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ABSTRACT

Nuclear magnetic resonance (NMR) has become an increasingly valuable tool for estimating

porosity, permeability, and 
uid characteristics in oil and gas reservoirs since its introduction in the

1950s. While NMR has become standard practice inconventional reservoirs, its application is still

relatively new to unconventional reservoirs such as the Eagle Ford Shale. Porosity and permeability

estimates prove di�cult in these exceptionally tight rocks and are routinely below the detection

limit and/or resolution of low-frequency (2 MHz or less) NMR. High-frequency (400 MHz) NMR

has been applied to address these issues; however, previous studies have been limited to crushed

rock samples or millimeter-sized core plugs.

In response, a custom-built NMR probe has been constructed, capable of measuring 0.75-inch

diameter, 0.45-inch length core plugs at 400 MHz, to determine if larger core plug sizes yield

higher resolution T2 distributions in the Eagle Ford Shale. The tool is composed of two primary

elements: the structural framework and the radio frequency circuit. Each element was designed

and constructed iteratively to test various layouts while maintaining functionality. The probe's

structural design was initially based on retired, commercial probes then modi�ed to operate within a

Bruker AscendTM 400WB NMR spectrometer. Designs were drafted and 3D-printed multiple times

to determine proper physical dimensions and clearances. Once designs were deemed satisfactory,

structural components were manufactured and assembled to create the structural framework. A

radio frequency circuit was then built to measure T2 distributions at the desired frequency and

sample size. Multiple inductor designs and capacitor combinations were tested until a stable circuit,

capable of matching impedance and tuning to the proper frequency, was achieved. The probe's

stability and data quality were then con�rmed by measuring the NMR spectra of deuterated water

in a Te
on container.

The NMR probe was validated by comparing high-frequency (400 MHz) data acquired in-

house to low-frequency (2 MHz) data measured at a commercial laboratory. Twelve core plugs

(0.75-inch diameter, 1-inch length) were cut from two Eagle Ford Shale subsurface cores located

in Gonzales and La Salle counties, Texas. Low-frequencyT2 distributions were measured twice:

�rst after drying core plug samples in a vacuum oven and again after spontaneous imbibition with
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various brine solutions (deionized water, 8 wt.% KCl, or 17.9 wt.% KCl) for one week. These

saturation states were applied to highlight immovable water in the core plugs. For high-frequency

data measurements, samples were trimmed to 0.45-inch lengths to �t inside the newly-built NMR

probe, leaving two sub-samples for each of the original core plugs.T2 distributions were �rst

acquired \as-is" (e.g., without drying or imbibition). After as-is data acquisition, samples were

dried in a vacuum oven then allowed to spontaneously imbibe the same brine solutions used in the

low-frequency study. T2 distributions were measured again after imbibition and compared to the

low-frequency data acquired by the commercial laboratory.

Qualitatively, high-frequency T2 distributions resemble low-frequency data; however, the abso-

lute T2 values are routinely higher by one order of magnitude. The di�erence may be caused by data

acquisition, data processing, 
uid-rock interactions, magnetic �eld inhomogeneities, or some com-

bination thereof. In spite of not attaining the higher resolution T2 distributions desired, the project

still provides a proof-of-concept that T2 relaxation times can be measured in conventional-sized core

plugs using 400 MHz NMR. Although limited in its outcomes, the study delivers promising results

and elicits future research into utilizing high-frequency NMR spectroscopy as a petrophysical tool

for unconventional reservoirs.
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CHAPTER 1

INTRODUCTION

The project reported here is a continuation of work performed by Alzahrani (2013) within

the UNGI-CIMMM Research Consortium at Colorado School of Mines. The research di�ers from

Alzahrani (2013) primarily by (1) utilizing whole core plugs, as opposed to crushed samples, for

NMR experiments; (2) limiting rock samples to the Eagle Ford Shale, and (3) focusing onT2

distribution measurements.

1.1 Research Questions

The research questions addressed are:

1. Can 400 MHz NMR experiments utilizing uncrushed core plugs yield a higher-

resolution T2 distribution than low-frequency NMR experiments?

2. How do T2 distributions change stratigraphically and spatially between wells in

the Eagle Ford Formation?

3. What are the e�ects of salinity on di�usion relaxation?

1.2 Research Objectives

The research objectives are:

1. Design and construct a 400 MHz NMR probe capable of analyzing whole core plugs

within a Bruker AscendTM 400WB NMR spectrometer.

2. MeasureT2 distribution curves using the newly-built probe and subsurface core

plugs from the Eagle Ford Shale.

3. Determine the e�ects of salt type and salinity on the self-di�usion coe�cient in

the Eagle Ford Shale.
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1.3 Thesis Organization

Chapter 2 provides background to the Eagle Ford Shale and the fundamentals of NMR spec-

troscopy. These sections are far from comprehensive and are intended only as a summary of the

subject.

Chapter 3 outlines the design and construction of the custom-built, 400 MHz NMR probe.

The probe's stability and data quality are reviewed as well as recommendations for future work.

Extensive photos and annotations are provided throughout the chapter to allow future researchers

to reproduce the probe if desired.

Chapter 4 describes a set of experiments conducted to validate the e�ectiveness of the custom-

built NMR probe. High-frequency (400 MHz) T2 distributions acquired in-house are compared to

low-frequency (2 MHz) T2 distributions measured from the same rock samples in a commercial

laboratory. Di�erences between the two datasets are discussed, as well as possible causes, including

data acquisition, data processing, 
uid-rock interactions, and magnetic �eld inhomogeneities. The

probe's strengths and weaknesses are reviewed, and recommendations for future work are proposed.

Chapter 5 details a case study on the e�ects of salt type and salinity on the self-di�usion

coe�cient (SDC). The proton self-di�usion coe�cient increases with increasing salinity in samples

saturated with either KCl or NaCl brine solutions. In contrast, the proton and lithium SDCs both

decrease with increasing salinity for samples saturated with LiCl brine solutions. These changes

cannot be attributed to free di�usion alone thereby suggesting physical changes in the rock samples

pore structure.

Chapter 6 reiterates the project conclusions and recommends ideas for future work.
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CHAPTER 2

BACKGROUND

The following sections provide background to the Eagle Ford Shale and the fundamentals of

NMR spectroscopy. These sections are far from comprehensive and are intended only as a sum-

mary of the subject. The reader is encouraged to seek additional information per citations found

throughout the chapter.

2.1 Eagle Ford Shale

The Eagle Ford Shale is a late Cretaceous, organic-rich mudstone deposited within the Western

Interior Seaway and found across the Gulf Coast, Arkla, East Texas, Strawn, and Permian basins

(USGS 2018). Spanning the Cenomanian to Coniacian geologic ages, the Eagle Ford is bound by

the Austin Chalk above and the Buda Limestone below (Figure 2.1 ). The unit attains a maximum

thickness of 400 feet in the Maverick Basin, near the Texas-Mexico border, and thins to less than

40 feet on the San Marcos Arch in central Texas (Donovan and Staerker 2010). Apparent thinning

is caused by (1) onlap of the upper Eagle Ford onto the San Marcos Arch and (2) an unconformity

at the Eagle Ford-Austin Chalk contact (Donovan and Staerker 2010; Hentz et al. 2014). This

combination removes any Coniacian-aged Eagle Ford north of the San Marcos arch, leaving only

Cenomanian and Turonian-aged sediments (Hentz et al. 2014).

Also referred to as the Eagle Ford Group or Eagle Ford Formation, the unit was originally

described by Hill (1887) and named for the community of Eagle Ford in Dallas Co., Texas. Daw-

son (2000) describes the Eagle Ford as an organic-rich, mixed siliciclastic/carbonate mudstone

composed of interstrati�ed shales, siltstones, and limestones. The formation is most commonly di-

vided into Upper and Lower members (Dawson 2000; Hentz et al. 2014); however, a more detailed

stratigraphic architecture has been introduced by Donovan and Staerker (2010) and Donovan et

al. (2012). Dawson (2000) interprets the Lower Eagle Ford as a transgressive unit, representing

an oxygen-poor paleo-environment with minimal sediment reworking, and the Upper Eagle Ford

as a regressive unit composed of silty, carbonaceous shales and bituminous claystones and shales

(Dawson 2000). The transgression-regression reversal marks a basinward shoreline shift evidenced
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Figure 2.1: A simpli�ed stratigraphic column of the Eagle Ford Shale. The unit is named the
Boquillas Formation in outcrop. A more detailed classi�cation has been introduced by Donovan
and Staerker (2010). Figure modi�ed from Donovan and Staerker (2010) and Harbor (2011).
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by an increase in fossils, detrital silt, and woody organic material (Dawson 2000). Sensu Dawson

(2000), Ramiro-Ramirez (2016) documented eight microfacies in two geologic cores from Gonza-

les and La Salle counties: (1) silica-rich, argillaceous mudstone; (2) mixed argillaceous mudstone;

(3) foraminiferal- to foram-rich, mixed carbonate mudstone; (4) silica-rich, carbonate mudstone;

(5) carbonate-dominated mudstone; (6) recrystallized carbonate limestone; (7) foraminiferal-mixed

mudstone, and (8) claystone. These geologic cores are also utilized in the current study. Well num-

bers have been kept the same to ensure consistency and allow cross-examination between projects.

In October 2008, PetroHawk Energy Corporation completed the �rst commercial multi-fractured

horizontal well in the Eagle Ford, leading to the creation of the Hawkville Field located in Mc-

Mullen, La Salle, and Webb counties, Texas (Cusack et al. 2010). Since its discovery, the Eagle Ford

\play" has expanded to twenty-seven counties stretching from Mexico to East Texas (Figure 2.2 )

(RRC 2017). The core of oil and gas development is located in the Gulf Coast basin, bordered

by the Ouachita Thrust Belt (northwest), the Edwards/Sligo Reef margins (southeast), the Rio

Grande River (southwest), and the East Texas basin (northeast) (Figure 2.3 ) (EIA 2014). Oil

and gas production increased rapidly and quickly established the Eagle Ford as one of the leading

unconventional reservoirs in the United States. Production peaked in March 2015 at 1.7 million

barrels per day (MMBPD) of oil and 7.4 billion cubic feet per day (BCFD) of natural gas before

declining due to depressed commodity prices (Figure 2.4 ) (EIA 2017). The subsequent slump in

drilling activity reversed in late 2016, re-establishing the rising production trend seen before the

industry downturn. As of December 2017, the play remains a major unconventional reservoir target

and produces 1.2 MMBPD of oil and 6.4 BCFD of natural gas (EIA 2017).
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Figure 2.2: The Eagle Ford play extends from the Texas-Mexico border to East Texas. Oil wells
(green) are located at shallower depths while gas wells (red) are located at deeper depths. The Rio
Grande Embayment and the Houston Embayment are sub-basins of the Gulf Coast basin. Figure
modi�ed from EIA (2010, 2014) and RRC (2017).
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Figure 2.3: Producing oil (green) and gas (red) well locations in the Eagle Ford play as of December
2017. The play extends from the Texas-Mexico border over the San Marcos Arch towards East
Texas. The Rio Grande Embayment and the Houston Embayment are sub-basins of the Gulf Coast
basin. Gray lines represent major surface faults. Figure modi�ed from Laubach and Jackson (1990),
EIA (2010, 2014), and RRC (2017).
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Figure 2.4: Oil and gas production grew rapidly in the Eagle Ford play from its discovery in 2008
to its peak in 2015. The play produced 1.2 MMBPD and 6.4 BCFD as of December 2017 (EIA
2017).

8



2.2 NMR Spectroscopy

Nuclear magnetic resonance (NMR) was �rst reported by Bloch (1946), Bloch et al. (1946),

and Purcell et al. (1946); two independent research groups based at Stanford University and Mas-

sachusetts Institute of Technology, respectively. This discovery led Bloch and Purcell to jointly

receive the Nobel Prize in Physics in 1952 (Friebolin 2001). Since 1952, NMR studies have earned

three additional Nobel Prizes and become a signi�cant analytical tool in the �elds of chemistry, bio-

chemistry, and medicine (Friebolin 2001) as well as a petrophysical tool in the oil and gas industry.

Here, a summary of nuclear magnetic resonance and NMR spectroscopy is given to introduce the

fundamental physics of NMR experiments. The reader is encouraged to seek further information

in Coates et al. (1999), Friebolin (2001), Dunn et al. (2002), and Duer (2004).

Dunn et al. (2002) de�ne nuclear magnetic resonance as \A phenomenon found in systems of

nuclei that possess both magnetic moments and angular momentum" whereby \ nuclei absorb and

re-emit energy through interactions with other nuclei undergoing thermal motions." The re-emission

of energy, more speci�cally, thedecay of re-emitted energy, is the basis of NMR technology.

Nuclear magnetic resonance can occur in any nuclei with an odd atomic number or odd mass

number (Coates et al. 1999). The most commonly observed nuclei in NMR experiments are carbon-

13 (13C) and hydrogen-1 (1H). The latter is also referred to as proton and is used almost exclusively

for applications within the oil and gas industry. In the simplest sense, nuclear magnetic resonance

is achieved by subjecting susceptible nuclei to an external magnetic �eld. The application of the

magnetic �eld forces nuclei to align themselves and rotate at a �xed frequency called the Larmor

frequency. The application of an oscillating magnetic �eld at the same frequency (i.e., a resonant

frequency) allows nuclei to absorb energy. After su�cient application time, the nuclei are allowed

to \relax" and release this additional energy through a series of internal processes. The amplitude

and character of this decaying signal is the foundation of NMR petrophysics.

NMR experiments can be broken down into four basic parts: (1) polarization, (2) spin tipping,

(3) relaxation, and (4) refocusing. These steps are reviewed to give the reader a basic understanding

of NMR spectroscopy. More detailed explanations, speci�cally regardingT2 relaxation, will be

provided in Chapter 4.
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Polarization refers to the alignment of nuclei to an external magnetic �eld and is a necessary

prerequisite to the NMR experiment. Nuclei with either an odd atomic number or odd mass

number contain an intrinsic magnetic moment (� ) and angular momentum (P). This magnetic

moment causes each nucleus to behave similar to a bar magnet, with a positive and negative pole,

randomly oriented in space(Figure 2.5) (Dunn et al. 2002). When an external static magnetic

�eld is applied to the system, the �eld exerts a torque on the nuclei and forces them into low-

and high-energy states that are sub-parallel and sub-antiparallel to the �eld direction, respectively

(Figure 2.6) (Coates et al. 1999). The applied magnetic �eld is denoted asB0 and assigned the

positive z-axis. Nuclei spin around thez-axis slightly parallel/antiparallel to the �eld direction due

to the angular momentum of the spinning nucleus. The resulting geometry is similar to a gyroscope

in appearance and referred to asprecession(Figure 2.7). (Coates et al. 1999).

Figure 2.5: (a) Individual nuclei (yellow) spin around their nuclear spin axis (red). (b) Nuclei are
analogous to small bar magnets due to their magnetic moment. Figure modi�ed from Coates et al.
(1999).

The precession frequency (i.e., rotations per minute) around the static magnetic �eld (B0) is

called the Larmor frequency (f ) and calculated by:

f =

B 0

2�
(2.1)
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Figure 2.6: (a) Nuclei are assumed to be in random orientations in the absence of an external
magnetic �eld. (b) The application of an external magnetic �eld forces nuclei into low- and high-
energy states that are sub-parallel and sub-antiparallel to the �eld direction, respectively. Figure
modi�ed from Coates et al. (1999).

Figure 2.7: The direction of the external magnetic �eld (B0) is assigned the positivez-axis. A
single proton in its low-energy state, represented by its nuclear spin axis in red, rotates sub-parallel
to B0 due to its angular momentum. This process is calledprecession. Figure modi�ed from Coates
et al. (1999).
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where f is the Larmor frequency, 
 is the gyromagnetic ratio, and B0 is the static magnetic �eld

(Coates et al. 1999).

The Larmor frequency is directly related to the strength of the static magnetic �eld; thus, NMR

spectrometers are often referred to as their equivalent Larmor frequency for proton (1H) to indicate

of their magnetic �eld strength (e.g., 2 MHz or 400 MHz) (Friebolin 2001).

Once aligned withB0, nuclei are found in low- and high-energy states (Friebolin 2001). Nuclei in

the low-energy state are sub-parallel to thez-axis, whereas, nuclei in the high-energy state are sub-

antiparallel (Figure 2.8). The relative proportion of these states is found by Boltzmann statistics

(Friebolin 2001). The largest proportion of nuclei reside in the low-energy state, thereby creating a

macroscopic magnetization that is parallel toB0 (positive z-axis) referred to asM z (Coates et al.

1999). The amplitude of M z grows over time (Figure 2.9) , as nuclei align to B0, and eventually

reaches a maximum, denotedM 0. The process of increasing amplitude parallel to thez-axis is

called polarization and the time required to reach the maximum macroscopic polarization (M 0)

is called polarization time (TW). The instantaneous macroscopic magnetization parallel to the

positive z-axis (M z) is calculated by:

M z(t) = M 0(1 � e� t=T1 ) (2.2)

where M z(t) is the macroscopic magnetization along thez-axis at time t, M 0 is the maximum

macroscopic magnetization, andT1 is the time needed to reach 63% ofM 0 (Coates et al. 1999).

