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Abstract

Because of its mobility and ability to investigate exposed surfaces, single-sided (SiS) nuclear
magnetic resonance (NMR) technology enables new application fields in geosciences. To test
and assess its corresponding potential, we compare longitudinal (7';) and transverse (7) data
measured by SiS NMR with those of conventional geoscientific laboratory NMR. We use
reference sandstone samples covering a broad range of pore sizes. Our study demonstrates that
the lower signal-to-noise ratio of SiS NMR data generally tends to slightly overestimated widths
of relaxation time distributions and consequently pore size distributions. While SiS and
conventional NMR produce very similar 7’| relaxation data, unbiased SiS NMR results for 7,
measurements can only be expected for fine material, i.e. clayey or silty sediments and soils
with main relaxation times below 0.05s. This limit is given by the diffusion relaxation rate due
to the gradient in the primary magnetic field associated with the SiS NMR. Above that limit,
i.e. for coarse material, the relaxation data is strongly attenuated. If considering the diffusion
relaxation time of 0.2 s in the numerical data inversion process, the information content >0.2s
is blurred over a range larger than that of conventional NMR. However, our results show that
principle range and magnitudes of the relaxation time distributions are reconstructed to some
extent. Regarding these findings, SiS NMR can be helpful to solve geoscientific issues, e.g. to
assess the hydro-mechanical properties of the walls of underground facilities or to provide local
soil moisture data sets for calibrating indirect remote techniques on the regional scale. The
greatest opportunity provided by the SiS NMR technology is the acquisition of profile
relaxation data for rocks with significant bedding structures at the pm scale. With this unique
feature, SiS NMR can support the understanding and modeling of hydraulic and diffusional
anisotropy behavior of sedimentary rocks.
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1. Introduction

Applications for measuring nuclear magnetic resonance
(NMR) are well established in geophysics. In the laboratory,
in boreholes, or from the Earth’s surface, they provide relev-
ant information on porous geo-materials, e.g. type and content
of the pore liquid, porosity, diffusivity, pore size distribution,
permeability, etc. In doing so, 'H nuclei as molecular com-
ponent of water and hydrocarbon are the usual objectives of
investigation. Their proton spins cause a magnetic moment,
which is aligned with an external static magnetic field. Cor-
respondingly, a 'H spin ensemble, e.g. a sample consisting of
water or oil, exhibits a spin magnetization with the same ori-
entation as the static (primary) magnetic field.

NMR devices manipulate this spin magnetization by elec-
tromagnetic pulses, i.e. alternating magnetic fields match-
ing the resonance frequency of the spin system, the Lar-
mor frequency (Levitt 2002). They stimulate and subsequently
detect a response signal corresponding to the relaxation pro-
cess of the spin system, which returns to its equilibrium state
in the primary magnetic field. The signal strength is lin-
ear to the amount of stimulated 'H nuclei in the observed
volume, so water and/or hydrocarbon content can be estim-
ated (Flaum et al 1998, Behroozmand et al 2014, Miiller-Petke
and Yaramanci 2015). The relaxation behavior of the NMR
signal encodes structural and mineralogical information of the
pore surface and allows the analysis of, for instance, pore size
distribution and permeability (Kenyon 1997, Dlugosch et al
2013, Knight et al 2015), the level of pore surface fractal-
ity (Pape et al 2006, Zhang and Weller 2014, Miiller-Petke
et al 2015), or the quality of iron-oxide coating on the pore
walls (Keating and Knight 2007, Costabel et al 2018). Spe-
cialized pulsing techniques combined with specific experi-
mental setups provide estimates of diffusion coefficients in the
porous material under investigation (Seland er al 2004, Kolz
et al 2007) and characterize the mobility of water molecules
through the pore space (Romanenko ef al 2012, Hiller et al
2020).

NMR in geophysical applications is available for different
investigation scales. Samples and drilling cores with sizes of
a few cubic centimeters to cubic decimeters are investigated
with laboratory NMR (Keating and Knight 2007, Romanenko
et al 2012, Zhang and Weller 2014, Hiller et al 2020), where
they are placed inside a measurement coil system embedded
in a strong homogeneous magnetic field. Coils and magnets
are arranged and adjusted in a way to control and optimize the
corresponding excitation fields for a very precise manipulation
and exact registration of the involved spin dynamics. Com-
pared to such laboratory equipment, NMR measurements con-
ducted in boreholes are limited in precision. Corresponding
tools exhibit sizes from 1 to 10 m for groundwater and hydro-
carbon characterization, respectively, and include a perman-
ent magnet generating a magnetic field on the outside of the

probe. Consequently, this field is inhomogeneous in the invest-
igated formation and decreases with increasing distance from
the borehole. The measurement coil system of such borehole
equipment can produce a relevant spin excitation only within a
small volume around the probe having the shape of a thin shell
(Kleinberg et al 1992, Walsh et al 2013). The measurement
signal is correspondingly small and the excitation inside the
gradient field cannot be realized without certain off-resonance
components. The same is also true for the application of the so-
called surface NMR method, where large cable loops on the
Earth’s surface are utilized for groundwater exploration and
aquifer characterization (Vouillamoz ez al 2012, Behroozmand
et al 2014, Lesparre et al 2020). These methods use the Earth’s
magnetic field as primary field and produce measurable signals
only by exciting large volumes in the subsurface.

