trends. The T-distributions shown when Symr = 1 in Figure 2-3 are the

same as T-distributions shown in Figure 2-1. As with the saturated distributions, for all

samples, the unsaturated To-distributions had two or more dominant peaks: one located

between 102 s < T,< 10° s, referred to as the short peak, and one or more located

between 10“ s < T, < 10 s, referred to as the long peaks. We also observed a small

isolated peak centered at a relaxation time of ~3 s in some of the distributions. We again
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attribute this peak to water located in the tubing and fittings of the sample holders and
omit it from the plots shown in Figure 2-3 and for the calculation of Tome. We make the
following observations that are consistent for all materials: (1) at low saturations (Snvr <
0.1) the majority of the signal was in the long peaks, (2) at intermediate saturations (0.1 <
Snmr < 0.6) the contribution shifted from the long peaks to the short peak, and (3) at high

saturations (Snvr > 0.6) the majority of the signal was in the short peak.
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Figure 2-3. Relaxation time distributions versus NMR determined saturation, Symr, for
one measurement of the uncoated, low, and high- coated fine sand (uF, IF, and hF), the
uncoated, low, and high- coated medium sand (uM, IM, and hM), and the uncoated, low,
and high- coated coarse sand (uC, IC, and hC). Measurements on replicate samples
showed similar trends.
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At each value of Symr, Tame, determined from the To-distribution, and T2s were
used to calculate T2s from equation 2-8. In Figure 2-4 Tosrel Was calculated from Tos at
each Snwvr divided by Tos for the saturated samples and is plotted versus Snwmr for the three
replicate samples from each sand type. Also shown in Figure 2-4 is the identity line
(dashed gray line). The results of our study are consistent with other studies that show
that Tosrel iNncreases with Snmr (Chen et al., 1994; Costabel, 2011; Costabel and
Yaramanci, 2011b; loannidis et al., 2006; Mattea et al., 2004). Comparing the shapes of
each of the graphs, we can see that the Tas rel Versus Snwr curves fall into two groups. The
curves in which Tas rel increases linearly versus Snwr, which includes samples uF, uM, IF,
and IM, we refer to as group 1, while the curves in which there is a concave down
relation between Tasrel and Snvr, Which includes samples hF, hM, uC, IC, and hC, we
refer to as group 2. We note that the samples in each group can be classified by their

associated value of x: group 1 where k< 0.1, group 2 where x> 0.1.



mean

TZS, Rel

-41 -

Packing1 [0  Packing2 A  Packing3 O Identity Line — —
[Fe] -
1 50 @ ‘
uF 268 | IF A %‘%p hF fi.&ﬂogg
24 po ¥ ga AAA"‘EABOO
i o o 8 ks
4 A A =] Ap 0700
05 Aﬂad@% AA E)bg Ly o300
] @Bo/ooo@ AAe( o/gu @2 :"OO
DAM A%Ebnn DAOQ 4
060 © 9@0 & a0,
0 ox 4O 24K ,
. 27Ne] P e el
1 OA al= o O 0&8@
uM 2,074 (1M 5% | | hM on o RO
& of o A0 e 8
880 o QBGOA © £ 800000
05 K 5 4 mqfc]{'g E oo‘%ng ., &
- g %5 8O0R -
&.Aé 0% A 5@% o 45 >
K0, © aq o e
&2 20 o7
o] e “¢Q§? &~
1 U & B OoIY (o e = ey
uC ogkoﬁ(aﬁ?J IC OODQ%OSZ A T hC A ngo %,Dcro
& E]’D 5 A 7 @OOO%mD E
A ROV, o o T o
0.5 2 L5 o S
C -0 A . o ®
2% ACA/E, DD g 7
059 o 24P o 98
£ " 285" 2, ”
0Led? o , "X
0 0.5 10 0.5 10 0:5 1
SNMR

Figure 2-4. Relative surface relaxation, Tasrel, Versus NMR determined saturation, Sw, for
the uncoated, low-, and high-coated fine sand (uF, IF, and hF), the uncoated, low-, and
high-coated medium sand (uM, IM, and hM), and the uncoated, low-, and high-coated

coarse sand (uC, IC, and hC).

2.6

Modeling NMR Relaxation in Unsaturated Porous Media

We next numerically simulate the NMR relaxation response as a function of Sw.

We consider two simple theoretical pore-filling mechanisms: a thin film model, Figure 2-

5(a) and a capillary tube model, Figure 2-6(a). We chose these pore-filling mechanisms

because they are commonly used to explain flow in the vadose zone (see e.g., Koorevaar

et al., 1983). In each model at a given value of Sy, the geometric distribution of water
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within the pore space is different depending on the pore-filling mechanism and the NMR

relaxation time can be calculated based on the water distribution.

2.6.1 The thin film model

The thin film model simulates water filling a single pore and assumes that in an
unsaturated state the water exists as a thin film on the surface of the pore, the thickness,
th, of which is governed by Sw, Figure 2-5(a) (Koorevaar et al., 1983). Costabel (2011)
developed an analytical solution to model the NMR relaxation behavior of a thin film of
water on a pore surface for a pore with an ideal shape (planar, cylindrical, or spherical).
The solution follows Brownstein and Tarr (1979), which uses an eigenvalue approach to
solve the Bloch-Torrey equations that govern NMR relaxation (Torrey, 1956), to predict
the value of Tasorel at a given value of Sy. As with the original Brownstein and Tarr
solution, this model can be evaluated by changes in x rather than individual variations in
2 or r. The plot of Tasorel Versus Sw for a cylindrical pore with values of x ranging from
0.01 to 10 are shown in Figure 2-5(b); similar results were found for planar and spherical
pores. From Figure 2-5(b) we see that, for relaxation occurring in the fast diffusion
regime (i.e., k<0.1), Tasorel inCreases linearly with Sw; for relaxation occurring outside
the fast diffusion regime (i.e., x> 0.1), Tasorel increases with Sw and is a concave up
function. The predictions from the thin film model are consistent with the Brooks Corey
parameterization of the Tasorel Versus Sw (equation 2-10) as described by Costabel and
Yaramanci (2011b). However, while Costabel and Yaramanci predicted that the exponent

A depends on the degree of heterogeneity in the grain sizes, the thin film model is a single
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pore model and shows that A depends on the diffusion regime (i.e., the value of x) alone.
Furthermore, the solution to the thin film model predicts that A will always be less than or

equal to 1, which is inconsistent with the measurements where 4 > 1 (e.g., loannidis et

al., 2006).
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Figure 2-5. The pore-filling mechanism associated with the thin film model in a
cylindrical pore for two saturation steps (a); indicated on the figure is the thickness, th, of
the thin film for each saturation step. The predicted values of relative zeroth-mode
relaxation time, Tasorel, VErsus saturation, Sw, for = 0.01 to 10 (b). The model was
developed by Costabel (2011).

2.6.2 The capillary tube model

The capillary tube model (Figure 2-6(a); Brooks and Corey, 1964), as previously
described, assumes that the pore space can be represented as a bundle of capillary tubes
of different radii. In this model water is imbibed into a tube due to capillary suction; at a

given suction there is a critical radius, r¢, such that all pores with radius » <, are filled
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while pores with r > r¢ are empty (Koorevaar et al., 1983). The value of Sy is determined
from the volume of filled pores divided by the total pore volume. While equation 2-10, is
also based on a capillary tube model, the model presented here differs in that it does not
assume that Tom is proportional to re, but instead calculates the value Tom based on the

filled pores at each saturation.

In the simulations for the capillary tube model, the pore-size distribution is
represented by a log-normal distribution of pore radii characterized by a mean pore
radius, rmL, and a standard deviation, o. We use values of ru. ranging from 10 to 500 um,
to represent the range of pore-sizes expected in natural sands (sand grain sizes vary from
62.5 to 1000 um; Koorevaar et al., 1983). We use values of o ranging from 0.4, which
represents a narrow PSD, to 1, which represents a broad PSD. We use values of p,
ranging from 0.1 to 100 um/s to be consistent with literature values for o, which range
from 0.31 um/s for very clean quartz sand up to 300 um/s for sands coated with magnetite

(Keating and Knight, 2008).

For each pore-size in the PSD, T2so was calculated using equation 2-3. Taso was
then used to calculate T2o from equation 2-6 with Tog = 2.6 s. For each value of r¢, TomL
was calculated from the Too-distribution of all pores with r < r¢ using equation 2-7, h; was
equal to the relative volume, determined from the PSD, of pores of that size. T.s was then
determined from equation 2-8 with T2g = 2.6 s. Sw was calculated from the sum of the
PSD for all pores with r <rc. The relative value of Tas, TasRrel, i.€., T2s at each saturation

normalized by the saturated value of Tz, is plotted versus saturation in Figure 2-6(b).
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From the simulated NMR response of the capillary tube model, we see that the
relation between Tasreland Sw varies as a function of o, rmi, and o, and cannot be
evaluated solely based on changes in xas is the case in the thin film model. For narrow
pore-size distributions, Tasrel IS a concave down function of Sw, the shape of which could
be described by equation 2-10 with 4 > 1, as predicted by Costabel and Yaramanci
(2011b). For the intermediate pore-size distributions, however, the shape of the curves is
not consistent with the model discussed in Costabel and Yaramanci (2011b). When o=1
Tasrel is @ concave up function of Sw, which can be described by equation 2-10 with A4 <

1.
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Figure 2-6. The pore-filling mechanism associated with the capillary model (a). The
predicted change in relative surface relaxation time, Tasrel, Versus saturation, Sw, for log
normally distributed cylindrical pores with average pore radius ranging from 10 to 500
um, and standard deviations of 0.4, 0.7, and 1, and surface relaxivities ranging from 0.1

to 100 um/s (b). Also shown in (b) is a grey dashed line representing 1:1 correspondence.

2.7 Discussion

The goal of this study was to understand the effect of pore-size and o, and

consequently the effect of the diffusion regime in which relaxation occurs, on the relation

between NMR relaxation time and water saturation. We first discuss the laboratory
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results and characterize the Tasrel Versus Snvr curves by fitting the data using equation 2-

10. We next compare the laboratory results to the results from the numerical simulations.

The curves relating Tasrel to Snmvr for the laboratory results (Figure 2-4) are
consistent with the model presented by Costabel and Yaramanci (2011b) (equation 2-10).
To quantify the Tasrel Versus Snwmr relation, we fit each curve using equation 2-10 to
determine a value for A. The value of Awas calculated from a linear regression of log
Snimr versus log Tasrer, With an intercept of log(1). To eliminate outliers, only values of
Snmr > 0.1 were used, which ensured that all data points had a high signal-to-noise ratio.
The A values ranged from 0.8 + 0.1 to 2.3 + 0.8 for all material types; the R? value was
greater than 0.90 for all datasets. To understand the effect of different pore properties on
the Tos rel VErsus Snmr curve, we plot A versus dmean, 02, and « (Figure 2-7). In Figure 2-7,
the data points are the mean and the error bars are the standard deviation determined from

the three replicate samples.
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Figure 2-7. 4, the exponent in equation 2-10 versus mean grain Size, dmean (a), surface
relaxivity, p» (b), and the control parameter, x (c) for all samples. Data points and error
bars represent the mean and standard deviations of predicted values of the exponent from
three replicate wetting experiments.
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From the plot of A versus dmean, Figure 2-7(a), and the plot of 1 versus oz, Figure
2-7(b), we see that A does not show a strong correlation with dmean Or p2. However, when
we consider A as a function of «, Figure 2-7(c), we observe that x shows a positive
correlation to A, although it is difficult to elaborate on the nature of this relation using this
data. Specifically, A is between 0.8 + 0.1 and 1.0 = 0.2 for group 1 samples where x¥<0.1
and A increases from 1.2 £ 0.2 to 2.3 £ 0.8 for group 2 samples, where x> 0.1. Contrary
to the suggestion of Costabel and Yaramanci (2011b) that A depends on the grain size
homogeneity, the dependence of 1 on x suggests that this is not the case. In order to

better understand how the pore-filling mechanism affects the relation between Tasrel and

Snmr, We next compare the laboratory results with the two numerical simulations.

The results from the laboratory experiments are not consistent with any of the
numerical simulations based on the two pore-filling mechanisms. The laboratory results
suggest that the relation between Tasrel and Snvr (Figure 2-4) depends on the diffusion
regime in which relaxation occurs and that for samples relaxing in the fast diffusion
regime, Tasrel increases linearly with Snmr. This behavior is confirmed by the thin film
model (Figure 2-5) but is not confirmed with the capillary model, where the relation was
not seen to depend on diffusion regime, and there were no circumstances under which
Tasrel Was found to increases linearly with Snwvr. In the laboratory data, for samples
relaxing outside the fast diffusion regime, a concave down relation between Tas rel and
Snmr was observed; a curve of a similar shape was observed in the capillary model, but
was not observed in the thin film model. While the results using the capillary model do

not correspond to the experimental results, the exponent of the curves determined from
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both the capillary model and the experimental results are positive for samples relaxing

outside the fast diffusion regime.

One possible reason for differences between the numerical simulations and the
experimental results is that the simple pore-filling mechanisms do not accurately describe
the physical processes occurring during the imbibition of our samples. A more complex
pore space than can be described with a simple pore-filling mechanism, such as a thin
film or a bundle of cylindrical capillary tubes used here, could potentially explain the
difference between the numerical simulations and the experimental results. For example,
a recent study modeled the NMR response as a bundle of capillary tubes with triangular
cross sections (Mohnke, 2014). While Mohnke, did not explicitly consider the relation
between Tasrel and Snmr, the plots of the To-distrbutions for different saturations provide
evidence that a more complex geometric model could explain the behavior observed in

our experimental data.

