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Abstract Sub-surface clay samples are difficult to char-
acterize using conventional methods so non-invasive
Nuclear Magnetic Resonance (NMR) techniques were
used to evaluate in a preserved state the pore structure,
porosity, water mobility, and affinity of various clay
systems. Within the CLAYWAT project launched by
the NEA Clay Club, some of the most advanced NMR
techniques were applied to samples from 11 clay-rich
sedimentary formations (Boom Clay, Yper Clay (both
Belgium); Callovo-Oxfordian shale, Upper Toarcian
(both France); Opalinus Clay from two sites
(Switzerland); Queenston Fm., Georgian Bay Fm., Blue
Mountain Fm. (all Canada); Boda Clay (Hungary); and
Wakkanai Fm. and Koetoi Fm. (Japan)). The degree of
induration within this suite of samples varies substan-
tially, resulting in a wide porosity range of 0.02–0.6.
The key finding is the determination of pore-size distri-
bution by NMR cryoporometry in the range of
2 nm–1 μm with the native fluid present in the pore
space for most samples. The water volume in pore sizes
of <2 nm could also be measured, thus providing a full
description of the porosity system. A specific

preparation by sample milling was applied to the pre-
served original cores minimizing disturbances to the
samples in terms of water loss. The water content mea-
sured by NMR relaxation was comparable to values
obtained by drying at 105°C. In general, the narrow T2
distributions indicate that water was diffusing through-
out the pore network during the magnetization lifetime,
implying that T2 distributions cannot be considered as
proxies for the pore-size distributions. For the set of
samples considered, the T1/T2 varied between 1.7 and
4.6, implying variable surface affinity. Finally, for most
samples, a pore-shape factor of ~2.4, intermediate be-
tween a sheet (1) and a cylinder (4), was deduced.
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Introduction

Clay-rich sedimentary formations are efficient barriers
to solute migration and so are considered as suitable host
rocks for geological disposal facilities for radioactive
waste (Dohrmann et al., 2013). In this context, knowl-
edge of the basic properties of clay-rich rocks, such as
porosity and pore-size distribution, is of prime impor-
tance (Wigger et al., 2018). Obviously, the mineral–
water interaction within the nanometric pore network
is also of interest, as well as transport properties (diffu-
sion coefficient, permeability). Because such clay-rich
formations are also studied in the context of CO2 stor-
age, reactivity under acid conditions is of concern
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(Gaus et al., 2005) as well as the possibility of interca-
lation of CO2 molecules in the interlayer (Bowers et al.,
2017; Hemmen et al., 2012). In the present study, the
main focus was on the use of low-field NMR techniques
to provide information on drillcore samples that were
conditioned to minimize evaporation and disturbances
in the pore structure. Over the past 20 years, the devel-
opment of NMR relaxation methods in the laboratory
together with logging tools has made such techniques
more popular and widespread. The key information
presented here, the pore-size distribution, was estab-
lished by NMR cryoporometry, known for more than
two decades but not used systematically in the
geosciences. In contrast, high-field solid-state multinu-
clear NMR spectroscopic techniques have been used
extensively in the past to characterize clay minerals at
small scale (Sanz, 2006); from the information on chem-
ical shift gathered using a variety of techniques, the
location and coordination of many nuclei (Si, Al,
Na…) can be obtained and modeled (Kirkpatrick et al.,
2015). For water, the surface orientation of adsorbed
molecules and their mobility within the interlayer of
some clays can also be described (Porion et al., 2018;
Porion & Michot, 2007). At low field, the mobility of
water can be obtained at a much larger length scale
(~micron) from relaxation-time distribution measure-
ment and interpretation. For example, the precise quan-
tification of interlayer water in smectite powders has
been shown to be possible at various degrees of con-
trolled humidity; also shown to be possible is that inter-
layer and inter-aggregate (or external) water exchange
rapidly at the millisecond timescale typical of T2 trans-
verse relaxation times in such systems (Fleury et al.,
2013; Montavon et al., 2009). The basal spacing mea-
sured by small-angle X-ray scattering was related direct-
ly to the amount of water measured by NMR (Fleury
et al., 2013). By freezing Na-montmorillonite adequate-
ly at various temperatures, taking advantage of the
freezing-point depression effect depending on the spac-
ing of the interlayer, interlayer and external water could
be separated (Montavon et al., 2009) and relaxation time
distributions that are grossly unimodal could also be
decomposed into 1, 2, 3, or 4 hydrated layers (Ohkubo
et al., 2016). NMR techniques are widely expected to be
able to elucidate the so-called ‘bound water,’ but from
the NMR point of view, this concept has little meaning:
diffusion of a water molecule between the solid surface
and the interlayer is rapid on the NMR timescale, even if
highly confined in pores of ~1 nm or less.