Bliimich et al (2008) demonstrated a novel type of NMR
measurement equipment, the so-called single-sided (SiS)
NMR technique, which is in a sense a small-scaled mixture
of the borehole and surface NMR technologies. The most rel-
evant property of SiS NMR is its mobility. Corresponding
devices are small and thus easy to handle for directly and
non-invasively investigating the moisture of exposed surfaces.
Consequently, this technology is applied in quality control,
food, and material sciences, e.g. for identifying imperfections
or hidden failures in textiles (Kolz et al 2007, Bliimich et al
2008), testing the condition of meat (Bliimich er al 2008),
or monitoring the interaction of water and building mater-
ial (Schulte Holthausen and Raupach 2018). With a sensitive
measurement volume formed as a thin slice on a footprint in
the cm? range, it also opens new fields of geophysical applic-
ations:

(a) Investigation of samples directly after taking them,
i.e. without risking alteration on the way to the laboratory
such as evaporation or oxidation (figure 1(a)).

(b) In-situ measurements on walls of underground facilities
(figure 1(b)) to test and control their moisture state. Such
investigations contribute to the assessment of stability and
integrity of tunnels, mines, and underground repositories
(Ziefle et al 2017).

(c) In-situ soil measurements in the first few mm to cm
(figure 1(c)) to acquire valuable calibration and controlling
data sets for regional remote measurement techniques
(Koch et al 2021).

(d) Hydraulic characterization of bedding structures of sed-
imentary rocks in the pm to mm range that often con-
trol their anisotropic hydraulic properties on much larger
scales (Sato er al 2019).

The mobility option of SiS devices comes at the cost of
a NMR measurement inside a strong magnetic gradient field,
similar to, but much stronger than those in borehole tools. As
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Figure 1. Potential application fields for single-sided (SiS) NMR in geosciences: (a) mobile NMR for investigating samples immediately
after taking them, i.e. an analysis without the risk of chemical altering or evaporation, (b) in-situ moisture measurements on tunnel walls,
e.g. a relevant contribution to the stability and integrity assessment of underground facilities, (c) non-invasive soil moisture measurements.

shown in detail in the following section, this SiS NMR gradi-
ent field leads to an additional relaxation component, the so
called diffusion relaxation, that might dominate the relaxation
process and thus blurs the desired information of the investig-
ated pore structure. To the best of our knowledge, systematic
studies aiming on this issue have not been conducted to date.
It seems that a detailed quantitative analysis of the SiS NMR
relaxation behavior compared to conventional NMR applica-
tions has not been required, because the use of the SiS NMR
technology in the application fields mentioned above is either
focused solely on the signal amplitude (which is related to the
amount of water in the material) or on relative changes of the
relaxation process.

In this study, we investigate a set of 18 different natural
sandstones, which cover a broad range of pore sizes, using
SiS NMR relaxation and compare the corresponding results
with conventional laboratory NMR. In doing so, we produce
reference data sets of longitudinal (7';) and transverse (77)
relaxation time distributions (RTDs) and identify the condi-
tions, under which the SiS technology provides correct RTDs.
We consider the influence of the diffusion relaxation in the
usual multi-exponential data approximation and analyze its
performance to reconstruct the RTD by determining a set of
relevant statistical quantities. Finally, we discuss and assess
the potential use of SiS NMR within the scope of the identi-
fied geophysical application fields mentioned above.

2. Theoretical background

2.1. General NMR

When stimulating the NMR of a 'H spin ensemble, two relax-
ation mechanisms can be observed:

o the longitudinal (7)) relaxation, which is observed parallel
to the primary magnetic field By.

e the transverse (7,) relaxation, which is observed in the plane
perpendicular to By.

These mechanisms behave characteristically different in
porous media and have their individual advantages and disad-
vantages in the context of geophysical applications. For details

on the NMR phenomenon in general and measurement prin-
ciples of NMR relaxometry, we refer to Levitt (2002) and other
textbooks. Specific information on geophysical NMR applic-
ations can be found for instance in Coates et al (1999) and
Dunn et al (2002). Here, we are interested only in the differ-
ences of the underlying relaxation components related to the
measurement environment of the SiS NMR technology.