2.7 Conclusion

The laboratory and numerical results presented here provide insight into how
variations in pore-size and surface relaxivity can affect the NMR relaxation time versus
saturation relation. The data presented in this study demonstrates that the diffusion
regime, the value of p and the pore-size are all important factors in understanding the
relation between Tasreland Snmr. The experimental results from this study confirmed that
the shape of the Tas rel Versus Snmr curve depends on the diffusion regime in which

relaxation occurs, which is determined from p, and the pore-size.
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The numerical simulations based on two pore-filling mechanisms, the thin film
and capillary models, were conducted in an attempt to explain the observed NMR
relaxation behavior of the samples in this study. These models do not adequately explain
the experimental results, indicating that these simple pore-filling mechanisms are
inadequate to explain NMR relaxation behavior. Our study provides evidence that more
complex geometrical models are necessary for explaining the observed Tas rel VErsus Snvr
curves for a wide range of samples. Additional research is thus needed to develop
improved pore-filling mechanisms before an understanding of the effect of pore

properties on the Tasrel Versus Snmr can be fully realized.

In order to use NMR measurements to characterize the water retention curve or to
determine the matric potential in the vadose zone, we need to account for the effect of
soil properties, including pore-size and surface relaxivity, on the NMR response of
unsaturated soils. Although the results presented in this study provide a basis for
interpreting NMR measurements in the vadose zone for sands with a range of pore-sizes
and surface relaxivities, we believe that it also demonstrates the need to characterize a
larger range of sediments, including silts and clays, with a wide range of mineralogy.
Quantifying the effect of soil properties on the NMR response of unsaturated soils will
improve our understanding of fundamental NMR behavior and ultimately enhance our

ability to non-invasively characterize the vadose zone.
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Chapter 3

The NMR Relaxation Response of Unconsolidated Sediments during Drainage and

Imbibition?

3.1 Abstract

In this laboratory study, nuclear magnetic resonance relaxation data were
collected on unconsolidated sediment to determine the NMR response, characterized by
the transverse relaxation rate, Tom_ ™, or the sum of echoes, SOE, during drainage and
imbibition. Measurements were made on four synthetic sands, with a range of grain sizes
and iron content, and two natural loamy sand soils. A porous plate apparatus was used to
induce drainage and imbibition, and the water content, &, was plotted as a function of the
matric potential, w, to give the water retention curve (WRC). The drainage and
imbibition branches of the WRC were then compared to the corresponding branches of

the @versus Tom ™t and the @ versus SOE curves.

Our results show that, even while hysteresis was observed between the drainage
and imbibition branches of the WRC, no hysteresis was observed in the @versus Taw ™ or
SOE curves. However, we find that both Tom and SOE varied as a function of . While
these results demonstrate that it is not possible to distinguish drainage from imbibition

using NMR measurements, the dependence of Towitand SOE on @suggests that it may

2 Submitted for publication in Vadose Zone Journal as Falzone and Keating (2016c)
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be possible to use them to characterize a single branch, or an average of the two branches

of the WRC.



-53-

3.2 Introduction

Characterizing unsaturated flow within the vadose zone is critical for
understanding soil processes, including the ability of a soil to store and release nutrients
and contaminants. Physics-based models of unsaturated flow require an accurate
understanding of the water retention curve (WRC), which relates the water content, 6, of
a soil to the matric potential, y, across a range of conditions from oven dry to full
saturation. While many methods have been developed that are capable of measuring €in
the field on the scale of centimeters (e.g., time domain reflectometry; Dahan et al., 2003)
to meters (e.g., electrical resistivity tomography; Mawer et al., 2013), currently all
available methods for determining y in the field are invasive (e.g., tensiometers; Whalley
et al., 2013). In the laboratory, the WRC can be accurately determined using the porous
plate method (Buckingham, 1907) by artificially varying w; however, such measurements
are time consuming and require field samples to be available and transported to the
laboratory, which can disrupt the sample’s natural pore structure. A complicating factor
in determining the WRC is that the curve exhibits hysteresis: the drainage branch of the
WRC does not follow the same path as the imbibition branch of the WRC. There have
been attempts to characterize the WRC with electrical resistivity measurements (Mufioz-
Castelblanco et al., 2012), however, the sensitivity of these measurements to differences
between drainage and imbibition remains. Electrical resistivity and induced polarization
measurements were found to be sensitive to hysteresis in some studies (Ulrich and Slater,
2004; Hen-Jones et al., 2014), but not in others (Mufioz-Castelblanco et al., 2012). Of

interest in our research is the use of the geophysical method nuclear magnetic resonance
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(NMR) as a measurement for determining #and w, during both drainage and imbibition,

and consequently the WRC.

NMR relaxation measurements are used in geophysics to characterize porous
media in the field, either with non-invasive surface instruments, such as surface NMR
(Behroozmand et al., 2015), or minimally-invasive borehole instruments (Dlubac et al.,
2013). Laboratory NMR measurements are used for pore size analysis (Keating and
Falzone, 2013), and to examine theoretical relationships between NMR parameters and
hydrological parameters, such as permeability (e.g., Timur, 1969; Weller et al., 2010).
The signal from the NMR relaxation measurement is a multiple exponential decay and is
inverted to yield an initial signal magnitude and a distribution of relaxation times,
typically represented by a single relaxation time or rate. To avoid inverting the raw NMR
data, the sum of the exponential decay can also be used to characterize the NMR
relaxation behavior (Chen et al., 2000). Interest in using NMR for the hydrogeologic
characterization of soils stems from the fact that the initial signal magnitude is
proportional to the number of protons in water within the measured sample, and thus to 6.
Another benefit of NMR measurements is that the relaxation rate is sensitive to the
physical and chemical environment of protons within a pore space. In saturated media it
has been shown that the relaxation time distribution is proportional to the pore-size
distribution (Mohnke and Yaramanci, 2008; Keating and Falzone, 2013). While few
studies have focused on the sum of echoes, it is also related to &and the pore size
distribution of the system (Chen et al., 2000). Because of the measurement’s sensitivity to
@ and pore size, NMR has been used to determine the depth to the water table (Muller-

Petke et al., 2011a), and to estimate the saturated hydraulic conductivity in aquifers (e.g.
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Knight et al., 2015). NMR has also been used to monitor infiltration during aquifer
storage and recovery (Walsh et al., 2014) and multiple tools have recently been
developed specifically for examining &in the vadose zone (Sucre et al, 2011; Walsh et
al., 2013a,b). In vadose zone applications the use of NMR has been limited to estimating
6, and information about pore sizes, available from the relaxation time distribution or the

sum of echoes, has not yet been exploited.

Numerous studies have shown that the NMR relaxation time distribution is a
function of & (e.g., Bird and Preston, 2004; loannidis et al., 2006; Mohnke, 2014; Falzone
and Keating, 2016a). Unlike in saturated systems, where the NMR response is a function
of the pore size distribution of the measured sample, in unsaturated systems the NMR
response is a function of the water-filled pore-space and thus is related to the water-filled
pore size distribution. This relationship suggests that the plot of NMR relaxation rate
versus @ can be used to parameterize the WRC, and studies have attempted to do so with
varied success (Costabel and Yaramanci, 2011b; Costabel and Yaramanci, 2013;
Costabel and Giinther, 2014). The measurement’s sensitivity to the water-filled pore size
distribution suggests that it may be correlated with y and may be able to capture the
hysteresis present in the WRC. A numerical study demonstrated that, for triangular pores,
the NMR relaxation rate has different values at similar values of @for the drainage and
the imbibition branches of the WRC, and thus suggests that NMR relaxation
measurements can capture differences in y during drainage and imbibition (Mohnke et
al., 2015). In contrast, however, a laboratory study on synthetic silica gels found that the
NMR relaxation measurements, made in a magnetic field with a strength ~10 times

greater than those used for geophysical applications, did not exhibit hysteresis during
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drainage and imbibition (Porion et al., 1998). In this study we aim to resolve the conflict
present in the literature. We ask the question: what is the NMR response as a function of
@ during drainage and imbibition of unconsolidated materials? We focus on
measurements made at the ultra-low magnetic field strengths, relevant for geophysical
NMR equipment. To the best of the authors’ knowledge, no study has conclusively
determined if the NMR response, for measurements made at ultra-low magnetic field

strengths, shows differences during drainage and imbibition in unconsolidated sediments.

Measurements were made on four synthetic sands with a range of mean grain
diameters, dmean, Which influences both the NMR measurement (Keating and Falzone,
2013) and the WRC (Nimmo, 1997), and a range of total iron content, influences the
NMR measurement (Foley et al., 1996). Measurements were also made on two natural
loamy sand soils, one with high total iron content and one with low total iron content. For
all materials, the WRC, a curve relating 8to the NMR relaxation rate, and a curve
relating @to the sum of echoes were determined during drainage and imbibition. By
comparing these curves, we can examine the NMR response as a function of #and
determine if NMR relaxation measurements are sensitive to hysteresis present in the

WRC.

3.3  Background

3.3.1 Drainage/imbibition hysteresis of the water retention curve
The WRC describes changes in ddue to changes in y, and is characteristic of the

pore-size distribution (PSD) of a soil. Pores will drain and fill with water at specific
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values of y depending on their size. The value of y at which a pore will drain or fill,
known as the air-entry value or y, is given by (Washburn, 1921),

2y, CosP
r 1

Ve = (3'1)

where r¢ is the maximum pore radius that is capable of being filled at v, y; is the
surface tension of the liquid-air interface, and @ is the contact angle between the
saturating fluid and the pore surface. Both y;; and @ result from the cohesion between the
saturating fluid and the solid matrix.

Characterizing the WRC is complicated by hysteresis; during drainage the WRC
follows a separate path than during imbibition. Many complex conceptual models explain
hysteresis (e.g. Miller and Miller, 1956; Mualem, 1974; Nimmo, 1992); however, the
simplest way of describing this behavior is by considering the distribution of different
size pores within a soil. During drainage, small pores block flow from larger pores and,
consequently, larger pores remain saturated for values of y smaller than their
corresponding yc values. The blocked larger pores only drain when yr of the smaller
regulating pores is reached. During imbibition, larger pores block flow to smaller pores
and, as a result, smaller pores remain empty for values of y greater than their
corresponding yc values. The blocked smaller pores only fill when yr of the larger
regulating pores is reached. The regulating effect of flow caused by small pores during
drainage and large pores during imbibition leads to the observed hysteresis and a
dependence of the WRC on the history of drainage and imbibition. This effect can lead to

large uncertainty when trying to quantify the WRC in the field.
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3.3.2 NMR theory

The NMR phenomenon occurs in atoms with unpaired protons or neutrons that
possess a hon-zero nuclear spin angular momentum, such as hydrogen with a nucleus
consisting of a single proton (Callaghan, 2011). Protons in a static magnetic field align
with and precess about the field at the Larmor frequency, which is proportional to the
magnitude of the magnetic field. For geophysical measurements the Larmor frequency
ranges from ~2 kHz, for surface-based measurements made in Earth’s magnetic field, to 2
MHz for borehole instruments (Dunn et al., 2002; Legchenko et al., 2004; Walsh et al.,
2008, 2013a,b; Behroozmand et al., 2015). The laboratory measurements made in this
study were collected at 2 MHz. The NMR experiment begins when an energizing pulse,
tuned to the Larmor frequency, tips the protons out of alignment with the static field.
When the energizing pulse is stopped, the protons relax back to their equilibrium
position; the return to equilibrium induces a measurable signal through induction. This
study focuses on NMR data collected using the CPMG (Carr-Purcell-Meiboom-Gill)
pulse sequence (Carr and Purcell, 1954; Meiboom and Gill, 1958), consisting of a 90°
pulse, followed by a series of 180° pulses, separated by the echo spacing, te. The 180°
pulses reduce dephasing of the precessing protons that can occur when the static
magnetic field is inhomogeneous. The resulting signal is the time, t, decaying transverse
(or perpendicular) component of the total signal, Axy(t), measured at points half way
between the 180° pulses where the phases of the protons are maximally realigned

(Callaghan, 2011).

In unconsolidated sediments Axy(t) is a multi-exponential decay,
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where A; is the component of total signal magnitude relaxing with a relaxation time of Ty;,
the inverse of the relaxation time Tzt is the relaxation rate, and the sum is taken over all
relaxation environment. The initial signal magnitude, A, = }:; 4;, is proportional to the
volume of water in the measured sample and can be used to determine 6. A; is often
plotted versus Tai, to give the relaxation time distribution, or T»-distribution. In saturated
porous media it is typically assumed that each T»; value in the T>-distribution corresponds
to a different pore size, and the T-distribution represents the PSD. In partially saturated
porous media, the distribution only represents the fraction of the PSD that is saturated at a
given 6. In practice, a single relaxation rate is typically used to characterize the T»-
distribution; here we use the mean log relaxation rate, Tom ™, determined from the inverse

of the geometric mean of the To-distribution.

In porous media, relaxation occurs by three parallel process, surface relaxation,

diffusion relaxation, and bulk fluid relaxation,
Tzir\%L :ngl +Tzié +TZEL’ (3-3)

where T2s is the surface relaxation rate, Top™ is the diffusion relaxation rate, and Tos™is
the bulk fluid relaxation rate. Ts™ can be determined from a CPMG measurement of the
saturating fluid and is typically much less than Tos. It is generally assumed that the
magnetic field is homogeneous and T2p* ~ 0; this assumption can be tested by comparing

CPMG measurements made at multiple values of te. If Tow ™ does not increase with te?
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then the assumption that Top is insignificant is valid (Kleinberg and Horsfield, 1990;

Keating and Knight, 2007). Assuming, T2o™? ~ 0 and T2 << T2s?, then Tow ™~ Tas™

Tastis inversely proportional to the mean pore radius, r, and proportional to the

pore surface-area-to-volume ratio, S/V (Brownstein and Tarr, 1979),

_ a S
Tzs1 =P, ? =P, \7 . (3-4)

where p is the surface relaxivity and « is the characteristic pore shape parameter (1 for
planar, 2 for cylindrical, and 3 for spherical pores); S/V is equal to o/r. Equation 3-4
assumes that relaxation is surface limited, meaning that protons can travel to and sample
the surface of the pore within the time scale of the experiment, which has been found to
be true for most porous geological material (Latour et al., 1992; Kleinberg et al., 1994).
When relaxation is not surface limited, Tos is influenced by the self-diffusion coefficient

of the saturating fluid, and is a function of r? (Godefroy et al., 2001).