Moving from well controlled model systems such as
powdered clay minerals to clay-rich samples collected
from drilling operations is another challenge. Such sam-
ples are well known to be very sensitive to dehydration
or water uptake (shrinkage or swelling) when exposed to
surface conditions, and, therefore, proper techniques
and protocols should be used in the laboratory. From
this point of view, non-invasive techniques are highly
recommended while maintaining the sample in the orig-
inal wet state if possible. The characterization of sam-
ples from various geological formations around the
world performed with different low-field NMR tech-
niques is reported here. Because the pore sizes encoun-
tered in the present systems are at least 2 or 3 orders of
magnitude smaller than in samples originating from
permeable formations (such as sandstones or lime-
stones), some basic aspects must be reconsidered. For
the pore-size distributions, NMR cryoporometry tech-
niques were used instead of relaxation-time distribu-
tions, which in the case of shales yield very little infor-
mation on this critical aspect. However, T2 relaxation is
extremely important to quantify porosity, and T1-T2
maps are useful to describe qualitatively the interactions
between water and the mineral surfaces, or between
different pore environments.

The present study was embedded in the CLAYWAT
project initiated by the Clay Club, a working group of
the Nuclear Energy Agency (Paris, France) within the
Organisation for Economic Co-operation and Develop-
ment (OECD). The main focus of this project was the
characterization of the binding state of porewater in the
nanometric pore space of clays and shales using a range
of methods (Mazurek et al., 2022). These include,
among others, thermogravimetry (TGA), differential
scanning calorimetry (DSC), and the identification and
quantification of the evolved gases (EGA), as well as the
acquisition of adsorption isotherms for various mole-
cules (N2, CO2, H2O). All samples were subjected to a
basic material characterization (mineralogical composi-
tion, cation-exchange properties, porosity). Here, only
the NMR aspects with a link to N2 adsorption data are
presented; other possible relationships will be consid-
ered in future work.

Experimental Methods

Because many geoscientists may not be familiar with
magnetic resonance theory, the interpretation of low-
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field NMR relaxation data and the NMR cryoporometry
technique are explained in some detail. The measure-
ments of relaxation properties are not detailed here,
however, and the reader is referred to textbooks (e.g.
Dunn et al., 2002). The instrument used in the present
study was a permanent magnet relaxometer from Ox-
ford Instruments (Abingdon, Oxfordshire, England)
with a probe size of 18 mm and a proton Larmor
frequency of 20.9 MHz, corresponding to a field
strength of 0.5 Tesla.

