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ABSTRACT

Pore size distribution is derived from nuclear magnetic resonance, but is scaled by surface
relaxivity. While nuclear magnetic resonance studies generally focus on the difficulty of
determining pore size distribution in unconventional shale reservoirs, there is a lack of discussion
concerning pure quartz sandstones. Long surface relaxivity causes complications analyzing
nuclear magnetic resonance data for pore size distribution determination. Currently, | am unaware
of research that addresses the complicated pore size distribution determination in long relaxing,
pure sandstone formations, which is essential to accurate downhole petrophysical modeling. The
Fontainebleau sandstone is well known for its homogenous mineralogical makeup and wide range
of porosity and permeability. The Hibernia sandstone exhibits a similar mineralogy and is
characterized by a similar and porosity-permeability range to the Fontainebleau sandstones, but
with a significantly higher portion of clay minerals (1-6%).

| present systematic petrophysical properties such as porosity, pore size distribution from
nuclear magnetic resonance transverse relaxation times, permeability, and volumetric magnetic
susceptibility to aide in characterization of the Fontainebleau sandstone. Analysis of collected
nuclear magnetic resonance data is then compared to other petrophysical studies from literature
such as helium porosity and permeability, magnetic susceptibility, and electrical conductivity. |
find that the lack of impurities on the grain surfaces of pure quartz samples imparts a lower surface
relaxivity as compared to clay containing sandstones and makes nuclear magnetic resonance
analysis more complex. Thus, inverted nuclear magnetic resonance data from cleaner outcrop
samples incorrectly models pore size distribution without accounting for wider surface relaxivity
variation and is improperly used when characterizing the Fontainebleau sandstone. This is further
supported by evidence from less-clean Hibernia cores where these inversion problems are not seen.
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CHAPTER 1

INTRODUCTION TO NMR AND UTILIZATION OF NMR IN THIS STUDY

Nuclear magnetic resonance (NMR) is widely used to detect pore fluids and to measure
pore size distribution (PSD) in reservoir rocks (Coates et al. 1999). In order to properly determine
many of the petrophysical properties of the reservoir system, the classification of the pore space is
essential to understanding fluid and its flow regimes in dynamic downhole conditions. NMR is
one of the most comprehensive methods in accomplishm{Btyar et al. 1999). In the course of
this thesis, focus on NMR measurements is placed on the determinaB8D&dr rock types of
varying mineralogy and level of magnetic impurities coating grain surfaces. The impatance
NMR application and the derived pore space properties taken from these experiments will be

outlined, as well as how these may help in the classification of reservoir lithology.

PSD derived from NMR requires information about the surface relaxivity that implies that
the main source of proton relaxation in reservoir rocks is due to the interaction of water with the
surface of the grains. The effect of the fluid itself is considered negligible. Saidian and Prasad
(2015) have shown that in multi-mineralic rocks, the surface relaxivity scales with paramagnetic
impuries such as chlorite and illite-smectite. However, there is a lack of discussion about rocks
without paramagnetic impurities. In such cases, for example in pure quartz sandstones or pure

limestone formations, long surface relaxivity causes complications analyzing NMR data for PSD.

With the utilization of NMR, there are some basic concepts that first must be understood
before any of the inherent pore space characteristics of a rock sample may be clBssfied.
the comprehensive overview of NMR principles and the quality of graphics presented in these
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works, focus on the background of NMR science is taken primarily from Coates et al. (1999) and
Dunn et al. (2002). This overview is included for readers that may not have a background
knowledgeof NMR and to describe some of the basic physics that are to be explored in this thesis.
1.1 NMR Detection and Nuclei Magnetism

NMR can detect any type of element that has a nucleus containing an odd number of
protons, an odd number of neutrons, or an odd number of both (Coates et al. 1999). Basic quantum
physics describes an atom as a nucleus with an angular momentum caused by spinning. This
spinning creates a miniscule magnetic field in each of the nuclei that are in a random distribution
(Fig. 1.1). Because of the generally large magnetic field (0.05 T), small mass, longoelansts
of hydrogen nuclei, abundance in petroleum fluids, and ease of detectability, NMR for petroleum
systems utilizes hydrogen nuclei in characterization of pore space properties. The presence of these
hydrogen bearing fluids (brine and oil) in the void space of reservoir rocks is valuable for
investigation with low-field (small magnetic field) NMR by recording the magnetic field strength
and direction. Viscosity differences in fluids containing these hydrogen nuclei can be observed by
relative rates of magnetic decay and polarization. Larger molecules of higher density and viscosity
yield NMR readings on a longer timescale (Dunn et al. 2@2prienting the hydrogen nuclei in
different directions via an external magnetic field generated by an electromagnet andngea
magnetic response by the fluid sample after the cessation of the applied field, a wide variety of
petrophysical properties can be derived. These properties include, but are not limited to, bulk pore
volume, pore volume distribution, surfattevolume ratio, tortuosity, pore throat area, and
permeability of the sample. These properties are determined from measurement of longitudinal

(T1) and transverse gJ relaxation times, as well as the molecular diffusivity of the sample.