The sum-of-echoes (SOE), another parameter used for characterizing the NMR
relaxation behavior with a single value, is the integral under the exponentially decaying
signal and is related to both & (from Ai) and the PSD (from T2i) as shown by (Chen et al.,

2000),
SOE=["Y" Ae T = D AT, o <9Z%T2i . (3-5)

Using SOE has advantages over calculating Tomc™ in that it does not require inversion of
the raw dataset, which can be strongly affected by the choice of regularization parameter

SOE is also less sensitive to noise than the inversion. One disadvantage of using the SOE,
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however, is that the response due to 8 cannot be separated from the response due to the

PSD.

3.4 Materials and Methods

To determine the NMR response of unconsolidated sediments during drainage and
imbibition, we collected measurements on fine and coarse grain synthetic sands, and
natural soils. Subsamples from the fine and coarse synthetic sands were coated with
hematite to create samples with increased iron content as described in Keating and
Falzone (2013). This process resulted in four synthetic sands: a fine-grain uncoated sand
(uF), a fine-grain coated sand (cF), a coarse-grain uncoated sand (uC), and a coarse-grain
coated sand (cC). The natural samples were two loamy sand soils collected from the
Christina River Basin Critical Zone Observatory (CRB-CZO) at the Stroud Water
Research Center in Southeastern Pennsylvania. One CRB-CZO soil (StL) is from an
agricultural area with low total iron content; the other (StH) is from a forested area with

high total iron content.

Values used for total iron content, dmean, and Ss are from Keating and Falzone
(2013) for the synthetic sands, and from data collected in this study for the CRB-CZO
soils. The total iron (Fe(l11) + Fe(11)) content was determined spectrophotometrically
using the ferrozine method (Stookey, 1970). dmean Was determined from laser diffraction
particle size analysis. Ss was determined with N2 BET (Brunauer-Emmett-Teller)
adsorption analysis, using a sample mass such that the total measured surface area was >
1 m?. For samples with Ss < 0.15 m?/g, the value of Ss was confirmed using Kr BET

adsorption analysis.
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3.4.1 Saturated sample preparation

To determine if Too™ ~ 0, and to characterize the NMR properties of the samples,
NMR data were first collected on saturated samples. For the synthetic sands, the data
used were previously published in Keating and Falzone (2013). For the CRB-CZO soils,
the data were collected for this study and follow the same procedure as was used for the
synthetic sands. Sample material was first packed into a cylindrical Teflon sample holder
(3.1 cm inner diameter, 5.6 cm inner height, 13.5 cm? inner volume) using a dry packing
method (Oliviera et al., 1996). Each sample was vacuum saturated with deionized water
using a vacuum of ~88 kPa. NMR measurements (described below) were made on three

replicate samples for each material type.

3.4.2 Porous plate sample preparation and experiment description

For the porous plate experiment, sample material was dry packed (Oliviera et al.,
1996) into Nylon sample holders (2.5 cm inner diameter, 2.5 cm inner height, 12.3 cm®
inner volume) with one open side, to be placed in contact with the porous plate, and a
port on the other side (diameter ~1 cm) to allow for air movement in and out of the
sample. Three replicate samples were created from each material. Both ends were
covered with 11 um filter paper, fixed to the sample holder using room temperature
vulcanizing silicone, to ensure consistent sample packing. Samples were vacuum
saturated at ~88 kPa then weighed to determine the saturated mass. The bulk density, ps,

was determined by the dry sample mass and the volume of the sample holder. The
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porosity, ¢, was determined by subtracting the dry mass from the saturated mass and

dividing by the volume of the sample holder.

In the porous plate apparatus (similar to that described in Buckingham, 1907)
samples are placed on porous ceramic plate and suction is applied to a water reservoir
beneath the plate. A porous ceramic plate with an air entry value rating of 50 kPa was
used. Samples were fixed to the porous plate with a mixture of kaolinite clay and
deionized water (1:1 by weight) to ensured hydraulic connectivity between the porous
plate and samples. Contact between the porous plate and the water reservoir was
maintained for the duration of the experiment. Suction was pulled using a vacuum pump
on a two-chamber outflow reservoir connected to the water reservoir. One chamber was
filled with desiccant to control evaporation; the other chamber was partially filled with
deionized water. y was set using a vacuum regulator. The porous plate and samples were
placed in a sealed canister with beakers full of deionized water to control the humidity. A
port on the side of the chamber was left open to ensure the free flow of air into the

sample columns.

Data for the drainage curve were collected first followed by data for the
imbibition curve. To induce drainage  was decreased from -0.6 to -35 kPa; to induce
imbibition y was increased from -35 to -0.5 kPa. Throughout the experiment, the mass of
the outflow reservoir was measured every 5 s; the balance was set to auto-calibrate to
control for drift in the mass readings. Once equilibrium was reached, i.e. the change of
the outflow reservoir mass varied by <+0.01 g for > 4.5 hours, the samples were
removed from the porous plate, weighed to determine ¢, and the NMR datasets were

collected.
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3.4.3 NMR data collection and analysis

For each measurement, the sample was aligned in the center of the NMR
instrument to ensure that the static magnetic field was homogeneous across the sample.
All measurements were collected using the CPMG pulse sequence. Each echo was
sampled using 32 data points. For the saturated samples data were collected with te =
200, 400, 600 and 800 us; for the porous plate experiment data were collected with te =
200 ps. The delay time between stacks was set to three times the length of the data
record. For the saturated samples, data were stacked 32 times and 50,000 echoes were
collected for each stack. For the porous plate experiment, data were stacked until the
signal-to-noise ratio was >100 (ranging from 8 to 800 stacks), and, in order to speed up
the experiment, the number of echoes was chosen such that data record captured the full

signal decay (ranging from 750 to 20,000 echoes).

Prior to inversion, each NMR dataset was subsampled to 5000 data points to
improve the speed of the fitting algorithm; datasets with <5000 echoes were not
subsampled. A non-negative least squares inversion algorithm with second order
Tikhonov regularization (Tikhonov, 1963; Whittall et al., 1991) was used to fit the data
with 160 log-spaced values of T,i ranging from 10 to 10* s as this represents the range of
times with which the observed NMR signal can relax given the measurement constraints.
The regularization parameter, which determines the degree of smoothness, was chosen
using the L-curve corner criteria such that both the model norm and the residual norm

were minimized (Hansen and O’Leary, 1993).
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The NMR parameters were determined from the raw NMR data and the T»-
distribution. For each dataset, SOE was calculated from the sum of the raw signal. TomL
was calculated from each To-distribution. Tom ™ is given by the inverse of Toui. The plot
of Tom ™ versus te? was used to calculate Top as described in Keating and Knight (2007).
T2s! was determined from three replicate measurements on samples of deionized water.
Tost was calculated from Tom?, T, and Tos™ using equation 3-3, S/V was calculated

from S/V = Sspu/ ¢, and p, was calculated from Tas™ and S/V using equation 3-4.

35 Results

The physical and chemical properties of the materials used in this study are given
in Table 3-1. The error values given in Table 3-1 are the standard deviations determined
from measurements made on three replicate subsamples. For each of the synthetic sands
the total iron content ranged from 0.07 + 0.02% for uC to 0.38 + 0.05% for cF, and the
addition of hematite increased the total iron content. For the CRB-CZO soils the total
iron content was 0.75 £ 0.04% for StL and 1.80 + 0.09% for StH. For the synthetic sands
dmean varied from 129 £+ 11 pum for uF to 753 = 14 um for cC. The values of dmean Of the
synthetic sands did not show a trend with total iron content indicating that coating the
surfaces of the sands with hematite did not result in a measurable increase in dmean. FOr
the CRB-CZO 50ilS dmean Was 191 £ 23 um for StL and 106 + 13 um for StH. For the
synthetic sands Ss ranged from 0.080 + 0.007 m?/g for uC to 0.55 + 0.02 m?/g for cF; for

the uncoated sands Ss decreased with dmean. FOr synthetic sands of a given grain size (e.g.
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uF and cF), Ss was higher for the coated sand. For the CRB-CZO soils Ss was larger than

for the synthetic sands: 6.2 + 0.1 m?/g for StL and 18.3 + 0.3 m?/g for StH.

Table 3-1: Material Properties: total iron content, average grain diameter, dmean, and
specific surface area, Ss. Data for the fine and coarse sands are from Keating and Falzone,
(2013). Data for the CRB-CZO soils were determined for this study. The errors given are

the standard deviations from measurements on three replicate subsamples.

. Total Iron
Full Name Abl?\lraer\gzted Content ((jmea” 827
(Yowt.) pm) (m?/g)
Uncoated fine sand¥ uF 0.18+0.04 129+11 0.37x£0.01
Coated fine sand+ cF 0.38+£0.05 135%5 0.55+0.02
Uncoated coarse sand+ uC 0.07+0.02 733+16 0.080+ 0.007
Coated coarse sandf cC 0.22+0.05 753+14 0.224 +£0.006
CRB-CZO: low iron StL 0.75+0.04 191+23 6.2+0.1
CRB-CZO: high iron StH 1.80+£0.09 10613 18.3+0.3

T, Data first presented in Keating and Falzone (2013)

The values of p» and ¢, calculated from the samples for the porous plate
experiment are shown in Table 3-2. p, ranged from 1.55 + 0.02 g/cm? for StH to 1.66 +
0.02 g/cm?3 for StL and ¢ ranged from 38 + 1% for uC to 43.1 + 0.3% for StH. The
narrow range of pp and ¢ indicated that there was minor variability in the packing of the

samples.
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Table 3-2: Properties of the samples used in the porous plate experiment: bulk density, p,
and porosity, ¢. The errors given are the standard deviations from measurements on three
replicate subsamples.

Abbreviated b
Full Name Name © /2m3) ((;i )

Uncoated fine sand uF 1.56 £ 0.05 42.2+0.8
Coated fine sand cF 1.59 +0.03 41.4+£0.3

Uncoated coarse sand uC 1.62 £ 0.02 38+1

Coated coarse sand cC 1.61 +£0.02 39+1
CRB-CZO: low iron StL 1.66 £ 0.02 40.1+0.7
CRB-CZO: high iron StH 1.55+0.02 43.1+0.3

The NMR parameters determined from the saturated samples, Tomi ™, T2p?, Tas™,
and pp, are shown in Table 3-3 and were calculated using the results from NMR
measurements on deionized water which gave T-g™ = 0.383 + 0.001 s™. This value for T-g"
1'is consistent with previous measurements on deionized water (Falzone and Keating,
2016a). Tom ™ showed no dependence on te? for all the synthetic sands or for StH indicating
T2oo ~ 0 for these samples. For StL, Tow ™t showed a small dependence on te?; however,
the value of Tomi? (49 + 2 st at te = 200 ps) was greater than the value of Tp? (0.5 + 0.3
s at te = 200 ps). Since for all samples Tom™ is much greater than both T2s™ and T2p™,
surface relaxation was the dominant relaxation mechanism. The o, values ranged from 1.9
+ 0.6 um/s for StL to 14.0 £ 0.6 um/s for cF. Although across all materials, o> did not
increase with total iron content, for a given group of materials (e.g., the synthetic sands),

2 increased with total iron content.
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Table 3-3: NMR Parameters: the mean log relaxation rate, Towi ™2, the diffusion relaxation
rate, Top, the peak surface relaxation rate, T2s?, and the surface relaxivity, p,
determined from the NMR measurements made on saturated samples. The errors given
are the standard deviations from measurements on three replicate samples.

FullName  Abbrevimt  Taw o Tet o Twt o o
(sh (sh (sh (um/s)
Uncoated fine sandf uF 6.25+0.06 56+0.1 ~0 3.20£0.05
Coated fine sandf cF 385+03 37.0+£0.3 ~0 14.0£0.6
Uncoated coarse sandf uC 19+£0.1 1.4+£0.1 ~0 2.34 +0.08
Coated coarse sandf cC 2.86 £0.03 2.50+0.05 ~0 24+0.2
CRB-CZO: low iron StL 49 £ 2 459+03 05+03 19106
CRB-CZO: high iron StH 153.4+0.2 150.8+0.2 ~0 2.35+0.07

1, Data first presented in Keating and Falzone (2013)

The WRCs are shown in Figure 3-1. Hysteresis was observed in all of the WRCs.
As expected, the shape of the drainage and imbibition curves depended on the grain size
distribution, which we characterize with dmean. Finer materials retained water at the
smaller y than coarser materials. Furthermore, comparing curves for the uF and cF
samples (Figure 3-1a) or the curves for the uC and cC samples (Figure 3-1b), we see that
the shape of the WRC was not affected by the hematite coating. At the greatest y in the
imbibition branch of the WRC, none of the samples reached their saturated & values,
most notably the coarse grain sands, where 8< 0.1 at = -0.5 kPa. This behavior is
typical of coarse-grained material, as it is more difficult to saturate large pores under

capillary flow.
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Figure 3-1: The water retention curve for the fine sands (a), the coarse sands (b), and

CRB-CZO0 soils (c). The circles represent data collected during the drainage phase of the

experiment; the squares represent data collected during the imbibition phase of the
experiment. The colors represent the replicate samples for each material type.

A subset of To-distributions collected during drainage and imbibition, are shown

in Figure 3-2 for the synthetic sands and Figure 3-3 for the CRB-CZO soils. The T»-

distributions varied as a function of 6. At high saturation, the shape and position of the

To-distributions change depending on dmean and p». Consistent with previous studies (e.g.

Keating and Falzone, 2013), samples with smaller dmean and/or larger o, have

distributions centered at shorter relaxation times; samples with larger dmean and/or smaller
2 have distributions centered at longer relaxation times. Also consistent with previous
studies, the location of the T»-distribution shifted with saturation (Falzone and Keating,

2016a; Bird and Preston, 2004; Mohnke, 2014; loannidis et al., 2006). During drainage




(Figure 3-2a for the synthetic sands and Figure 3a for the CRB-CZO soils) the T»-
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distributions shifted to shorter T, as @ decreased. During imbibition (Figure 3-2b for the

synthetic sands and Figure 3-3b for the CRB-CZO soils) the T»-distributions shift towards

longer T2 as @increased.
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Figure 3-2: To-distributions determined from the data collected during drainage (a) and
imbibition (b) for the synthetic sands. Data are shown for one sample from each material
type; replicate samples exhibited similar behavior. Color of the curve represents the
gravimetric water content values (as shown in the legend). The distributions with dashed
lines in the uC and cC imbibition panels were from data collected for the drainage curve,
and are shown for comparison.
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Figure 3-3: To-distributions determined from the data collected during drainage (a) and
imbibition (b) for the CRB-CZO soils. Data are shown for one sample from each material

type; replicate samples exhibited similar behavior. Color of the curve represents the
gravimetric water content values (as shown in the legend).