Low-field NMR T2 Relaxation

In NMR relaxation experiments, the magnetization de-
cay characterized by exponential decay curves is mea-
sured, resulting essentially from liquid–solid interac-
tions of the spins carried by water molecules exploring
the pore space by diffusion (Godefroy et al., 2001). The
solid–liquid interactions are effective only close to the
surface in a layer of thickness, εS (<1 nm). In a single
pore, the volume fraction of bulk water (unaffected by
surface interactions) is fb, and fs is the volume fraction of
the surface layer (fb + fs = 1). As a result of molecular
diffusion, an exchange occurs between the surface and
bulk volumes with an exchange time given by τex. In the
so-called fast exchange (or fast diffusion) regime
(τex<< T2, the latter being the relaxation time), the
measured relaxation rate 1/T2 is an average of the bulk
and surface-relaxation rates weighted by the volume
fractions:

1

T2
¼ f s

T 2S
þ f b

T2B
≈
Sp
Vp

εS
T2S

þ 1

T2B
ð1Þ

An additional term involving internal gradients is
ignored because low magnetic fields typically of the
order of <0.5 T are considered; T2S is the relaxation time
characteristic of the surface layer, T2B is the relaxation
time of the bulk liquid (T2S<<T2B), and Vp and Sp are the
volume and surface area of a pore, respectively. The
intuitive explanation of the equation above that, as the
pore size decreases, the number of collisions with the
surface increases and, hence, the relaxation time de-
creases, is incorrect because the model assumes a fast
diffusion regime, meaning that numerous collisions oc-
cur during the magnetization lifetime. An important
parameter describing the strength of solid–liquid inter-
actions is the surface relaxivity, ρ2, or relaxation

velocity at the pore surface defined as ρ2 = εS/T2S. The
above equation is the basis for the interpretation of
relaxation time as an indicator of pore size expressed
as the ratio Vp/Sp. From this starting point, important
amendments should be made:

& The ratio Vp/Sp can be quite confusing when com-
pared to imaging techniques that aim at pore body
sizes or mercury intrusion experiments (yielding
pore entry sizes); e.g. for a rhombohedric packing
of spherical grains of diameter d yielding the lowest
possible porosity (0.259), the largest sphere in the
pore body, the pore-entry size, and the ratio Vp/Sp,
will be 0.224 d, 0.154 d, and 0.054 d, respectively.
Hence, the scaled NMR pore size will always be
smaller compared to these techniques; if considering
rugosity at a small scale, typically below the resolu-
tion of imaging techniques, the difference will be
even larger.

& The solid–liquid interactions are dominated by para-
magnetic impurities (Fe or Mn) at the solid surfaces
and the water molecules can be viewed as a probe
exploring the surface by diffusion; hence, the
surface Sp in Eq. 1 should rather be compared to
values obtained by techniques describing the surface
at the same molecular scale, e.g. nitrogen adsorp-
tion. Surface relaxivity values are often calculated
by comparison with the mercury intrusion method
but they are overestimated by at least the ratio
of pore body to pore throat (a factor of ~3). The
current authors consider that the range of surface
relaxivities for most natural minerals is between 1
and 10 μm/s, much larger values being non-physical
(Washburn, 2014); hence, a large range of sizes can
be observed, from nanometer up to 100 μm (Fig. 1),
with an instrument able to detect T2 relaxation times
starting at 0.1 ms.

& In the interlayer space of smectites, the V/S model
above has been shown to fail (Fleury et al., 2013),
presumably due to the fact that the notion of surface
and volume becomes ambiguous at <2 nm; another
potential reason is the strong interaction of water
with the compensating ions (“oriented” water
(Fleury & Canet, 2014)); in calibrated porous silica,
the pore-size dependence of the relaxation times has
been shown to be valid in the range 2 to 14 nm (Liu
et al., 1991) and above (Godefroy et al., 2001).