Figure 1.1 Hydrogen nuclei and associated magnetic fields in a randomly distributed fluid
sample without application of an external magnetic field. Hydrogen nuclei are represented
as miniscule bar magnets due to electron movement around the nucleus. This electron
cloud causes spinning of nuclei, resulting in angular momentum. Angular momentum
results in precession of the nuclei when aligning to an applied magnetic field with a
characteristic frequency known as the Larmor frequency (Coates et al. 1999).

1.2 Static Field Generation and Proton Polarization

Initially, there is negligible net magnetization or direction due to random orientation of the
protons within the pores space. It is essential to tip all of these protons in the same direction in
order to establish a baseline on which to compare different magnetic readings. This is
accomplished by polarizing these randomly oriented magnetic protons to a specific static magnetic
field, Bo with a magnitude denoted byoMThe static field is generated by a strong magnet that
orients the randomly spinning nuclei in the z-direction, or the direction along the length of the
primary induction coil. This is most commonly referred to as the longitudinal direction. Magnetic
torque being applied to the spinning proton causes the axis to align in the direction of this magnetic
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field. Precession of the nuclei in a circular motion occurs while aligning in the magnetic field due
to the angular momentum that the nuclei has. Procession occurs at an inherent frequency for any
chemical compound and this is denoted as the Larmor frequency.

The nuclei will move toward the alignment of the static magnetic field in either a parallel
(low energy state) or anti-parallel (high energy state) as dictated by quantum mecharagb&@all
2009). Greater proportions of low energy state nuclei in the temperatures encountered in laboratory
scenarios cause resultant net magnetizatiay) fMhe longitudinal direction (8.
1.3  Longitudinal Relaxation Time, T1 Experiments

Collection of magnetic data occurs during the polarization to the static magnetic field in
the longitudinal direction. Following this polarization, alignment of protons in either the low or
high energy states to the longitudinal magnetic field results in a homogenous magnetic direction
of protons, precessing in the @irectionat the same rate. The length of time that it takes for the
magnetization of these randomly oriented nuclei to align with the applied magnetic field is the
longitudinal relaxation time, iTof the sample. This is demonstrated in Equation 1.1 and Figure

1.2:
M, (t) = My(1 — 1) (1.1)

Where:

T, = Longtudinal Relaxation Time of Sample

M, (t) = The Magnitude of Magnetization at Time t, in the z-direction of a sample
(applied field)

M, = The Maximum Magnetization of the Applied Magnetic Field
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Figure 1.2 Polarization of randomly distributed hydrogen nuclei to the longitudinal direction by
applied static magnetic field (Coates et al. 1999).

It can be assumed that all species of proton in the reservoir rock matrix are not in the exact
same environment. There are protons in contact with the rock-fluid (pore surface) interface as well
as free floating in the pore space away from the rock-fluid interfaces (in the bulk fluids). Thus,
two different mechanisms are responsible for thiss§ponse time in porous media. Relaxation of
these two mechanisms occur at the same time, however they vary in magnitude of dtiemelax
time. Because of this, the two mechanisms are typically differentiable from each other. This is

demonstrated by Equation 1.2:



= (1.2)

T1 Tl,Bulk Tl,Surface

Where:
T,= The Recorded Longitudinal Relaxation Time of the Fluid Contained in the Pore
Space

Ty puix = The Tu Relaxation of Fluid with No Surface Effects
Ty surface = The Ti Relaxation of Fluid in Contact with the Rock-Fluid Interface

Molecular diffusion is not measurable using longitudinal relaxation times because of the
application of a consistent, strong magnetic field that cannot determine molecular movement
Movement cannot occur because there is no generation of a magnetic gradient across the sample

that could cause this diffusion.
1.4  Transverse Relaxation Time, T2 Experiments

Perhaps the most commonly utilized and important NMR experiment relies on the
determination of transverse relaxation time){Df hydrogen nuclei contained in the sample. In
these experiments, nuclei are tipped to the transverse plane perpendicular to the longitudinal
direction. These experiments are usually more important because multiple manipulations of the
magnetic direction of the sample occurs in succession and allows for more of the pore properties
to be explored. Following polarization of hydrogen nuclei to the initial static field direction B
the nuclei are realigned to a stronger secondary magnetic fieldp@ied temporarily in the
perpendicular (R) or antiparallel (18%) direction of the initial static field. This nuclei tipping is
completed using orthogonal magnetic fields generated by separate electromagnetithooiisev
NMR instrument. The amount of time for alignment in the new magnetic direction or the decay
from this secondarily applied magnetic field to original polarization yields important properties of

the pore space (Kleinberg et al. 1994). By measuring the decay of this secondary applied



magnetism to the initial static applied magnetic field, the transverse relaxation tiraethe

sample is determined as demonstrated in Figure 1.3.
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Figure 1.3 Decay of secondary applied magnetic field to initial magnetic field. This secondary
magnetic field is applied in the transverse plane allowing polarization of nuclei to switch
between the transverse and longitudinal direction (Coates et al. 1999).