In case of T relaxation in a water-filled porous medium, the
measured response signal E as a function of time ¢ is described
by a multi-exponential behavior:

E(1) t
Eio =1- Zliexp <_ Tl7i>
t t
=1- Tiexp| — -, @))]
Z ' p( Tis, T113>

where Ej is the signal amplitude at 1 =0, [; is the relative
intensity of the relaxation regime corresponding to the indi-
vidual relaxation rates 1/T ; (and 1/Ts;), and 1/Tp is the
bulk relaxation rate. The subscript ‘S’ refers to ‘surface relax-
ation’ and indicates that the i-th relaxation regime is usually
associated with a specific surface-to-volume ratio, i.e. with
a specific pore size. T|p is the relaxation time of the bulk
pore fluid, which is often much longer than T'5 ; and therefore
negligible.

The resonance frequency of the proton spin increases lin-
early with increasing By strength (Levitt 2002). Thus, stimu-
lated spins with slightly different resonance frequencies (due
to unavoidable inhomogeneities of By) loose their coher-
ence when observed perpendicular to By. For exact T, meas-
urements, this effect has to be corrected by specific reph-
asing pulses (the Carr-Purcell-Meiboom-Gill, CPMG, pulse
sequence, (Carr and Purcell 1954, Meiboom and Gill 1958)).
For a perfect rephasing, the resonance frequency of the single
spins in the ensemble must not change during the experiment.
However, if the level of the By inhomogeneity is high enough,
which is the case in SiS NMR, the spins change their frequen-
cies by diffusing through regions with different By strengths.
The consequence is an imperfect rephasing and the relaxation
process is enhanced due to the corresponding loss of coher-
ence between the spins. Hence, the 7', response signal exhibits
an additional exponential relaxation rate compared to 7', the
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Figure 2. (a) Schematic of magnet and coil arrangement and resulting sensitivity volume of the single-sided (SiS) NMR device (Bliimich
et al 2008), (b) transverse relaxation rate (1/75) as function of the squared echo time (1125) for a water sample to visualize the influence the

corresponding diffusion relaxation inside the By gradient field.

diffusion relaxation rate 1/T»p (Coates et al 1999, Dunn ef al
2002, Levitt 2002, Keating and Knight 2007):

E(¢t t
IZE)—ZI,»eXp(—T )
0 - 2,i
t t t
=N rLexp( - ———— ), @
Xi: p( Tos;i T TZB> )

2S,i

where T»s; and Top are defined according to the correspond-
ing T\ components above and carry, in principle, the same
information content. Assuming a linear gradient G, the diffu-
sion relaxation is computed by (Kleinberg and Horsfield 1990)

1 D(Gr)’ ;
Top 12 ©)
with the diffusion coefficient D (=2.025x10~? m?s~! at
20 °C), the gyromagnetic ratio of the hydrogen proton
v (=0.267x10° rad (Ts)~ "), and the echo time #g. The latter
is an adjustable measurement parameter that controls the time
between subsequent rephasing pulses.

It is noteworthy that the T, data acquisition can be realized
much faster than 7'; and commonly provides time series with
higher sampling frequencies. This is the reason why many geo-
physical applications use 7', and accept the possible distortion
by TZD-

2.2. Single-sided NMR

As mentioned above, the main idea of the SiS NMR tech-
nique is to provide the sensitive measurement volume on the
outside of the apparatus, which enables non-invasive meas-
urements by getting the device in touch with the investiga-
tion object (Bliimich er al 2008). Figure 2(a) schematically
shows the basic structure of a SiS NMR device as used in
this study: four single permanent magnets realize a By gradi-
ent field that decreases in strength with increasing distance
to the magnets. A measurement coil with dimensions in the
cm range is arranged as such that a thin sensitive volume is
formed, a plane with a thickness of 0.1 mm to 0.2 mm and

fixed horizontal dimensions determined by the shape of the
loop (40 by 40 mm? in this study). Because of the linear rela-
tionship between Larmor frequency and By field strength, the
exact position of the sensitive footprint is controlled by the
operating frequency of the system. The lower the transmitted
frequency, the larger is the distance of the sensitive plane from
the surface of the magnet.

A T, measurement taking place in the gradient field of a SiS
NMR apparatus naturally causes a non-negligible 1/7,p com-
ponent (see equation (2)). Its contribution can be discovered by
subsequent measurements with varying echo time 7g as depic-
ted in figure 2(b) using a pure water sample. The linear slope
of the resulting 1/T; rates, when plotted against 2 and approx-
imated by equation (3), provides the gradient strength inside
the sensitive volume. The corresponding result of our meas-
urements in figure 2(b) validates the theoretical value given
for the device used in this study.