& In the presence of a distribution of pore sizes, the
magnetization decay,M(t), is not a single exponential
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but the sum of the contribution from all pores.M(t) is
then usually analyzed in terms of a sum of exponen-
tial decays. This does not mean, however, that the
resulting distribution of relaxation times will rep-
resent a pore-size distribution; molecules may dif-
fuse into several pores during the magnetization
decay yielding the so-called diffusion coupling ef-
fect (Fleury & Soualem, 2009; Monteilhet et al.,
2006; Washburn & Callaghan, 2006). It leads to a
narrower distribution or, in extreme cases, a unique
exponential decay even in the presence of pores of
different sizes. This effect is a combination of dif-
fusion length, pore sizes, and spatial distribution of
these pores. For aquitards or caprocks and shales,
diffusive pore coupling is thought to be predomi-
nant (Washburn, 2014) and, therefore, relaxation-
time distribution must be interpreted carefully. An
important consequence of the diffusive coupling
for clay systems is that the smallest pores (typically
interlayer) are accessible by most NMR instru-
ments and not only by those with the highest T2
resolution; indeed, the average relaxation time be-
comes larger and can be reached more easily, yield-
ing realistic porosity values including interlayer
water (often called total porosity). On the other
hand, the effect of diffusive coupling also means
that while the binding environments of water in the
interlayer and in the bulk pore space are different,
they cannot be resolved because diffusive exchange
is fast in relation to the timescales accessible by
NMR. What can be measured is a weighted average
of the relaxation times in these environments.

The water content or porosity can be obtained from the
magnetization curve in the native state. It is the very
first and important parameter characterizing porous
media. In clay-rich samples, determination of porosity
is not a trivial operation when using simple drying
techniques. At the standard drying temperature of
105°C, some of the more strongly bound water may
stay in the sample, and higher drying temperatures
may result in the volatilization of organics. The
NMR techniques have a great advantage because the
sample can stay in a fully saturated state, even though
some difficulties remain.

Here, some details are given on how to determine
the water content from the magnetization measure-
ments (Fig. 2). TheM(t) curve is a collection of echoes
collected at regular time intervals, and for the instru-
ment used here, the first one is at 0.08 ms. As a
practical rule of thumb, the first echo time also deter-
mines the T2 resolution in the distributions shown later

Fig. 1. Graphical representation of Eq. 1 with two extreme values
of surface relaxivities. For completeness, the fast diffusion limit is
also indicated

Fig. 2. Determination of the water content from NMR magneti-
zation measurements (sample CW6, Opalinus Clay from
Schlattingen). The solid line represents the inverse Laplace trans-
form in the time domain and the circles represent the acquired data.
The time axis is plotted using logarithmic scales to highlight the
short time decay. The inset indicates the calculated T2 distribution
using the recorded magnetization curve M(t)
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(e.g. for a component at T2=0.08 ms, the first echo at
M( t=0.08 ms) will already be attenuated by
exp(–t=0.08/T2=0.08)=exp(–1)=0.37). When short
components are present below the limit of resolution,
the calculated distribution will contain components
around the resolution limit; hence, one can detect such
components but not quantify their fractions. The water
content is given by M(t=0) and the inverse Laplace
transform yielding the relaxation time distributions
was used to extrapolate the signal (full line in Fig.
2); if short T2 components exist, the extrapolated value
M(t=0) is much larger than the first echo and may be
uncertain; e.g. in Fig. 2 in which two components are
present mainly at 0.07 and 0.6 ms (see inset in Fig. 2),
the extrapolated value taking all components is ~50%
larger than the first echo amplitude. Using T1-T2 maps,
the short components clearly correspond to protons being
part of the solid structure and not belonging to water
molecules. For these protons, the exponential model used
to generate the T2 distributions is probably not valid and
should be replaced by a Gaussian model (Washburn
et al., 2015). The present authors thus removed systema-
tically all T2 components of <0.15ms and the correspond-
ing extrapolated value M(t=0) is then much closer to the
first echo amplitude, yielding minor uncertainties. Note
that the signal to noise ratio is high (in this case S/N=504)
and the relative error in water content is, at most, 1%.