Similar to T; experiments, all species of proton in the reservoir rock matrix are not in the
exact same environment. There are protons in contact with the rock-fluid interface and protons
freely floating in the middle of the pore space. Theélaxation is controlled by three diffeten

mechanisms (Equation 1.3):



s — (1.3)

T; TZ,Bulk TZ,Surface TZ,Diffusion

Where:

T, = The Recorded Longitudinal Relaxation Time of the Fluid Contained in the Pore Space

T, puix = The T2 Relaxation of Fluid with No Surface Effects

T, surrace = The T2 Relaxation of Fluid in Contact with the Rock-Fluid Interface

Ty pifrusion = The T Relaxation of Fluid Caused by Magnetic Inhomogeneity in the
Sample

These three processes: bulk, surface, and diffusion induced relaxation mechanisms
contribute to the relaxation of the hydrogen nuclei in porous media describeddegaly. Bulk
relaxation is associated with the decay of the pore containing fluids that are not interacting with
rock surfaces. Surface relaxation occurs with the fluids in molecular interactions with the pore-
rock interfaces. It is generally assumed in conventional sandstone samples that the relaxation rate
of the bulk fluid occurs on a timescale that is much longer than the surface relaxation. Diffusion
relaxation is controlled by molecular diffusion of hydrogen nuclei in pore fluids. Diffusion in large
pore spaces occurs on an extremely quick time scales tasder than the resolution of low-field
NMR systems. Diffusion induced relaxation is spurred by magnetic heterogeneity in the sample.
Assuming slow bulk relaxation (compared to the other relaxation mechanisms), fast diffusion
regime in the pores, and negligible diffusion induced relaxation,theddxation can be correlated
to the surface properties and pore volume of the rock using Equation 1.4 (Coates et al. 1999). In
the course of this work, focus will be put onekperiments because they are more commonly used

in industry.



1 1 S c
s = P2, = P2y (1.4)
2 2,surface

Where:
T2 surface= the T relaxation due to surface properties and pore volume
p, = Tz surface relaxivity
S=rock surface area
V = pore volume

R = pore radius
c = aconstant = 1, 2 or 3 for planar, cylindrical and spherical pores, respectively.

15 Deter mination of Pore Size Distribution from Time Distribution

The detection of transverse and longitudinal relaxation times due to varying applied
magnetic fields is typically referred to as a spin-echo train and is the core of petrophysical
characterization of pore space in fluid filled rock samples. The variationsandl'k relaxation
times and the variation in associated magnetism in gh@nB B directions allow us to classify
bulk pore volumes anBSD. The determination of PSD typically stems from data inversion of the
magnetic decay signal that is collected duringriBasurements. This magnetic data is converted
into a time distribution by Laplace transform (Lawson and Hanson 1974; Buttler et al. 1981). Time
distribution is directly related to pore size where larger pore size is represented by laegeoa
decay time (Figure 1.4).

Conversion of 7 time distribution into pore size distribution is the main objective of most
NMR studies. While the distributions have the same shape, conversion from the time domain to
the size domain occurs with knowledge of the surface relaxpjityanstant. There are 3 methods
of usingp for this timeto-space scaling. The first option is using the comparative method as

described by Coates et al. (1999).



Figure 1.4 P time determination from magnetic decay through Laplace transform data inversion.
Larger pore sizes are represented by largeinies. Discrete pore sizes result in characteristic
To times. Larger pore volumes with mixtures of pore sizes result in larger amplitudes of signal
(Coates et al. 1999).

By using other methods such as mercury intrusion, nitrogen adsorption, or image analysis in order

to determine PSD of the sample, this PSD can be compared to the PSD obtained from NMR and

the difference in scale is tlpeconstant (Figure 1.5).
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Figure 1.5 Overlay of pore size distribution from mercury intrusion and pore time distribution
from NMR inversion is obtained through shifting by the effective surface relaxivity value
(Coates et al. 1999).

Surface relaxiviy can also be determingg direct calculations from independently measured
surface to volume ratios, for example from cation exchange capacity, nitrogestssggstian, or

image analysis, and the flelaxation time (Dunn et al. 2002) (Equation 1.5).

p=T"1() (15)

Where:
p = T2 surface relaxivity

T> = the b relaxation due to surface properties and pore volume

S = Pore Surface Area
V = Pore Volume

Finally, p can also be determined from NMR diffusion measurements such as PGSE pulse

sequences (Latour et al. 1993; Hurlimann et al. 1994). However, these measurements are time

11



consuming, intensive in measurement (many separate experiments needing to be performed at the
same laboratory conditions across different applied magnetic gradients), and not always applicable
for every rock type. For these reasons, the NMR method of deternpnumgng diffusion

experiments is not performed in this thesis.
1.6  Applicationsof NMR in Pure Fontainebleau Samples

An NMR log is the only tool to provide PSD in subsurface formations. The NMR relaxation
time can be converted to PSD with known or assumed values of surface relaxivity (Coates et al.
1999; Kenyon 1997). In such calculations, diffusion effects are considered negligible as compared
to surface relaxation phenomenon. This assumption is applicable for rock surfaces coated with
clay minerals. However, to my knowledge, a systematic study of the effect of surface minerology
or coating on NMR relaxation is lacking for clean sandstones. | present here a comparison of NMR
data with porosity, permeability, and mineralogy for two sandstone sets. | chose a Fontainebleau
sandstone as an example of a very pure sandstone with systematic porosity-permeability
correlations. A downhole Hibernia sandstone was chosen with higher amounts of clay minerals for
comparison.