2.3. Problem statement

For geophysical NMR applications with focus on estimat-
ing pore size information, only the surface relaxation rate is
important, i.e. the terms 1/Tys; and 1/T5s; in equations (1)
and (2), respectively. For simplification, we ignore the index i
referring to varying pore size clusters for the following explan-
ations and use the notation 7  if the corresponding statements
are true for both the longitudinal and the transverse relaxation
process. When measuring inside the homogeneous B field of
conventional laboratory NMR the diffusion relaxation (1/75p)
is negligible, unless ferromagnetic minerals inside the pore
space generate gradient fields at the pore scale (Keating and
Knight 2007, Keating ez al 2008). Moreover, 1/7} »p is nor-
mally much smaller than 1/7} »s, which usually allows the
assumption that

— . 4)

Figure 3 depicts T, as a function of T»g assuming Tog = 2.5s
(dotted line) and demonstrates that the difference between the
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Figure 3. (a) transverse relaxation time 7 as measured using
single-sided (SiS) and conventional NMR as a function of surface
relaxation time T»g, (b) relative difference between T, and T»s. The
calculation of 7', according to equation (2) considers Tog = 2.5
(for both SIS and conv. NMR) and T>p = 0.2 s (for SiS NMR only).
The latter value corresponds to the SiS NMR apparatus used in this
study at an echo time of 80 ps.

two is only significant for very long relaxation times at the
edge of the range relevant for geo-materials. However, the
consequence of 7, measurements in the gradient field of a
SiS NMR device is a non-negligible 1/7,p that enhances the
relaxation much more than 1/T,g as shown in figure 3. The
corresponding graph (solid black line) assumes 7T>p = 0.2s in
accordance to the properties of the device that we use in this
study at an echo time of 80 pus. The 7', curve in figure 3(a) con-
verges to Thp, meaning that long relaxation components will
be compressed to 7, < 0.2s. We note from figure 3(b) that the
range influenced by the diffusion relaxation already starts at a
few ms. However, from the practical viewpoint only the effect
on T, > 0.05 s seems to be significant, because at this range the
relative difference with more than 30% starts becoming vis-
ible at the logarithmic scale, at which NMR relaxation times
are usually interpreted in geosciences.

3. Material and methods

3.1 NMR measurements using water-saturated sandstone
samples

We investigate a set of 18 sandstone samples with dominating
pore sizes ranging from 0.1 to 50 pm, i.e. cylindrical drill cores

Table 1. List of samples.

Porosity Dominating
Sample name  Specification (vol.%) pore size (um)
Mu3 Mucharz 4.5 0.1
San4 Sander 18.5 8.4
Weid Weiberner 46.1 3.7
Tuffstein
Schl4 Schleeriether 16.3 1.2
R5 Rottbacher 16.6 9.8
Ett4 Ettringer 335 29
Tuffstein
Obl4 Obersulzbacher 20.8 4.1
Gr54 Gravenhorster 14.2 6.7
Cls Cottaer 21.7 18.3
Gr55 Gravenhorster 14.2 6.7
Clp Cottaer 21.7 18.3
Lan4 Langenauer 12.0 2.1
Udl1 Udelfanger 23.5 18.3
Berl Berea 19.8 14.5
Skals Skala 24.8 29.0
1072 Elbsandstein 185 49.2
Deul Deutmannsdorfer 19.3 44.2
S1b Bentheimer 18.8 22.8

with diameters of 20.0 and 25.5 mm (table 1). The samples
were saturated with de-mineralized water using a vacuum
desiccator and afterwards kept in a water bath to maintain their
saturated state. After taking them out for conducting the NMR
measurements, we carefully removed remaining water drops
on their surfaces and covered the samples in plastic foil to pre-
vent them from evaporation during the experiments.

The SiS NMR measurements were carried out with a NMR-
Mouse PM25 (Magritek). The conventional NMR measure-
ments used a rock core analyzer based on a Halbach-array
setup, which realizes an almost perfect homogeneous static
magnetic field inside the sample opening (Halbach 1980,
Anferova et al 2007). The data are published under an open
access license (Costabel er al 2022). Essential device specific-
ations and measurement parameters are given and compared
in table 2. The T relaxation was measured using the satur-
ation recovery sequence (Levitt 2002) and the T, relaxation
was measured using the CPMG sequence mentioned above.
After performing a rapid tentative measurement using a stand-
ard parameter configuration for a specific sample, the para-
meter configuration for its regular measurement was optimized
individually in a way that a trade-off between total measure-
ment time (=time for averaging measurement repetitions) and
acceptable noise level was achieved.

In addition to the unavoidable influence of the diffusion
relaxation, the signal-to-noise ratio (SNR) of SiS NMR data
is generally lower than that of conventional NMR because the
measurement volume is orders of magnitudes smaller. Nois-
ier data lead to a higher level of uncertainty for the estimation
of the wanted pore parameters, which could only be prevented
by increasing the number of measurement repetitions for aver-
aging (stacking). However, regarding a feasible application
this is only economic and thus meaningful up to a certain level.
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Table 2. List of relevant NMR measurement parameters and device
specifications.