After calibrating the echo amplitudes with a known
volume or mass of pure water measured under the same
conditions, the water content is obtained. The result may
still depend on the salinity of the saturating brine in the
sample, however, because the hydrogen index of brine
decreases gradually as the salinity increases (Dunn et al.,
2002). This is very significant for the Canadian samples
for which total dissolved salts can reach up to 300 g/L.
For these samples, the native porewater was exchanged
by simple immersion with a 20 g/L KCl solution; this
solution was chosen in order to minimize any potential
clay swelling.

Finally, to obtain porosities, two possibilities exist:
first, a direct calculation of volume ratio according to:

ΦNMR ¼ Volume of water

Total volume
ð2Þ

where the volume of water is measured by NMR as
explained above, and the total volume is obtained by

the dimension of the sample when its geometry is well
defined (e.g. a cylinder). In this case, the result charac-
terizes the water-filled pore space, which may be less
than total porosity in the case of partially saturated
conditions. The second possibility is to use the grain
density, ρG, measured after drying the sample at 105°C;
from the total mass,Mt, of the sample and the measured
mass of water, Mw, by NMR, the porosity can be esti-
mated according to:

Φe ¼ 1−
Solid volume

Total volume
¼ 1−

M t−Mwð Þ=ρG
Total volume

ð3Þ

This equation does not depend on the state of saturation
and so represents the entire pore space.

T1-T2 and T2-T2 Maps

The T1-T2 maps are classically used for identifying
different proton species essentially by their T1/T2
ratio; e.g. water, oil, gas, and organic matter in shales
have distinct positions in such maps (Fleury &
Romero-Sarmiento, 2016; Khatibi et al., 2019), pro-
viding a considerable improvement in the understand-
ing compared to T2 relaxation distributions alone.
When saturated with a single fluid as considered in
the present study, the value of the T1/T2 ratio is also
of interest as an indication of the strength of the
confined water interactions with the solid surface.
This ratio depends on the magnetic field of the in-
strument (i.e. the Larmor frequency), however, and
the basic principles of the analysis need to be ex-
plained. As mentioned above, solid–liquid interactions
are characterized macroscopically by a global surface
relaxivity parameter but a more detailed description of
these interactions involves essentially a surface diffu-
sion mechanism: water molecules are adsorbed onto
the surface and may diffuse in a thin water layer, εS,
such that short-distance spin interactions can occur. In
the present situation, only the dominant interactions
between the nuclear spins and the electronic spins of
paramagnetic impurities distributed at the solid sur-
face are considered. The motions are then described
by two timescales (Fig. 3): τm is the correlation time
of the dipole–dipole interactions at the surface, and τS
is the surface residence time before desorption
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(Godefroy et al., 2001). The relaxation times T1 and
T2 can then be calculated and the ratio is given by

(Godefroy et al., 2001; Korb, 2018; Tian et al.,
2019):

T1

T2
¼ 2

ln
τ2S
τ2m

� �
þ 3

4
ln

1þω2
I τ

2
m

τm=τSð Þ2 þω2
I τ

2
m

 !
þ 13

4
ln

1þω2
Sτ

2
m

τm=τSð Þ2 þω2
Sτ

2
m

 !" #

3ln
1þω2

I τ
2
m

τm=τSð Þ2 þω2
I τ

2
m

 !
þ 7ln

1þω2
Sτ

2
m

τm=τSð Þ2 þω2
Sτ

2
m

 ! ð4Þ

Whereas T1 or T2 contain pre-factors that are
difficult to determine, the ratio T1/T2 depends solely
on the two timescales and the Larmor frequency, ωI,
of the instrument (ωS = 658.21 ωI in Eq. 4 is the
electronic spin frequency related to the nuclear spin
frequency). Taking typical ranges of values for τm
and τS and the frequency of the instrument used
(20.9 MHz), the T1/T2 ratio is sensitive to both τm
and τS for moderate values (e.g. T1/T2 = 1.8) and
mostly sensitive to τm at high values (e.g. T1/T2 = 4,
Fig. 4). The meaning of τm can be understood better
if τm is converted into a surface-diffusion coefficient,
DS = εS