NMR is a non-invasive method of determining pore size distribution, and relative surface
area of the pore space through the detection of hydrogen nuclei in reservoir fluids. With the larger
pore volume of conventional rock types, there is a greater proportion of bulk fluid compared to
fluid in contact with the pore walls. It is generally assumed in NMR studies that the fluids affected
by surfaces comprise the majority of the recorded NMR magnetic signal decay (Coates et.al. 1999)
Relaxation of the nuclei in bulk fluid occurs on a much longer timle scal can be differentiated
from surface relaxivity effects. Pure quartz surfaces have less electron interactipreaa$sing

hydrogen nuclei than clay coated mineral surfaces. Thus, nuclei in contact with these pure surfaces
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are not as affected by electron interaction with pore walls will relax similar to bulk fluids (Parks
1984). Different mineralogical constituents and magnetic impurities on the surface of rock grains
lead to larger interactions between the grains and any hydrogen nuclei in contact with them. The
magnetic disruption through increased electron interaction of precessing nuclei causes quicker
signal decay from the applied magnetic field from NMR. Pure quartz samples without impurities
do not have the electron interaction to cause this relaxation of the hydrogen nuclei, hence have low
values of surface relaxivity. The surface relaxivity of the Fontainebleau sandstone measured

through NMR diffusion was found to lie between 3.5 um/s to 1in/& |{Fleury et al. 1996).

Lauffer (1987), Tarling and Hrouda (1993), Foley et al. (1996), Bryar et al. (1999), and
Keating and Knight (2007) have shown that the relaxation time of hydrogen nuclei is shortened in
the presence of paramagnetic impurities. Saidian and Prasad (2014) have shown that the surface
relaxivity is directly related to the amount of paramagnetic impurities, such as chlorite and illite-
smectite. In the case of the Fontainebleau sandstones, the presence of these paramagnetic
impurities occurs from the weathering of the Fontainebleau sandstone at surface outcrops. Separate
and characteristic morphologies of the sandstone are created by the dissolution of original quartz
cement and precipitation of silica which contains iron oxide deposits (Thiry 2005). This causes
some complexity in evaluation of NMR data for petrophysical characterization of the

Fontainebleau sandstone.

1.7  Magnetic Susceptibility

Since paramagnetic impurities influence surface relaxivity and, in turn PSD, often
magnetic susceptibility experiments are used to detect the presence of magnetic injnefigs.
a magnetic field is induced by passing alternating electric current through coiled s@@ndary

induction coil is then placed around the sample being analyzed and the respective change in current
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in the first induction coil is recorded. This offset in electrical current in the primary coil is

proportional to the magnetic susceptibility of the sample. The measured magnetic susceptibility
value for the samples provide information about magnetic fabric, magnetic grain size, and
mineralogy amongst others (Tauxe 2015). Additional information about the instrument used is

provided in the Methods section.

1.8 Fontainebleau Data Set

Sandstones from the Fontainebleau formation are commonly used as standards for
petrophysical measurements. These Fontainebleau sandstones are well sorted with homogenous
grain sizes (100 - 300 um) outcropping in the lle de France in the Paris Basin, France (Bourbie
and Zinszner 1985). Similar to the Berea sandstone, the Fontainebleau sandstone is recognized for
its pure composition (99.8% quartz) and a lacknoheralogical impurities based on X-ray
diffraction (XRD) data (Kieffer et al. 1999).The trace impurities that may be present occur as
cements containing pure silica and paramagnetic impurities (Fig 1.6). These impurities vary by
depth and environment of deposition. Deposition of the Fontainebleau sandstone occurred mainly
in a marine environment, with upper sections formed by aeolian dunes (Bourbie and Zinszner
1985; Thiry and Marechal 2001; Thiry 2005). There are three distinct diagenetic facies related to
thar geomorphological positions, with lower intervals containing smectite and illite clays (Thiry
and Marechal 2001). These facies are: outcrop sands at the edge of valleys and plateaus that are
generally white; sands below the plateau sands that are beige and contain feldspars and glauconite;
and underlying sands below the water table that are black containing feldspar, glauconite,
carbonite, and pyrite. This wide mineralogical variation in the Fontainebleau sandstones leads to
differences in NMR characterization between the upper and the lower intervals, and it affects

petrophysical models and extrapolation of formation properties from outcrop samples. Although
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the upper intervals are pure quartz in composition, they are not necessarily better candidates fo
NMR evaluation. A mentioned above, pure quartz surfaces coupled with cements containing
paramagnetic minerals cause differences in surface relaxivity that makes determinatién of PS

difficult.