Nuclei are said to be polarized once maximum macroscopic magnetization occurs (i.e.,M z =

M 0) (Coates et al. 1999). After polarization, nuclei are exposed to an oscillating magnetic �eld

(B1) oriented antiparallel to the x-axis (Figure 2.10). Radio frequency (RF) pulses, equivalent

to the Larmor frequency of nuclei under observation, provide the oscillating magnetic �eld. The

application of B1 causes: (1) nuclei are forced to precess in-phase; (2) some nuclei absorb energy

from B1 and jump from the low-energy state to the high-energy state; and (3) the macroscopic

magnetization vector tips away from the z-axis and towards the x-y plane. This process is known

as spin tipping. The combination of jumping energy states and in-phase precession is referred to

as nuclear magnetic resonance(Coates et al. 1999).

To visualize the spin tipping process, we view thex-y-z coordinate system in a rotating coordi-

nate system, denotedx'-y'-z . In the rotating coordinate system, the point of observation is rotating
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Figure 2.8: (a) Red arrows represent the spin axes of eight protons. Five protons are in the
low-energy state (pointing upward), and three protons are in the high-energy state (pointing down-
wards). (b) The higher abundance of protons in the low-energy state creates a net magnetization
(M 0) in the positive z-direction. Figure modi�ed from Coates et al. (1999)

at the Larmor frequency; in other words, the x-y plane (now called x'-y' ) is rotating about the

z-axis at the Larmor frequency. We can use the merry-go-round, a staple of children's playgrounds,

as an analogy for the rotating coordinate system. While a merry-go-round is spinning, it is di�cult

to see what people are doing on the rotating platform; however, if one jumps on the merry-go-round,

we can easily observe people's movements because we are rotating at the same speed (i.e., the same

frequency). The rotating frame is equivalent to jumping on the merry-go-round; we can observe the

movements of theM 0 vector because we are rotating at the same frequency|the Larmor frequency.

As the RF pulses are applied,M 0 rotates from the positive z-axis to the y' -axis as a function

of application time (Figure 2.11). The angle betweenM 0 and the positive z-axis, called the tip

angle, can be calculated by:

� = 
B 1� (2.3)

where � is the tip angle, 
 is the gyromagnetic ratio, B1 is the oscillating magnetic �eld, and � is

the application time of B1 (Coates et al. 1999).

The application time required to drive M 0 to the x'-y' plane, also referred to as thetransverse

plane, is called a 90-degree pulse or�= 2-pulse because the net magnetization vector is rotated 90

13



Figure 2.9: Macroscopic magnetization grows over time as nuclei align withB0. This process is
called polarization. Figure modi�ed from Coates et al. (1999).
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Figure 2.10: (a) Nuclei initially spin at random orientations about the z-axis. (b) The application
of radio frequency (RF) pulses at the Larmor frequency cause nuclei to precess in-phase with one
another. Figure modi�ed from Coates et al. (1999).

degrees from the positivez-axis to the positive y' -axis. An application time twice as long will yield

a 180� -pulse (also called a� -pulse) and orient M 0 parallel to the negative z-axis (Figure 2.11).

These pulse terms intervals are the most common in NMR spectroscopy and critical for creating

spin echoes.

B1 is stopped, and nuclei are allowed to relax after tippingM 0 to the x-y plane. Relaxation

has two components: (1) dephasing of nuclei and (2) realignment toB0 (i.e., the positive z-axis).

Longitudinal relaxation or T1 relaxation refers to the realignment of nuclei toB0. Transverse relax-

ation or T2 relaxation refers to nuclei dephasing. Both relaxation mechanisms occur simultaneously

but develop at di�erent time scales|longitudinal relaxation ( T1) cannot be shorter than transverse

relaxation (T2) and is typically much longer.

Dephasing occurs by nuclei rotating at slightly faster or slower frequencies than the Larmor

frequency, caused by inhomogeneities in the static magnetic �eld (B0). If we observe this from the

rotating frame (e.g., the x'-y'-z coordinate system), nuclei will appear to be rotating in opposite

directions and \fan out" over time. Simultaneous to dephasing, nuclei begin tipping (realigning)

towards the positive or negative z-axis depending on their energy state. Realignment causesM z

to grow over time and is similar in appearance to polarization wherebyM z will eventually reach a
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Figure 2.11: (a) A rotating coordinate system|denoted by x', y' , and z|is used to visualize M 0

during the spin tipping process. Before the application of radio frequency (RF) pulses,M z is equal
to M 0 and M y0 is zero. (b) The application of RF pulses (B1) at the Larmor frequency causesM 0

to tip towards the x'-y' plane. The angle betweenM 0 and the z-axis is called the tip angle (� ).
Tipping creates ay' -component (M y0) of M 0 at the expense ofM z. (c) After a su�cient application
time, M 0 rotates by 90 degrees and aligns parallel to they' -axis. At this point, M y0 is equal to M 0.
The time needed to rotate M 0 is called a 90-degree pulse or�= 2-pulse. (d) A longer duration of
B1 continues to rotate M 0 antiparallel to the positive z-axis. A pulse that rotates M 0 180 degrees
is called a 180� -pulse or � -pulse. Figure modi�ed from Coates et al. (1999) and Friebolin (2001).
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maximum (M 0). Figure 2.12 illustrates dephasing and realignment at various times.

Eventually, nuclei completely dephase and realign with the positivez-axis, resulting in a net

zero magnetization along thex-y plane. The combination of dephasing and realignment creates

an exponentially-decaying signal calledfree induction decay or FID (Figure 2.13) (Coates et al.

1999).

After complete dephasing, nuclei are forced back in-phase by refocusing. Refocusing is accom-

plished by two back-to-back 90-degree pulses known as a 180-degree pulse or� -pulse. The RF

pulse 
ips nuclei about the x-y plane thereby reversing their direction of rotation. Energy increases

sinusoidally along thex-y plane as the nuclei converge towards a common precession frequency then

subsequently dephase again(Figure 2.14). The rise, climax, and fall of signal amplitude is called

a spin echoor Hahn's echoafter Hahn (1950). The time from the beginning of the 180-degree pulse

to the maximum signal amplitude is called rephasing time. Rephasing time is equal to dephasing

time ( � ); therefore, a spin echo's amplitude occurs at 2� after the previous spin echo. The time

between spin echoes is calledinter-echo spacing (Coates et al. 1999).

Nuclei will quickly dephase after a spin echo similar to the initial �= 2-pulse; however, the

rephasing/refocusing process can repeatedly be applied to create a series of spin echoes called aspin

echo train (Figure 2.15). The process of applying an initial �= 2-pulse followed by subsequent�

pulses is called a CPMG sequence after Carr and Purcell (1954) and Meiboom and Gill (1958). This

process is repeated until irreversible dephasing, and the subsequent decay in spin echo amplitude,

no longer provide meaningful data(Figure 2.16) .

Spin echo amplitude and time are cross-plotted after the experiment and �t with an exponential

or multi-exponential curve. For a single exponential �t, T2 can be calculated by:

M y(t) = M y0 e� t=T2 (2.4)

whereM y(t) is the net magnetization measured along thex-y plane at time t, M y0 is the maximum

magnetization measured along thex-y plane, and T2 is the transverse relaxation time (Coates et

al. 1999).

Spin echo trains that may be modeled by a single exponential function are interpreted to have a

single pore size population, however, this is rarely the case. More commonly, spin echo amplitudes

are a multi-exponential function that represents a variety of pore size populations; thus,T2 is best
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Figure 2.12: Relaxation is composed of two components: (1) dephasing of nuclei and (2) realignment
to B0. (a) A �= 2-pulse orients the maximum magnetization vector (M 0) along the x'-y' plane shown
by the gray ellipse. (b) M 0 is composed of a population of nuclei with their spin axes pointed in
the positive y0- or negative y0-direction depending on their energy state. (c) Stopping the RF pulse
allows relaxation to begin. Dephasing can be seen by the nuclear spin axes \fanning out" parallel
to the x'-y' plane. Realignment can be seen simultaneously by the nuclear spin axes tipping away
from the x'-y' plane and towards the z-axis. (d) Dephasing continues until the nuclear spin axes
are randomly oriented with respect to the positive y' -axis, creating a net magnetization of zero in
the positive y' -direction. Likewise, spin axes have realigned toB0, creating a net magnetization
vector in the positive z-direction. With su�cient time, M z will reach a maximum (M 0). Figure
modi�ed from Coates et al. (1999).
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Figure 2.13: (a) A pulse sequence diagram showing a single�= 2-pulse. (b) Signal amplitude along
the positive y-axis decays exponentially after the RF pulse is stopped. The exponential signal decay
is called free induction decay or FID. The signal decay is caused by magnetic �eld inhomogeneities
(Coates et al. 1999). Figure modi�ed from Coates et al. (1999).
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Figure 2.14: � -pulses are applied to reverse dephasing and create spin echoes. (a) After a�= 2-pulse,
nuclei in the low-energy state have their spin axes oriented in the positivey' -direction. (b) Nuclei
begin to dephase (i.e., \fan out") immediately after stopping by rotating in opposite directions
away from the positive y' -axis. (c) Nuclei are allowed to dephase further and given a� -pulse. (d)
The � -pulse 
ips the spin axes about thex'-y' plane and now rotate in the opposite direction. (e)
The spin axes now rotate towards each other. (f) The spin axes re-converge on the positivey' -axis,
thus creating a spin echo. Figure modi�ed from Coates et al. (1999).
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Figure 2.15: Multiple � -pulses create a spin echo train. The maximum amplitude of individual spin
echoes occurs at multiples of 2� and decay with time. Figure modi�ed from Coates et al. (1999).
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represented by a distribution curve instead of a discrete value.

Figure 2.16: A single exponential �t of spin echo amplitude versus time. Spin echo amplitudes
are �t with a single exponential or multi-exponential curve to determine transverse relaxation time
(T2). Amplitude measured at the x-y plane (M y) decays exponentially relative to the maximum
amplitude immediately after the initial �= 2-pulse (M y0 ). Figure modi�ed from Coates et al. (1999).

Spin echoes are repeated in the CPMG sequence until dephasing is irreversible. At this point,

the experiment is performed again starting at polarization and running through the same steps as

before.

2.3 Radio Frequency Nomenclature

The NMR experiments performed during the project are referred to extensively as eitherlow-

frequency or high-frequency. The term high-frequencyis reserved exclusively for the 400 MHz radio

frequency; whereas,low-frequency is used for any radio frequency equal to 2 MHz or less. These

terms are only relative to each other and may be replaced by formal categories published by the

International Telecommunications Union (ITU). Under the ITU de�nition, radio frequencies are
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organized into nine bands numbered from four to twelve(Table 2.1). Band number de�nes the

category's frequency range whereby band number (n) extends from 0:3� 10n Hz to 3� 10n Hz. For

example, band number nine (9) ranges from 0:3 � 109 Hz to 3 � 109 Hz (equivalent to 300{3,000

MHz). Using the UTI classi�cation system, high-frequency (400 MHz) experiments fall under band

nine and are referred to as UHF (e.g., ultra high-frequency). Low-frequency (2 MHz) experiments

fall under band six and referred to as MF (e.g., medium frequency). Although the ITU is not

applied in the thesis, its use is recommended for future projects that compare-and-contrast NMR

data from more than two frequencies.

Table 2.1: The International Telecommunications Union (ITU) splits radio frequencies into nine
categories. The low-frequency and high-frequency experiments in the project fall under the MF
and UHF categories, respectively. Table modi�ed from ITU (2016). kHz = kilohertz, MHz =
megahertz, GHz = gigahertz.

Band Number Symbols Frequency Range

4 VLF 3 to 30 kHz
5 LF 30 to 300 kHz
6 MF 300 to 3,000 kHz
7 HF 3 to 30 MHz
8 VHF 30 to 300 MHz
9 UHF 300 to 3,000 MHz
10 SHF 3 to 30 GHz
11 EHF 30 to 300 GHz
12 - 300 to 3,000 GHz
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CHAPTER 3

CONSTRUCTING THE NMR PROBE

Nuclear magnetic resonance (NMR) has become an increasingly valuable tool for estimating

porosity, permeability, and 
uid characteristics in oil and gas reservoirs since its introduction in

the 1950s. While NMR has become standard practice inconventional reservoirs, its application is

relatively new to unconventional reservoirs such as the Eagle Ford Shale. Porosity and permeability

estimates prove di�cult in these exceptionally tight rocks and are routinely below the detection

limit and/or resolution of low-frequency (2 MHz or less) NMR. High-frequency (400 MHz) NMR

has been applied to address these issues; however, previous studies have been limited to crushed

rock samples or millimeter-sized core plugs.

In response, a custom-built NMR probe has been constructed, capable of measuring 0.75-inch

diameter, 0.45-inch length core plugs at 400 MHz, to determine if larger core plug sizes yield

higher-resolution T2 distributions in the Eagle Ford Shale. The tool is composed of two primary

elements: the structural framework and the radio frequency circuit. Each element was designed

and constructed iteratively to test various layouts while maintaining functionality. The probe's

structural design was initially based on retired, commercial probes then modi�ed to operate within a

Bruker AscendTM 400WB NMR spectrometer. Designs were drafted and 3D-printed multiple times

to determine proper physical dimensions and clearances. Once designs were deemed satisfactory,

structural components were manufactured and assembled to create the structural framework. A

radio frequency circuit was then built to measure T2 distributions at the desired frequency and

sample size. Multiple inductor designs and capacitor combinations were tested until a stable circuit,

capable of matching impedance and tuning to the proper frequency, was achieved. The probe's

stability and data quality were then con�rmed by measuring the NMR spectra of deuterated water

in a Te
on container.

3.1 Methods

The probe construction process was undertaken in two primary stages: (1) constructing the

structural framework and (2) constructing the radio frequency circuit. Both stages were an iterative
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process composed of designing, manufacturing, and assembling the element(Figure 3.1). The

design and construction of each element are addressed individually inSection 3.2 and Section

3.3.

3.2 Structural Framework

The probe's structural framework was completed in three steps: (1) design, (2) manufacturing,

and (3) assembly(Figure 3.1). Each is described in detail in the following sections.

3.2.1 Design

Designs for the structural components and their respective subcomponents were drafted as 3D

drawings in the SolidWorks software package(Figure 3.3). Physical dimensions were initially

based on retired commercial probes then modi�ed to create an in-house probe compatible with a

Bruker AscendTM 400WB NMR spectrometer (Figure 3.2) . After the initial design round, probe

pieces were 3D-printed using an A�nia Model H479-003 3D printer(Figure 3.4, Figure 3.5). Af-

ter printing, the pieces were assembled to check for proper physical dimensions and clearances inside

the spectrometer. Any issues were noted, and adjustments were made in the 3D SolidWorks draw-

ings. Pieces were then reprinted, reassembled, and rechecked for dimensions and clearances. This

process was iterative and repeated until the designs were found to be satisfactory(Figure 3.1).

The �nal structural framework consists of eighteen subcomponents, including four 
anges, four

pieces of brass tubing, the probe base, two hanging brackets, two mounting brackets, two core

sample stabilizers, and three pieces of probe housing(Table 3.1). Detailed 2D and 3D drawings

are included as supplemental electronic �les and can be found inAppendix A.

3.2.2 Manufacturing

After the design step, the �nal designs were delivered to a machine shop for manufacturing.

These include the 
anges, probe base, probe housing, hanging brackets, mounting brackets, and

core stabilizers (Figure 3.6, Figure 3.7, Figure 3.8, Figure 3.9). The only subcomponent

manufactured in-house was the probe housing cover. The 
anges and core stabilizers are composed

of brass; whereas, the probe base, mounting brackets, hanging brackets, probe housing, and probe

housing cover are composed of aluminum. It is important to note all building materials in the probe

must be non-magnetic and non-hydrogen-bearing (e.g., do not contain hydrogen). Non-magnetic
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Figure 3.1: Work
ow used to design the NMR probe. The design/construction process is split into
two major stages: (1) constructing the structural framework and (2) constructing a usable radio
frequency circuit.
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Figure 3.2: The custom-built probe is designed to operate within a Bruker AscendTM 400WB NMR
spectrometer.
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Figure 3.3: A 3D drawing of the base 
ange. Structural components were designed using the
SolidWorks software package.

materials are employed to prevent magnetic �eld inhomogeneities; whereas, non-hydrogen-bearing

materials eliminate the risk of false data acquisition. Thus, building materials for the structural

framework and radio frequency circuit were limited to aluminum, brass, copper, stainless steel,

silver solder, �berglass, and Te
on.

3.2.3 Assembly

The probe is composed of �ve structural components: the probe frame, probe base, bracket

assembly, core sample support, and probe housing. The structural framework was constructed by

assembling these components in several steps. First, the probe frame was constructed by soldering

the 
anges and brass tubing. The frame was then attached to the probe base by two screws and

the bracket assembly. Core sample stabilizers were then installed, followed by the probe housing.

The following sections will progress through the steps in detail.

3.2.3.1 Probe Frame

The probe frame is composed of the top 
ange, capacitor 
ange, support 
ange, base 
ange,

and brass tubing. The top 
ange (Figure 3.10) provides a platform for the inductor and core plug

sample. The 
ange contains a series of holes, including two pairs of holes for the brass tubing, two

pairs for the inductor, one pair for a transmission line, and two pairs for the core sample stabilizers.
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Figure 3.4: An A�nia 3D printer was used to print structural components. 3D-printed parts were
then assembled to check for correct dimensions and clearances.
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Figure 3.5: A 3D-printed base 
ange composed of ABS plastic.

Of this, two pairs of holes are not utilized: the transmission line pair and one pair for the inductor.

Transmission line holes were added early in the design process and deemed unnecessary the �nal

RF circuit design. The inductor hole pair were deemed too far apart to properly align the inductor

and abandoned for the holes in current use. Two other pairs of holes are tapped with #6-32 threads

to receive the brass button-socket cap screws (0.5-inch length) securing the core sample stabilizers.