Measurement

parameter/ NMR rock core
specification Single-sided NMR  scanner
Working frequency  13.1 MHz 3.9 MHz

T recovery times 0.2 to max. 6000ms 0.5 to max. 7000 ms
Number of T 70 to 100 850 120
recovery times

Average T noise 0.351t0 0.6% 0.21t00.3%
level®

Mean T 300 to 400 min 60 to 120 min
measurement

time/sample

T> echo time 80 us 231 pus

Number of echos 200 to 6000 1500 to 16 000
Repetition time 2t060s 2t0 10s
Average T noise 1.3t04.5% 0.41t00.7%
level

Mean T, 60 to 270 min 10 to 30 min
measurement

time/sample

 The relative noise level refers to the root mean square (RMS) value of the
data fit divided by the initial amplitude of the signal.

For this reason, we decided to limit the total measurement time
for one sample using the SiS NMR to a few hours at maximum.
As can be noted from table 2, the resulting times for single 7',
or T, measurements using SiS NMR exceed those of the core
analyzer many times over. Nevertheless, their resulting relat-
ive noise levels are still worse on average.

In contrast to the conventional NMR measurements, where
the samples are investigated as a whole, the SiS NMR device
observes only a part of it, as mentioned above, a thin slice
with a thickness of about 0.2 mm. The apparatus is intended
for investigating vertical moisture profiles with a resolution
at the sub-millimeter scale inside specimens that are simply
placed on a table above the device (Kolz et al 2007, Bliimich
et al 2008). For that purpose, the device is mounted on an elev-
ator (Perlo et al 2005), which can continuously be moved up
and down with a step size of 0.05 mm. Our SiS NMR meas-
urements using the sample cylinders (figure 4) are repeated at
five different heights separated by 2.5 mm from one another.
To reconstruct to some extent the integrated information of
conventional NMR these time series are averaged before the
multi-exponential fitting.

However, the opportunity of SiS NMR to provide slice-wise
information on the internal small-scaled structure of specific
geological material is an interesting feature, i.e. for investig-
ating small-scaled bedding planes of sedimentary rocks and
shales (Sato et al 2019). As an example to demonstrate the
benefit of such experiments, we repeated the 7, measurements
using the Berea sandstone with an increased vertical step size
of 0.25 mm. As obvious from the photograph in figure 4 by
the alternating strata of grayish and reddish colors, the Berea
sandstone is characterized by thin parallel layers in the mm-
range. These layers demonstrate the alternating sedimentation

Figure 4. Berea sandstone sample on the SiS NMR sensor. The
photograph was arranged to make the stratification of the rock
visible. During the regular measurements of this study, the samples
were covered in plastic foil to prevent evaporation during the NMR
experiments.

conditions, under which this kind of rock was formed. Quartz
sand particles in the planes with reddish color are mixed with
opaque mineral grains (Sato et al 2019), whereas these impur-
ities are absent in those areas with gray color. Sato et al (2019)
demonstrate that the mineral mixture in the bedding planes of
Berea sandstones has a significant impact on the pore water
mobility and causes a high level of anisotropy of permeabil-
ity, which has to be considered when observing and modeling
corresponding fluid transport processes.

3.2. Calculation of surface relaxation time distributions

To transform the measured NMR relaxation signals into their
corresponding RTDs, a linear system of equations has to be
solved. Because this inverse problem is generally ill-posed
(Hadamard 1923), solving it is achieved by a regularized
(smoothed) least square (LSQ) minimization (Aster et al 2005)
of the form

min |Gm — d||3 + A\?|[Lm]]; , (5)

with d = E(r) the NMR data vector, m = I; the model vec-
tor with relative intensities of the ith relaxation time bin and
the forward operator G describing their physical relationship
(see equations (1) and (2). G also accounts for both the bulk
and, in case of T, the diffusion relaxation components that
were determined in advance (see figure 3). The smoothness
constraint on m is applied by a first-order derivative matrix L.
The regularization parameter A is found via the L-curve cri-
terion and chosen as such that the inversion misfit is in the
order of the data noise while keeping a sufficiently smooth
RTD (Hansen 1994, Aster et al 2005). All NMR data were
processed, i.e. inverted using the open source software NUC-
LEUS (Hiller 2020).

It is important to note that the described algorithm com-
putes the distributions of T ; and T,y , i.e. the surface relax-
ation times, in contrast to the usual protocol of calculating 7' ;
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proportion between the 5% and 95% quantiles (B90), and between the 20% and 80% quantiles (B60). The same quantities were used to

investigate the 7' measurements.

and T3 ; (see equations (1) and (2)). In other words, the effects
of the bulk relaxation and in particular the diffusion relaxa-
tion (in case of measuring 7, using SiS NMR) do not limit
our resulting distributions. In doing so, we can directly com-
pare the results of SiS and conventional NMR despite the bias
that is expected for larger relaxation times (see figure 3) on the
one hand. On the other hand, we focus the interpretation of our
results on the substantial part of the relaxation mechanism that
carries the pore size information.