Ao shows a linear trend with & (R? = 0.996; p << 0.01) for data collected during
the drainage curve (Figure 3-4). Similar results were seen for data collected during the
imbibition curves. While most of the data points fall along the line of best fit, there are a
few outliers from measurements on the StH samples. We suspect that these outliers arise
because, at lower saturations (< 0.3), some of the signal from these samples is relaxing
faster than can be detected using te = 200 ps; this is consistent with the short relaxation

times seen in the T»-distributions for the StH samples.
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Figure 3-4: NMR initial signal magnitude (Ao) versus the water content. Data shown was
collected during drainage.

The plot of #versus Taw ™ shows that for all samples @ decreases with Tow ™
(Figure 3-5). There are two major observations we make from these plots (1) none of the
6-Tam ™t curves show hysteresis and (2) the position of the &-Tam ™ curves are linked to
dmean and 2. Notably, for samples uC and cC, with the largest dmean and slowest saturated
relaxation rates, the curve spans a large range of Taw.™ values (1.5 to 2 orders of
magnitude). For the other samples the Tom ™ values span less than 1.5 orders of
magnitude. Unlike the WRCs where the curves were only dependent on the grain size
distribution, for the &Tau ™2, curves exhibited differences between samples with similar
grain size distributions but different values of p, (compare the curves for uF and cF in

Figure 3-5a, and for uC and cC in Figure 3-5b).



(a) Fine Sands (b) Coarse Sands (c) CRB-CZO Soils
04 ‘.u. o® [ ue || %6
i |

03 1t
ORI N || %"a
D2 ‘ It

O 1 ©

1t St
0 oy

(=]

S
‘o

o°

£

=1

Q

E
o m“#

®
e
8
o

0.1 \ o ]
o q’-&‘ 1t StH
100 10! 107 108 10° 101 10? 10° 10° 10' 10° 10°

T ()

2

Figure 3-5: The mean log relaxation time, Tow 2, versus water content, 6, curves for the
fine sands (a), the coarse sands (b), and CRB-CZO soils (c). The circles represent data
collected during the drainage phase of the experiment; the squares represent data
collected during the imbibition phase of the experiment. The colors represent the
replicate samples for each material type.

The plot of 8versus SOE shows that for all samples & increases with SOE (Figure
3-6). We make the same observations for the 8-SOE curves that were seen in the &-Tou™
curves: (1) the &SOE curves do not exhibit hysteresis, and (2) the position of the &-SOE
curves depends on dmean and p. Samples with the largest dmean (UC and cC; Figure 3-6b)
have SOE values that span 2.5 to 3 orders of magnitude, while samples with smaller dmean
and larger p» (uF and cF; Figure 3-6a; StL and StH; Figure 3-6¢) span 1.5 to 2 orders of

magnitude. As with the &TamL™ curves there are differences between the &SOE curves
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for samples with similar grain size distributions but different values of p, (compare the

curves for uF and cF in Figure 3-6a, and the curves for uC and cC in Figure 3-6b).

(a) Fine Sands (b) Coarse Sands (c) CRB-CZO Soils
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Figure 3-6: The sum-of-echoes, SOE, versus water content, &, curves for the fine sands
(@), the coarse sands (b), and CRB-CZO soils (c). The circles represent data collected
during the drainage phase of the experiment; the squares represent data collected during
the imbibition phase of the experiment. The colors represent the replicate samples for
each material type.

The NMR response for the uF samples near saturation showed anomalous
behavior. During drainage, when @was close to saturation (0.35 < < 0.4),
corresponding to 0 < y <-15 kPa, we observed an order of magnitude shift in the
location of the center of the T.-distributions, an increase in the Tow ™t values, and a

decrease in the SOE values (see uF panel in Figures 3-5a and 3-6a). This behavior was
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observed in all replicate uF samples, but was not observed in the other samples in this

study.

3.6 Discussion

Our study found that the &-Tom™* and &-SOE curves do not exhibit hysteresis for
unconsolidated sediments with a range of grain size distributions and p»-values. Because
the lack of hysteresis is evident in both curves, we conclude that this behavior is not due
to the inversion approach or the choice of the regularization parameter used in the
inversion algorithm. Furthermore, as the SOE values are very robust to noise and the
signal-to-noise ratio for the NMR measurements were high (>100), these results are not
due to noise in the data. From these results it is clear that numerical predictions of
hysteresis in the NMR behavior as a function of 8 (Mohnke et al., 2015), cannot be
realized in experimental data. We conclude that the NMR measurement is not sensitive to
the small-scale changes in the distribution of water within the pore space that occurs at
similar @but at different y during drainage and imbibition. As Porion et al. (1998)
suggests, this is likely because the distribution of water in the pore space represents a
similar average pore size during imbibition and drainage. NMR is not directly sensitive
to forces exhibited on water in porous media, but rather to the size of the containing pores
as is described in equation 3-4. It is important to understand how differences in o/r vary
due to saturation during drainage and imbibition in order to interpret the measurement,

however quantifying o/r at each step along the WRC is not possible.
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The effect of o/r as a function of saturation on relaxation time can be explained
by considering the hypothetical model presented in Figure 3-7, in which a sample with a
layered/interconnected pore network is defined. Using a log-normal PSD defined by a
mean pore size, ruL, and standard deviation, o, (Figure 3-7a), a layered soil sample can
be constructed by randomly distributing different size pores within each layer (Figure 3-
7b). The bottom layer is assumed to be in contact with a saturated porous plate. The
degree of pore connectivity is also varied by defining the number of random connections
between each pore of a layer to the underlying layer. Pore connectivity is defined as the
percentage of pores on the underlying layer to which each pore in the overlying layer is
randomly connected. The WRC can be determined for a range of y using equation 3-1,
by assuming all pores with r > r¢ are capable of being emptied during drainage, and r > r¢
are capable of being filled during imbibition. In addition to this criterion, however, the
saturation state only changes if a pathway to the porous plate is available, leading to
hysteresis due the presence of regulating pores. We note that, unlike in real soils, the
effect of trapped air and water within the pore space is not considered. This simplification
predicts ideal behavior, in which the samples will obtain full saturation during imbibition
and €= 0 during drainage. However, the effect of the physical pore network on hysteresis
and ofr can still be evaluated. VValues of o/r during drainage and imbibition can be
calculated by considering the saturated pores at each value of . In order to simulate
cylindrical pores, =2, but similar results were found when o=1 and 3 for planar and

spherical pores respectively.
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(a) Pore Size Distribution (b) Interconnected Pore Network
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Figure 3-7: The interconnected 2D pore filling model in which layers of pores are
randomly assembled and connected to one another. A pore size distribution (a) is
randomly sampled to create a layered/interconnected pore network (b). The mean pore
radius, rui, standard deviation, o, and the degree of pore connectivity are defined in order
to simulate drainage and imbibition.

Figure 3-8 shows the resulting WRCs from samples with o=10.2 and 0.5 (top and
bottom rows respectively) and samples with increasing pore connectivity (2.5%, 10%,
and 25%; a-c respectively). While the difference between the drainage and imbibition
curves of the WRC increases with o, this difference decreases as the pores become more
connected. In Figure 3-9, @versus a/r curves are calculated for the same model
conditions shown in Figure 3-8. While hysteresis in the &-a/r curves are evident for wide
PSDs and low degrees of connectivity (e.g. Figure 3-9a, bottom row), the difference
between drainage and imbibition curves is less than in the WRC. This difference
decreases for narrow PSDs, and as the degree of connectivity increases. In certain cases,
the difference between the &-a/r curves during drainage and imbibition is

indistinguishable (e.g. Figure 3-9c, top row).
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Figure 3-8: Water retention curves, WRC, during both drainage and imbibition predicted
from the interconnected pore model presented in Figure 3-7, with pore size distributions
characterized by a rm.=1 um and standard deviations of ¢=0.2 (top row) and 0.5 (bottom
row). Also shown are different degrees of interconnectivity between the pores: 2.5%,
10%, and 25% pore connectivity to the underlying layer (a, b, and c respectively).
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(a) 2.5% Pore Connectivity  (b) 10% Pore Connectivity  (c) 25% Pore Connectivity
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Figure 3-9: ¢-adr curves with =2, during both drainage and imbibition predicted from
the hypothetic model presented in Figure 3-7, with pore size distributions characterized
by a rm.=1 um and standard deviations of 6=0.2 (top row) and 0.5 (bottom row). Also
shown are different degrees of interconnectivity between the pores: 2.5%, 10%, and 25%
pore connectivity to the underlying layer (a, b, and c respectively).

The predictions of the interconnected pore model indicate that NMR relaxation
measurements are not capable of distinguishing between the drainage and imbibition
curves of the WRC for soils that have a narrow PSDs and a high degrees of pore
connectivity. A similar effect may explain why electrical geophysical measurements
exhibited hysteresis in certain studies (Ulrich and Slater, 2004; Hen-Jones et al., 2014)
but not in others (Mufioz-Castelblanco et al., 2012). rm was previously calculated to be
2.21 and 1.49 um for the fine uncoated and coated sands respectively, and 9.1 and 3.5 um
for the coarse uncoated and coated sands respectively (Keating and Falzone, 2013). o of
the grain size distributions determined with LDPSA was calculated between 0.35 and

0.41 for all sands. These values predict the model of the wider distribution (bottom row;
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Figure 3-8 and 3-9) is more representative of the synthetic sands in this study, indicating
that similarities in the drainage and imbibition curves are due to pore connectivity as

opposed to narrow values of o.

Although the &-Tom ™t and 6-SOE curves do not capture the hysteresis present in
the WRCs, they do show differences depending on the grain size distribution of the
material in the measured sample. This observation suggests that the &-Tou.™* or 8-SOE
curves could be correlated to a single branch or an average of the drainage and imbibition
branches in the WRC. The model results presented in Figures 3-8 and 3-9 also indicates
that considering the NMR relaxation time may provide some evidence into the
connectivity of the pore network. However, in developing such a petrophysical
relationship, care must be taken to account for a number of factors that affect the &-Tom.™
and 6-SOE curves but not the WRC. In particular the effect of p2, which influences the
shape of the &-TomL ™t and ¢-SOE curves and the effect of a non-zero Top™, present in

samples such as the StL soil.

3.7 Conclusion

The results from this study show that NMR relaxation measurements collected
during both drainage and imbibition are not sensitive to hysteresis present in the water
retention curve. This observation was consistent across measurements made on Six
samples: four synthetic sands and two natural soils that represent sediments with a range

of grain size distributions and total iron contents. The lack of hysteresis in the & versus

Tom 't and @ versus SOE curves indicates that NMR relaxation measurements are not
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sensitive to difference in the distribution of pore water that occurs at similar y values for
different branches in the water retention curve. These results can be explained by
considering a hypothetical model of soils with log-normal pore size distributions and
different interconnected pore spaces. As the standard deviation of the pore size
distribution decreases, and the degree of interconnectivity of the pore space increases, the
difference between the @ versus o/r curves during imbibition and drainage decreases.
However, the dependence of Tow ™ and SOE on 6, as well as the effect of the grain size
distribution on the relative positions of the &versus Tou™ or SOE curves, suggests that it
may be possible to correlate these curves with the water retention curve. This study
represents a significant step towards establishing this link and developing the
petrophysical relationships necessary to exploit the full capabilities of the NMR

measurements as a tool for characterizing the vadose zone.
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Chapter 4

Algorithms for Removing Surface Water Signals from Surface NMR Infiltration

Surveys®

4.1 Abstract

Surface nuclear magnetic resonance (surface NMR) is a geophysical method that
directly detects water and can be used to determine the depth profile of water content
within the subsurface. While surface NMR has proven useful for investigating
groundwater in the saturated zone, its use to study the vadose zone is still in
development. A recent study for the South Avra Valley Storage and Recovery Project
(SAVSARP) demonstrated that surface NMR can be used to monitor infiltrating water
associated with aquifer storage and recovery, a water resource management method in
which surface water is stored in local aquifers during wet periods for use during dry
periods. However, one of the major issues associated with using surface NMR to monitor
infiltrating water is the influence of large bodies of surface water. In this study, we
examine the effect that large bodies of surface water have on the surface NMR signal and
propose three algorithms (the a priori, late-signal, and long-signal-inversion algorithm) to
remove this signal. Using synthetic datasets, we assess the efficacy of each algorithm and
determine that, while each algorithm is capable of suppressing the signal from a water

layer with a thickness < 5 m, the long-signal-inversion algorithm provides the most

3 In review for publication in Geophysics as Falzone and Keating (2016b)
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accurate and consistent results. Using a field example from the SAVSARP survey, we
demonstrate the use of the long-signal-inversion algorithm to suppress the surface water
signal. The results from this study show that the signal from surface water detected in a
surface NMR survey can be suppressed to obtain the subsurface water content without

the use of new measurements techniques or additional equipment.
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4.2 Introduction

The practice of aquifer storage and recovery (ASR) is critical for water resource
management in arid climates because it allows the storage of surface water in confined
aquifers during wet periods for later use during dry periods (Fisher, 2013). A detailed
understanding of aquifer recharge and regional groundwater flow patterns is essential for
the successful storage of surface water in confined aquifers (Racz et al., 2012).
Geophysical methods, including time domain reflectometry (Dahan et al., 2003),
distributed temperature sensing (Constantz and Thomas, 1996; Blasch et al., 2002),
gravity (Christiansen et al., 2011), and electrical resistivity (Mawer et al., 2013;
Jayawickreme et al., 2010), are used to image aquifer recharge and to interpret
groundwater flow patterns at the regional scale as well as the smaller local aquifer scale
(these methods are reviewed in Ferré et al., 2007). While these commonly used
geophysical methods can provide important information about aquifer recharge, they
measure physical properties of the subsurface that are influenced by multiple factors,
including grain size, sediment composition, and fluid conductivity, and are not uniquely
sensitive to the parameter of interest, the subsurface water content. For example, in
electrical resistivity measurements, low electrical resistivity is typically interpreted as
higher water saturation (Archie, 1942), but it can also indicate high clay content or high

fluid conductivity.