Both stabilizers contain a cup-point set screw with #10-32 threads, 0.5-inches in length. The

outside diameter (OD) of the 
ange also contains eight holes for securing the probe housing. These

will be reviewed in detail later in the section.

The capacitor 
ange (Figure 3.11) rests directly below the top 
ange and serves as a platform

for the capacitors in the RF circuit as well as a ground. This 
ange has one pair of holes for

transmission lines, two pairs for brass tubing, two pairs for the capacitors, one pair for water lines,

one hole for a temperature line, one hole for a circuit ground, and one pair for miscellaneous lines.

Of that, only the two pairs of holes for the brass tubing, one hole for the transmission line, and one

pair for the capacitors were utilized. All other holes are extraneous and should be removed from

future designs. The pair of capacitor holes in use have been tapped with 1/4-32 and 3/8-24 threads

to receive the tuning capacitor and a Te
on nut, respectively. The tuning capacitor is threaded

directly into the capacitor 
ange which acts as a ground. The Te
on nut also threads into the
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Figure 3.6: Probe 
anges received from the machine shop.
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Figure 3.7: Core stabilizers, hanger brackets, and mounting brackets received from the machine
shop. The �nal design did not utilize the probe base side panels.
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Figure 3.8: Probe base as-received from the machine shop.

Figure 3.9: Upper and lower probe housing as-received from the machine shop.
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Figure 3.10: A side view of the top 
ange. The top 
ange is a platform for the core sample and
inductor. The inductor consists of a four-turn coil of 16-AWG wire coated with Te
on (i.e., red
coating). The core sample is set inside the core stabilizers and held in place by set screws.
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capacitor 
ange and acts as an insulator for the matching capacitor which is threaded into the nut.

Figure 3.11: A side view of the capacitor 
ange. Capacitors use this 
ange as a platform.

The support 
ange (Figure 3.12) is used solely to add strength to the probe frame between

the capacitor 
ange and base 
ange. This 
ange has the same hole con�guration as the capacitor


ange (except for the circuit ground hole); however, none of the holes are tapped. The transmission

line and �berglass rods utilize three holes for guides; all other holes are considered extraneous and

should be removed from future designs.

The base 
ange (Figure 3.13) is used to connect the probe frame to the probe base. The

center of the 
ange has an identical hole con�guration as the support 
ange and utilizes the same

three holes for the transmission line and �berglass rods. As before, these holes are also considered

extraneous and should be removed. The base 
ange varies signi�cantly from the other 
anges by

having a larger outside diameter (OD) lip in the middle. The larger OD section contains four holes

for fastening the 
ange to the probe base. Fastening is achieved by two pairs of brass pan head

Phillips machine screws 0.75 inches long with #4-40 threads. One pair fastens the base 
ange
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Figure 3.12: A side view of the support 
ange. The support 
ange is used as structural support
for the probe frame and a guide for the transmission line and �berglass rods in the radio frequency
circuit.

and probe base together; whereas, the other pair fasten the base 
ange, probe base, and mounting

bracket.

After manufacturing, the base 
ange was rinsed with methanol and polished with emery cloth

to remove any oxidation or residue from the machining process. This process was performed to

create a clean surface for soldering to ensure maximum strength and electrical conductivity. Four

16 1/4-inch lengths of 5/16-inch OD (1/4-inch ID) brass tubing were then cut and cleaned by the

same process. The brass tubes were inserted into the base 
ange, aligned 
ush with the bottom

of the 
ange, and soldered in place with silver solder. The base 
ange was then attached to the

probe base using the bracket assembly composed of the hanging brackets, mounting brackets, and

a series of spacers, bolts, and their corresponding nuts and washers.

The support, capacitor, and top 
anges were then slipped onto the brass tubing|similar to the

base 
ange|and temporarily held in place using copper tape. The top 
ange was set 
ush with

the top of the tubing, whereas, the support and capacitor 
ange were fastened at similar distances

seen in the older commercial probes. Initially, a crude radio frequency circuit was constructed to

begin testing circuit designs; however, after multiple designs and builds, it was determined the

copper tape could not establish a proper electrical ground. The RF circuit was then removed, and

the 
anges were soldered in place. It must be noted one capacitor hole in the capacitor 
ange
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Figure 3.13: A side view of the base 
ange. The base 
ange is secured to the probe base by two
pairs of brass screws. One pair only includes the base 
ange and probe base; the other pair includes
the base 
ange, probe base, and mounting brackets.

was tapped with 3/8-24 threads before the 
anges were soldered to attach a Te
on nut for the RF

circuit. The �nal 
ange geometry is shown in Figure 3.14 .

3.2.3.2 Probe Base

The probe base secures the probe to the NMR spectrometer and acts as a platform for the RF

connector (Figure 3.15, Figure 3.16). The front of the probe base contains two groups of holes.

Each has a 16-millimeter diameter hole surrounded by four 4-millimeter diameter holes. The RF

connector utilizes the large central hole, and smaller surrounding holes are used for its bolts. Only

one group of holes is used; the other remains empty and should be removed in future designs. The

top of the probe base has four 6-mm holes and one pair of 5- x 7-mm slots. The holes are used to

secure the probe base to the base 
ange with bolts (previously discussed), whereas, the slots allow

the top of the hanging brackets to rest above the probe base.

Figure 3.17 highlights the screw pair that fastens the base 
ange and probe base. From the

screw head to screw bottom, the assembly is arranged as follows: (a) brass, #4-screw size general

purpose washer; (b) probe base; (c) 3.3 mm ID, 4 mm long nickel spacer; (d) base 
ange; and (e)

brass #4-40 thread hex nut.
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Figure 3.14: The location and distances between 
anges.
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Figure 3.15: A side view of the probe base.

Figure 3.16: A bottom view of the probe base.
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Figure 3.17: (a) The brass screws annotated with arrows fasten the base 
ange to the probe base
together, but do not include mounting brackets. (b) A bottom view of assembly shows the spacer
placed between the probe base and base 
ange (upper arrow) and the hex nut fastening the assembly
in place (lower arrow).
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3.2.3.3 Bracket Assembly

The bracket assembly is composed of two mounting brackets and two hanging brackets attached

to each other (Figure 3.18). The hanging bracket is secured to the mounting bracket by (a) a

stainless steel, pan head Phillips machine screw (M3x0.5mm threads, 10 mm long); (b) a stainless

steel, M3-screw size, split-lock washer; and (c) a stainless steel, M3-screw size general purpose

washer. For installation, the hanging bracket is inserted through the top of the probe base then

secured to the mounting bracket. The mounting bracket is then fastened to the base 
ange and

probe base. Figure 3.19 shows the pair of screws fastening the probe base, base 
ange, and

mounting brackets. This pair is installed upside down for the screw head to be 
ush with the

bottom of the mounting bracket. From the screw head to the top of the probe base, the assembly

is arranged as follows: (a) mounting bracket; (b) base 
ange; (c) 3.3 mm ID, 4 mm long nickel

spacer; (d) probe base; (e) brass, #4-screw size general purpose washer; and (f) brass #4-40 thread

hex nut.

The hanging brackets serve as the sole mechanical connection to the NMR spectrometer during

experiments. The slots in the hanging bracket allow the probe height (inside the spectrometer) to

be increased or decreased by loosening the screw attaching the hanging bracket to the mounting

bracket. Height adjustment is needed in case the core plug sample does not align with the data

acquisition equipment inside the spectrometer.

3.2.3.4 Core Sample Support

Before installing the probe housing, the core sample stabilizers must be fastened to the top


ange. These two stabilizers provide support for the core plug sample during data acquisition.

To load a sample core plugs are inserted into the inductor which in turn is self-supported by the

capacitors located on the capacitor 
ange. Although the core plugs are inside the inductor, samples

are held in place by the set screws in the core sample stabilizers. Core plug samples are inserted

by slightly loosening one screw on the core sample stabilizer then removing the second screw. The

stabilizer is then swung open to expose the end of the inductor. The core plug is inserted into the

inductor, and the stabilizer is screwed back into place. Both stabilizers are then tightened to the

top 
ange. Finally, the core plug is centered in the inductor by tightening the set screws in each

core sample stabilizer.Figure 3.20 illustrates the process.
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Figure 3.18: A mock-up of the bracket assembly without the base 
ange or probe base.
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Figure 3.19: A top and bottom view of the bracket assembly. The assembly is composed of the
hanging bracket and mounting bracket.
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Figure 3.20: A side view of the top 
ange illustrating how to insert a core plug sample. (a) The
top 
ange before a core plug is inserted. (b) One screw holding the core sample stabilizer is slightly
loosened, and the other is removed. The stabilizer is then swung open to expose the end of the
inductor. (c) The core plug sample is then inserted into the end of the inductor, and the stabilizer
is screwed back into place.

3.2.3.5 Probe Housing

The probe housing is composed of three subcomponents: the lower probe housing, upper probe

housing, and probe housing cover. The lower probe housing covers the probe from the base 
ange

to the middle of the top 
ange (Figure 3.21). Eight holes (four for each 
ange) are drilled through

the outer diameter to secure the probe housing to the 
anges using 
athead Phillips machine screws

with M2x0.4mm threads. Four holes are tapped in each 
ange to accept the screws. Ninety-degree

countersinks were also drilled into the housing to ensure the screw is 
ush with the housing and

will not damage the inside of the spectrometer. The screw heads were also polished with emery

cloth as a precaution.

The upper probe housing covers the probe from the middle of the top 
ange to above the

inductor (Figure 3.22). Four holes are drilled in the top and bottom of the housing similar to

the lower probe housing. The lower four holes secure the housing to the top 
ange; whereas, the

upper four holes secure the probe housing cover.

The probe housing cover covers the end of the upper probe housing(Figure 3.23). A 22.5-

millimeter hole is drilled in the center to vent any heat that may accumulate from the RF circuit
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Figure 3.21: A side view of the lower probe housing. A zoomed-in view at the top of the lower
probe housing can be seen at right.
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Figure 3.22: A side view of the upper probe housing. A zoomed-in view at the top of the upper
probe housing can be seen at right.
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during an experiment. The OD of the probe housing cover is also tapped with four holes to accept

the screws securing the probe housing, similar to the top and base 
ange.

Figure 3.23: A top view of the probe before and after attaching the probe housing cover.

Photos of the �nished probe, with and without the probe housing, can be seen inFigure 3.24

and Figure 3.25 , respectively.
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Figure 3.24: An annotated photo of the �nished probe with probe housing installed.
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Figure 3.25: An annotated photo of the �nished probe without probe housing installed.
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3.3 Radio Frequency Circuit

The probe's radio frequency circuit was completed in three steps: (1) design, (2) manufacturing,

and (3) assembly(Figure 3.1). Each is described in detail in the following sections.

3.3.1 Design

The NMR probe utilizes an AC circuit with 120 V voltage. The circuit is composed of one

inductor and two capacitors. One capacitor matches the impedance of the RF circuit, whereas, the

other capacitor tunes the RF circuit to the proper radio frequency. These are referred to as the

matching and tuning capacitors, respectively. A simpli�ed diagram of the circuit can be seen in

Figure 3.35.

Radio frequency circuits, also called LC circuits, are de�ned by:

f =
1

2�
p

LC
(3.1)

where f is the radio frequency,L is inductance, andC is capacitance.

To create the initial circuit, a proper combination of inductance and capacitance must be

determined. At �rst glance, an in�nite number of inductance-capacitance combinations can be

used to create a 400 MHz circuit based on the above equation. Fortunately, these combinations

are limited by the inductor's physical size which must surround the rock sample while remaining

housed within the NMR probe. Based on the desired sample size and probe housing dimensions, an

inductor composed of a solenoid coil was proposed. The coil was constructed of 16 AWG copper wire

with four turns, 0.5 inches long and a 0.5-inch inner diameter. Sixteen-gauge wire was chosen for

two reasons: (1) 18 AWG was believed to be too thin to hold its shape and (2) 14 AWG was thought

to be too thick to leave space between coils, adding a risk of overheating or electrical arching. Based

on the wire gauge and dimensions, inductance was estimated to be 0.715 microhenries (� H) using an

online calculator (EE Web 2018). Required capacitance was then calculated to be 0.221 picofarads

(pF) based on the inductance estimation and a 400 MHz radio frequency. These parameters were

used to guide the choice of variable capacitance capacitors during the assembly process.
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3.3.2 Assembly

The radio frequency circuit is composed of an RF connector, transmission line, inductor, two

variable capacitors, and a Te
on nut (Figure 3.26). Assembly begins by attaching the RF con-

nector to the probe base followed by installing the transmission line. The transmission line is then

installed into the probe and leads to the matching capacitor, seated within the Te
on nut on the

capacitor 
ange. The matching capacitor is wired to the tuning capacitor and inductor in parallel.

The following sections will progress through the assembly in detail.

Figure 3.26: A side view of the capacitors and inductor used in the radio frequency circuit.

3.3.2.1 RF Connector/Transmission Line

The RF circuit and NMR spectrometer are connected by a transmission line and RF connector.

Transmission line from Belden Wire & Cable was used for the circuit. This line is composed of 19

AWG silver-plated, copper-covered steel (SPCCS) with Te
on coating and a copper foil/tin-�lled

composite outer shield. The line connects to a Radiall SMA Straight-Plug, Direct Solder-Type
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RF connector (for .141 S/R cable) (Figure 3.27). The RF connector, in turn, is secured to the

probe base by four pan head Phillips machine head screws (#6-32 threads, 0.5-inch length) and

four nylon-insert lock nuts.

Figure 3.27: A front and back view of the RF connector.

3.3.2.2 Capacitors

Two capacitors are utilized in the circuit: a matching capacitor and a tuning capacitor. The

matching capacitor (Figure 3.28) is connected directly to the transmission line, tuning capacitor,

and inductor. A variable-capacitance capacitor (Poly
on Model #RP-VC10-12-05; 0.8 to 10 �F

capacitance) was employed to match the circuit to a 50-
 impedance. This capacitor is isolated

from ground by threading into a Te
on nut which is, in turn, threaded into the capacitor 
ange.

The inside of the nut was tapped with 1/4-32 threads to screw in the capacitor; the bottom half

has the outside tapped with 3/8-24 threads to screw the nut into the capacitor 
ange. The top of

the capacitor is connected directly to the inductor and connected to the tuning capacitor through

copper desoldering braid(Figure 3.29) . All components are soldered using silver solder. Beneath

the capacitor 
ange, an electrical-insulating �berglass rod (0.25-inch diameter, 13.75-inch length)

is fastened to the capacitor using an aluminum tube provided by the manufacturer(Figure 3.30).

This rod protrudes below the base 
ange, as seen in Figure 3.16, and allows the user to adjust the

capacitance while the probe is inside the spectrometer.
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Figure 3.28: A side view of the matching capacitor.
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Figure 3.29: Another side view of the matching capacitor.
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Figure 3.30: (a) A �berglass rod is attached to the bottom of the matching capacitor so capacitance
may be adjusted while the probe is inside the spectrometer. The upper set screw fastens the
aluminum cylinder to the capacitor; the lower set screw fastens it to the �berglass rod. (b) The
Te
on nut can be seen protruding below the capacitor 
ange when the �berglass rod and aluminum
cylinder are removed.
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The tuning capacitor (Figure 3.31) is used to tune the RF circuit to the proper frequency

(e.g., 400 MHz) and is the same make and model as the matching capacitor. It is connected to the

matching capacitor by copper desoldering braid and fastened to the capacitor 
ange by a washer

and nut provided by the manufacturer. A �berglass rod is attached to the bottom of the capacitor,

similar to the matching capacitor so the capacitance may be varied while the probe is inside the

spectrometer (Figure 3.32).

Figure 3.31: A side view of the tuning capacitor.

3.3.2.3 Inductor

The inductor (Figure 3.33) is composed of 16 AWG Te
on-coated copper wire manipulated

into a four-turn solenoid coil. The inductance of this con�guration is estimated to be 7:8 � 10� 7

Henry . The inductor coils are situated directly above the top 
ange. Te
on coating allows the

leads of the inductor to pass through top 
ange from the capacitor 
ange below (Figure 3.34).

One lead connects the inductor to the matching capacitor while the other grounds to the brass
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Figure 3.32: (a) A �berglass rod is attached to the bottom of the tuning capacitor so capacitance
may be adjusted while the probe is inside the spectrometer. The upper set screw fastens the
aluminum cylinder to the capacitor; the lower set screw fastens the �berglass rod. (b) The capacitor
is fastened to the capacitor 
ange by a washer and nut provided by the manufacturer.
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tubing directly below the top 
ange.

Figure 3.33: A top view of the inductor.

The two capacitors di�er only in their connections within the RF circuit. The matching capaci-

tor is threaded into a Te
on nut to isolate it from ground; whereas, the tuning capacitor is threaded

directly into the capacitor 
ange. Both capacitors are connected to the inductor which is placed

above the top 
ange. The inductor was created by wrapping Te
on-coated 16 AWG copper wire

around a 1-inch diameter 3D-printed bolt (Figure 3.36), yielding a four-turn solenoid inductor

with an internal diameter (ID) slightly larger than 1 inch. The design is simplistic but works with

reasonable functionality.

3.3.3 Testing

All RF circuit elements were soldered in place, allowed to cool, and tested using an Agilent

Technologies network analyzer (ENA Series, Model #E5061A)(Figure 3.37). If the frequency

or amplitude were not ideal, the circuit was taken apart, redesigned, rebuilt, and retested. This
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Figure 3.34: A bottom view of the inductor.