Figure 1.6 Examples of the differing amount of staining that was observed in the Fontainebleau
cores in this study. The differing amount of staining is believed to be caused by differences
in the amounts of trace magnetic impurities (iron) that are contained in the grain cement.

Such impurities could have large effects on surface relaxivity values.

1.9 Hibernia Data Set

Hibernia sandstone samples were used as a subsurface comparison formation. They are
coarse quartz arenites, with sporadic pyrite presence, and porosity ranges between 1% and 22%
(Brown et al. 1989). Since the Hibernia and the Fontainebleau have similar porosity, permeability,
and main mineralogy constituents, they are good candidates for comparison of NMR response
Significantly different grain shape and higher clay impurity content of the Hibernia are good

juxtaposing characteristics for NMR analysis and comparison of these sandstones. Variations in
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NMR response should be noticeable due to mineralogical impurities and higher surface relaxation

of the Hibernia.

1.10 PSD and p Determination

Iron and alumina impurities in the crystalline structure of the Fontainebleau sandstone have
been shown to affect surface and quadrature conductivity (Revil et al. 2014). Similarly, the wide
variation of surface relaxivities observed in the Fontainebleau have been attributed to diagenetic
processes and cementation (Fleury 2007). The effects of paramagnetic impurities on NMR
characterizations of the Fontainebleau have been largely ignored. Studies linking NMR PSD
characterization to paramagnetic impurities in the Fontainebleau sandstone are lacking. The goal
of this study is to link surface relaxivity changes to either the presence or abseheseof
impurities and develop a more comprehensive way in which to characterize the Fontainebleau
from an NMR perspective. Knowledge of what parameters affect surface relaxivity in pure
mineralogical rocks can be used to help determine surface relaxivity variation acaoge @f
rock types. This information will allow for a better method of PSD calculation for varying rock

lithologies.

111 ThesisOrganization

Organization of this work is broken down into five chapters. Here | present a background
of NMR science and the cores used in this experiment for the reader. Chapter 2 outlines the
experimental procedures and methods for obtaining the results in this study. An overview of the
equipment used and how the samples were prepared are summarized in this section. Chapter 3
presents the results obtained through these experiments and outlines the findings from the data. In

this section, information on porosity, permeability, electrical conductivity, and the collected NMR
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T2 spectra can be found. Chapter 4 discusses the findings of this work. An emphasis is placed on
the T2LM collected for each of the samples and how this data is used to reflect changes in surface
relaxivity of the samples. Chapter 5 is the concluding chapter and summarizes the major findings
from this work. Additionally, the contents of this thesis have been presented in two separate works

attached as supplementary files and summarized in Appendix A.
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CHAPTER 2

MATERIALS AND METHODS

Three types of samples were used in this study: sand packs, Fontainebleau sandstones, and
Hibernia sandstones. As controls for variations in matrix mineral composition, different sand packs
were constructed from pure mineralogical sands and the NMR response recorded. These included:
3 different packs of the same quartz sand at sieve sizes of 100, 200, and 300 respectively; sand
packs of pure illite clay, layered illite clay and unsieved sand, and unsieved sandsiviedgpec
pure gypsum, calcite ooids, pure borax, and black volcanic sands high in iron .content
Corresponding NMR responses were recorded for each of these reconstructed samples in order to
determine the effect of mineral composition on NMRr@sponse times. The grain sizes of the
gypsum, ooids, volcanic sands were not determined, but visually were similar enough that no large
difference in b spectra were expected. Each of the samples were settled while shaking in order to
obtain similar grain sorting amongst the differing packs. These packs were then saturated using
deionized water and extra water removed from the top of the sample to ensure 100% saturation of

the grains with no free water present.

63 Fontainebleau samples were chosen from porosities ranging from 2.77% to 19.69% and
permeabilities ranging from 0.5mD to 4600mD (Revil et al. 2014). 12 Hibernia samples were
studied with clay percentages ranging from 1 to 6 weight % and similar porosity and permeability
ranges as the Fontainebleau sandstones (Manika Prasad, personal information). NMR
measurements were performed on cylindrical core plugs saturated with deionized (DI) water.

Saturation occurred by use of a vacuum pump. Samples were put under vacuum for 24 hours and
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saturated with DI water, allowing them to sit for a few weeks before experiments were performed.
Porosity, T, and & relaxation times were quantified for each of the samples using a MaYritek
2MHz NMR and Prospgd Programming for data inversion. Data inversion was performed with
Laplace non-negative least square fitting (Lawson and Hanson 1974; Buttler et al. 1981).
Longitudinal relaxation times ¢J were acquired using inversion recovery (IR) pulse sequences.
Transverse relaxation timeszfwere acquired using Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequences (Carr and Purcell 1954; Meiboom art 1858). In each case, sufficiently long
experimental times and parameters were chosen so that maximum polarization and full decay of
magnetic signals were obtained. This included a minimum stgrradise ratio of 100, inter-
experimental delay of 10000 ms, 50,000 echoes, and an echo time of 100 ms for each NMR
experiment run. Background NMR readings of the containment vial and ambient environment

were collected and subtracted from the sample NMR readings.