We like to briefly put focus on the influence that the SNR
of a particular NMR signal has on its corresponding RTD. As
mentioned above, the applied LSQ inversion is constrained
by a smoothness criterion (L) and regularized in a manner to
obtain the smoothest RTD within the noise of the NMR sig-
nal. Inevitably, this means that the larger the data noise is, the
smoother, and hence also wider, the corresponding RTD will
appear.

3.3. Relevant quantities characterizing the RTD

We analyze and compare the resulting RTDs by means of some
characteristic quantities, e.g. the time of the RTD’s global
maximum 755 max as a proxy of its main mode and its log-
arithmic mean T5g 1gm (figure 5(a)). The latter is commonly
preferred for estimating permeability from NMR data using
empirical models such as the Schlumberger-Doll Research
equation (SDR, Kenyon (1997), Knight et al (2015)). Further-
more, we define two measures to characterize the broadness of
the RTD (figure 5(b)): the differences of the T, times corres-
ponding to the 20% and 80% quantiles (B60) of the cumulative
RTD and those corresponding to the 5% and 95% quantiles
(B90). The B60 criterion represents the main mode of the
RTD associated with the most relevant range of pore sizes
controlling the permeability characteristics. The B0 criterion
also considers accompanying features at the RTD’s periphery,
e.g. additional smaller modes related to fractions of clay- or
capillary bound water.

4. Results and discussion

4.1. Differentiation between T» and T relaxation time
distributions

As described above, when interpreting SiS NMR relaxation
data it is necessary to consider the unavoidable diffusion
relaxation rate due to the B gradient field that might cause
a bias to the measured relaxation times. The practical con-
sequence of this bias is demonstrated in figure 6, which com-
pares different RTDs of the same saturated Berea sandstone
sample. The RTD measured using conventional NMR for
which the relation in equation (4) can be assumed, ranges
from 0.001 s to 1s. Almost 50% of it including its maximum
at about 0.3 s exceed the SiS NMR threshold at 7o,p = 0.2s.
Thus, the RTD measured by SiS NMR (orange-dotted) is com-
pressed towards faster 7, components <0.2s. When taking the
1/T»p term into account during the RTD calculation (orange),
the information content in the range >7>p is reconstructed to
some extent and matches the conventional RTD much better.

We use the RMS of the difference between the RTDs
from conventional (as reference) and SiS NMR as quality cri-
terion to demonstrate the effect of considering 1/75p for all
of our samples. Figure 7 shows the corresponding overview,
for which the samples are sorted with respect to their T>s jom
in ascending order on the x-axis. Obviously, for 11 samples
with higher Ts jgm the consideration of 1/Tp in the RTD cal-
culation leads to an improved agreement with the reference
measurement.

4.2. Comparison of T1s and Tos measurements using SiS
and conventional NMR

In contrast to T, measurements, significant differences in the
T relaxation results of both NMR systems are not expected.
However, we demonstrate and discuss the 7'y results by inter-
preting them as a benchmark of how good the agreement is
under similar measurement conditions. At the top of figure 8§,
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Figure 6. Relaxation time distributions (RTDs) of the Berea sandstone sample as measured with conventional and SiS NMR. The two SiS
NMR curves demonstrate the necessity of taking the diffusion relaxation rate (72p = 0.2 s) into account for the RTD calculation.
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Figure 7. Root mean square (RMS) values of the difference between the relaxation time distributions measured by conventional and
single-sided NMR with (dark gray columns) and without (light gray columns) consideration of the diffusion relaxation rate 1/7>p. The
samples are sorted along the x-axis with respect to their Ts,1gm in ascending order.

the T'is curves of three examplary sandstones are shown. The
mean pore sizes of these examples increase from left to right.
The measured SiS NMR relaxation curves as well as their
RTDs (yellow) are in good agreement with the conventional
ones (black). However, we note differences regarding some
small details. The SiS NMR result (7s) of the sample Cs
(figure 8(b)) exhibits a unimodal behavior with a broad max-
imum, which is in contrast to the slightly bimodal behavior of
the reference measurement. The reason for this difference is
the lower SNR of the SiS NMR measurement, which prohibits
the correct reconstruction of the original bimodal shape. The
slightly worse SNR of the SiS NMR data is also the reason for
the overestimated broadness of the RTD of the sample Sb1 in
figure 8(c). This effect was expected beforehand, as explained
in section 3.2.

Figures 8(d)—(f) depict the T,g data of the three examples.
For the samples Wei and Cs (figures 8(d) and (e)), the main
modes of the RTDs are in agreement. For these two samples,
T,s relaxation components below 0.05s predominate due to
their overall small pore sizes. In these cases, 7>p does not have
an effect on the RTD (see figure 3). In contrast, we observe
that those parts of the RTD >0.05s are not correctly recon-
structed by the SiS NMR measurement, because the influence
of T,p covers this information content in the measured signal.
The same is true for the Sb1 sample depicted in figure 8(f).
For this sample, however, the situation is much more crucial,

because the main mode of its (conventional) RTD completely
lies in the range higher than 7,5 = 0.2s. Hence, the SiS NMR
result is not able to reconstruct the correct RTD. Instead, the
main mode and the second mode at fast 7, times between
0.01 and 0.1s are merged to one broad monomodal distri-
bution with an overall width even larger than the original
one.