In contrast to more traditional geophysical methods, surface nuclear magnetic
resonance (surface NMR) is directly sensitive to water and can be used to determine a 1D
vertical distribution of water content in the subsurface. Furthermore, in saturated porous

media, nuclear magnetic resonance (NMR) relaxation times have been correlated with the
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pore diameter and used to predict the saturated hydraulic conductivity, (see Behroozmand
et al., 2015, and references within). Walsh et al. (2014) presented the first study that
showed that surface NMR can be used to monitor infiltration during ASR, and
demonstrated the capability of surface NMR to both monitor a flood-induced wetting
front and estimate the total amount of water recharged. However, as discussed in the
study by Walsh et al., the interpretation of surface NMR data for ASR applications is
complicated by two factors: (1) standard petrophysical NMR theory used to interpret
surface NMR data assumes that the measured system is fully saturated, whereas in ASR
the system can be in various states of saturation, (2) surface water present during
infiltration can dominate the surface NMR signal making it difficult to characterize the
infiltrating water in the subsurface. While there have been a number of recent
publications focused on developing the petrophysical NMR theory to characterize
variably saturated porous media in the vadose zone (Costabel and Giinther, 2014;
Costabel and Yaramanci, 2011b; Costabel and Yaramanci, 2013; Falzone and Keating,
2016a), to the best of the authors’ knowledge, no studies have been published focused on

removing the effect of the surface water from surface NMR datasets.

Figure 4-1a shows an example inverted surface NMR dataset — the relaxation
time, T2", distribution with depth — affected by surface water from Walsh et al. (2014);
the dataset was collected at the Southern Avra Valley Storage and Recovery Project
(SAVSARP) site in Tucson, Arizona. The effect of the surface water signal is evident as
a large signal between 0 and 5 m, with long relaxation times centered at ~800 ms; a
smaller signal between 2 m and 10 m depth with a relaxation time centered at ~10 ms

shows the subsurface water content. Figure 4-1b and ¢ demonstrate results of two
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experimental methods used to suppress the surface water signal (Walsh et al., 2014). In
Figure 4-1b a mono-exponential fit was used to model the surface water signal and
subtract it from the original dataset. In Figure 4-1c the signal measured in a nearby loop
was used to characterize the surface water signal and subtract it from the original dataset.
While both methods successfully reduce the large signal associated with the surface
water, the resulting images have very different total water content and T2" distributions
versus depth profiles, making it difficult to determine which better represents the
subsurface. This example demonstrates the need to develop and test methods to remove
the surface water signal from surface NMR datasets. In this study we build upon the
results of Walsh et al. (2014) and develop and evaluate algorithms for suppressing the
surface water signal measured in surface NMR datasets. We note that while surface NMR
inversions may be capable of distinguishing between surface and subsurface water if a
priori information, such as the volume of the surface water and the resistivity of the water

layer, is available and accurate, this information is often unavailable or inaccurate.
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Figure 4-1. The March 29" dataset from the SAVSARRP site, affected by a surface water
layer, (a) compared to the results from two approaches for removing the surface water
signal. In (b) a numerical approach was used to remove the surface water signal; in (c)

the surface water signal was cancelled using the signal measured in a noise cancellation

loop. Figure used with permission from Walsh et al. (2014).

Although ASR is the focus of our research, removing surface water from a surface
NMR dataset is important for a range of applications. For example, in a recent study,
surface NMR measurements were made on thermokarst lakes in a permafrost region
located near Fairbanks, Alaska to characterize the unfrozen water content in the
sediments below the lake (Parsekian et al., 2013). While the water content in the
sediments below the lake was the signal of interest, the dominant signal in the dataset was
the lake water. The authors mitigated the effect of the lake water using a blocky inversion
and constraining for the known ice thickness, lake depth and the lake water content
(100%). However, while the use of a blocky inversion provided information about the
water content with depth, it only allows for a single relaxation time to represent the decay
for each layer, limiting the relaxation time information obtained from the measurement.

Furthermore, vadose zone studies may necessitate the use of a smooth inversion, since it
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may require sensitivity to shifts in the relaxation time dependent on saturation (e.g.,

Falzone and Keating, 2016a).

In this study we focus on evaluating methods to remove the surface water that can
be applied to standard surface NMR datasets (i.e., the stacked free induction decay, FID),
and do not require the use of additional noise loops or new pulse sequences. These
methods are applied to the stacked FID data prior to inverting the data, to allow for
versatility in the choice of inversion algorithm. To test our hypothesis, that surface water
suppression algorithms are capable of improving the interpretation of soil water in
surface NMR datasets, we consider three numerical algorithms: (1) an a priori (AP)
algorithm that uses a priori knowledge of the site to determine the surface water signal,
(2) a late-signal (LS) algorithm that uses the signal recorded late in the measurement to
determine the surface water signal, and (3) a long-signal-inversion (LSI) algorithm that
uses an initial multi-exponential inversion of the recorded signal to determine the surface
water signal. Using a synthetic dataset, we evaluate the efficacy of these algorithms and
discuss the benefits and drawbacks of each. Finally, we test our algorithms using a
surface NMR dataset collected during the ASR test at the SAVSARP site in Tucson,

Arizona, presented in Figure 4-1 (Walsh et al., 2014).

4.3  Background and Theory

4.3.1 The surface NMR forward model

The surface NMR measurement relies on the NMR phenomena, in which atoms

with unpaired protons or neutrons, when located in a static magnetic field with magnitude



-89 -

Bo, will align with and precess about the magnetic field at the Larmor frequency, f, =

%BO. Here yis the gyromagnetic ratio (% =42.576 MHz/T for protons in water). In the

case of surface NMR, protons in water are the atoms of interest and Bo is the magnitude
of Earth’s magnetic field at the survey site. To collect a surface NMR measurement a
wire loop (typically 25 to 100 m in diameter) is laid out on the Earth’s surface and used
to transmit a radiofrequency electromagnetic pulse tuned to fo. This energizing pulse,
characterized by the pulse moment, g, which is equal to the magnitude of the applied
current multiplied by the duration of the pulse, causes the proton spins to move out of
alignment with Earth’s magnetic field. Once the energizing pulse iS removed, the spins
return, or relax, back to their initial alignment with Earth’s magnetic field. As they relax
the spins induce an electromagnetic signal, typically measured in the same loop that was
used to transmit the pulse, called the free induction decay (FID). In a typical surface
NMR survey, each FID is stacked multiple times to improve the signal to noise ratio. The
total surface NMR dataset, A(q, t), collected at different pulse moments, results from
protons relaxing at different depths, and, except in the presence of strong magnetic field

inhomogeneities, is a multi-exponential decay.
For a 1D problem (i.e., a horizontally stratified Earth structure) A(q, t) is,
A(q,t) = [K(q,2)W(z,Ty) [ e tTD AT dz, (4-1)

where z is the vertical distance from the loop, t is time, T2" is the relaxation time, W(z,
T2") is the distribution of water content with depth, and K(q, z) is the kernel function (also
called the sensitivity function) that describes how a change in the physical parameters at a

point in the subsurface will change the surface NMR response. The kernel function is
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affected by the resistivity structure of the subsurface, ps(z), the loop geometry, and
Earth’s magnetic field (both magnitude and direction) at the measurement location.
Equation 4-1 is commonly used to develop synthetic surface NMR datasets to understand
the surface NMR response from various groundwater scenarios, and to test new inversion
algorithms (e.g., Parsekian et al., 2013). A detailed derivation of the surface NMR

forward model can be found in Weichman et al. (2000).

4.3.2 Surface NMR inversion

While there are various surface NMR inversion algorithms available (see
descriptions in Behroozmand et al., 2015), here we use the QT inversion as implemented
in MRSmatlab (Muller-Petke and Yaramanci, 2010). The QT inversion algorithm uses
the full surface NMR data cube in the inversion (i.e., the data collected at all pulse
moments “Q” for the entire time series “T”). This approach can be used to obtain a
smooth or blocky mono-exponential inversion, as well as a smooth multi-exponential
inversion. For the purposes of this study we focus on the multi-exponential inversion of
the amplitude of the complex NMR signal. By fitting a multi-exponential decay to the
surface NMR signal in g versus t space, the data is inverted to obtain a model of the T,
distribution versus depth, and water content, 6, versus depth. Because the multi-
exponential inverse problem is non-unique, a smoothing constraint, which is defined by
the regularization parameter, is applied across both depth and T2". The allowable range of

values for depth, 6, and T>" can be defined by the user.
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4.4  Surface Water Signal and Cancellation Algorithms
4.4.1 The effect of surface water on the forward model

Our research is concerned with removing the surface water signal from a surface
NMR dataset that arises when an infiltration pond is used for ASR. We consider the
scenario in which the loop is placed on the bottom of an infiltration pond. In this
scenario, during infiltration, surface water is located above the transmitter/receiver loop
and so depths both above and below the loop location (set to z = 0) must be considered.

In this case equation 4-1 can be split into two parts:

A(q,0) = As(q, D17 + Asw(q, D12, (4-2)

where As(q, t) is the signal originating from the subsurface, defined from 0 < z < oo using
the convention that z is positive below the loop with a resistivity structure of ps(z). Asw(q,
t) is the signal originating from a zsw thick surface water body, located from — zsw <z <0,
with a resistivity of pw. A third term accounting for the signal originating from the air
above the surface water body is not included in equation 4-2 since the water content in air
will be negligible. The kernel for this situation is more complex than the standard kernel
used in the inversion of surface NMR data, as the energizing magnetic field must account
for the resistivity structure both above and below the loop (Shope, 1982). Standard
algorithms for inverting NMR data are not equipped to account for this type of survey
geometry, and inverting NMR data without accounting for the resistivity of water layer

may introduce additional uncertainty into the inversion results.

To understand the effect of the water layer on the energizing magnetic field and

NMR response, we modeled the magnetic field using the approach outlined in Braun and
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Yaramanci (2008) and Braun (2007). We compared the magnetic fields for three
scenarios: a 35 m circular loop with no water above, a 35 m circular loop below a5 m
thick layer of water with pw =100 Qm, and a 35 m circular loop below a 5 m thick layer
of water with pw =1 Qm. The magnetic fields were modeled using similar parameters
used for the survey set up in Walsh et al. (2014): a total field strength of 47585 nT,
corresponding to a Larmor frequency of 2026 Hz, and a subsurface resistivity structure of
32 Om from 0 to 5 m depth and 4 Qm below 5 m depth. From the models we found that
when comparing the 100 Qm layer of water scenario to the no-water scenario, the
magnetic field distributions were very similar. However, when comparing the 1 Qm layer
of water scenario to the no-water scenario, the magnetic field distributions were very

different.

The effect of the water layer is highlighted when we compare the sounding curves
(initial signal amplitude versus pulse moment) modeled using 100% subsurface water
content for the three scenarios (Figure 4-2). No difference is discernable between the
sounding curves when there is no water layer and when there is a 100 Qm layer of water,
however, there is a clear difference when the water layer resistivity is reduced to 1 Qm.
These results are consistent with the results of Braun and Yaramanci (2008), where it was
shown that the kernel is strongly affected by subsurface structures with resistivities less
than two times the loop diameter, which for a 35 m loop corresponds to 70 Qm. Based on
these results, we use 100 Qm for the resistivity of the water layer in this study, which is
within the range of the resistivity for groundwater (Telford et al., 1990), and note that if
the water layer has a low resistivity (< two times the loop diameter) then the kernels used

in the inversion algorithms will need to be adapted to account for the resistivity of the
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water layer.
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Figure 4-2. The modeled sounding curve resulting from a subsurface with 100% water
content for three survey scenarios: a 35 m circular loop with no water above, a 35 m
circular loop below a 5 m thick layer of water with pw= 100 Qm, and a 35 m circular
loop below a 5 m thick layer of water with pw =1 Qm. The signal was modeled using a
total field strength of 47585 nT, corresponding to a Larmor frequency of 2026 Hz, and a
subsurface resistivity structure of 32 Qm from 0 to 5 m depth and 4 Qm below 5 m
depth.

There are a number of differences between the surface NMR signal from surface
water, Asw(q, t), and the surface NMR signal from water in porous media, As(q, t), that
will help to differentiate the two signals. First, assuming no inhomogeneities in the static
magnetic field, the signal from surface water is expected to be a mono-exponential decay,
i.e., characterized by a single relaxation time, while the signal from water in porous
media (the soil water) is expected to be a multi-exponential decay, characterized by a

distribution of relaxation times (Mohnke and Yaramanci, 2005; Mdller-Petke et al.,
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2005). Second, the relaxation time associated with the surface water collected at Earth’s
magnetic field, Tosw’, is expected to be longer than the relaxation time associated with the
soil water due to the fact that it is not affected by the surface relaxivity, or the ability of a
pore surface to enhance relaxation (e.g. Miiller et al., 2005; Legtchenko, 2013). Tasw" is

given by (Grunewald and Knight, 2012),
Tst* = TZB_l + TZH_l- (4-3)

where Tzg is the bulk fluid relaxation time and T2 is the relaxation that occurs due to
dephasing in an inhomogeneous magnetic field. In a homogeneous field, Tosw” ranges
from 600 to 1500 ms (Schirov et al., 1991), but could be shorter if the measurements are

collected in an inhomogeneous magnetic field.

In contrast, T, associated with water in sediments for measurements collected at
Earth’s magnetic field can be as long as 600 ms for gravel, but typically ranges from <30
ms for clayey sands to 180 ms for sands (Miller-Petke et al., 2005; Schirov et al., 1991).
Furthermore, the relaxation time has been shown to decrease with decreasing saturation
(Costabel and Gunther, 2014; Falzone and Keating, 2016a), which will increase the
contrast between surface water and soil water in partially saturated media. As such, the
simplest way of removing surface water signal from the surface NMR dataset is to define
a cutoff time, Tasw, 1, equal to the lower bound on the relaxation time expected for
surface water, and remove the portion of the signal from the relaxation time distribution
that has relaxation times greater than Tzsw,i” from each depth in the inverted surface
NMR dataset. We call this approach the cutoff time (CT) approach. We note that if the

difference between T," of the groundwater and surface water is small or if the resulting
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surface NMR dataset is primarily sensitive to surface water and not soil water, which is

likely the case when surface water is present, then the CT approach will not work.