2/4τm. Note that the T1/T2 ratio is equal to 1
when τS = τm as for bulk water (τm ≅10 ps). Some
authors also interpret the T1/T2 ratio as being linked to a
surface energy (D'Agostino et al., 2014). Using mea-
surements performed at variable frequencies ωI (with
field cycling instruments (Korb, 2018)), the time scales

Fig. 3. Model of the two-dimensional translational diffusion of
the proton species at the pore surface. The spin-bearing molecules
(e.g. water) diffuse at the surface, sometimes reaching fixed sur-
face paramagnetic impurities where the spins relax. The

translational surface correlation time is defined as τm. This surface
motion is interrupted by the surface desorption, characterized by a
surface residence time, τS (adapted from Godefroy et al. (2001)

Fig. 4. Solutions of Eq. 2 for two values of the T1/T2 ratio at
20.9 MHz; τm is the correlation time of the dipole–dipole
interactions at the surface governed by paramagnetic impurities
and τS is the surface residence time before desorption (see Fig.
3). A variation of the T1/T2 ratio from 1.8 to 4 implies large
variations of τm and τS
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τm and τS could be retrieved using various procedures
(Faux et al., 2019). As will be seen in the results,
however, relaxation times are too short for such instru-
ments due to dead-time issues and one is limited by
measurements at a spot frequency with reduced capabil-
ity of more detailed analysis. The T1/T2 ratio will be
used as a relative comparison between samples with the
point above in mind.

T2–T2 maps are very useful for demonstrating diffu-
sive pore coupling as mentioned above (Bernin &
Topgaard, 2013; Fleury & Soualem, 2009; Monteilhet
et al., 2006; Washburn & Callaghan, 2006). This tech-
nique, also called relaxation exchange spectroscopy
(REXSY), is a combination of two 1D T2 relaxation
experiments separated by an exchange time tE that can
be varied experimentally. When spin-bearing molecules
move by diffusion from one relaxation environment to
another during the time tE, off-diagonal peaks are pres-
ent in the map at well defined locations (Fig. 5). The
exchange times that can be explored are limited by the
lifetime of magnetization (about the largest T2 relaxa-
tion time of the system) and molecular exchange will
finally occur at long time. To test if an exchange is
occurring in a given system characterized by at least
two distinct relaxation times, the exchange time, tE,
should be set close to the largest T2 (population 1 in
Fig. 5 (Fleury & Soualem, 2009)). If exchange is pres-
ent during that time interval, it means first that the 1D
T2 relaxation time distribution does not represent the
true fraction of population 1 or 2. Second, it also means

that the porous system is well connected at the time
scale explored; when analyzing the different collected
maps at different times, tE, a coupling coefficient ex-
pressing the degree of connectivity of the system can be
calculated (Fleury & Soualem, 2009). If the system is
completely coupled (i.e. a single peak is observed either
in 1D or 2D because diffusive exchange is fast), noth-
ing can be observed and another fluid with a smaller
diffusion coefficient must be used. The measured T2
time will then represent the ratio of total volume to the
total surface (as in Eq. 1) and may be an alternative
way for estimating a specific surface in the wet state.
The pore-coupling effect should not be viewed as a
pore-to-pore exchange but rather as a pore-cluster ex-
change as small pores are never isolated in practice in
natural samples. Hence, the distance between these
clusters of pores with different sizes may also play a
role and the availability of pore-network images is very
useful for further interpreting the data.