Figure 3.35: Simpli�ed diagram of the radio frequency circuit.
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Figure 3.36: Te
on-coated copper wire was wrapped around a 3D-printed bolt to create the induc-
tor.

process was iterated at least twenty-�ve times until desirable results were achieved.

3.4 Probe Quality

After �nalizing the probe's construction, the quality of the probe had to be assessed. Probe

quality was addressed by two aspects: (1) interpreting the quality of the NMR spectrum and (2)

performing a stability test. Figure 3.38 shows an NMR spectrum acquired with deuterated water

in a Te
on container using sixty-four scans. The spectrum is much noisier than commercial probes;

however, it yields a usable spectrum for experiments. A�= 2-degree pulse of 17.5 microseconds

was used in this instance. A linewidth of 3.15 ppm was attained at 50% spectrum height. The

completed probe yields usable spectra, but not ideal. The radio frequency circuit is the most likely

cause, speci�cally the inductor. Although the inductor produces a proper frequency, no doubt

magnetic �eld inhomogeneities exist due to its crude construction. A more precise inductor would

likely create better spectra and improve probe stability.

A stability test was undertaken to test the stability and repeatability of NMR spectra the probe

produced over a twenty-four hour period. In total, �fty-four experiments were ran using deuterated

water in a Te
on container. NMR spectra were acquired, phase-corrected, and overlain to highlight

any di�erences over time (Figure 3.39). Most, but not all, spectra overlie each other, suggesting
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Figure 3.37: Proper frequency and signal amplitude were tested using a network analyzer from
Agilent Technologies (ENA Series, Model #E5061A).

the probe is relatively stable but requires additional work. The lack of stability is attributed to

the capacitors which are susceptible to the high amounts of heat needed for soldering. Capacitors

appeared to fail gradually over multiple soldering sessions instead of failing instantaneously. The

gradual failure made it di�cult to determine whether changes in frequency or impedance were due

to: (1) capacitor failure or (2) RF circuit design changes. The capacitors are interpreted to be the

source of instability during the test.

3.5 Conclusions

A high-frequency (400 MHz) NMR probe was built to measureT2 distributions in core plugs

measuring 0.75 inches in diameter and 0.45 inches in length. The probe is composed of two primary

elements: a structural framework and radio frequency circuit. The structural framework provides a

platform for radio frequency circuit and secures the core plug sample within the NMR spectrometer.

NMR experiments post-construction show the tool can yield usable NMR spectra with relative

stability over a 24-hour period.
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Figure 3.38: A 1D spectrum of the probe using deuterated water in a Te
on container. The NMR
spectrum is noisy but usable forT2 experiments. The x-axis ranges from positive to negative 50
ppm relative to the Larmor frequency. The y-axis shows the amplitude of the signal relative to the
maximum amplitude.
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Figure 3.39: Fifty-four NMR spectra were acquired over a twenty-four hour period to test the
stability of the probe. Most spectra overlie each other; however, a signi�cant amount do not,
suggesting the probe has stability issues over extended amounts of time. Thex-axis ranges from
positive to negative 50 ppm relative to the Larmor frequency. They-axis shows the amplitude of
the signal relative to the maximum amplitude.

63



3.6 Recommendations for Future Work

Two primary improvements are recommended for future work: (1) a more precise inductor

design and (2) removal of extraneous holes. A more precise inductor design is expected to yield

better NMR spectra and a more stable probe. Removing extraneous holes may also improve

the circuit. These include one pair of holes for water lines, one pair for capacitors, one pair for

miscellaneous lines, and a single hole drilled for a transmission line, temperature line, and circuit

ground. These holes are considered extraneous and should be removed from future designs unless

their need is warranted. The probe base also has extraneous holes that may be removed from future

designs. The extra RF connector holes and its corresponding bolt holes are unnecessary for the

current design.
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Table 3.1: A list of the probe's structural components, subcomponents, and their respective purposes.

Structural Component Subcomponents Purpose

Probe Frame

Top 
ange Provides a platform for core sample stabilizers and inductor
Capacitor 
ange Provides a platform for capacitors
Support 
ange Provides structural support for probe frame
Base 
ange Connects probe frame to probe base
Brass Tubing (4x) Connects 
anges together

Probe Base None Provides probe's structural base, platform for RF connector

Bracket Assembly
Hanging bracket Connects base 
ange to probe base
Mounting bracket Connects base 
ange to probe base

Core Sample Support Core sample stabilizers (2x) Supports core sample

Probe Housing
Upper probe housing Covers upper probe, inductor, core sample stabilizers
Lower probe housing Covers lower probe, capacitors
Probe housing cover Covers top of upper probe housing
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CHAPTER 4

VALIDATING THE NMR PROBE

The custom-built NMR probe was validated by comparing high-frequency (400 MHz) data

acquired in-house to low-frequency (2 MHz) data measured at a commercial laboratory. Twelve

core plugs (0.75-inch diameter, 1-inch length) were cut from two Eagle Ford Shale subsurface cores

located in Gonzales and La Salle counties, Texas. Low-frequencyT2 distributions were measured

twice: �rst after drying core plug samples in a vacuum oven and again after spontaneous imbibition

with various brine solutions (deionized water, 8 wt.% KCl, or 17.9 wt.% KCl) for one week. These

saturation states were applied to highlight immovable water in the core plugs. For high-frequency

data measurements, samples were trimmed to 0.45-inch lengths to �t inside the newly-built NMR

probe, leaving two sub-samples for each of the original core plugs.T2 distributions were �rst

acquired \as-is" (e.g., without drying or imbibition). After as-is data acquisition, samples were

dried in a vacuum oven then allowed to spontaneously imbibe the same brine solutions used in the

low-frequency study. T2 distributions were measured again after imbibition and compared to the

low-frequency data acquired by the commercial laboratory.

Qualitatively, high-frequency T2 distributions resemble low-frequency data; however, the abso-

lute T2 values are routinely higher by one order of magnitude. The di�erence may be caused by data

acquisition, data processing, 
uid-rock interactions, magnetic �eld inhomogeneities, or some com-

bination thereof. In spite of not attaining the higher-resolution T2 distributions desired, the project

still provides a proof-of-concept that T2 relaxation times can be measured in conventional-sized core

plugs using 400 MHz NMR. Although limited in its outcomes, the study delivers promising results

and elicits future research into utilizing high-frequency NMR spectroscopy as a petrophysical tool

for unconventional reservoirs.

4.1 Background

Nuclear magnetic resonance is unique among petrophysical tools by its nuclei-speci�c data ac-

quisition, ensuring the recordable signal is only measured from the nuclei under observation. Nuclei

with either an odd-numbered mass number or odd-numbered atomic number can be measured by
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NMR experiments. The hydrogen atom, speci�cally 1H, is the most commonly observed isotope in

oil�eld NMR applications due to: (1) high gyromagnetic ratio, which yields higher signal strength

per nuclei; (2) high natural abundance, which produces higher signal strength per sample; and (3)

its direct relationship to reservoir 
uids (e.g., oil, gas, and water).

4.1.1 Relaxation Mechanisms

NMR experiments estimate rock and 
uid properties by measuring the decay of re-emitted

energy after nuclei have been exposed to a series of radio frequency pulses. Signal decay is called

relaxation and further subdivided into longitudinal relaxation ( T1) and transverse relaxation (T2).

In the simplest terms, T2 relaxation is caused by the dephasing of nuclei, andT1 relaxation is caused

by the realignment of nuclei to the static magnetic �eld provided in the experiment.

Relaxation is composed of three mechanisms: (1) bulk 
uid relaxation, (2) surface-induced

relaxation, and (3) di�usion-induced relaxation (Kenyon 1997). These mechanisms act in parallel

and governed by:

T1 =
1

T1;bulk
+

1
T1;surface

(4.1)

T2 =
1

T2;bulk
+

1
T2;surface

+
1

T2;dif fusion
(4.2)

where the subscriptsbulk = bulk 
uid relaxation, surface = surface-induced relaxation, anddi�u-

sion = di�usion-induced relaxation (Kenyon 1997).

Bulk 
uid relaxation represents the inherent relaxation of the 
uid in the absence of surface-

induced or di�usion-induced e�ects. T1;bulk and T2;bulk are determined by 
uid in a container

su�ciently large enough that surface-induced relaxation e�ects are negligible. Relaxation times are

controlled by temperature and 
uid properties and de�ned by:

For dead oil,

T1;bulk
�= T2;bulk

�= 0:00713
TK

�
(4.3)

For gas,

T1;bulk
�= T2;bulk

�= 2:5 � 104

 
� g

TK
1:17

!

(4.4)

67



For water,

T1;bulk
�= T2;bulk

�= 3

 
TK

2:98�

!

(4.5)

where TK is temperature, � is 
uid viscosity, and � g is gas density (Prammer et al. 1995; Vinegar

1995; Zhang et al. 1998; Coates et al. 1999).

Bulk relaxation e�ects become important when measuring the relaxation of non-wetting 
uids

or very large pore systems (i.e., vuggy porosity) in conventional reservoirs (Kenyon et al. 1995);

however, their in
uence can likely be ignored in unconventional reservoirs due to their slower

relaxation times as compared to surface-induced relaxation. For example, applyingEquation 4.5

yields a T2;bulk relaxation time of 250{300 milliseconds when utilizing 0{17.8 wt.% brine solutions

at room temperature. In contrast, Eagle Ford Shale core measurements, using the same brine

solutions, show most porosity resides atT2 relaxation times less than 100 milliseconds. Thus, bulk

relaxation e�ects are considered trivial in the current experiments and will be ignored.

Surface-induced relaxation , also called grain surface relaxation, is caused by collisions be-

tween grain surfaces and reservoir 
uid molecules. These molecules are constantly moving due

to Brownian motion and can collide multiple times with grain surfaces (e.g., pore walls) within

one NMR measurement (Kenyon et al. 1995). During a collision, two interactions can occur: (1)

protons transfer nuclear spin energy to the grain surface and realign with the static magnetic �eld

and/or (2) protons are irreversibly dephased (Kenyon et al. 1995). These interactions contribute

to T1 and T2 relaxation, respectively.

Surface-induced relaxation is de�ned by:

1
T1;surface

= � 1

 
S
V

!

pore

(4.6)

1
T2;surface

= � 2

 
S
V

!

pore

(4.7)

where� 1 is T1 surface relaxivity, � 1 is T2 surface relaxivity, and (S=V)pore is the ratio of pore surface

area-to-volume ratio (Brownstein and Tarr 1979; Kenyon 1992; Kleinberg et al. 1994; Coates et al.

1999).

Surface-induced relaxation is controlled by surface relaxivity and the pore surface area-to-

volume ratio. Kenyon (1997) de�nes surface relaxivity as a grain surface's ability to cause the
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relaxation of proton magnetization. The parameter is dependent on formation mineralogy and

reservoir 
uids, but independent of temperature and pressure (Coates et al. 1999). Accurate es-

timates are necessary to convertT1 and T2 relaxation times to pore surface area-to-volume ratios

and subsequently to total porosity and pore size distributions. These distributions can then be

utilized to estimate permeability, movable 
uids, and immovable 
uids when used in conjunction

with pore throat sizes, typically provided by mercury injection experiments (Figure 4.1).

Figure 4.1: NMR relaxation measurements, surface relaxivity, and pore throat sizes can be used in
conjunction to estimate formation permeability as well as movable and immovable 
uids. Figure
modi�ed from (Kenyon 1997).

Surface-induced relaxation has the most signi�cant in
uence on relaxation times at low magnetic

�eld strengths and is the primary focus of T2 measurements in oil and gas reservoirs (Kleinberg and

Hors�eld 1990). Reservoir rocks can be viewed as a porous media composed of multiple pore size

populations, each with a unique distribution of surface area-to-volume ratios and their correspond-

ing T2 values. If pore populations were perfectly homogeneous, each would have a discreteT2 time;

however, this is rarely (if ever) the case. More frequently, the range of pore sizes from individual

populations overlaps and create a continuous distribution with local minima and maxima. The
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ability to calculate pore size distributions from surface-induced relaxation makes NMR a powerful

tool when quantifying petrophysical properties, especially in unconventional reservoirs where pores

can commonly range from nanometers to tens of microns in size.

Di�usion-induced relaxation is caused by molecular di�usion in the presence of magnetic

�eld gradients (Coates et al. 1999). Gradients can be sourced from either: (1) the con�guration

of the magnet providing the static magnetic �eld or (2) magnetic susceptibility contrasts between

pore walls (e.g., grain surfaces) and pore 
uids (Kenyon et al. 1995). When gradients exist, molec-

ular di�usion moves nuclei into regions where the magnetic �eld strength, therefore the precession

frequency, is di�erent. The disparity in frequency between the newly-arrived nuclei and the existing

nuclei causes dephasing which subsequently contributes to relaxation. Di�usion can have a signi�-

cant e�ect in reservoirs saturated with gas, light oil, or water as well as some medium-viscosity oils

(Coates et al. 1999). Di�usion does not a�ect T1 measurements but does in
uenceT2 relaxation at

higher magnetic �eld strengths (Kleinberg and Hors�eld 1990). Its role is considered secondary to

surface-induced relaxation inT2 measurements at conventional Larmor frequencies (2 MHz or less)

and commonly ignored.

Di�usion-induced relaxation time is de�ned by:

1
T2;dif fusion

=
D(
 � G � TE)2

12
(4.8)

where D is the molecular di�usion coe�cient (also called the self-di�usion coe�cient), 
 is the

nuclei's gyromagnetic ratio, G is the magnetic �eld gradient strength, and TE is the inter-echo

spacing applied in the CPMG sequence (Bendel 1990; Coates et al. 1999).

The molecular di�usion coe�cient, also called the self-di�usion coe�cient, represents the ran-

dom translational motion of molecules due to their thermal energy (e.g., Brownian motion) (Cohen

et al. 2005). The coe�cient is an intrinsic molecular property and can be used to identify the

source of nuclei under observation (i.e., hydrogen in water versus hydrogen in methane). Although

ignored in the T2 experiments reported here, the self-di�usion coe�cient will be reviewed in detail

in Chapter 5.
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4.1.2 CPMG Pulse Sequence

T1 and T2 relaxation times are measured by applying the CPMG pulse sequence during NMR

experiments. Named after Carr and Purcell (1954) and Meiboom and Gill (1958), the CPMG

sequence applies an initial 90-degree pulse followed by a series of 180-degree pulses until the sample

displays irreversible dephasing. CPMG experiments consist of four steps: (1)polarization, (2) spin

tipping, (3) relaxation, and (4) refocusing (Figure 4.2).

Polarization is achieved by exposing nuclei to a static magnetic �eld provided externally by

an NMR spectrometer (in laboratory studies) or a geophysical logging tool (in subsurface logging).

The external magnetic �eld is denoted B0 and assigned the positivez-axis. Once applied,B0 exerts

a torque on the nuclei and forces them into low- and high-energy states that rotate sub-parallel

and sub-antiparallel to the positive z-axis, respectively. More nuclei reside in the low-energy state

thereby creating a macroscopic magnetization parallel to the positivez-direction called M z. M z

grows over time as more nuclei align toB0 and eventually reaches a maximum, denotedM 0. At

this point, the sample is said to be \polarized" and ready for spin tipping.

Spin Tipping manipulates nuclei by stimulating them with an oscillating magnetic �eld ( B1)

provided by radio frequency (RF) pulses equivalent to the Larmor frequency. The application ofB1

causes three simultaneous reactions: (1) nuclei are forced to precess in-phase; (2) nuclei are tipped

away from the z-axis towards the x-y plane; and (3) some nuclei jump from the low-energy state

to high-energy state by absorbing energy (Coates et al. 1999). The RF pulse is applied only long

enough to tip nuclei to the x-y plane. Since nuclei are roughly parallel (or antiparallel) to thez-axis

before tipping, nuclei are rotated approximately 90 degrees. Consequently, the RF pulse duration

(e.g., application time) is called a 90-degree pulse or�= 2-pulse and must be determined before the

experiment to ensure proper spin tipping. The 90-degree pulse is established by subjecting the

sample used in the experiment to RF pulses of varying duration. Since signal strength is measured

along the x-y plane, the pulse duration with the highest corresponding amplitude will identify the

proper 90-degree pulse for the individual sample. The process must be repeated for each sample

included in the NMR experiments.

B1 is stopped after spin tipping, and nuclei are allowed to undergo relaxation. Relaxation

has two components: (1) realignment to the static magnetic �eld, called longitudinal relaxation
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Figure 4.2: A typical CPMG pulse sequence. Protons are driven to thex'-y' plane by an initial
90-degree pulse then refocused by additional 180-degree pulses.
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or T1 relaxation; and (2) dephasing of nuclei, called transverse relaxation orT2 relaxation. Both

processes occur simultaneously, but develop at di�erent rates.T2 is always faster than or equal to

T1 relaxation. The combination of dephasing and realignment creates an exponentially-decaying,

sinusoidal signal called a free induction decay (FID). Nuclei completely dephase eventually, resulting

in a net zero magnetization along thex-y plane.

After complete dephasing, nuclei are forced back in-phase by refocusing.Refocusing is ac-

complished by applying two back-to-back 90-degree pulses known as a 180-degree pulse. The RF

pulse 
ips nuclei about the x-y plane thereby reversing their direction of rotation. Energy increases

sinusoidally along the x-y plane as the nuclei converge towards a common precession frequency

then subsequently dephase again. The rise, climax, and fall of signal amplitude after a 180-degree

pulse is called aspin echo or Hahn's echo after Hahn (1950). The time from the beginning of the

180-degree pulse to the maximum signal amplitude is called rephasing time. Rephasing time is

equal to dephasing time (� ); therefore, a spin echo's peak amplitude occurs at 2� after the previous

spin echo. The time between spin echoes is calledinter-echo spacing (TE) (Coates et al. 1999).