4.4.2 Suppressing the surface water signal

In this section we describe three algorithms for modeling the surface water signal,
the a priori (AP) algorithm, the late-signal (LS) algorithm, and the long-signal-inversion
(LST) algorithm. In each of these algorithms, Asw(q, t) in equation 4-2 is modeled and
then subtracted from the total signal, A(q, t), to yield a modified surface NMR dataset that
only contains the subsurface water content, As(q, t). This process is applied to the
stacked, noise cancelled, and demodulated FID, termed the “processed FID” here, for
each pulse moment. Since these algorithms do not involve changes to the inversion
algorithm, or changes in the way that the data are collected, they can be applied to a wide
variety of surface NMR datasets and paired with any inversion scheme. We compare each

of these approaches to the CT approach.

One concern in these approaches is the possibility that the surface water signal
will be overestimated (i.e., the algorithm will “over-cancel” the signal), resulting in
unrealistic negative values in the modified surface NMR dataset. Over-cancellation can
occur if the modeled value of Tasw” is too fast or if the modeled initial signal amplitude,
Aosw, Is too large. When necessary, the algorithms we have developed for modeling the
surface water signal place constraints on the expected values of Tzsw”™ and Aosw in order to
reduce the effects caused by over-cancelation. The approach used to constrain the value

of Aosw depends on the algorithm used.
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4.4.2.1 A priori algorithm

In the AP algorithm a priori knowledge about the site (e.g., the depth of the
surface water layer) is used to model the surface water signal and Tasw” is determined
from an initial inversion of the entire uncorrected surface NMR dataset. Tosw" is assumed
to be constant for all pulse moments. A forward model of a two-layer resistivity profile is
used to model the surface water layer. The first layer has thickness zsw and psw equal to
the measured resistivity of the surface water or a value determined from the literature; the
resistivity of the second layer, above zsw, is near infinite (1.28 x 10**— 3.9 x 10%* Qm, the
resistivity for air; Pawar et al., 2009). A kernel is created with this resistivity structure,
the survey layout, and the magnetic field (both magnitude and direction) at the
measurement site and used to forward model the surface NMR response for each pulse
moment. The modeled surface water signals are then subtracted from the processed FID
for each pulse moment leaving the signal originating from the soil water. We note that
this approach of separating the kernel of the water layer will work in environments with
high resistivities (> two times the loop diameter, in this case greater than 70 QQm);
however, in low resistive environments a kernel will need to be calculated that accounts

for the effect of the water layer on the energizing magnetic field.

Over-canceling the data for a single pulse moment can occur if the modeled
surface water signal at time 0, Asw(q;, t=0), is greater than the earliest measured signal in
the processed FID, A(qi, t=0). If the signal in a given pulse moment is over-canceled,
Aosw is recalculated using a segment of the processed FID late in the data record. The
time range for this segment of the processed FID should start late enough in the data

record that the signal associated with the soil water has decayed, but the signal from the
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surface water remains. The time range can be determined by considering the a priori
value for Tosw”. For example, if the surface water signal has Tosw™ > 200 ms and assuming
that the soil water has T," < 200 ms, then after 1000 ms the soil water will have decayed
by more than 99%, and the surface water will dominate the signal. In this case, the time
range can be set from t = 1000 ms until the end of the data record. The new value for
Aosw is then determined by fitting a mono-exponential decay with T," set to Tasw” to the

late-time segment of the processed FID.

4.4.2.2 Late signal algorithm

In the LS algorithm the surface water signal is modeled by fitting a mono-
exponential decay to a segment of the processed FID at late times in the data record,
determined as described above for the AP algorithm. Because the soil water is expected
to decay much faster than the surface water, the segment can be selected so that only the
surface water signal is present. The mono-exponential decay fit to the late-time interval is
subtracted from the total signal to obtain the signal from the soil water. In this approach,
which is similar to that presented in Walsh et al. (2014; Figure 4-1b), Tosw” is fit
separately for each pulse moment, and so may vary for each processed FID. While there
is a theoretical basis for assuming that Tosw” is constant, here we allow Tasw” to vary so
that the surface water signal can be modeled for each pulse moment from the processed
FID while limiting a reliance on a priori information. Furthermore, this approach allows
for any variations in Tzsw" that might arise from uncertainty in the data, for example due

to inhomogeneities in the magnetic field (Grunewald and Knight, 2012).
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The results from the LS algorithm are highly dependent on the accuracy of data
points measured late in the signal and noisy data points can result in over-cancellation. In
order to limit over-cancellation, a lower bound on Tasw”, T2sw,, is defined by estimating
Tosw” from an initial inversion of the uncorrected surface NMR dataset. A value for
Tosw,” is chosen that divides the surface water signal from the soil water signal. If the
signal is still over-canceled, Tsw, " is redefined for each pulse moment to the relaxation
time determined from a mono-exponential decay fit to the processed FID using an L1-
norm. As the L1-norm is less sensitive to outliers than other norms and since it is
expected that the surface NMR measurements will be primarily sensitive to signal from
the surface water, the L1-norm fit will treats the points early in the decay (i.e., those that
are influenced by soil water) as outliers, and will provide a minimum estimate for Tasw .

Because of the constraints on Tasw’, Aosw does not need to be constrained.

4.4.2.3 Long-signal inversion algorithm

In the LSI algorithm the processed FID for each pulse moment is inverted to
determine a distribution of T>" values. To obtain the T, distribution for each pulse
moment, the processed FID is inverted using a non-negative least squares inversion
algorithm with second order Tikhonov regularization as described in Whitall et al.
(1991). The regularization parameter is chosen using the L-curve corner criterion such
that the model size and residual are both minimized (Hansen and O’Leary, 1993). Like in
the CT approach, a cutoff time, Tasw, 1", is used to split the T2" distribution into the signal
from the surface water and the signal from soil water. However, unlike the CT approach,

which applies the cut off for each layer in the inverted surface NMR dataset, in the LSI
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algorithm, the cut off is applied to the data collected at each pulse moment after inverting
using a non-negative least squares approach. The log mean T2" value of the surface water
signal (signal with T2 >Tasw,”) and Agsw’, determined from the signal with T2" > Tasw, 1,
are used to model the surface water signal for each pulse moment, which is then
subtracted from the processed FID. Over-cancellation is not an issue with the LSI
algorithm since only a subsample of the T2 distribution is used to model the surface
water signal and the resulting modeled signals from the LSI algorithm are typically less

than the measured signals.

4.4.3 SAVSARP infiltration test

We next discuss the surface water signal suppression algorithms in the context of
a surface NMR survey collected during an infiltration study that took place at a large
infiltration pond located at the South Avra Valley Storage and Recovery Project
(SAVSARP) site between March 21 and April 26" of 2010 (Walsh et al., 2014). The
SAVSARRP site is located southwest of Tucson, AZ and was built to manage water
resources in the central Arizona region. At this site infiltration ponds are used to actively
infiltrate surface water diverted from the Colorado River into the local groundwater
aquifer. The water table in the area has been described as being greater than 90 m deep
(Arizona Department of Water Resources, 2010). Surface NMR measurements were
made before, during, and after flooding to monitor infiltration. The first surface NMR
dataset was collected on March 21, prior to flooding, and serves as a background
dataset. The next surface NMR dataset was collected on March 29", after the pond was

flooded and surface water was present. Subsequent surface NMR datasets were collected
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weekly on April 51", 12" and 26™ after the water in the pond had infiltrated into the
subsurface. In this study we focus on the datasets collected on March 29" (when surface
water was present) and on April 5™ (when the infiltration pond was empty).

The surface NMR datasets were collected using a 35 m circular figure eight loop,
set up on the bottom of the infiltration pond, such that on March 29" the loop was
submerged beneath a 1.2 m layer of water. Two additional loops were used to cancel
ambient electrical noise during the survey. The surface NMR measurements were made
using an enhanced version of the commercial 4—channel GMR instrument with a
maximum output of 8 kV and 800 A and a measurement dead-time of 2.8 ms (additional
details in Walsh et al., 2014). For all measurements the data record was 4000 ms long.
The magnetic field at the site was determined from the IGRF model (Finlay et al., 2010)
and confirmed based on the frequency of detected NMR signals.

Electrical resistivity tomography (ERT) was used to determine the resistivity
profiles at the SAVSARRP site before and after infiltration, which were included in the
inversion of the surface NMR datasets (Walsh et al., 2014). Both ERT profiles showed a
two-layer resistivity structure. The ERT profile prior to infiltration showed a resistivity of
50 Om from 0 m to 5 m depth and a resistivity of 10 Qm below 5 m depth. The ERT
profile following infiltration showed a resistivity of 32 Qm from 0 m to 5 m depth and a
resistivity of 4 Qm below 5 m depth. The depth of investigation was found to be ~9 m.
The ERT results are discussed in more detail in Walsh et al. (2014). Quality assessment,
signal processing, adaptive noise cancellation, and stacking of the surface NMR datasets
were completed prior to data analysis using the GMR quality control software (GMR QC

software; Walsh, 2008). In their initial inversion, Walsh et al. (2014) assumed that the
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second layer from the ERT survey was infinitely deep, which led to an estimated depth of
investigation for the surface NMR data of ~14 m. Although we recognize that uncertainty
in the deep resistivity structure adds uncertainty to the interpretation of surface NMR
data, we make the same assumptions here and also find a depth of investigation for the

surface NMR survey of 14 m.

45  Analysis of Synthetic Datasets
45.1 Development of synthetic datasets affected by surface water

Figure 4-3a shows the models used to create the synthetic surface NMR datasets
in which a surface water layer of thickness zsw is located over a half-space with variable
water content. Rather than creating a synthetic water content profile, we use the surface
NMR data acquired as part of the SAVSARP study on April 5, after the surface water
had infiltrated and water was only present in the subsurface. We add to this dataset
synthetic data created by modeling a surface NMR signal due to a layer of surface water

with thicknesses varying from 0.5 to 5 m.
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Figure 4-3. The effect of surface water layers of increasing thickness on the surface NMR
measurement. A conceptual model of a surface water layer of thickness zsw (a), is shown
alongside the inversion results when zsw =0 m (b), 0.5 m (c), 1.5 m (d), 3m (e),and 5 m
(f). In ¢ through f, all signal with T>" > 100 ms has been set to zero to highlight the effect
of the surface water on the inverted soil water content, and to show the results when
using the CT approach.

The inverted T," distribution profile from the original April 5" dataset (i.e., with
no added surface water signal) is shown in Figure 4-3b. The inverted profile shows a
variable water content with depth with short T." values. The majority of the water is
located between 5 m and 13 m. The T," distribution is centered between 10 ms and 20 ms
and varies with depth, increasing from ~10 ms to ~20 ms from ~5 m to ~8 m, and then

decreasing from ~20 ms to ~10 ms below ~11 m.

To approximate the surface water signal, we first created a kernel to represent the
water and air layers (Kernel 2; Figure 4-3a). In Kernel 2 the resistivity for the water layer

was set to 100 Qm. The air was treated as a perfect resistor, and the loop configuration
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and IGRF magnetic field were the same as for the surface NMR dataset collected on
April 5™, T," was set to 0.8 s based on an initial inversion of the March 29" dataset
(Figure 4-1a). The values used for zsw were 0 m, 0.5 m, 1.5 m, 3 m, and 5 m. No noise
was added to the modeled surface water signal in order to preserve the original noise

profile of the April 5" dataset.

The inverted profiles for the uncorrected synthetic datasets (i.e., the datasets prior
to suppressing the signal associated with the surface water) are shown in Figure 4-3c-f. In
all the inverted profiles from the uncorrected synthetic datasets, the signal with T," > 100
ms has been set to 0 to highlight the signal from the soil water, which is equivalent to

using the CT approach with Tasw,i” = 100 ms to remove the surface water.

It is clear from Figure 4-3c-f that the presence and thickness of the surface water
layer substantially affects the soil water content in the inverted profile. When zsw = 0.5 m
(Figure 4-3c) the uncorrected inverted profile is similar to the original April 51" profile,
but with a higher water content throughout. The maximum value in the T2" distribution
profile increases as zsw increases from 0 to 1.5 m, and then decreases from 1.5 to 5 m.
The sum of the signal with T," <100 ms is highest for the 1.5 m dataset and decreases
when zsw > 1.5 m (Figure 4-3f). Furthermore, the water content profile appears to be
stretched over a greater region as zsw increases. These results show that the presence of
surface water can lead to uncertainty in the interpretation of soil water content and T2
distribution profiles and demonstrate that the CT approach is not sufficient to remove the

effect of the surface water.
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4.5.2 Suppression of surface water signal in synthetic datasets

We now test the three algorithms on the synthetic datasets with surface water
layer thicknesses of 1.5 m and 5 m (Figure 4-3d and f). Examples of the uncorrected
decay curves from the 1.5 m and 5 m datasets are plotted alongside the corresponding
decay curves from the April 51 dataset in Figure 4-4a for g = 0.056 As, in 4-4b for q =
0.5645 As, and in 4-4c for g = 2.081 As. The residual plots calculated by subtracting the
corrected datasets from the original April 51" dataset for each algorithm are also plotted in
Figure 4-4; Figure 4-4d through f are the residual plots for a 1.5 m thick layer of water
and Figure 4-4qg through i are the residual plots for a 5 m thick layer of water. The
corrected inverted profiles, in which the algorithms were applied to suppress the surface
water signal, are shown in Figure 4-5c¢ through e for the 1.5 m layer (top row) and the 5
m layer (bottom row). The inverted profile from the original April 5th dataset is shown in
Figure 4-5a and the uncorrected inverted profiles from Figure 4-3d and f are shown in
Figure 4-5b for comparison. The water content versus depth profiles are shown in Figure
4-5f for the original and the uncorrected modified April 5™ dataset, as well as the datasets

corrected using the AP, LS, and LSI algorithms.
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Figure 4-4. The decay curves for the original and modified datasets and the residual plots
for the corrected datasets. The decay curves are shown for the original April 5" dataset
and the datasets modified with a 1.5 m and 5 m water layer for three pulse moments: g =
0.056 A-s (a), 0.5645 A-s (b), and q = 2.081 A-s, (c). The residual plots, calculated by
subtracting the original April 5™ processed-FID from the corrected-modified FIDs, are
shown for the 1.5 m water layer using the AP (d), LS (e), and LSI (f) algorithms and 5 m
water layer using the AP (g), LS (h), and LSI (f) algorithms.
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Figure 4-5. The surface water suppression algorithms applied to the synthetic surface
NMR datasets shown in Figure 4-3. For reference the original April 5™ dataset (), and
the uncorrected, modified datasets (b) are plotted. The inverted images show the surface
water layer suppressed using the AP algorithm (c), the LS algorithm (d), and LSI
algorithm (e). The water content versus depth profiles from the suppression algorithms
and the original water and uncorrected modified profile are shown in (f). The results
shown are for a 1.5 m thick surface water layer (top row) and a 5 m thick water layer
(bottom row).
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Based on the residual plots (Figure 4-4d and g), the AP algorithm produced larger
error overall than the LS and LSI algorithms at early times (i.e. t < 0.06 s) in the decay
curves. Furthermore, from the T," distribution profiles of the datasets corrected using the
AP algorithm (Figure 4-5c¢) we can see that, for the 1.5 m added layer of surface water,
the location of the soil water content is recovered. However, the corrected dataset has
much narrower T," distributions, with a greater maximum water content, than the original
April 5" inverted profile (compare to Figure 4-5a). For the corrected dataset with the 5 m
added water layer, as with the 1.5 m layer, the depth location of the soil water content is
recovered; the T2 distributions of the corrected datasets are again much narrower than

the original T," distributions with a higher maximum water content.