NMR Cryoporometry Technique (NMRC)

The principle of cryoporometry is based on the shift of
the melting temperature of a fluid when located in a pore
(Mitchell et al., 2008; Petrov & Furó, 2009). A simpli-
fied form of the Gibbs-Thomson equation describing
this behavior may be written as:

△Tm xð Þ ¼ T bulk
m −Tm xð Þ ¼ kGT

x ð5Þ
where Tm

bulk is the bulk melting temperature, x is a
dimension related to the pore size, and kGT is the so-
called Gibbs-Thomson constant. In the melting cycle, x
corresponds to a radius of curvature dV/dS (Petrov &
Furó, 2009). In this way the melting temperature depends
on the nature of the liquid and on pore size. For water at a
given temperature below zero, smaller pores will
contain liquid instead of ice. For water, the value
kGT = 58.2 K nm (Webber, 2010; Webber et al., 2013)
determined using a set of well characterized systems
has been chosen; hence at x = 2 and 10 nm, water will
melt, respectively, at –29.1 and –5.8°C. As expressed
in Eq. 5, the constant kGT contains a shape factor of 2
corresponding to a cylinder. Hence, if the porous
system considered contains cylindrical pores, the mea-
sured pore size corresponds to a diameter d. In the
following the notation, P(d) will be used for clarity.

In practice, if one detects the amount of liquid vol-
ume, V(T), present in the sample as a function of

Fig. 5. T2–T2 maps showing off-diagonal peaks at an exchange
time, tE, indicating diffusive exchange between the two
populations
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temperature, T, one can obtain the pore-size distribution,
P(d), from the derivative of the V(T) curve using the
following equation:

P dð Þ ¼ −
kGT
d2

� dV
dT

ð6Þ

In equation 6, P(d) has units of μL/nm. Because the
distributions are plotted using log scales, however, an
appropriate representation is P(d).d vs. ln(d), yielding
units of μL. The distribution is then further normalized
by the initial (wet) mass of the sample, yielding units of
μL/g in the graphs. The integration of the distribution P
represents the amount of melted volume Vm during the
heating of the sample. The cryoporometry system used
here is essentially a special probe part of the low-field
spectrometer. Small cylinders, 4 mm in diameter, and of
maximum length 20 mm, are needed to perform the
measurements. After inserting the sample into the spec-
trometer, the temperature is first reduced to –29°C as
rapidly as possible (<1 min). Then, a temperature cycle
–29 ➔ –0.5 ➔ –29°C during ~30 min is performed to
avoid residual hysteresis issues in the melting cycle.
Finally, a temperature ramp starting at –29°C gradually
reaching 0°C and above over a ~10 h period was per-
formed and the amount of liquid was measured at reg-
ular intervals by NMR (Fig. 6). More details about the
system used to vary the temperature and measure the
liquid volume can be found elsewhere (Fleury et al.,
2021). The experimental set-up allows the pore sizes

from 2 nm up to ~1 μm to be resolved. The system is
also checked regularly using a mixture of calibrated
porous glass containing two narrow pore sizes (15 and
139 nm) (Fleury et al., 2021). A typical signal recorded
during NMRC experiments is shown in Fig. 6; the NMR
amplitude is the maximum of the recorded Hahn echo at
the echo time TE = 0.3 ms. The curve is then fitted with
a MATLAB least squares spline approximation function
in order to obtain a smooth derivative of V(T) (Eq. 6).
The duration of the experiment was 15 h. The
cryoporometry technique described here has been ap-
plied recently to source rocks originating from the Vaca
Muerta formation in Argentina (Fleury et al., 2021),
both at 100% water and at partial oil–water saturation
to demonstrate the pore occupancy of each fluid within
the porous network.