In the following, we perform a more generalized com-
parison of the two NMR techniques by evaluating the dif-
ferent RTD criteria as defined in section 3.3. We start with
the 7; measurements and the corresponding cross plots in
figures 9(a)—(c). The linear regression coefficients (m;,) and
coefficients of determination (R?) can be found in table 3.
The attributes T’ max (figure 9(a)) and B60 (figure 9(c)) are in
almost perfect agreement, whereas T's 1gm (figure 9(b)) tends
to slight overestimation when measured with SiS NMR. This
characteristics is directly linked to the trend of overestimating
the B90 criterion and was already observed for the example
in figure 8(c). Because the SiS NMR measurements exhibits
a slightly higher SNR compared to the conventional measure-
ments, the overall broadness of their RTDs and correspond-
ingly their logarithmic mean is overestimated.

Figures 9(d)—(f) shows the cross plots for the T’ criteria
in the same manner as for 7 in the top row. Please note
the corresponding statistical quantities in table 3. Obviously,
T55 max and T5s 1em measured by SiS NMR are systematically
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Figure 8. Data Examples for (a)—(c) longitudinal and (d)—(f) transverse relaxation curves as measured using single-sided (SiS) and
conventional NMR and corresponding 75 and T»s time distributions for three sandstone samples: Wei (left), Cs (middle), and Sb1 (right).

underestimated. The corresponding regression coefficients
demonstrate that these attributes are on average about 60%
(T2s,max) and 71% (T»s1em) shorter than those measured
conventionally. The RTD widths, as indicated by B60 and
B90, are overestimated by the SiS data. This effect was
expected beforehand and already shown and explained in
figures 3 and 8: Ths max times longer than Top = 0.05s are
attenuated and the attempt to reconstruct them blurs this weak

information content over a range larger than the reference
RTD.

4.3. Investigation of sub-millimeter bedding structure of a
layered sandstone

Finally, we want to show and discuss the SiS NMR results on
the vertical profile of the Berea sample as an example for a
layered sandstone with obvious changes of lithology in the

sub mm range. Figure 10 shows a photograph of the sample’s
front face overlaid by a diagram of the T>g 1o times as a func-
tion of the measurement height. Obviously, the reddish lay-
ers are associated with reduced NMR relaxation times com-
pared to the gray ones. Shorter relaxation times correspond to
lower permeabilities, which is plausible for the Berea sand-
stone according to the study of Sato et al (2019). As they illu-
minate, the layers of Berea sandstone with accumulations of
opaque minerals appear to be much less permeable to pore
liquids than those without and report the ratio of the permeabil-
ity measurements parallel and perpendicular to the bedding to
be 8.5. They point out in their paper that determining the aniso-
tropy characteristics of geological formations is desirable for
a number of applications such as reservoir modeling, observa-
tion of contaminant waste disposal and CO, storage. However,
the experimental effort to get this kind of data is great to date
and could significantly be reduced using SiS NMR
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Figure 9. Cross plots comparing various statistical attributes characterizing the longitudinal (7'1) and transverse (72) relaxation time
distributions (RTDs) as measured using single-sided (SiS) and conventional laboratory NMR (see also figure 5).

Table 3. List of statistic quantities for the 7', and 7', data in figure 9, respectively: the linear regression coefficient mu;, and the coefficient of
determination corresponding to min (Rﬁ,).

Quantity miin(T1) R% (T1) myin(T2) Ry (T2)
T 25 max 1.07 0.98 0.60 0.82
T} 25 lgm 1.24 0.96 0.71 0.95
B60 1.00 0.92 1.05 0.60
B90 1.06 0.81 1.09 0.72
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Porosity [vol%]
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Figure 10. Mean logarithmic relaxation time and porosity as measured using SiS NMR as function of the height z of the sensitive

measurement volume.
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5. Summary

We identify two crucial issues regarding the application of
SiS NMR compared to conventional geoscientific laboratory
NMR technology that have a significant impact on the meas-
urement performance. First, the additional diffusion relaxa-
tion rate 1/T>p caused by the unavoidable gradient in By: as
we demonstrated, corresponding 7, measurements are already
biased at relaxation components much faster than 0.2s (see
figures 3 and 8), which is the limit given by T,p for the
used equipment in this study. Second, the SNR of SiS NMR
measurements is generally lower due to the decreased sensit-
ive volume compared to, for instance, NMR-based core scan-
ners with a sensing volume of several cubic centimeters. This
is true for both 7 and 7, and cannot be completely com-
pensated by higher averaging (or stacking) rates. The corres-
ponding increase in total measurement times would exceed an
acceptable level, beyond which the application is no longer
reasonable from a practical viewpoint. Regarding the SNR
issue, our experimental setup might not be optimal, because
we use cylindrical drill cores that fill less than half of the
sensitive volume. However, in favor of a direct compar-
ison with conventional NMR measurements using the very
same samples, we accept this experimental shortcoming and
compensate it to some extend by allowing SiS NMR measure-
ment times much longer than those of the conventional NMR
(see table 2).