The residual plots for the LS algorithm (Figure 4-4e and h) show larger negative
error for some pulse moments. Furthermore, for both the 1.5 m and 5 m thick layers, the
inverted datasets resulting from the LS algorithm (Figure 4-5d) show constant relaxation
time with depth, with the T," distributions centered around ~10 ms. The water content is
located between ~5 m and ~12 m, which is similar to the original April 5" profile;
however, in the 5 m layer T," distribution profile the maximum water content is greater

than in the original inverted April 5" dataset.

The residual plots of both the 1.5 m and 5 m LSI corrected datasets (Figure 4-4f
and i) show that this algorithm produces results that most closely match the April 5"
dataset, i.e., have the lowest residual. The T," distribution profiles for the datasets
corrected using the LSI algorithm (Figure 4-5¢) are consistent with the original April 5"
dataset, with T2 shifting from ~10 ms to ~20 ms between ~4 m and ~13 m. Unlike the

inversion results from the AP and LS algorithms, the breadth of the resulting T2
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distributions and the maximum water content in the distribution are comparable to the

original April 5" dataset.

The water content profiles for all suppression algorithms are shown in Figure 4-
5f. When compared to the uncorrected inverted water content profile (solid black line),
all suppression algorithms substantially improve the water content profile. For the 1.5 m
layer, the position of the original water content profile is recovered using the AP and LSI
algorithms, but, for the 5 m layer using the AP algorithm, the maximum predicted water
content of the profile is noticeably higher than the original profile, with 6~ 0.25 at a
depth of ~8 m, compared to &~ 0.2 with the LSI algorithm. Using the LS algorithm, the
maximum predicted water content of the profile is larger than the other algorithms, with &
~ 0.35 for both the 1.5 m and 5 m datasets, and positioned at shallower depths in the

profile at ~7 m, as opposed to ~8 m with the AP and LSI algorithms.

4.6  Discussion of Synthetic Results

In Figure 4-3, we demonstrated that a layer of surface water has an adverse effect
on the interpretation of a surface NMR dataset, that increasing the thickness increased
this effect, and that the CT approach does not sufficiently resolve these interpretation
issues. In this section, using the synthetic datasets produced by modifying the April 5™
dataset (Figure 4-5), we evaluate the effectiveness of each of the three algorithms used to
suppress the signal associated with the surface water and compare them to the CT
approach (using a cutoff time of 100 ms). The algorithms are evaluated based on the

following criteria: (1) Does the suppression algorithm remove the surface water signal
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from the dataset? (2) Does the corrected T2" distribution profile match the original T2
distribution profile? And, (3) does the corrected water content profile match the original

water content profile?

From Figure 4-5, we can see that all three algorithms and the CT approach satisfy
criterion 1; the majority of the signal associated with the surface water is removed from
the inverted datasets (Figure 4-5¢c-e). The sum of the signal with T2 > 100 ms, is used
here to indicate the signal associated with the surface water and to determine how much
of the surface water was canceled with each algorithm; the percent reduction for each
algorithm is given in Table 4-1. The values for the sum of the normalized signal with T2
> 100 ms are 9.7 and 20.9 for the uncorrected 1.5 m and 5 m datasets respectively. The
sum of the signal associated with the surface water is reduced by >90% using all
algorithms. The LSI algorithm performs the best, reducing the signal by 99.0% and
99.8% for the 1.5 m and 5 m datasets respectively. The LS algorithm performs the
poorest and only reduces the signal by 91.0% and 96.6% for the 1.5 m and 5 m datasets
respectively. The CT approach cancels all signal with T2 > 100 ms as these values are

explicitly set to 0.
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Table 4-1. An evaluation of the CT method and the AP, LS, and LSI algorithms to
remove surface water signal from a surface NMR dataset. The percent reductions in the
surface water signal are shown (column 3), along with the RMSD values calculated by

comparing the T," distribution profiles (column 4), and water content profiles (column 5)
to the original April 5™ dataset.

Correct Reduction  pyish ot 1, RMSD
orrection in surface AR
Zsw (m) method water dlstrlbt_mon of 0
signal (%) profile profile
CT 100 0.002 0.03
AP 99.0 0.003 0.03
15 LS 91.0 0.003 0.07
LSl 99.0 0.002 0.03
CT 100 0.002 0.04
AP 99.6 0.003 0.03
5 LS 96.6 0.003 0.06
LSl 99.8 0.001 0.03

We evaluate criterion 2 by comparing the root mean squared deviation (RMSD)
values calculated from the differences between the corrected T" distribution profiles and
the original inverted dataset. The RMSD values for each of the corrected datasets and the
CT approach are given in Table 4-1. The LS algorithm has the largest RMSD value for
both layer thicknesses (RMSD = 0.003 for both datasets), and so reproduces the original
dataset the worst. The LSI algorithm performs better than the LS and AP algorithms and
slightly better than the CT approach, with RMSD values of 0.002 and 0.001 for the 1.5
and 5 m datasets respectively. Thus, according to criterion 2, the LSI algorithm performs

the best in that it most closely reproduces the original datasets.

We evaluate criterion 3 by calculating the RMSD values from the difference
between the corrected water content profile and the original inverted water content

profile. The RMSD values for each of the corrected datasets and the CT approach are
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given in Table 4-1 for the surface water layer thicknesses of 1.5 and 5 m. The RMSD
values for the water content profiles corrected using the LS algorithm are higher than for
all other algorithms, including the CT approach. The AP and LSI algorithms have RMSD
values of 0.03 for both the 1.5 m and 5 m datasets, which are comparable to the CT
approach (0.03 and 0.04 for the 1.5 and 5 m thick layers respectively). Thus, according to

criterion 3, the AP and LSI algorithms perform the best.

Using the above stated criteria, we conclude that the LSI algorithm produces
datasets corrected for a layer of surface water that are most similar to the original dataset.
Using the LSI algorithm has the added advantage of not requiring accurate a priori
knowledge, as required by the AP algorithm, or additional survey loops, such as the noise
cancellation approach outlined in Walsh et al. (2014). Furthermore, the LSI algorithm
cannot over-cancel the data making it less susceptible to processing errors, and, unlike

the CT approach, does not have the interpretation issues highlighted in Figure 4-3.

4.7  Field Example and Results

We next consider the surface NMR dataset collected on March 29" at the
SAVSARRP site, in which there was a 1.2 m thick layer of surface water present at the
time of the measurement. We present the results from the corrected March 29" datasets,
in which the signal from the surface water was suppressed using the LSI algorithm
(Figure 4-6b) alongside the other surface NMR datasets from the SAVSARP survey
(March 21%, Figure 4-6a; April 5", Figure 4-6¢; April 12", Figure 4-6d; and April 26",
Figure 4-6e). The ERT profile collected following infiltration was used to create the

kernel used to invert the March 29" through April 26" datasets, while the ERT profile
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collected before infiltration was used to create the kernel used to invert the March 21%

dataset.
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Figure 4-6. Relaxation time distributions versus depth for the SAVSARP surface NMR

survey for data collected on March 21% (a) prior to flooding, March 29" corrected with

the LS| algorithm (b), April 5™ (c), April 121 (d), and April 26" (€). The water content
versus depth profiles are shown in (f).

We first consider the March 29" dataset without correcting for the surface water
signal (Figure 4-1a). The uncorrected inverted profile shows a prominent signal at
shallow depths (< 5 m) with T>" > 200 ms, which we interpret to be the signal originating
from the surface water. The soil water is located from a depth starting at ~2 m; at ~9 m

the soil water content starts to decrease and reaches zero at ~13 m. Based on the
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uncorrected T," distribution profile from the March 29" dataset, we set Tasw,” = 200 ms

for the LSI algorithm.

The inversion results after correcting the March 29™" dataset with the LSI
algorithm (Figure 4-6b) produce narrower T," distributions versus depth than the
uncorrected dataset. This T2" distribution versus depth profile is similar to the April 5"
inverted dataset and is consistent with the inverted profiles from other days in the survey,

with T>" distributions centered at T>"~10 ms.

The water content profiles for all days during the SAVSARP survey are shown in
Figure 4-6f. For the March 29" dataset corrected using the LS algorithm, the water
content profiles show that the soil water is located between ~4 m and ~11 m with #< 0.3.
The position of water on March 29" after correcting with the LSI algorithm is consistent
with the inverted images from the other days of the survey, in which a body of infiltrating
water is observed to be moving vertically downward and occupying a larger region of the

subsurface over time.

4.8 Conclusion

In this study we present three algorithms for suppressing the signal associated
with a large body of surface water measured during a surface NMR measurement: the a
priori, the late-signal, and the long-signal-inversion algorithms. In each of the algorithms,
the surface water signal is modeled and then subtracted from a processed and stacked
dataset prior to inverting. As a result, these suppression algorithms can be used with any

inversion algorithm and do not require new data collection schemes, such as new pulse
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sequences or loop configurations, in order to obtain information about the soil water
content. We note that, in the case where the water layer has a low resistivity (< two times
the loop diameter), the kernel used in the inversion will need to be adapted to account for
the effect of the water layer. While this study focused on removing the unwanted NMR
signal associated with a body of standing water present during an infiltration test, the
algorithms outlined here are applicable to any survey scenario where collecting NMR

data in the vicinity of a large body of surface water is unavoidable.

The a priori, late-signal, and long-signal-inversion algorithms were found to work
for datasets with surface water layers up to 5 m. Of the three algorithms, the long-signal-
inversion algorithm, in which an initial non-negative least squares inversion of the
processed FID at each pulse moment, is used to determine the contribution from the
surface water signal, was found to be the most effective at suppressing the surface water
signal. This algorithm requires little a priori knowledge, and produces inverted datasets
with less error than using a cutoff time approach, in which only the signal less than a
minimum value of 100 ms is considered. Finally, using a dataset collected during an
infiltration experiment, we show that the LSI algorithm can be used to correct for the
surface water signal in a field setting. The algorithms presented in this study show that
surface NMR data can be accurately interpreted when collected in close vicinity to bodies

of surface water.



-115-
Chapter 5

Summary of Research

5.1 NMR Relaxation as a Function of Saturation

This thesis is focused on developing NMR measurements as a means to study the
vadose zone. The laboratory studies expand upon attempts to approximate the water
retention curve (WRC) from saturated NMR measurements (Costabel and Yaramanci,
2011b; Costabel and Yaramanci, 2013; Costabel and Giinther, 2014), by considering
NMR measurements of unsaturated unconsolidated geologic media. Chapters 2 and 3

focus on understanding the NMR relaxation time versus saturation relationship.

In Chapter 2, the NMR relaxation versus saturation relationship was found to be a
function of both the mean grain size, dmean, and the total iron content. While these
characteristics are indirectly related to the NMR measurement, they are directly related to
two physical characteristics that are important for the interpretation of NMR relaxation
times: the mean pore size, rmL, and surface relaxivity p,. Saturated transverse relaxation
time, T, distributions were found to be related to the dmean and p» of the sample material.
The relative shape of the surface relaxation, Tzs, versus saturation curves, measured
during imbibition, was also found to be related to both dmean and p2. This result indicates
that the relationship between relaxation time and saturation is dependent on the sample
material’s diffusion regime, which is itself a function of rmL and 2. The relative Tas

versus saturation curves were found to be linear for fast diffusion samples and exhibited a
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power law relationship when the fast diffusion assumption was violated. Contrary to
other studies, the relative Tos versus saturation curves were not accurately explained by
models based on ideal filling mechanisms such as a thin film (Costabel, 2011) or a
capillary tube model (Falzone and Keating, 2016a). The inability of these models to
predict the relaxation behavior exhibited by the samples in this study indicates that
contemporary models based on ideal filling mechanisms are not sufficient for explaining
relaxation that occurs outside the fast diffusion regime in unsaturated geologic media.
This study shows that future models need to account for samples that relax outside the
fast diffusion regime in order to explain NMR measurements in unsaturated geologic

media.