Magnetic susceptibility measurements were performed with an ASC Scientific Bartington
MS2B 36mm sample sensor (courtesy of Dr. Andrew Creekmore). The operating frequency was
0.465 kHz with a resolution of 2xY@CGS. Readings were taken for a 12 second measurement on
a 0.1 CGS range. Containment vial and air magnetic susceptibility measurements were repeated
before the three sample trials for each core. Air and vial dimensionless volume magnetic
susceptibility were then subtracted from the average magnetic susceptibility of the respective cores

for determination of sample susceptibility.

Electrical conductivity and permeability values of the 63 Fontainebleau cores used in this
work were taken from Revil et al. (2014). Revil et al. (2014) performed conductivity measurements
because clay-free sandstones are assumed to have negligible surface conductitstyorffec

electrical measurements. The Revil et al. (2014) study, however, showed significant surface
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conductivity in the Fontainebleau sandstones that must be accounted for during interpretations of
the electrical resistivity measurements. Similarly, the quadrature conductivity was found to be

controlled by the bulk tortuosity of the pore space and conductivity trends seemed to be correlated
in a manner consistent with clayey materials. Table 2.1 shows the core samples used in this study

and the measurements performed. Onlgi$tributions were collected for the grain packs.

Table 2.1 Core samples and measurements performed for this study

Number of . . Magnetic .
Porosity | Permeability Vp NMR o Conductivity
Samples Susceptibility
Fontainebleau 63 This Study AR This Study | This Study This Study AR
Hibernia 12 MP MP MP This Study N/A N/A
*MP — Personal data from Manika Prasad *AR- Data from Revil et al. 2014
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CHAPTER 3

RESULTS

| measured NMR and magnetic susceptibility results for the Fontainebleau cores and
compare those data porosity, permeability, and conductivity values reported by Revil et al.
(2014). For comparison, | also conducted NMR measurements on Hibernia cores dlong wi
porosity, permeability, and X-ray diffraction (XRD) results from Prasad (personal information).
Finally, T2 spectra of sand-packs of different single mineralogies were compared those from the
Fontainebleau and Hibernia sandstones. Porosity values from the NMR experiments and helium
injection correlate well to each other (Fig. 3.1). Systematically lower NMR porosity waéres
observed at corresponding helium porosities with a high goodness of fit to the data. Variations of

no more than 3% porosity occur in the data.
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Figure 3.1 Comparison of NMR derived porosity and helium porosity to test validity of NMR
porosity values obtained in this study for Fontainebleau sandstone.
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Permeability and porosity also appear to be correlated with different relations for the Fontainebleau
and the Hibernia sandstones (Fig. 3.2). This supports literature findings that for the Fontainebleau
sandstone, a narrow range of permeability exists for a small range in porosity values (Bourbie and

Zinzsner 1985; Fleury 2007; Revil et al. 2014).
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Figure 3.2 Porosity-permeability relationship for the Fontainebleau and Hibernia cores using
NMR data collected in this study. Narrow banding of the data in this relationship is expected
and the data collected matches the findings from Bourbie and Zinszner (1985). The
Fontainebleau permeability data are from Revil et al. (2014) and the

Fontainebleau porosity correlations are from
Bourbie and Zinszner(1985).

For determination of average pore size, logarithmic averages of N\i&akation times
(T2LM) were used. Logarithmic averaging is used because of the wide spread in relaxation times
and T2 spectra. The T2LM values are representative of the average pore size in the rock matrix.The

T2LM-permeability data show large scatter for the Fontainebleau sandstone. A positive correlation
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between permeability and T2LM is observed with the higher clay mineral containing Hibernia

cores (Fig. 3.3).
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Figure 3.3 Scatter of average pore size comparison to helium permeability is indicative of
surface relaxivity variation in NMR for the Fontainebleau sandstone. Better correlation
of the Hibernia sandstone indicates that similar surface relaxivity is present across the

samples.

| investigated the reasons for the large scatter in the T2LM and permeability data, for
example, it might be controlled by the diagenetic processes of sandstone formation and influx of
magnetic impurities in the Fontainebleau. Similarly, in order to quantify the magnetic impurity
influx for the Fontainebleau, conductivity data from Revil et al. (2014) was used to color-code the

permeability-T2LM data in Fig. 3.4.
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Figure 3.4 Conductivity trends in average pore size comparison to helium permeability for the
Fontainebleau sandstone.