The refocusing process is then repeated hundreds to thousands of times until dephasing is

irreversible. After the pulse sequence has �nished, the data is processed to calculateT2 relaxation

times.

4.1.3 Data Processing

Repetition of the refocusing process creates a series of spin echoes called aspin echo train.

Upon completion of the experiment, each spin echo's maximum amplitude is plotted against time

and �t with a single or multi-exponential curve.

T2 is related to spin echo amplitude by:

M y(t) = M y0 e� t=T2 (4.9)

whereM y(t) is the net magnetization measured along thex-y plane at time t, M y0 is the maximum

magnetization measured along thex-y plane, and T2 is the transverse relaxation time (Coates et

al. 1999).

Homogeneous pore size populations can be modeled by a single, discreteT2 relaxation time;

whereas, populations with a range of pore sizes are modeled by aT2 distribution. Hydrocarbon
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reservoirs are rarely composed of single or multiple homogeneous pore size populations. Thus,T2

relaxation times will rarely be composed of one or more discrete values. More commonly, reservoir

rocks contain multiple pore systems, each containing its own pore size distribution. Therefore, the

relationship between spin echo amplitude and time is expected to have a complex multi-exponential

character re
ecting the variety of pore sizes within each system, as well as overlap between systems.

Accordingly, T2 relaxation times are predominantly represented by distribution curves with local

minima and maxima.

4.1.4 Previous Work

The application of high-frequency NMR is at its earliest stages in the petroleum industry, and

few studies have been published at this time. The most notable publications include Alzahrani

(2013), Alzahrani et al. (2014), and Kausik et al. (2016, 2017).

Alzahrani (2013) was the �rst to publish high-frequency (400 MHz) T2 relaxation times in

an unconventional reservoir; however, these measurements were a secondary focus to the swelling

behavior of pure clays (as seen in Alzahrani et al. 2014). FiveT2 relaxation measurements were

performed on crushed Eagle Ford samples at di�erent saturation states: (1) dry sample, (2) sample

saturated with tap water, (3) sample saturated with deionized (DI) water, (4) sample saturated

with an 8 wt.% potassium chloride (KCl) brine solution, and (5) sample saturated with a 17.9

wt.% KCl brine solution. The T2 measurements showed a bimodal distribution in the Eagle Ford

Shale(Figure 4.3). The rightmost peak is interpreted as inorganic porosity; whereas, the leftmost

peak likely represents bitumen, kerogen, clay-bound water, or some combination thereof. Like low-

frequency NMR, the results do not di�erentiate between components in the leftmostT2 peak. The

current study extends the work of Alzahrani (2013) to test if utilizing uncrushed rock samples and

a larger sample volume can aid in segmenting components.

Kausik et al. (2016, 2017) also explored the bene�ts of high-frequency NMR by comparing:

(1) 2 MHz measurements performed on conventional-sized cores; (2) 400 MHz measurements on

millimeter-sized core plugs; and (3) 400 MHz measurements on extracted bitumen. Low-frequency

experiments (2 MHz) were conducted on 1-inch diameter, 1.5-inch length core plugs. High-frequency

(400 MHz) experiments were performed on 3-millimeter diameter, 12-millimeter length plugs sub-

sampled from the larger core plugs used in the low-frequency experiments. The authors concluded
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Figure 4.3: T2 distributions measured in the Eagle Ford Shale by Alzahrani (2013). Each line
represents the same rock sample in di�erent saturation states. Figure from Alzahrani (2013).

the bound water and bitumen signals could not be isolated using either 2 MHz or 400 MHzT2 mea-

surements alone. The distinction could only be obtained with two-dimensional (2D)T1-T2 maps at

400 MHz. Bitumen extracted from samples con�rmed the results above.

Although these publications yield important conclusions, they are of limited value to the current

project due to several fundamental di�erences. The experiments presented here focus on measuring

T2 relaxation times at 400 MHz in conventional-sized core plugs (e.g., uncrushed samples) from the

Eagle Ford Shale. Alzahrani (2013) and Alzahrani et al. (2014) also measureT2 relaxation in Eagle

Ford at 400 MHz; however, the samples are crushed. In contrast, Kausik et al. (2016, 2017) utilize

whole core plugs (albeit very small in size); however, samples are sourced from the Bakken and

Three Forks formations. Neither of which are considered strong Eagle Ford SHale analogs.

4.2 Methods

NMR experiments were conducted on twelve core plugs cut from two geologic cores in the Eagle

Ford Shale. The subsurface cores were provided by the UNGI CIMMM Consortium and acquired

from oil wells located in Gonzales and La Salle counties, Texas(Figure 4.4). The wells are named
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Well 1 and Well 2, respectively, and follow the numbering scheme published by Ramiro-Ramirez

(2016), Padin (2016), Padin et al. (2016), Tutuncu et al. (2016), and Ramiro-Ramirez and Padin

(2017).

Figure 4.4: Core samples were taken from Well 1 and Well 2 in Gonzales and La Salle county,
respectively. Figure modi�ed from Laubach and Jackson (1990), EIA (2010, 2014), and RRC
(2017).

Four depth intervals were sampled from the geologic cores: three depth intervals in Well 1

and one depth interval in Well 2. Three core plugs (0.75-inch diameter, 1-inch length) were cut

from each depth interval, creating twelve total core plugs for the experiments. Depth intervals are

referred to hereafter as (a) Well 1, Depth 1; (b) Well 1, Depth 2; (c) Well 1, Depth 3; and (d) Well
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2, Depth 1. Core plug samples are numbered from one to twelve(Table 4.1).

Table 4.1: Core plug samples used in the low and high-frequency NMR experiments.

Well Number Depth Interval Core Plug Samples

1
1 2, 6, 10
2 3, 7, 11
3 4, 8, 12

2 1 1, 5, 9

After cutting, samples were subjected to low-frequency (2 MHz) and high-frequency (400 MHz)

NMR experiments in various saturation states. Low-frequency experiments were conducted in a

commercial laboratory to provide ground truth for high-frequency T2 data acquired in-house. Both

parts are described in detail in the following sections.

4.2.1 Low-Frequency (2 MHz) Experiments

Core plug samples were placed in a vacuum oven for 1{2 days at 60� C and -25 mm Hg to

remove easily accessible water and hydrocarbons. After drying, one core plug sample from each

depth interval was sent to Schlumberger Reservoir Laboratories (located in Houston, Texas) to

measure low-frequency (2 MHz)T1 and T2 relaxation time distributions. Samples were measured

after drying, but before saturation, to highlight immovable 
uids within the rock (i.e., clay-bound

water and capillary-bound 
uids).

Both one-dimensional (1D) and two-dimensional (2D) data were acquired by Schlumberger

including (a) 1D T1, (b) 1D T2, and (c) 2D T1-T2. CPMG pulse sequences were run with a 0.2

millisecond (ms) inter-echo spacing (TE) for all relaxation measurements. One-dimensionalT2 was

also acquired usingTE = 0.4 ms to identify any TE e�ects (Table 4.2).

Table 4.2: Data acquired by Schlumberger Reservoir Laboratories in Houston, Texas.

Data Type Relaxation Measurement Inter-Echo Spacing ( TE)

One-dimensional (1D)
T1 0.2 ms
T2 0.2 ms
T2 0.4 ms

Two-dimensional (2D) T1-T2 0.2 ms
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After acquiring data on the dried samples, core plugs were returned to Colorado School of Mines

and saturated with deionized (DI) water. Core plug samples were �rst placed into individual plastic

containers and �lled with deionized water. Containers were then put into a vacuum chamber at

room temperature and -25 mm Hg vacuum pressure. Vacuum pressure was removed after one day,

and samples were allowed to spontaneously imbibe 
uid at room temperature and pressure for one

week. The process was repeated for the remaining two core plugs from each depth interval using

an 8 wt.% KCl brine solution for one plug and a 17.9 wt.% KCl brine solution for the other. The

plugs were then sent to Schlumberger Reservoir Laboratories to measure the same 1D and 2DT1

and T2 datasets as the dried samples. Samples were then returned to Colorado School of Mines

and placed in storage until the custom-built NMR probe was operational. A complete list of core

plug samples utilized in the low-frequency (2 MHz) experiments can be found inTable 4.4 and

Table 4.5.

4.2.2 High-Frequency (400 MHz) Experiments

After the in-house NMR probe was operational, samples were removed from storage and cut

into 0.45-inch lengths, resulting in two sub-samples for each original sample. Sub-samples were

arbitrarily named \A" and \B." One-dimensional T2 relaxation time distributions were acquired

\as-is" (e.g., no drying or saturation) immediately after cutting using the custom-built probe and a

Bruker AscendTM 400WB NMR spectrometer. A CPMG experiment with 64 pulse sequence runs

was used for data acquisition. A single pulse sequence run can be seen inFigure 4.5.

Low-frequency and high-frequency spectrometers both apply CPMG pulse sequences to deter-

mine T2 distributions; however, the data acquisition and processing di�ers in two ways: (1) when

the unprocessed signal is measured during the pulse sequence run and (2) whether an unprocessed

or processed signal is used to calculate the multi-exponential function needed forT2.

Low-frequency spectrometers measure the maximum amplitude of the free induction decay and

all subsequent spin echoes while the pulse sequence is still underway, creating one data point for

the FID and another data point for each additional echo (Figure 4.6). This means the entire

spin echo train is recorded during a single pulse sequence run, resulting in hundreds to thousands

of data points. The maximum amplitude of the FID and spin echoes are then used to calculate

the multi-exponential �t needed for T2 distributions. These amplitudes are measured from the raw
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Figure 4.5: CPMG pulse sequence applied by TopSpin software package in high-frequency (400
MHz) NMR experiments. D1 = polarization time (in seconds); D20 = inter-echo spacing time (in
milliseconds); P1 = 90-degree pulse (in microseconds); P2 = 180-degree pulse (in microseconds).
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signal and are not processed before the multi-exponential function �t.

In contrast, the high-frequency spectrometer does not measure unprocessed signal continuously

during the pulse sequence run. Instead, the spectrometer only acquires the second half of the

last echo in each pulse sequence run; all other data is ignored(Figure 4.7). This results in a

discrete group of data for each pulse sequence run(Figure 4.8, Figure 4.9). The raw signal is

then processed through a Fourier transform to calculate the maximum amplitude of the �nal echo,

yielding one data point per pulse sequence run. The pulse sequence must be repeated for each data

point by varying the number of 180-degree pulses. To build a spin echo train, the user must runn

number of pulse sequences to acquiren number of data points. For example, to acquire a continuous

100-echo spin echo train, the user would have to run 100 individual pulse sequences, each with one

more 180-degree pulse than the previous pulse sequence run. This makes data acquisition extremely

time consuming and limits the total number of data points that can be acquired in a reasonable

amount of time, especially when hundreds of 180-degree pulses will be applied. To overcome this

issue, the number of 180-degree pulses is logarithmically-spaced (approximately) to decrease the

number of pulse sequence runs per CPMG experiment while still capturing a wide range of spin

echoes(Table 4.3). As a result, each high-frequency CPMG experiment is composed of sixty-four

(64) individual pulse sequence runs with a unique number of 180-degree pulses and their resulting

spin echoes1.

Table 4.3: Relationship between pulse sequence run, number of 180-degree pulses, and number of
spin echoes. Sixty-four (64) pulse sequence runs are conducted for each CPMG experiment. The
number of 180-degree pulses (and their resulting spin echoes) is approximately logarithmically-
spaced to capture a wide range of data points.

Pulse Increment Pulse Seq. Run # 180-deg pulses # Echoes

1 additional 180-deg pulse/run

1 1 1
2 2 2
3 3 3
...

...
...

49 49 49

1As-is data acquisitions for samples 6A, 7A, and 11B are composed of �fty-�ve (55) pulse sequence runs. All other
experiments are composed of sixty-four (64) pulse sequence runs.

80



Table 4.3: Continued.

Pulse Increment Pulse Seq. Run # 180-deg pulses # Echoes

5 additional 180-deg pulses/run

50 50 50
51 55 55
52 60 60
...

...
...

59 95 95

100 additional 180-deg pulses/run

60 100 100
61 200 200
62 300 300
63 400 400
64 500 500

After the \as-is" data acquisition, samples were resaturated with the sample 
uids utilized in

the low-frequency experiments. Unlike before, core plugs were not placed in a vacuum oven to

prevent removing movable 
uids (e.g., previous brine solutions) and leaving crystallized salts in the

pore throats and pore spaces. Core plugs samples were placed in individual plastic containers and

�lled with the same brine solutions as before. The samples were then allowed to spontaneously

imbibe 
uid under a -20 mm Hg vacuum for one week. The longer vacuum time (when compared

to the low-frequency experiments) was performed to aid sample saturation and ensure the highest

signal amplitude possible. T2 relaxation time distributions were the acquired in the same manner

as before. A complete list of samples used in the high-frequency (400 MHz) experiments is listed

with their saturation states and saturating 
uids in Table 4.6 and Table 4.7.

After the experiments are completed, the data must be processed to calculate theT2 relaxation

time distributions. Data processing is composed of six primary steps: (1) performing a Fourier

transform on the spin echo train in TopSpin, (2) exporting data from TopSpin, (3) converting

TopSpin datasets to time, (4) de�ning the starting parameters in rilt , (5) running rilt to calculate

T2 relaxation time distributions, and (6) saving �nal data set.

Once an experiment is complete, the raw data is processed through a Fourier transform in

the TopSpin 3.5p17 software package, creating a single data point per pulse sequence run(Fig-

ure 4.10). The TopSpin software automatically �ts the data with a single exponential function

(i.e., a discreteT2 value), but is not utilized when calculating the T2 relaxation time distributions.
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Figure 4.6: An example of the standard CPMG pulse sequence used in industry. (a) A�= 2-degree
pulse drives nuclei to the x0-y0 plane and creates a free induction decay. Subsequent 180-degree
pulses create spin echoes. (b) The maximum amplitude of the free induction decay and each
subsequent echo is recorded during the pulse sequence. Unprocessed amplitudes are then �t with
a multi-exponential curve to determine the T2 distribution.
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Figure 4.7: An example of the CPMG pulse sequence used in the Bruker spectrometer. (a) A
�= 2-degree pulse drives nuclei to thex0-y0 plane and creates a free induction decay. Subsequent
180-degree pulses create spin echoes. (b) In contrast to the pulse sequence commonly used in the
oil industry, only the second half of the last echo is recorded by the Bruker spectrometer (red); all
other data is ignored (gray). This signal is then processed through a Fourier transform to calculate
the maximum amplitude of the echo, yielding one data point per pulse sequence. This process is
repeated for each data point by varying the number of echoes performed in the sequence.
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Figure 4.8: Echo train created by the TopSpin CPMG pulse sequence. They-axis represents relative
amplitude; whereas, thex-axis is a combination of pulse sequence run and time. Each \spike" above
represents the data acquired on a single pulse sequence run, called \#�d" by TopSpin.
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Figure 4.9: A zoomed-in view of the echo train created by the TopSpin CPMG pulse sequence.
The y-axis represents relative amplitude; whereas, thex-axis is a combination of pulse sequence
run and time. Each CPMG experiment is composed of 64 pulse sequence runs, enumerated as an
\#�d" by TopSpin. The data from one pulse sequence run is displayed from n to n + 1 where n
= pulse sequence run number. For example, the data acquired from pulse sequence run ranges on
the x-axis from 10 to 11.
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Figure 4.10: TopSpin creates one data point per pulse sequence run and attempts to �t the data
with a single exponential line (i.e., a discreteT2 value). The x-axis lists secondsas the units; in
reality, the number refers to the number of 180-degree pulses performed in a pulse sequence run.
The y-axis represents relative amplitude.
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The processed data is then exported from TopSpin by clickingShow Report and saving as a

.txt �le (Figure 4.11). The key outputs of the report are tau and integral. Each data row

represents a single pulse sequence run wheretau lists the number of 180-degree pulses performed

in the pulse sequence run andintegral lists the relative amplitude of the processed spin echo.

Figure 4.11: The processed CPMG data is exported from TopSpin as a text �le. tau = total
number of 180-degree pulses performed in the pulse sequence run; integral = relative amplitude of
the processed spin echo.

To prepare the data for processing,tau must be converted to time by:

t = P1 + D20 + tau � (P2 + D20) (4.10)

wheret = time, P1 is the 90-degree pulse duration,D20 is the inter-echo spacing,tau is the number

of 180-degree pulses, andP2 is the 180-degree pulse duration. All variables are in seconds.

After time conversion, the data must be saved as a.csv �le where time is the leftmost column,

and relative amplitude is listed in the column directly to the right. Both columns must include
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data only (e.g., no table headers) as shown inFigure 4.12.

Figure 4.12: Proper formatting for raw T2 data before processing in MATLAB.

At this point, a MATLAB code named rilt is used to calculate theT2 relaxation time distri-

butions by performing a regularized inverse Laplace transform. The code is publicly-available and

based on the CONTIN Fortran program (Marino 2007; Provencher 1982). Processing is achieved by

running a script which imports the spin echo train and applies a \guess"T2 distribution composed

of logarithmically-spaced data points ranging from maximum and minimum T2 times supplied by

the user. The script estimates the best �t based on the initial \guess" distribution then performs

another iteration. The rilt processing interface can be seen inFigure 4.13.