The focus of Chapter 3 was the effect of drainage and imbibition hysteresis, a
phenomenon common to the WRC, on T2. Specifically, the effect of hysteresis on the
Tom -0 and SOE-@ curves were evaluated. Previous studies have predicted NMR
sensitivity to hysteresis in models consisting of pores with ideal shapes (triangular pores;
Mohnke et al., 2015), while other studies collected measurements under drainage and
imbibition at low field strengths (20 MHz; Porion et al., 1998) and did not observe
hysteresis. This study focused on unconsolidated geologic material that represents a range
of both dmean and 2, analyzed at field strengths typical to NMR field instruments (i.e. 2
MHz). Despite all WRCs exhibiting hysteresis, the Tow -0 and SOE-@ curves did not
show hysteresis. While there are similarities between the Tom - and SOE-@ curves and
the WRCs in this study, the inability of these NMR parameters to measure hysteresis
makes the measurement incapable of discerning from drainage and imbibition. The

results of this study are well explained by a hypothetical filling model based on an



-117 -

interconnected pore network, in which there are multiple pathways between pores. This
model predicts that, for samples that have narrow pore size distributions and well
connected pores, the WRC will exhibit hysteresis, however the a/r-6 curve will not be
effected by drainage and imbibition history. These findings indicate that NMR may be

capable of measuring either the drainage, imbibition, or an average WRC.

The experiments from Chapter 2 and 3 represent two different filling processes.
The imbibition data presented in Chapter 2 was measured under continuous flow, and
therefore likely represents a transient saturation state. The drainage and imbibition data
presented in Chapter 3, however, was collected at static equilibrium. Comparing these
datasets can be used to evaluate how the relaxation time versus saturation relationship is
effected by the equilibrium state of the samples. In Figure 5-1, the Tasrel VEIrsus Snvr
curves are shown for the synthetic sands appearing in both Chapter 2 and 3 (uF, hF, uC,
hC), plotted alongside the identity line for comparison. For the porous plate experiment,
all Tas rel VErsus Snmr curves appear to be linear during both drainage and imbibition. It is
not possible to interpret the imbibition curves for uC and hC due to the inability of the
samples to saturate under imbibition. The most noticable difference between the
experiments is found in the comparison of the curves from the Group 2 samples defined
in Chapter 2 (hF and hC), in which x¥>0.1. For these samples, the porous plate
experiment produced linear curves, or 4 ~ 1, versus the curves measured during the
imbibition experiment, in which 4 > 1. This observation was not evident for the Group 1
samples (x < 0.1), in which all curves had 4 ~ 1. The difference in these curves indicates
that the relaxation time versus saturation relationship is not dependent on the equilibrium

state of samples within the fast diffusion regime, but is dependent on the equilibrium
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state of samples exhibiting relaxation outside the fast diffusion regime. These
observations indicate the Tasrel VErsus Snvr curves are representative of the equilibrium

state of some samples; however a broader study is needed to study this effect further.
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Figure 5-1. A comparison of the Tasrel Versus Snmr curves measured during the
imbibition experiment discussed in Chapter 2 to the curves measured with the porous
plate experiment during drainage and imbibition discussed in Chapter 3.

There is a considerable amount of evidence in the literature linking NMR
relaxation time to the pore size of a saturated porous media (Timur, 1969; Seevers, 1966;
Brownstein and Tarr, 1979; Godefroy et al., 2001), and also considerable amount of
evidence that NMR relaxation time in unsaturated porous media is a function of
saturation (Costabel and Yaramanci, 2011b; Costabel and Yaramanci, 2013; Bird and
Preston, 2004; loannidis et al., 2006; Falzone and Keating, 2016a; Porion et al., 1998).

The data in these studies confirm these observations, and suggest that NMR can provide
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useful information to characterize processes in the vadose zone. The ability to
characterize the filling mechanism of unsaturated porous media, and the physical nature
of a pore space, remains a difficult task through conventional measurements (Romero and
Simms, 2008). While the ability to directly relate NMR measurements to the WRC is
currently not available, interpreting NMR relaxation times can provide knowledge about
the pore filling mechanism, the pore size distribution, and the connectivity of the pore

network, as demonstrated in this thesis.

5.2 Considerations for NMR Field Studies

The NMR relaxation time versus @relation examined in the laboratory
components of this thesis have important implications for field work, in that this relation
has the potential to provide new non-invasive methods for characterizing water retention
in situ. However, the use of infiltration tests to probe the vadose zone presents a clear
problem for surface NMR datasets in that surface water associated with an infiltration test
will directly affect the measurement. Consequently, data similar to what is presented in
Chapters 2 and 3 may be difficult to obtain in a field setting. Chapter 4 provides a
solution for the problem associated with the presence of surface water, and proves that
NMR field measurements can aid conventional field experimental surveys of the vadose

Zone.

By reducing the signal associated with surface water, a surface NMR dataset can
be made more sensitive to signal originating from the subsurface. Three surface water

cancellation algorithms are presented in chapter 4, which can be applied to surface NMR
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data prior to the inversion code. Of focus in this study is the survey presented in Walsh et
al. (2014), in which an infiltration test using surface NMR as a monitoring tool was
affected by the presence of a surface water layer. The datasets corrected using these
algorithms on the synthetic modified April 5" dataset were found to be statistically
similar to the original April 5" dataset. These results prove the use of a separate
processing algorithm to the inversion code can remove unwanted surface water signal. Of
particular interest is the Long-Signal Inversion algorithm, which requires little a priori
information about a survey site. Similarities between the March 29" dataset, which was
collected in the presence of a surface water layer, following cancellation with the LSI
algorithm showed similar features to the rest of the datasets from the survey presented in
Walsh et al. (2014). While this study focused specifically on an infiltration test, the
algorithms outlined in this study may be useful for other scenarios in which signal from a
body of surface water is significant. One example is the scenario presented in Parsekian
et al. (2013), in which measuring the signal originating from a lake is unavoidable. The
algorithms presented in Chapter 4 show that useful data from an infiltration test can be
obtained from NMR field measurements despite the presence of large bodies of surface

water.

53 Future Research

The laboratory components in this thesis improve our understanding of how NMR
measurements are affected by variations in saturation, with the ultimate goal of
determining the WRC in the field. While the research topics discussed in this thesis

advance NMR as a field method to study the vadose zone, more research is needed
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towards this goal. To accurately determine the WRC from NMR measurements, a
comprehensive understanding of the relation between the pore size distribution and the
relaxation time distribution is needed. This topic is not addressed specifically in this
thesis, and relies on an independent understanding of o> to directly relate relaxation time
to pore size. Developing petrophysical relationships that accurately relate the relaxation
time distribution to the pore size distribution should receive a great deal of investigation

in the future in order to improve analysis of both saturated and unsaturated samples.

Despite limitations in our ability to relate the relaxation time and pore size
distributions, our current understanding of NMR measurements of unsaturated geologic
media can still provide useful information of the hydrogeology of the vadose zone. While
determining the WRC with NMR is still an experimental method, our level of
understanding of how relaxation time relates to the WRC has progressed to the extent that
field methods may provide important corroborating evidence for specific vadose zone
environmental topics. The ability to directly determine the WRC with NMR
measurements is not yet available; however the ability to rank the WRCs of samples with
similar physical and mineralogical characteristics is possible. NMR can be used as a
comparative method with the relationships defined in this thesis. This makes it possible
for studying topics such as hydrophobicity (Nourmahnad et al., 2015), compaction (Smith
et al., 2001), cementation (Hoyos et al., 2007), and other processes that involve changes

in the WRC of a soil.

The use of NMR field measurements to support greater research projects focusing
on the vadose zone, such as those focusing on agricultural issues (HLEF, 2009), could

greatly improve our understanding of both the measurement and hydrogeologic
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processes. The acceptance of NMR field measurements for vadose zone research would
benefit from more case studies, in which NMR measurements are demonstrated alongside
other methods (e.g. Knight et al., 2013). These types of studies should be prioritized for
future NMR field research, as NMR has the potential to inform water resource

management practices.
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Appendix: Methodology

A.l1  Imbibition Experiment

The imbibition experiment is presented in Chapter 2 to collect the data shown in
Figures 2-3, 2-4, 2-7, and 5-1. Water is pumped at a low flow rate into a sample holder
filled with unconsolidated porous media. The sample holder is suspended within an NMR
laboratory instrument. NMR measurements are collected at set intervals to collect
measurements as saturation varies during imbibition. The sample holder and

experimental apparatus are described in Figure A-1.

(a) Sample Holder (b) Experimental Apparatus

Effluent

RoCA

J—

T Gomputer I
a1 /\

Sample

Deionized Peristaltic (Effluent)
Water Pump
(Influent)

Influent

Figure A-1. The imbibition experiment sample holder (a) and experimental apparatus (b)
used to collect the data presented in Chapter 2.
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A.1.1 Sample holder

The sample holder (Figure A-1a) is designed to maintain the packing of an
unconsolidated porous media and to allow water to flow through the sample. It includes
two removable caps at both ends of the holder body in order to allow loading of material.
Filter paper is placed at the base of each cap in order to maintain the integrity of the
packing. A port in each cap allows water to pass through the sample material. The sample
holder has an internal volume of 77.3 cm? (Lexan: inner diameter 2.9 cm, inner height

11.7 cm).

A.1.2 Experimental apparatus

The sample holder is suspended within the NMR instrument (Magritek Rock Core
Analyzer) so it is positioned in the homogeneous static magnetic field, in the center of the
machine (Figure A-1b). To position the holder at the correct height, it is set on a PVC
pipe cut to length, which rests on the table within the bore of the instrument. Vinyl tubing
is routed from a reservoir of deionized water located outside the instrument to a
peristaltic pump, and then to the influent port on the sample holder through the bottom of
the instrument. Another vinyl tube is routed from the effluent port on the sample holder

to an effluent reservoir outside the instrument from the top.
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A.1.3 Experimental procedure

After the sample was positioned in the NMR instrument, an initial “dry”
measurement was first collected on the sample. At the start of the experiment, the influent
tubing was primed using the peristaltic pump, so that the line and fitting at the bottom of
sample holder was filled with water. Deionized water was then pumped through the
sample holder at a rate of 50 uL/min, while NMR measurements were collected. The
NMR instrument was programed to loop continuously in order to collect measurements
every 20 min. throughout the experiment. Samples took between ~9-12 hours to saturate.
Following the end of a sample run, sample material was removed and dried at 80°C

overnight to be used for additional measurements.

A.2  Porous Plate Experiment

The porous plate experiment is presented in Chapter 3 to collect the data shown in
Figures 3-1, 3-2, 3-3, 3-4, 3-5, 3-6, and 5-1. Different saturation states are simulated
during drainage and imbibition by varying w with a vacuum source. The experiment is
used to measure the WRC under equilibrium conditions, and to obtain corresponding
NMR measurements. The sample holder and experimental apparatus are shown in Figure

A-2.



-136 -

(a) Sample Holder (b) Experimental Apparatus
Sealed Chamber
[ 1  Beaker
. (DI water)
Open to air Borole Samples
o Valve
D T T Iy e - ] .
< Filter Paper 7 — [ (open to air)
== _
7). Sample 3\ Dessicant S
. X Material 72\
N i A\ Effluent Gauge YRR
\! Filter Paper = 0.4 kPa P
Kaolinite/DI Water | | E] [
Slurry = —
Scale Vacuum
Regulater

(drift correct)

Computer

Figure A-2. The porous plate experiment sample holder (a) and experimental apparatus
(b) used to collect the data presented in Chapter 3.

A.2.1 Sample holder

The sample holder (Figure A-2a) is designed to allow changes in saturation of an
unconsolidated porous material, while maintaining the integrity of the sample packing. A
port at the top of the sample holder is open to allow the free flow of air to and from the
sample material. The bottom of the sample holder is open to allow hydraulic conductivity
with water within the porous plate. In order to maintain the packing, filter paper is placed
at both the top and bottom of the sample holder. The filter paper at the bottom is fixed to
the sample holder with room temperature vulcanizing silicone. The bottom filter paper is

coated with an approximate 1-to-1 mixture of kaolinite clay and deionized water.
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A.2.2 Experimental apparatus

A porous plate with a known air entry value (Figure A-2b), or the value of y at
which the plate will desaturate. In the case of this experiment, a plate with an air entry
value of ~-50 kPa was used. The minimum value of y must be greater than this value to
avoid desaturating the plate. The porous plate has a nylon grid attached to the bottom by
a rubber liner in order to maintain the flow of water to and from the plate. Water must

remain in contact with the plate at all times during the experiment.

All sample holders are fixed to the porous plate with the kaolinite clay mixture.
The samples and porous plate are located within a sealable chamber in order to control
evaporation. Beakers of water are placed inside the chamber to control the humidity. A
valve to the chamber is left open to allow the flow of air to and from the samples. A tube
is routed from the port on the porous plate liner to a double chamber reservoir outside the
chamber. This reservoir is used to gravimetrically monitor the flow of water to and from
the samples. The tube first connects to the bottom of a chamber halfway filled with water.
Water must remain in the water chamber during the course of the experiment. A tube is
then routed from the top of the water chamber to the bottom of the second chamber,
which is filled with desiccant. The second chamber is used to control evaporation from
the water chamber, and must also be placed on the scale. The tube is then routed from the
top of the desiccant chamber to a vacuum regulator, which is used to set . A vacuum
gauge is installed between the regulator and the desiccant chamber to monitor . A tube
is finally routed from the regulator to a vacuum pump. The scale is connected to a
computer with a serial port or USB connection, and used to monitor the changes in the

mass of the reservoir.
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A.2.3 Experimental procedure

The y was decreased to induce drainage, and increased to induce imbibition.
Equilibrium conditions were assumed to be attained when the change in mass was <0.01g
for 4 hours; which took between 1-4 weeks depending on the degree of saturation of the
samples (longer for low saturations). When these conditions were met, the vacuum pump
was turned off, the samples were removed from the porous plate, cleaned of any kaolinite
clay mixture and weighted to determine the . NMR measurements were then collected
using the Magritek Rock Core Analyzer. While the samples were removed from the plate,
all kaolinite clay mixture remaining on the porous plate was removed and the water
reservoir was replenished if needed. After NMR analysis, the samples were recoated with
the kaolinite clay mixture and placed back on the plate. The chamber was then resealed,
the water/desiccant reservoir positioned back on the scale, and the vacuum pump
restarted. The new value of y was set using the vacuum regulator, and monitoring on the

computer was then reset.