Regarding T, our data demonstrates that SiS NMR
provides results comparable to conventional NMR measure-
ments. Caused by the lower SNR mentioned above, the widths
of the RTDs measured by SiS NMR tend to overestimation.
Moreover, small features at the periphery of the RTD and
an equally weighted multimodal RTD shape might not be
resolved properly (figure 8(b)). However, we do not expect a
significant bias of hydraulic estimates from SiS NMR data,
because Ts1gm values and the principle range of relaxation
times are captured correctly. Also regarding T, expedient SiS
NMR measurements can be provided by SiS NMR despite
the influence of 7>p. RTDs with main relaxation modes faster
than 0.05s are reconstructed correctly, whereas the attempt
to reconstruct longer T,g times blurs the information content
over a range exceeding the correct RTD (see figure 8(f). How-
ever, for our samples including those with mean SiS NMR
relaxation modes larger than 7>p = 0.2s, the most important
quantities 755 max and T»s 1gm Were found on average to be at
only 60% and 71% of those from conventional NMR (table 2).
We conclude that the corresponding permeability estimates if
computed with, for instance, the SDR equation (Kenyon 1997)
might still be reasonable despite this bias. Hydraulic paramet-
ers such as permeability are usually expected within a natural
uncertainty of up to a magnitude.

6. Conclusion

Because of its mobility, SiS NMR enables new application
fields in geosciences, as introduced above. In this study, we

compare 7 and T, data of diverse sandstones measured by
SiS NMR with conventional NMR data. In general, the SNR
of SiS NMR data must be expected to be lower than that of con-
ventional laboratory devices, which might yield slightly over-
estimated RTD widths and consequently overestimated widths
of the corresponding pore size distributions. This is generally
true for both T'; and T, data. However, for a potential usage
in the identified application fields (a)—(d) in section 1, a cor-
responding cost-benefit-assessment has to be made, because
in total longer averaging measurement times must be anticip-
ated for SiS NMR measurements to achieve a comparable data
quality.

In general, T, measurements are provided with much faster
progress than 7'y and are thus preferred in practice. However,
unbiased SiS NMR results for 7', relaxation measurements can
only be expected for fine materials, i.e. clayey or silty sedi-
ments and soils as well as sedimentary rocks with relaxation
times smaller than about 0.05 s. For coarser materials, due to
the T,p relaxation in the external By gradient field, the result-
ing pore size distribution is not reconstructed correctly. Relax-
ation components above the T,p limit are strongly attenuated,
i.e. shifted towards smaller relaxation times. This distortion
is corrected to some extent, if the diffusion relaxation is con-
sidered in the inversion process to produce the RTDs. How-
ever, such reconstruction leads to a certain bias towards large
pore sizes and the trend to merge multimodal distributions into
one broad mode. This is because the information content of
the RTD above the T>p limit is blurred over a large range by
the smoothness constraints of the data inversion. However,
for rough estimates of hydraulic parameters the SiS NMR
method might still be feasible, because logarithmic mean and
the general range of pore sizes are reconstructed within the
correct magnitude. In any way, the total water content estim-
ation remains undisturbed; T»g relaxation components above
the T»p limit are not lost, only associated with incorrect relax-
ation regimes, i.e. they appear at a wrong position on the 7>
axis.

Regarding these findings, SiS NMR can potentially be help-
ful when identifying wet spots or leakage fissures on tunnel
walls and can thus support activities to maintain safety and
integrity of underground facilities. In particular it is very suit-
able for clay rock with T»g times faster than 0.002 s, which is in
the focus of current research as host rock for permanent repos-
itories of radioactive waste material. SiS NMR is also a poten-
tial tool for soil moisture measurements and might provide cal-
ibration and control data for indirect remote methods. At least
for fine soils, additional pore information can be expected from
accompanying in-situ SiS NMR measurements.

The greatest opportunity provided by SiS NMR techno-
logy is the acquisition of profile relaxation data for rocks with
significant bedding structures at the um scale. Conventional
magnetic resonance imaging techniques, although providing
interesting images and even 3D data of porous systems, are
not able to resolve stratification in the sub-millimeter range.
With this feature, SiS NMR might be helpful for understanding
and modeling electric, hydraulic, and diffusional anisotropy
behavior of sedimentary rocks.
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