4.3 Results

Results of the low-frequency and high-frequency experiments are reported separately in the

following sections.

4.3.1 Low-Frequency (2 MHz) Experiments

T2 relaxation time distributions of the low-frequency NMR experiments are shown in Fig-

ure 4.14, Figure 4.15, Figure 4.16, and Figure 4.17. T2 measurements were acquired using
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Figure 4.13: A snapshot of therilt interface during T2 processing. The left graph shows spin echo
amplitude versus time �t with a multi-exponential curve. The right graph shows the calculated T2

relaxation time distribution.

inter-echo spacings of 0.2 ms and 0.4 ms. The upper part of each �gure showsT2 distributions

when TE = 0.2 ms; whereas, the bottom half of the �gure showsT2 distribution when TE = 0.4

ms is used.

It is readily apparent that three incremental porosity peaks occur in nearly all depth intervals

regardless of the well: (1) a large peak between approximately 0.1 and 10 ms, (2) a small peak

between approximately 3 and 30 ms, and (3) a smaller-yet peak between 30 and 100 ms. The

peak located approximately between 0.1 ms and 10 ms is by far the largest in all depth intervals

and is also the focus of this study. T2 relaxation times below 33 ms are commonly regarded as

immovable 
uids such as clay-bound water and/or capillary-bound oil or water (Coates et al. 1999).

Unfortunately, low-frequency NMR spectrometers are unable to distinguish between the two due

to a variety of reasons. The other two peaks, at 3{30 ms and 30{100 ms, are likely inter- or intra-

granular porosity. Ramiro-Ramirez (2016) discusses these pore systems in great detail using the

same Eagle Ford wells and depth intervals described here.

It is also apparent that the T2 peak present at the lowestT2 times, hereafter referred to as

the immovable water peak, increases in height with increasing salinity for all depths in Well 1 at

the expense of the total porosity measured by Schlumberger(Table 4.9). The relationship is not

observed in Well 2. Another easily discernible trend is the change inT2 distribution character

between inter-echo spacings (TE) of 0.2 ms and 0.4 ms. Longer TE times lead to lower total

porosities (see Table 4.9) and a positive shift on thex-axis (approximately one order of magnitude).
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Figure 4.14: T2 distribution for Well 1, Depth 1 measured by Schlumberger Reservoir Laboratories.
Samples were measured with inter-echo spacings (TE) of 0.2 ms and 0.4 ms.
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Figure 4.15: T2 distribution for Well 1, Depth 2 measured by Schlumberger Reservoir Laboratories.
Samples were measured with inter-echo spacings (TE) of 0.2 ms and 0.4 ms.
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Figure 4.16: T2 distribution for Well 1, Depth 3 measured by Schlumberger Reservoir Laboratories.
Samples were measured with inter-echo spacings (TE) of 0.2 ms and 0.4 ms.
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Figure 4.17: T2 distribution for Well 2, Depth 1 measured by Schlumberger Reservoir Laboratories.
Samples were measured with inter-echo spacings (TE) of 0.2 ms and 0.4 ms.
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Figure 4.18: Core plugs consistently yield lower total porosities when longer inter-echo spacings are
used.
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The relationship between shorter and longer TE times is easily seen when the total porosities for

each are cross-plotted against one another(Figure 4.18). The causes of these observations are

interesting to note but beyond the scope of the study.

4.3.2 High-Frequency (400 MHz) Experiments

High-frequencyT2 relaxation time distributions are shown in Figure 4.19, Figure 4.20, Fig-

ure 4.21, and Figure 4.22. The y-axis on all graphs is namedintegral which is the relative

amplitude of the signal. The data was not converted to incremental porosity (e.g., like the low-

frequency experiments) due to the lack of a total porosity estimate from the high-frequency probe.

Figure 4.19: T2 distribution for Well 1, Depth 1 measured in-house. The y-axis is unitless and
represents relative amplitude.
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Figure 4.20: T2 distribution for Well 1, Depth 2 measured in-house. The y-axis is unitless and
represents relative amplitude.
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Figure 4.21: T2 distribution for Well 1, Depth 3 measured in-house. The y-axis is unitless and
represents relative amplitude.
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Figure 4.22: T2 distribution for Well 2, Depth 1 measured in-house. The y-axis is unitless and
represents relative amplitude.
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The high-frequency experiments yielded reliable data in only sixteen out of forty-eight experi-

ments, eleven of which were acquired on \as-is" samples and �ve of which were acquired on saturated

samples. The lack of measurements is largely due to the inability of the in-house probe to properly

tune the radio frequency to 400 MHz, match the impedance of the circuit, or both.

Most T2 distribution curves only show one large peak ranging from approximately 1 to 10

ms. This is interpreted as the same \immovable water" peak observed in the low-frequency data;

however, it has shifted right by approximately one order of magnitude on thex-axis. The peak

appears to be consistent between multiple \as-is" samples and saturating 
uids except for Well 1,

Depth 3. Here, the peaks for samples saturated with deionized water and 17.9 wt.% KCl almost

perfectly overlie each other; however, they are shifted one-half log scale to the right relative to the

\as-is" samples. Additionally, the sample saturated with 8 wt.% KCl is shifted another one-half

log scale.

Well 1, Depth 3 and Well 2, Depth 1 both show an increase in the immovable water peak's

maximum amplitude relative to the \as-is" samples, consistent with the low-frequency data. In

contrast, the positive relationship between salinity of the saturating 
uid and the height of the

peak is not readily apparent. Well 1, Depth 3 is the only interval that had all saturating 
uids

represented; however, the samples saturated with the highest and lowest salinities are identical.

4.4 Discussion

Low-frequency and high-frequency NMR experiments yielded similarT2 distribution shapes,

but with shifted distributions. High-frequency experiments were di�cult to obtain with saturated

samples. Most samples only gaveT2 peaks similar to the irreducible water/clay-bound water found

in low-frequency results and the high-frequency results of Kausik et al. (2016). The distinct dual

T2 peak reported by Alzahrani (2013) was not observed in the sample set used in the current

study. Several factors are likely contributors to the discrepancies between the low-frequency and

high-frequency data as well as the lack of the doubleT2 peaks seen at low relaxation times by

Alzahrani (2013). The expected sources are: (1) magnetic �eld inhomogeneities, (2) partial 
uid

saturation of samples, (3) enhanced 
uid relaxation due to bitumen, (4) enhanced bulk relaxation

due to paramagnetic minerals, (5) data processing, and (6) sample heterogeneity.
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The most likely source of error for this study is data processing. A publicly-available MATLAB

code was used to process the data here; however, a better or more detailed code could be written.

Although data processing is critical to our results, the mathematics and coding behind this endeavor

are also beyond the scope of this study.

Two parameters in the available code can be easily modi�ed that may change the �nalT2

distribution: (1) minimum and maximum limits of T2 and (2) the number of data points used to

create the T2 distribution. It must be remembered the inverse Laplace transform performed on

the unprocessed data is non-unique and will yield varying results according to the inputs. The

low-frequency NMR data was used as a ground truth for the upper and lower limits of theT2

distribution: set at 0.1 and 10,000 ms, respectively. These are believed to be very reasonable

assumptions are not expected to be drastically di�erent.

The next largest source of error may be the number of data points de�ned by the code that

is used to converge onto a solution. Twenty data points were used for all samples for consistency.

Twenty points were chosen as the common input due to the inability of the code to converge

on a solution when more points were used. This problem was apparent in most samples. The

number of data points used to converge is hypothesized as a source of error. However, a closer look

(Figure 4.23) proved otherwise. In this example, the same data for Sample 6A was run three

times using 20, 25, and 30 data points to converge on a solution. Although di�erences do exist

between theT2 distributions, the discrepancies are likely within the error of acquisition.

Magnetic �eld inhomogeneities are known to exist by the unideal NMR spectra presented in

the previous chapter and may be a signi�cant source of error. Shimming of the spectrometer was

attempted to correct for the shortfalls with little-to-no success. This issue can only be alleviated

by better radio frequency circuit designs, speci�cally the inductor. Inhomogeneities may also be

caused by paramagnetic minerals, such as pyrite, present within the reservoir rock. Pyrite is well-

documented within the Eagle Ford Shale, as well as many other unconventional reservoirs, but the

e�ects on high-frequency NMR experiments have not been studied.

Partial 
uid saturation, as opposed to maximum 
uid saturation, is expected to a�ect signal

strength as well; however, su�cient signal was produced even after only one week of saturation.

Interestingly, the RF circuit was able to tune and match most \as-is" samples, but very few of the

saturated samples. This di�culty suggests a more robust or powerful RF circuit must be designed
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Figure 4.23: The rilt code was applied with 20, 25, and 30 points for �tting to test the e�ects on
T2 distributions. The y-axis is unitless and represents relative amplitude.
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to tune and match the additional 
uid volume within the sample after saturation. Tuning and

matching di�culties would likely be exacerbated with higher and higher 
uid saturations.

Fluid and mineral interactions are well-known to a�ect NMR relaxation and may also be a

contributor to the discrepancies between low-frequency and high-frequency results. Pommer (2014),

Pommer and Milliken (2015), and Ramiro-Ramirez (2016) have documented bitumen and pyrite

within the Eagle Ford Shale; however, their e�ects have not been investigated here. Although the

magnitude of these e�ects is unknown, they must be noted for future reference.

4.5 Conclusions

High-frequency (400 MHz) NMR experiments performed in-house prove the custom-built NMR

probe yields T2 relaxation time distributions reasonably close to those measured by low-frequency

(2 MHz), commercial spectrometers. Qualitatively, high-frequencyT2 distributions resemble low-

frequency data; however, the absoluteT2 values are routinely higher by one order of magnitude.

The di�erence may be caused by data acquisition, data processing, 
uid-rock interactions, magnetic

�eld inhomogeneities, or some combination thereof. Most core plug samples did not yield usable

data due to problems arising from tuning the radio frequency to 400 MHz and/or matching the

circuit impedance. The in-house NMR probe was unable to separate the \immovable water peak"

encountered in low-frequency NMR experiments; however, the project still provides a proof-of-

concept that T2 relaxation times can be measured in conventional-sized core plugs using 400 MHz

NMR. Although limited in its outcomes, the study delivers promising results and elicits future

research into utilizing NMR spectroscopy as a petrophysical tool for unconventional reservoirs.

4.6 Recommendations for Future Work

Future projects are recommended to focus on three key areas: (1) the robustness of the custom-

built probe, (2) the mathematics behind data acquisition and processing, and (3) rock/
uid e�ects

on T2 relaxation.

Designing and constructing a more robust radio frequency circuit should be considered the

primary focus of future projects. The new circuit should be able to tune frequency and match

impedance with a wide variety of rock samples and saturation states. The user is also urged to

conduct T2 experiments with well-understood reservoir rocks (like the Berea sandstone) to better
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understand the di�erences between low-frequency and high-frequency NMR experiments.

A more thorough investigation of the data acquisition and data processing is also recommended.

As noted in the chapter, data acquisition is very di�erent between conventional low-frequency

NMR spectrometers and the high-frequency spectrometer utilized in the project. Additionally,

data processing using therilt program is not well constrained and may be improved by applying

other techniques such as Venkataramanan et al. (2002).

Detailed studies on rock and 
uid e�ects on T2 relaxation are also recommended. The in
uence

of pyrite, bitumen, partial 
uid saturation, and di�usion should be tested. These e�ects have

been investigated in low-frequency NMR, but have not been determined in high-frequency NMR.

It is suggested these experiments be conducted using a commercial probe in the high-frequency

spectrometer to isolate rock/
uid e�ects from shortfalls of the custom-built probe.
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Table 4.4: Core plug samples (organized by sample number) utilized in low-frequency (2 MHz) NMR experiments.

Saturation State Saturating Fluid Sample No. Well No. Depth No. Data Acquired?

1 2 1 Yes

Dry NA
2

1
1 Yes

3 2 Yes
4 3 Yes

Deionized water

1 2 1 Yes

2
1

1 Yes
3 2 Yes
4 3 Yes

8 wt.% KCl

5 2 1 Yes

Saturated
6

1
1 Yes

7 2 Yes
8 3 Yes

17.9 wt.% KCl

9 2 1 Yes

10
1

1 Yes
11 2 Yes
12 3 Yes
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Table 4.5: Core plug samples (organized by well number and depth interval) utilized in low-frequency (2 MHz) NMR experiments.

Well No. Depth No. Saturation State Saturating Brine Sample No. Data Acquired?

1 1

Dry NA 2 Yes

Saturated
Deionized water 2 Yes

8 wt.% KCl 6 Yes
17.9 wt.% KCl 10 Yes

1 2

Dry NA 3 Yes

Saturated
Deionized water 3 Yes

8 wt.% KCl 7 Yes
17.9 wt.% KCl 11 Yes

1 3

Dry NA 4 Yes

Saturated
Deionized water 4 Yes

8 wt.% KCl 8 Yes
17.9 wt.% KCl 12 Yes

2 1

Dry NA 1 Yes

Saturated
Deionized water 1 Yes

8 wt.% KCl 5 Yes
17.9 wt.% KCl 9 Yes
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Table 4.6: Core plug samples (organized by sample number) utilized in high-frequency (400 MHz) NMR experiments. Samples denoted
by `{' were either too big to �t inside the inductor, data acquisition was not attempted, or the sample was not saturated.

Saturation State Saturating Fluid Sample No. Sub-Sample Well No. Depth No. Data Acquired?

1
A

2 1
Yes

B {

2
A

1 1
No

B No

3
A

1 2
Yes

B No

4
A

1 3
Yes

B No

5
A

2 1
Yes

B {

6
A

1 1
Yes

As-Is NA
B No

7
A

1 2
Yes

B {

8
A

1 3
Yes

B {

9
A

2 1
Yes

B {

10
A

1 1
No

B No

11
A

1 2
No

B Yes

12
A

1 2
Yes

B Yes
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Table 4.6: Continued.

Saturation State Saturating Fluid Sample No. Sub-Sample Well No. Depth No. Data Acquired?

1
A

2 1
Yes

B {

2
A

1 1
No

Deionized water
B No

3
A

1 2
No

B No

4
A

1 3
Yes

B No

5
A

2 1
No

B No

6
A

1 1
No

Saturated 8 wt.% KCl
B No

7
A

1 2
No

B No

8
A

1 3
Yes

B {

9
A

2 1
No

B {

10
A

1 1
No

17.9 wt.% KCl
B No

11
A

1 2
No

B No

12
A

1 2
Yes

B Yes
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Table 4.7: Core plug samples (organized by well number and depth interval) utilized in high-frequency (400 MHz) NMR experiments.
Samples denoted by `{' were either too big to �t inside the inductor, data acquisition was not attempted, or the sample was not saturated.

Well No. Depth No. Saturation State Saturating Fluid Sub-Sample No. Data Acquired?

NA
2A No
2B No

As-Is NA
6A Yes
6B No

NA
10A No

1 1
10B No

Deionized water
2A No
2B No

Saturated 8 wt.% KCl
6A No
6B No

17.9 wt.% KCl
10A No
10B No

NA
3A Yes
3B No

As-Is NA
7A Yes
7B {

NA
11A No

1 2
11B Yes

Deionized water
3A No
3B No

Saturated 8 wt.% KCl
7A No
7B No

17.9 wt.% KCl
11A No
11B No
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Table 4.7: Continued.

Well No. Depth No. Saturation State Saturating Fluid Sub-Sample No. Data Acquired?

NA
4A Yes
4B No

As-Is NA
8A Yes
8B {

NA
12A Yes

1 3
12B Yes

Deionized water
4A Yes
4B No

Saturated 8 wt.% KCl
8A Yes
8B {

17.9 wt.% KCl
12A Yes
12B Yes

NA
1A Yes
1B {

As-Is NA
5A Yes
5B {

NA
9A Yes

2 1
9B {

Deionized water
1A Yes
1B {

Saturated 8 wt.% KCl
5A No
5B No

17.9 wt.% KCl
9A No
9B {
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Table 4.8: Parameters used to convert TopSpin reports from spin echo number to time.P1 = 90-degree pulse;P2 = 180-degree pulse;
D20 = inter-echo spacing. �s = microseconds;ms = milliseconds.

Saturation State Sub-Sample No. P1 ( �s ) P2 ( �s ) D20 ( ms) # 180-degree pulses

As-Is

1A 27.5 55 1 64
3A 26.0 52 1 64
4A 19.5 39 1 64
5A 30.0 60 1 64
6A 24.5 49 1 55
7A 28.5 57 1 50
8A 20.0 40 1 64
9A 31.0 62 1 64
11B 32.5 65 1 50
12A 20.0 40 1 64
12B 20.0 40 1 64

Saturated

1A 31.0 62 1 64
4A 27.0 54 1 64
8A 29.0 58 1 64
12A 29.0 58 1 64
12B 31.0 62 1 64
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Table 4.9: Total porosity reported by Schlumberger Reservoir Laboratories.