Discrete surface conductivity ranges are grouped in perm-T2LM scatter suggeshggschra
surface paramagnetic content and corresponding surface relaxivity values. lopthesthis

study, | made a qualitative determination of these surface relaxivity differences on the basis of
magnetic susceptibility. Surface relaxivity was not determined with NMR due to the time
consuming nature of these experiments and the high number of controls. Previous NMR studies of
the Fontainebleau sandstone have not considered surface relaxivity variations for any PSD scaling
despite high variations ip values in the Fontainebleau reported in those studies (Fleury 2007).
Known variations in Fontainebleau surface relaxivity is shown in Table 3.1. For this study, I try to
address why such variation nis seen in homogenous Fontainebleau cores. Possible surface
relaxivity variation due to paramagnetic mineral impurities in grain cements was addressed using
volumetric magnetic susceptibility measurements. Fig. 3.5 shows that magnetic susceptibility

values are clustered and are not correlated with T2LM values.
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Table 3.1 NMR surface relaxivity variation of the Fontainebleau sandstone. Despite homogenous
mineralogical makeup and similar grain sizes, large variation in surface relaxivity can be present

(Fleury 2007).
Kw (mD) Surface relaxivity (Lum/s)
5.4 5.1
82 6.8
224 3.5
1164 11.7
2100 5.6
3200 6.2
8 °

=Y

Magnetic Susceptibility
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[
@ ..
[
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g.
[
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o

o

10 100 1000 10000
T2LM (ms)
Figure 3.5 Magnetic susceptibility comparison to T2LM for the Fontainebleau sandstone.
Extremely small magnetic susceptibilty values and overall scatter in T2LM shows no

correlation in level of paramagnetic impurities contained in the grain cements and
the average size in each sample.
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In order to test the assumption that pure grain surfaces are responsible for the spread in
T2LM values seen in the Fontainebleau, similar NMR analysis was completed with the Hibernia
sandstone. When plotted with Fontainebleau data (Fig. 3.3) a logarithmic relationship between
permeability and T2LM relationship is obtained with the Hibernia that is not present for the
Fontainebleau.

The NMR responses of differing single mineral sand packs were also analyzed for any
major shifts in T2 relaxation times due to mineralogy. Figure 3.6 shows the variety of spectra that

were collected for different mineralogies.
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Figure 3.6 NMR ¢ spectra collected for different mineralogy sand packs. The relaxation time of
sandstone decreases with a decrease in grain size indicating a change in pore size distribution.
Similar amplitude of the signal indicates that the amount of DI
water was similar in each sample.
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NMR readings could not be obtained for the black volcanic sands at the same volumes as the
other samples due to their high iron contents. Similar NMR relaxation times and distributions of
pore size were obtained for both the Fontainebleau and Hibernia sandstones (Figures 3.7 and
3.8). The major peak present in the NMR data for both the Fontainebleau and Hibernia samples
as well as the differing sand packs occurs between the 100ms and 1000ms relaxation range. This
range of relaxation times occurs on a timescale that is much larger than in shales and indicates

large pore volumes that can easily be assessed using NMR.
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Figure 3.7 NMR % spectra collected for the Fontainebleau cores in this study.
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Figure 3.8 NMR T spectra collected for the Hibernia cores in this study.
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CHAPTER 4

DISCUSSION

The close relationship observed between permeability and porosity is expected for the
Fontainebleau and Hibernia cores (Fig. 3.2). Narrow banding in the permeability-porosity
relationship is observed for both rock types. The average pore size in each sample can be
represented by T2LM times. NMR measurements on the Fontainebleau and Hibernia sandstones
show a wide scatter in T2LM time at discrete permeabilities only in Fontainebleau cores (Fig. 3.3).
This variation is a factor of the differing surface relaxivities of the Fontainebleau sandstone and
the lack of impurities that are seen. An observable trend for Hibernia samples in T2LM-
permeability relationship indicates that it is easier to predict PSD and possible surface relaxivity
variations in clay containing sandstones as opposed to the pure quartz compositions that are seen
in the Fontainebleau. Demonstration that trends in NMR data are more observable in clay
sandstone is essential for prediction of PSD from permeability-porosity relationships in
petrophysical modeling. Similarly, these models will be more accurate due to the correlation that
is observed in T2LM-permeability relation. NMR interpretation is better in these less pure cores
as a result.

Wide variation in T2LM and permeability has a great effect on the pore size distribution in
conventional rock samples when converted from the time domain. From the homogeneity
demonstrated in the Fontainebleau sandstone, it would be expected that at discrete permeabilities,
the corresponding T2LM values should be fairly constrained. This is due to the size of the capillary
pathways which determine permeability magnitude and an expected constant value for surface
relaxivity in homogenous cores. There is a wide variety of T2LM values that are present at each
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permeability, however. Change in representative pore size (T2LM) at constrained permeabilities
shows that surface relaxivity variation could improperly scale this PSD value when analyzing
NMR results for pure quartz sandstones.

Revil et al. (2014) relate scatter/variation in quadrature conductivity trends by the presence
of iron and alumina impurities. The separate groups of conductivity values are believed to be
indicative of different levels of paramagnetic surface impurities in the Fontainebleau. Thus, these
values (Fig. 3.4) could indicate relative changes in surface relaxivity as a result.