Saturation State Saturating Fluid Sample No.
TE = 0.2 ms TE = 0.4 ms

Total Porosity Uncertainty Total Porosity Uncertainty
[p:u:] [� p:u:] [p:u:] [� p:u:]

Dry None

1 5:58 0:057 5:42 0:070
2 2:88 0:114 2:05 0:148
3 2:81 0:101 1:99 0:126
4 1:39 0:041 1:18 0:070

Saturated

Deionized water

1 8:71 0:242 7:37 0:249
2 6:17 0:400 4:60 0:583
3 6:77 0:511 4:68 0:593
4 1:99 0:150 1:44 0:128

8 wt.% KCl

5 8:34 0:130 7:38 0:188
6 5:68 0:412 4:02 0:499
7 6:72 0:479 4:73 0:572
8 1:72 0:170 1:28 0:162

17.9 wt.% KCl

9 9:21 0:188 7:91 0:160
10 5:13 0:443 3:40 0:399
11 6:50 0:465 4:41 0:491
12 1:89 0:135 1:36 0:084
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CHAPTER 5

SALT TYPE AND SALINITY EFFECTS ON THE SELF-DIFFUSION COEFFICIENT

In September/October 2014 a series of low-frequency NMR experiments were conducted at a

commercial laboratory to establish baselineT2 relaxation time distributions in the Eagle Ford Shale.

Identical samples from multiple wells were saturated with deionized water (DI) and potassium chlo-

ride brine solutions with 8 wt.%, 12 wt.%, and 17.9 wt.% salinities. After receiving the results,T2

distribution peaks between 10 and 100 milliseconds appeared to have an apparent salinity depen-

dence wherebyT2 peak height (e.g., incremental porosity) increased with salinity (Figure 5.1).

Salinity was assumed to be the primary cause since samples were sourced from the same depth

interval and measured under similar temperature and pressure; however, why salinity caused this

e�ect was unknown. Restricted di�usion, due to salt ions, was proposed as a possible mechanism;

therefore, a study was undertaken to assess the e�ects of salinity on the self-di�usion coe�cient

(SDC) measured through NMR. In addition, multiple salt types (potassium chloride, sodium chlo-

ride, and lithium chloride) were used to test the dependence of the SDC on brine composition in

addition to salinity.

The focus of this study was to quantify the SDC in the Eagle Ford Formation and any changes

that occur due to brine composition and salinity. The objectives of this study were to: (1) measure

the e�ects of brine composition and salinity on the self-di�usion coe�cient using NMR and (2)

propose causes behind any observed e�ects. The questions of this study are:

ˆ Is the self-di�usion coe�cient dependent on brine composition?

ˆ Is the self-di�usion dependent on salinity?

ˆ What are the observed changes (if any)?

ˆ What may be the cause of any observed changes?

ˆ Do the results �t previous studies?

Results from this study indicate brine composition and salinity both a�ect the self-di�usion

coe�cient. For samples saturated with potassium chloride (KCl) and sodium chloride (NaCl)
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Figure 5.1: T2 distribution of sample from Well 2, Depth 1. The peak between 10 and 100 mil-
liseconds increases with increasing salinity, suggesting an apparent salinity-dependence. Inter-echo
spacing (TE) is four milliseconds.
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brine solutions, the proton SDC increases with increasing salinity but decreases with increasing

salinity for samples saturated with lithium chloride (LiCl) brine solutions. Similarly, the lithium

SDC also decreases with increasing salinity in samples saturated with LiCl brine solutions. The

range of proton SDCs suggests medium-gravity oil or highly-restricted water is the primary 
uid

measured during the experiments. Increasing di�usion with increasing salinity for KCl and NaCl

brine-saturated samples may suggest clay dehydration, allowing the 
uid under observation to move

more freely throughout the rock sample; whereas, decreasing di�usion with increasing salinity of

LiCl brine solutions may be indicative of changes in 
uid properties.

5.1 Introduction

Cohen et al. (2005) de�nes the self-di�usion coe�cient as \ . . . the random translational motion of

ensembles of particles (molecules or ions) as a consequence of their thermal energy." Here, \ . . . no

(net) force acts on the molecular particles and, consequently, no net displacement is observed"

(Cohen et al. 2005). In simpler terms, the di�usion we are measuring is due to Brownian motion,

not a salinity gradient, etc. Coates et al. (1999) state di�usion can have a signi�cant e�ect on T2

relaxation in reservoirs saturated with gas, light oil, or water, as well as some medium-viscosity

oils. Self-di�usion coe�cients may also be used to estimate the pore size dimensions when restricted

di�usion is encountered (Kleinberg and Hors�eld 1990).

The self-di�usion coe�cient is de�ned by:

For oil,

Do
�= 1:3

 
TK

298�

!

� 10� 5 (5.1)

For gas,

Dg
�= 8:5 � 10� 2

 
TK

0:9

� g

!

� 10� 5 (5.2)

For water,

Dw
�= 1:2

 
TK

298�

!

� 10� 5 (5.3)

where TK is temperature, � is viscosity, and � g is gas density (Prammer et al. 1995; Mardon et al.

1996; Coates et al. 1999).
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Figure 5.2: T2 relaxation is dependent on the salt type and salinity in 
uid samples. Figure from
Kwak et al. (2005).

Figure 5.3: The self-di�usion coe�cient is also dependent on salt type and salinity in 
uid samples
similar to T2 relaxation. These values represent free di�usion as opposed to the restricted di�usion
measured here. Figure from Kwak et al. (2005).
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Kwak et al. (2005) investigated the e�ects of salt type and salinity on T2 relaxation and the self-

di�usion coe�cient in pure 
uid samples (i.e., no rock). The authors demonstrated T2 relaxation

increases with increasing salinity for KCl and CsCl brine solutions, slightly decreases for NaCl brine

solutions, and signi�cantly decreases for LiCl brine solutions(Figure 5.2). Similar changes are

seen in the self-di�usion coe�cient where its value increased slightly with increasing salinity for

KCl and CsCl brine solutions and decreased signi�cantly for NaCl and LiCl brine solutions (Kwak

et al. 2005) (Figure 5.3). Although similar to the present study, Kwak et al. (2005) did not study

the e�ects of salt type and salinity on rocks saturated with the brine solutions, only on the brine

solutions themselves; therefore, the reported values are representative solely offree di�usion as

opposed torestricted di�usion . This distinction will be discussed later in the chapter.

5.2 Methods

The study was undertaken in two parts: (1) determination of the self-di�usion coe�cient in

subsurface samples and (2) determination of the self-di�usion coe�cient in outcrop samples.

It is important to remember the key di�erences between the two parts of the study. Subsurface

samples were sourced from three di�erent depth intervals in the same well but only saturated with

one brine solution (LiCl). In contrast, outcrop samples are sourced from the same rock but were

saturated with three di�erent brine solutions (LiCl, NaCl, and KCl).

Lithium chloride brine solutions were used in this study to measure the self-di�usion coe�cient

of the lithium-7 nuclide in addition to the hydrogen-1 (i.e., proton) nuclide observed in all other

samples. Unlike hydrogen, we assume samples contain little-to-no lithium before saturation; thus,

any detected signal will be sourced from brine solutions introduced to the samples during the study.

5.2.1 Subsurface Rock Samples

Subsurface core samples were taken from Well 1 at depths 1, 2, and 3. Samples were crushed

using a mortar and pestle then dried in a vacuum oven for one day at 80� C and -25 mm Hg. Each

sample was split into four parts after drying and allowed to spontaneously imbibe for one week in

deionized water, 8 wt.% KCl, 12 wt.% KCl, and 17.9 wt.% KCl. Samples were then removed from

the brine solutions, dried lightly with a paper towel, and placed into NMR sample tubes. Samples

were run in a Bruker AscendTM 400WB NMR spectrometer (400 MHz Larmor frequency) using an
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STE di�usion pulse sequence(Figure 5.4).

5.2.2 Outcrop Rock Samples

Outcrop samples were purchased from a commercial supplier and crushed to a 20/40 sieve size.

After crushing, the samples were dried in a vacuum oven for 23 hours at 80� C and -25 mm Hg.

Once dried, samples were split into 61 sample jars and �lled with various brine solutions. One

sample was saturated with deionized water to act as a control. Twenty samples were saturated

with a LiCl brine solution in 1 wt.% salinity increments from 1 wt.% to 20 wt.%. The same was

done for KCl and NaCl brine solutions. LiCl samples were allowed to imbibe spontaneously for

one week. KCl and NaCl samples spontaneously imbibed for four weeks. After imbibition, samples

were removed from the brine solutions, dried lightly with a paper towel, and placed into NMR

sample tube. Samples were then run in the same Bruker AscendTM 400WB NMR spectrometer

(400 MHz Larmor frequency) using an STE di�usion pulse sequence.

5.3 Results

Results for proton (1H) and lithium ( 7Li) SDCs in subsurface and outcrop samples are shown

in the following sections. Any data points missing from the plots were not acquired due to either

weak or noisy acquisition signal.

5.3.1 Subsurface Rock Samples

Both proton SDCs (Figure 5.5 ) and lithium SDCs ( Figure 5.6 ) appear to decrease with

increasing salinity and remain relatively consistent between stratigraphic intervals; however, the

general lack of data makes the results di�cult to interpret. This lack is especially true for lithium

di�usion. SDCs were not obtained on some samples due to weak or noisy signal attributed to

poor saturation. We assume rock samples have no measurable amounts of native lithium before

saturation; thus, poor saturation would leave no lithium to measure.

5.3.2 Outcrop Rock Samples

Proton SDCs increase with increasing salinity for outcrop samples saturated in KCl and NaCl

brine solutions as shown inFigure 5.7 and Figure 5.8 , respectively. For both KCl and NaCl sam-

ples, the proton SDC approximately quintuples with increasing salinity from 2 � 10� 10 to 10 � 10� 10
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Figure 5.4: An illustration of the STE di�usion pulse sequence. (a) A �= 2-pulse is �rst applied to
drive nuclei to the x-y plane. A pulse gradient is then applied to create a phase shift. Nuclei are
allowed to di�use before a � -pulse and another pulse gradient. (b) The resulting spin echo is mea-
sured and compared to the maximum amplitude measured without the pulse gradient applications.
Figure modi�ed from Cohen et al. (2005).
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Figure 5.5: The proton self-di�usion coe�cient decreases with increasing salinities for subsurface
samples saturated in LiCl brine solutions. This decrease is seen clearly in Depth 1 and Depth 2.
Depth 3 does not have enough data to make a reasonable interpretation but appears to �t the trend
established by previous depths.
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Figure 5.6: The lithium self-di�usion coe�cient appears to decrease with increasing salinity for
subsurface samples saturated with LiCl brine solutions; however, the lack of data points make it
di�cult to interpret.
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m2/s. Interestingly, both trends appear to be sinusoidal with KCl samples displaying a higher fre-

quency than NaCl samples.

Figure 5.7: The proton self-di�usion coe�cient increases with increasing salinity for outcrop samples
saturated in KCl brine solutions.

Both proton and lithium SDCs decrease with increasing salinity when LiCl brine solutions are

used, similar to the outcrop samples(Figure 5.9 , Figure 5.10). Both trends are widely variable

from 0 to 10 wt.% salinities. The proton SDC ranges from approximately 2� 10� 10 to 13 � 10� 10

m2/s. The lithium SDC displays a tighter distribution, ranging from approximately 1 � 10� 10 to

5 � 10� 10 m2/s. These trends also appear to be sinusoidal. The frequency of the proton and lithium

SDC trends with LiCl brine solutions are very similar to one another and appear to be intermediate

between the KCl and NaCl proton SDC trends.
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Figure 5.8: The proton self-di�usion coe�cient increases with increasing salinity for outcrop samples
saturated in NaCl brine solutions.
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Figure 5.9: Similar to subsurface samples, the proton self-di�usion coe�cient decreases with in-
creasing salinity for outcrop samples saturated in LiCl brine solutions.
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Figure 5.10: Similar to subsurface samples, the lithium self-di�usion coe�cient decreases with
increasing salinity for outcrop samples saturated in LiCl brine solutions.
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5.4 Discussion

Results of the study are compared below in three combinations: (1) subsurface vs. outcrop

samples, (2) brine solution vs. brine solution, and (3) the current study vs. work by previous

authors.

5.4.1 Subsurface vs. Outcrop

Figure 5.11 shows a box-and-whisker plot comparing proton SDCs between subsurface and

outcrop samples. A similar box-and-whisker plot for lithium SDCs can be seen inFigure 5.12.

The results of each subset is denoted by �ve horizontal lines. From top to bottom, these lines

represent: (1) the maximum value, (2) �rst quartile, (3) median, (4) third quartile, and (5) the

minimum value, respectively. Quartiles are calculated automatically by Microsoft Excel2.

Figure 5.11: Proton di�usion is higher in subsurface samples than outcrop samples.

2The outcrop sample saturated in deionized water was utilized three times in the outcrop proton SDC calculation
because all brine compositions (KCl, NaCl, and LiCl) used a common rock sample saturated in deionized water for 0
wt.% salinity. The multiple inclusion of the same data point does not change the range of data for outcrop samples
and only very slightly decreases the quartiles and median.
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Figure 5.12: Similar to proton di�usion, lithium di�usion is higher in subsurface samples than
outcrop samples.

Subsurface samples display much higher medians SDCs for both proton and lithium than out-

crop samples. The median proton SDCs in outcrop and subsurface samples are 7:33� 10� 10 and

11:5 � 10� 10 m2/s, respectively, representing a near doubling in the proton di�usion between sam-

ple sources. Similarly, median lithium SDC in subsurface samples is triple that of outcrop samples

at 6:38� 10� 10 and 2:20� 10� 10 m2/s, respectively. In addition, subsurface samples display a sig-

ni�cantly tighter range for both proton and lithium SDCs which could be caused by the smaller

population of data. Although the range of salinities is similar to the outcrop samples, the smaller

population likely missed the SDC variability of the outcrop samples.

The causes of this step change are not clear using the limited data available; however, higher

di�usion is likely caused by larger pore sizes. If this is the case, larger pore sizes may be caused by

higher thermal maturity, coarser grain size distribution, di�ering levels of diagenesis, or variable

clay types.
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5.4.2 Brine Solution vs. Brine Solution

Figure 5.13 shows a box-and-whisker plot comparing proton SDCs between outcrop samples

saturated with KCl, NaCl, and LiCl brine solutions. The median proton SDC for samples saturated

with KCl is 7 :73� 10� 10 m2/s; for NaCl, 7 :70� 10� 10 m2/s; and for LiCl, 6 :60� 10� 10 m2/s. The

range of values for each of the brine solutions is approximately the same. Samples saturated with

KCl and NaCl have relatively similar proton SDCs; whereas, LiCl is slightly lower.

Figure 5.13: Brine composition appears to have a slight e�ect on proton di�usion. Samples satu-
rated with KCl brine solutions yield the highest median proton self-di�usion coe�cient followed by
samples saturated with NaCl and LiCl brine solutions, respectively. The �gure includes all outcrop
samples.

5.4.3 Previous Work

As mentioned previously, Kwak et al. (2005) studied the e�ects of brine composition and salinity

on T2 and the self-di�usion coe�cient ( D ). Unfortunately, these results do not �t the current data

set for two reasons: (1) the range of values are much higher and (2) the trend directions do not
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match all brine solutions. We will �rst address the higher range of values.

The samples used by Kwak et al. (2005) are not directly analogous because the samples are pure

liquids; no rock samples were included. Therefore, these measurements representfree di�usion ; that

is, di�usion in the absence of any physical barriers. These values would represent the maximum

that would be obtained for the self-di�usion coe�cient and likely be much smaller than SCDs

subjected to restricted di�usion .

Restricted di�usion is caused by physical barriers that limit the migration distance of the nuclei

within the time frame of an experiment. In short, the smaller pore sizes restrict nuclei from

traveling their full position; thus, the self-di�usion coe�cient would appear to be smaller than

expected. This phenomenon was �rst documented by H•urlimann et al. (1994) and studied in detail

by Appel et al. (1999), Bustos et al. (2004), and Zielinski et al. (2010). Although di�usion NMR

has not been the subject of extensive research, 2D NMR maps have gained popularity in recent

years and shed light on the range of possible values. These 2D NMR maps show the distribution of

the self-di�usion coe�cient (denoted as D) against T2. This 2D approach is applied to shed light

on pore size distribution (through T2) and 
uid characterization (through D).

Generalized 2D NMR maps, showing a range ofT2 times with their corresponding 
uid type,

have been published by Minh et al. (2012), Gomez et al. (2007), and Boyle et al. (2009). It is

important to note, the proton SDCs measured in the study may be either water or hydrocarbons.

When compared to the published 2D maps, the data suggests the primary 
uid being measured

is light- to medium-gravity oil. Although plausible, it is highly unlikely any signi�cant amount of

hydrocarbons remain in the cores after drying in a vacuum oven when compared to the amount of

water present after brine saturation. Furthermore, we do not expect outcrop samples to have any

signi�cant amount of hydrocarbons due to lack of thermal maturity.

If oils are not the driving source of the proton SDC, another option is highly-restricted water.

The ranges of values reported in this study are one to two orders of magnitude lower than the 2D

maps from the previous authors; however, Kausik et al. (2011) reported similar values using Vycor

glass beadsFigure 5.14. Kwak et al. (2005) state the material yields a homogeneous pore size

distribution of approximately 4 nanometers in size. This pore size is slightly smaller than expected;

however, the range of values appears to �t. Although this interpretation is not ideal, it appears to

be the most reasonable given the unlikelihood of hydrocarbon presence.
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Figure 5.14: A 2D NMR map (D-T2) of Vycor glass beads saturated with water and gas. This
material has a homogeneous four-nanometer pore size. The water peak, seen at 10� 9 to 10� 10 m2=s,
is similar to the SDCs measured in this study, suggesting they may be the result of highly-restricted
water. Figure from Kausik et al. (2011).
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When the current data is compared to Kwak et al. (2005), only samples saturated in LiCl brine

solutions appear to match the same trend, both showing a signi�cant decrease in the SDC with

increasing salinity. Kwak et al. (2005) show a slight increase in SDCs in KCl brine solutions with

increasing salinity and a slight decrease with NaCl brine solutions over the same range. In contrast,

we see very signi�cant increases in the SDCs for samples saturated in either brine solutions in this

study. So what could be the cause?

We hypothesize that two e�ects are competing with each other: (1) changes due to 
uid prop-

erties and (2) changes due to rock properties. KCl and NaCl are well-known clay inhibitors and

likely dehydrate the clays at elevated salinities. This dehydration may in turn \expand" pores at

the expense of clay volume, promoting greater increases in di�usion. If this e�ect is greater than

the slight changes in the SDCs due to 
uid properties, a large net positive increase in the SDCs is

observed with increasing salinities. In contrast, LiCl brine solutions may not inhibit clay swelling

as signi�cantly; thus, the signi�cant decrease in the SDC due to 
uid changes may be the primary

driver. This hypothesis would have to be tested in more detail to determine its validity.

5.5 Conclusions

Brine composition and salinity appear to have a signi�cant e�ect on the self-di�usion coe�cient

for both outcrop and subsurface samples. In general, the proton SDC increases with increasing

salinity in samples saturated with either KCl or NaCl brine solutions. In contrast, the proton and

lithium SDCs both decrease with increasing salinity for samples saturated with LiCl brine solutions.

These changes cannot be attributed to free di�usion alone thereby suggesting physical changes in

the rock samples pore structure.

Clay dehydration due to high salinity is interpreted to be the cause of higher SDCs in samples

saturated with KCl and NaCl brine solutions. No clear conclusion may be drawn from the decreasing

SDCs associated with high-salinity LiCl brine solutions; however, clay swelling may be a possible

cause. A more detailed study of the e�ects of LiCl brine solutions on organic-rich mudstones is

suggested to understand the underlying mechanisms.
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5.6 Recommendations for Future Work

An investigation on the causes of self-di�usion e�ects is recommended for future work. Clay

swelling experiments may shed light on how reservoir rock responds to various brine compositions

and salinities. Additionally, detailed image analysis (such as FIB-SEM) before and after saturation

is suggested to observe the changes in clay structure.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

A high-frequency (400 MHz) NMR probe has been built to measureT2 relaxation time distri-

butions on 0.75-inch diameter, 0.45-inch length core plugs. Although a relatively small size for

low-frequency NMR spectrometers, this is a signi�cant step change in high-frequency NMR spec-

troscopy where samples are typically millimeters in length and diameter.T2 distributions measured

with the in-house probe mimic the distribution character of low-frequency data acquired in a com-

mercial lab; however, absoluteT2 distributions are typically shifted one-half to one full log scale.

The shift may be caused by a variety of factors, but is primarily attributed to a non-ideal inductor

in the radio frequency circuit and data processing.

In the �rst chapter, three questions were posed for the overall project. The answers to these

questions are as follows:

1. High-frequency NMR measurements do not yield higher resolution pore size dis-

tributions or more accurate total porosity measurements at this time. Although

these goals may be achieved in the future, the high-frequency probe created in this

project cannot attain these objectives with its current setup.

2. T2 relaxation time distributions are not found to change drastically in a strati-

graphic or spatial sense within the Eagle Ford Shale samples measured in the

study. This is likely a function of limited sampling from subsurface geologic cores.

3. Brine composition and salinity have a marked e�ect on the self-di�usion coe�cient

(SDC). The hydrogen SDC has a positive correlation with salinity in rocks satu-

rated with KCl and NaCl brine solutions and a negative relationship when LiCl

brine solutions are used. The change can be quite signi�cant depending on the

di�erence between brine salinities and should be taken into account when high-

frequency measurements are used.

Future projects are recommended to focus on three key areas: (1) the robustness of the custom-

built probe, (2) the mathematics behind data acquisition and processing, and (3) rock/
uid e�ects
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on T2 relaxation.

Designing and constructing a more robust radio frequency circuit should be considered the

primary focus for future projects. The new circuit should be able to tune frequency and match

impedance with a wide variety of rock samples and saturation states. A more thorough investi-

gation of data acquisition and data processing is also recommended to minimize errors related to

experimental setup and data transforms. Detailed studies of rock and 
uid e�ects onT2 relaxation

should also be conducted, especially the in
uence of pyrite, bitumen, partial 
uid saturation, and

di�usion.
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APPENDIX

SUPPLEMENTAL ELECTRONIC FILES

The following tables list supplemental electronic �les for the thesis. These include 2D and 3D

drawings for the NMR probe, raw and processed data for the low-frequency and high-frequencyT2

experiments, and data for the self-di�usion coe�cient experiments. The tables are organized by

the folders in which the electronic �les are located.
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Table A.1: Supplemental electronic �les located in the \2D PDF Drawings" folder.

File Name Description

2D-Drawing_BaseFlange.pdf Two-dimensional PDF drawing of base 
ange.
2D-Drawing_CapacitorFlange.pdf Two-dimensional PDF drawing of the capacitor 
ange.
2D-Drawing_CoreSampleStabilizers.pdf Two-dimensional PDF drawing of the core sample stabilizers.
2D-Drawing_HangingBrackets.pdf Two-dimensional PDF drawing of the hanging brackets.
2D-Drawing_LowerProbeHousing.pdf Two-dimensional PDF drawing of the lower probe housing.
2D-Drawing_MountingBrackets.pdf Two-dimensional PDF drawing of the mounting brackets.
2D-Drawing_ProbeBase.pdf Two-dimensional PDF drawing of the probe base.
2D-Drawing_ProbeHousingCover.pdf Two-dimensional PDF drawing of the probe housing cover.
2D-Drawing_SupportFlange.pdf Two-dimensional PDF drawing of the support 
ange.
2D-Drawing_TeflonNut.pdf Two-dimensional PDF drawing of the Te
on nut.
2D-Drawing_TopFlange.pdf Two-dimensional PDF drawing of the top 
ange.
2D-Drawing_UpperProbeHousing.pdf Two-dimensional PDF drawing of the upper probe housing.

Table A.2: Supplemental electronic �les located in the \2D SolidWorks Drawings" folder.

File Name Description

2D-Drawing_BaseFlange.slddrw Two-dimensional SolidWorks drawing of the base 
ange.
2D-Drawing_CapacitorFlange.slddrw Two-dimensional SolidWorks drawing of the capacitor 
ange.
2D-Drawing_CoreSampleStabilizers.slddrw Two-dimensional SolidWorks drawing of the core sample stabilizers.
2D-Drawing_HangingBrackets.slddrw Two-dimensional SolidWorks drawing of the hanging brackets.
2D-Drawing_LowerProbeHousing.slddrw Two-dimensional SolidWorks drawing of the lower probe housing.
2D-Drawing_MountingBrackets.slddrw Two-dimensional SolidWorks drawing of the mounting brackets.
2D-Drawing_ProbeBase.slddrw Two-dimensional SolidWorks drawing of the probe base.
2D-Drawing_ProbeHousingCover.slddrw Two-dimensional SolidWorks drawing of the probe housing cover.
2D-Drawing_SupportFlange.slddrw Two-dimensional SolidWorks drawing of the support 
ange.
2D-Drawing_TeflonNut.slddrw Two-dimensional SolidWorks drawing of the Te
onNut.
2D-Drawing_TopFlange.slddrw Two-dimensional SolidWorks drawing of the top 
ange.
2D-Drawing_UpperProbeHousing.slddrw Two-dimensional SolidWorks drawing of the upper probe housing.
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Table A.3: Supplemental electronic �les located in the \3D SolidWorks Parts" folder.

File Name Description

3D-Part_BaseFlange.sldprt Three-dimensional SolidWorks part of the base 
ange.
3D-Part_CapacitorFlange.sldprt Three-dimensional SolidWorks part of the capacitor 
ange.
3D-Part_CoreSampleStabilizers.sldprt Three-dimensional SolidWorks part of the core sample stabilizers.
3D-Part_HangingBrackets.sldprt Three-dimensional SolidWorks part of the hanging brackets.
3D-Part_InductorBolt.sldprt Three-dimensional SolidWorks part of the bolt used to create the inductor.
3D-Part_LowerProbeHousing.sldprt Three-dimensional SolidWorks part of the lower probe housing.
3D-Part_MountingBrackets.sldprt Three-dimensional SolidWorks part of the mounting brackets.
3D-Part_ProbeBase.sldprt Three-dimensional SolidWorks part of the probe base.
3D-Part_ProbeHousingCover.sldprt Three-dimensional SolidWorks part of the probe housing cover.
3D-Part_SupportFlange.sldprt Three-dimensional SolidWorks part of the support 
ange.
3D-Part_TeflonNut.sldprt Three-dimensional SolidWorks part of the Te
on nut.
3D-Part_TopFlange.sldprt Three-dimensional SolidWorks part of the top 
ange.
3D-Part_UpperProbeHousing.sldprt Three-dimensional SolidWorks part of the upper probe housing.

Table A.4: Supplemental electronic �les located in the \Commercial Parts Speci�cations" folder.

File Name Description

Comm-Part-Specs_BaseFlangeFlatWashers.pdf Speci�cations of 
at washers connecting base 
ange to probe base.
Comm-Part-Specs_BaseFlangeNuts.pdf Speci�cations of hex nuts connecting base 
ange to probe base.
Comm-Part-Specs_BaseFlangeScrews.pdf Speci�cations of screws connecting base 
ange to probe base.
Comm-Part-Specs_BaseFlangeSpacers.pdf Speci�cations of spacers3 between base 
ange and probe base.
Comm-Part-Specs_BracketAssemblyFlatWashers.pdf Speci�cations of 
at washers used for bracket assembly.
Comm-Part-Specs_BracketAssemblyLockWashers.pdf Speci�cations of lock washers used for bracket assembly.
Comm-Part-Specs_BracketAssemblyScrews.pdf Speci�cations of screws used for bracket assembly.
Comm-Part-Specs_Capacitors.pdf Speci�cations of capacitors4 used for RF circuit.
Comm-Part-Specs_CoreSampleSetScrews.pdf Speci�cations of screws used to secure core plug sample.

3M3x4mm spacers
4Model RP-VC10-12-05
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Table A.4: Continued.

File Name Description

Comm-Part-Specs_CoreStabilizerScrews.pdf Speci�cations of screws connecting core stabilizers to top 
ange.
Comm-Part-Specs_FiberglassRods.pdf Speci�cations of �berglass rods used to adjust variable capacitors.
Comm-Part-Specs_InductorBolt.pdf Speci�cations of bolt used to create inductor.
Comm-Part-Specs_ProbeHousingScrews.pdf Speci�cations of screws securing probe housing.
Comm-Part-Specs_RFConnector.pdf Speci�cations of RF connector for transmission line.
Comm-Part-Specs_RFConnectorLocknuts.pdf Speci�cations of locknuts securing RF connector to probe base.
Comm-Part-Specs_RFConnectorScrews.pdf Speci�cations of screws securing RF connector to probe base.
Comm-Part-Specs_TransmissionLine.pdf Speci�cations of transmission line used for RF circuit.

Table A.5: Supplemental electronic �les located in the \Low-Frequency T2 Data" folder. Core plug samples are referred to asplug
number or log depthby Schlumberger.

File Name Description

Dry_Low_Frequency_Data.xlsx Low-frequency T1 and T2 data measured at Schlumberger Reservoir Laboratories.5

Saturated_Low_Frequency_Data.xlsx Low-frequency T1 and T2 data measured at Schlumberger Reservoir Laboratories.6

Table A.6: Supplemental electronic �les located in the \TopSpin Exports" folder.

File Name Description Saturation State

As-Is_Sample1A.txt TopSpin report for Sample 1A CPMG experiment.

As-Is
As-Is_Sample3A.txt TopSpin report for Sample 3A CPMG experiment.
As-Is_Sample4A.txt TopSpin report for Sample 4A CPMG experiment.
As-Is_Sample5A.txt TopSpin report for Sample 5A CPMG experiment.
As-Is_Sample6A.txt TopSpin report for Sample 6A CPMG experiment.

5Data acquired after oven drying, but before spontaneous imbibition.
6Data acquired after spontaneous imbibition.
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Table A.6: Continued.

File Name Description Saturation State

As-Is_Sample7A.txt TopSpin report for Sample 7A CPMG experiment.

As-Is

As-Is_Sample8A.txt TopSpin report for Sample 8A CPMG experiment.
As-Is_Sample9A.txt TopSpin report for Sample 9A CPMG experiment.
As-Is_Sample11B.txt TopSpin report for Sample 11B CPMG experiment.
As-Is_Sample12A.txt TopSpin report for Sample 12A CPMG experiment.
As-Is_Sample12B.txt TopSpin report for Sample 12B CPMG experiment.

Saturated_Sample1A.txt TopSpin report for Sample 1A CPMG experiment.

Saturated
Saturated_Sample4A.txt TopSpin report for Sample 4A CPMG experiment.
Saturated_Sample8A.txt TopSpin report for Sample 8A CPMG experiment.
Saturated_Sample12A.txt TopSpin report for Sample 12A CPMG experiment.
Saturated_Sample12B.txt TopSpin report for Sample 12B CPMG experiment.

Table A.7: Supplemental electronic �les located in the \High-Frequency T2 Data (Raw)" folder.

File Name Description Saturation State

As-Is_Sample1A.csv Raw data used by MATLAB T2 processing for Sample 1A.

As-Is

As-Is_Sample3A.csv Raw data used by MATLAB T2 processing for Sample 3A.
As-Is_Sample4A.csv Raw data used by MATLAB T2 processing for Sample 4A.
As-Is_Sample5A.csv Raw data used by MATLAB T2 processing for Sample 5A.
As-Is_Sample6A.csv Raw data used by MATLAB T2 processing for Sample 6A.
As-Is_Sample7A.csv Raw data used by MATLAB T2 processing for Sample 7A.
As-Is_Sample8A.csv Raw data used by MATLAB T2 processing for Sample 8A.
As-Is_Sample9A.csv Raw data used by MATLAB T2 processing for Sample 9A.
As-Is_Sample11B.csv Raw data used by MATLAB T2 processing for Sample 11B.
As-Is_Sample12A.csv Raw data used by MATLAB T2 processing for Sample 12A.
As-Is_Sample12B.csv Raw data used by MATLAB T2 processing for Sample 12B.

Saturated_Sample1A.csv Raw data used by MATLAB T2 processing for Sample 1A.
Saturated

Saturated_Sample4A.csv Raw data used by MATLAB T2 processing for Sample 4A.

144



Table A.7: Continued.

File Name Description Saturation State

Saturated_Sample8A.csv Raw data used by MATLAB T2 processing for Sample 8A.
SaturatedSaturated_Sample12A.csv Raw data used by MATLAB T2 processing for Sample 12A.

Saturated_Sample12B.csv Raw data used by MATLAB T2 processing for Sample 12B.

Table A.8: Supplemental electronic �les located in the \rilt" folder.

File Name Description

As-Is_Sample12B.csv Example input data �le for MATLAB script.
rilt_mod.m MATLAB code used to process spin echo train data. Modi�ed from rilt by Marino (2007).
T2_data_process.m MATLAB script used to import data from .csv data �le and run modi�ed rilt code.
TopSpin-rilt_conversion.xlsx Spreadsheet used to convert TopSpin reports from spin echo number to time.

Table A.9: Supplemental electronic �les located in the \High-Frequency T2 Data (Processed)" folder.

File Name Description Saturation State

As-Is_Sample1A.xlsx ProcessedT2 data for Sample 1A.

As-Is

As-Is_Sample3A.xlsx ProcessedT2 data for Sample 3A.
As-Is_Sample4A.xlsx ProcessedT2 data for Sample 4A.
As-Is_Sample5A.xlsx ProcessedT2 data for Sample 5A.
As-Is_Sample6A.xlsx ProcessedT2 data for Sample 6A.
As-Is_Sample7A.xlsx ProcessedT2 data for Sample 7A.
As-Is_Sample8A.xlsx ProcessedT2 data for Sample 8A.
As-Is_Sample9A.xlsx ProcessedT2 data for Sample 9A.
As-Is_Sample11B.xlsx ProcessedT2 data for Sample 11B.
As-Is_Sample12A.xlsx ProcessedT2 data for Sample 12A.
As-Is_Sample12B.xlsx ProcessedT2 data for Sample 12B.
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Table A.9: Continued.

File Name Description Saturation State

Saturated_Sample1A.xlsx ProcessedT2 data for Sample 1A.

Saturated
Saturated_Sample4A.xlsx ProcessedT2 data for Sample 4A.
Saturated_Sample8A.xlsx ProcessedT2 data for Sample 8A.
Saturated_Sample12A.xlsx ProcessedT2 data for Sample 12A.
Saturated_Sample12B.xlsx ProcessedT2 data for Sample 12B.

Table A.10: Supplemental electronic �les located in the \Self-Di�usion Coe�cient Data" folder.

File Name Description

Outcrop_Lithium_Self-Diffusion_Coefficients.xlsx Lithium self-di�usion coe�cients for outcrop samples.
Outcrop_Proton_Self-Diffusion_Coefficients.xlsx Proton self-di�usion coe�cients for outcrop samples.
Subsurface_Lithium_Self-Diffusion_Coefficients.xlsx Lithium self-di�usion coe�cients for subsurface samples.
Subsurface_Proton_Self-Diffusion_Coefficients.xlsx Proton self-di�usion coe�cients for outcrop samples.
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