From NMR data, the determination of pore size distributicom relaxation time
distribution is a function of surface to volume ratio and surface relaxivity. These two unknown
values lead to errors in determination of pore size distribution from T2 measurements for the
Fontainebleau. Overall porosity of the sample is determined by the relative magnetization of
hydrogen nuclei prior to magnetic decay before inversion of the magnetic decay trains (Coates et
al. 1999). Therefore, total porosity of the sample should be accurate using NMR methods, but pore
size distribution determination must account for magnetic impurities that skews the T2LM data.
Relatively small concentrations of paramagnetic intrusions can have extreme effects on the internal
magnetic interactions of samples, greatly changing the magnetic response in NMR byaeagnit
(Tarling and Hrouda 1993). Similarly, paramagnetic coating in silica packs has been shown to
result in internal gradients and contribution from diffusion relaxation mechanisms in the sample
(Keating and Knight 2007). The combination of these contributions to NMR relaxation greatly
effects the determination of PSD when assumed that T2 response is controlled by the surface
component of NMR response. This creates error in the inversion of raw magnetic data to T2
relaxation spectra and subsequent error in PSD determination. While magnetic susceptibility may

have effects on the NMR response, the lack of correlation in this data (Fig 3.5) concludes that
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paramagnetic intrusions are not the primary control on NMR response in the Fontainebleau
sandstone. Similarly, the magnitudes of magnetic susceptibilty measurements are extremely small.
This should have minimal effects on surface relaxivity and is not the cause of the extreme spread
in magnitude that is observed.

The predicted logarithmic relationship between permeability and T2LM for Hibernia
samples shows that the presence of multiple grain impurities such as small clay amounts and
varying mineralogies is actually better for NMR PSD determination because there is not as much
surface relaxivity variation as a result. Similarly, the lower magnitude of T2LM relaxaties ti
shows that relaxation of hydrogen nuclei occurs quicker in the Hibernia cores. As a result, quicker
and more uniform surface relaxivity from small amounts of impurities should allow for better PSD
calculation from NMR studies that is not as accurate in pure sandstones such as the Fontainebleau.

This is mirrored in the results from different mineralogies (Fig 3.6). As smaller grain sizes
are used in the sand packs, there is a shift in the primary peak of the relaxation spectra to shorter
relaxation times. This is expected due to the increase in sudaoddme ratio causing quicker
relaxation of the hydrogen nuclei contained in the sample. More electron interaction is allowed to
occur with increased surface area and thus relaxation times of the hydrogen nuclei are shortened.
Similar pore time distributions from similar grain sizes in grain packs using differing mineralogies
occur in the same time range. Although the characteristic surface relaxivity values for each of these
samples are different, the relaxation spectra fall in the same range as the Hibernia samples (Fig
3.8). The spectra from the Fontainebleau are more slightly more constrained to longer times

(around 500-1000ms) (Fig. 3.7), yet still has more variation in T2LM at constant permeabilities.
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CHAPTER 5

CONCLUSIONS

Pure sandstones have generally been overlooked in NMR studies due to their seemingly
simplistic structure and relatively large pore spaces. In this study, the observed NMR surface
relaxivity variations in pure sandstones were analyzed for two competing controls:

e Small amounts of paramagnetic impurities causing high surface relaxivity and.fast T
relaxation.
e Pure grain surface with a lack of fluid-solid electron interaction, resulting in low surface
relaxivity and long 7% relaxation.
A comparison between a pure sandstone (Fontainebleau) and a clay-bearing sandstone (Hibernia),
both with well-defined porosity-permeability relationships, shows that permeability and
conductivity in pure sandstones cannot be explained by NMR spectra. | propose that the seemingly
random NMR spectra are a result of a lack of electron interaction between the nuclei contained in
pore fluids and the grain surfaces. As a consequence, models of permeability using NMR
measurements should only be used with appropriate surface relaxivity values as well as bulk fluid

relaxation quantification.
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APPENDIX A
SUPPLEMENTAL ELECTRONIC FILES

The contents of this thesis have been presented in two separate works. The first publication
has been submitted to the special edition of Geophysical Prospecting. This work analyses PSD
determination in pure sandstones. The submitted title of this watkalenges of Pore Sze
Determination of Pure Sandstone Samples Using Low-Field Nuclear Magnetic Resonance. | am
primary author on this work with authors Milad Saidian (former Colorado School of Mines
doctoral student, currently working for BP America), Manika Prasad (Colorado School of Mines
faculty), and Andre Revil (former Colorado School of Mines faculty, currently at the Université
Savoie Mont-Blanc). This submitted work has been attached as a supplementary file.

The second publication explores paramagnetic minerals and how they affect surface
relaxivity. It been submitted to Geophysics and has passed first review. The submitted title of
this work isEffect of Paramagnetic Mineral Content and Distribution on Nuclear Magnetic
Resonance Surface Relaxivity in Organic-Rich Niobrara and Haynesville Shales. | am second
author on this paper with Milad Saidian and Manika Prasad. This reviewed and edited

manuscript is attached as a supplementary file.

Table A.1 Supplementary files of the manuscripts that have been submitted presenting work
contained in this thesis
Livo_Geophysical_Prospecting_Final.g PDF file containing manuscript submitted tc
the special edition of Geophysical Prospect
analyzing PSD determination of pure
sandstones.
Saidian Geophysics Journal V6.g PDF file containing the reviewed and editec
manuscript submitted to Geophysics
exploring paramagnetic minerals and how
they affect surface relaxivity values.
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