An important aspect is the effect of salt on pore-size
distribution (PSD) derived from NMRC experiments;
an aspect not considered much in the literature and not
mentioned in two recent reviews (Mitchell et al., 2008;
Petrov & Furó, 2009). In clay systems, using pure water
as the saturating liquid is not always feasible for well
known clay stability issues (swelling). The theory de-
scribed above has been developed in the context of pure
fluids with well defined thermodynamic properties. A
salt solution might not give any useful results; not only
is the bulk freezing point shifted to a lower temperature
(and for an extreme example, shifted to –21.1°C at the
eutectic concentration for NaCl solutions) but, at the
same time, liquid and solid phases co-exist, in principle,
at a single temperature. Beside these unfavorable bulk
thermodynamic properties, the salt exclusion mecha-
nism might also produce uninterpretable experiments.
The latter can be avoided easily by freezing the system
rapidly and this is done effectively in the experiments. In
the NMRC context, the effect of salt has been examined
only a little. In the pharmaceutical field, for the purpose
of testing polymeric nanoparticles for drug release, the
PSD measured on porous silica either saturated with
pure water or a solution representing the cerebrospinal
fluid (ionic strength of 0.15 mol/L) indicated small
differences (Gopinathan et al., 2014). In the field of
differential scanning calorimetry in which the same
Gibbs-Thomson principle is used, more data can be
found (Burba & Janzen, 2015) but only in one single
published paper. The shift of the melting-point temper-
ature was determined for two nano-porous silica sam-
ples (MCM41 and SBA15) and various NaCl solutions
(up to 0.25 mol/kg). The result was a further reduction

Fig. 6. Example of raw data recorded during NMRC experiments
on the sample CW5 (Opalinus Clay). The line is a least square
spline approximation used to calculate a smooth derivative dV/dT
of the curve and produce the pore-size distribution according to
Eq. 6
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of the melting temperature compared to pure water, and
different for the two porous media, even if the effect is
significant in terms of melting temperature (~1°C). No
large shift was induced in the PSD at ~10 nm, however.
Later (Jantsch et al., 2019), the same effects were still
found for nano-porous silica but with CaCl2 and LiCl
solutions. A fundamental explanation was given in
terms of effective water activity. In summary, the pres-
ence of salt solution does not preclude the use of
thermoporometry methods but induces a small addition-
al shift of melting temperature. For the present study, the
effect of KCl solutions on a meso-porous zeolite sample
compared with pure water was also specifically tested
(Fig. 7). In the presence of KCL, a small shift of the PSD
curve to smaller values, consistent with the literature,
was observed. A KCl solution was chosen because it
should generate the least swelling of clay materials in
general.

To complement the information given by the pore-
size distribution derived between 2 nm and 1 μm, the
amount of unfrozen water at –29°C was measured, the
lowest attainable temperature in our system, yielding, in
principle, the amount of water at <2 nm. This method is
very similar to the thermoporometry method proposed
to determine the amount of interlayer water typically
from smectite (Grekov et al., 2019). For this purpose, all
components above 0.15 ms were taken in the T2 spectra
(Fig. 8). The components below 0.15 ms were associat-
ed with structural hydroxyls and to plastic ice (frozen
water in larger pores). This is only approximate, how-
ever, because the T2 relaxation time of water in the
interlayer that is not in exchange with the surrounding

water might be smaller than 0.15 ms; e.g. in smectite
powders at various relative humidities and compensat-
ing cations, T2 values ranged from 0.03 to 0.5 ms when
the basal spacing varied from 1.0 up to 1.6 nm (Fleury
et al., 2013). T1 measurements of the interlayer water in
purified bentonite (Ohkubo et al., 2016) indicated sim-
ilar but slightly larger values (1 to 3.5 ms) considering a
T1/T2 ratio of 2 to 4.

Sample Materials

General Description

A suite of 12 drillcore samples selected for the CLAYWAT
project of the Nuclear Energy Agency (Mazurek et al.,
2022) was used for the study. The samples originated from
diverse geological environments and were obtained from
deep boreholes drilled from the surface or from short dril-
lings in underground research facilities over a depth range
of ~200–900 m below ground (Table 1). All samples were
conditioned in sealed plastic bags immediately after core
retrieval in order to minimize porewater evaporation and
oxidation. The formations fromwhich the samples originat-
ed span a wide range of depositional environments (mostly
shallowmarine to deltaic) and burial histories (Table 2). The
maximum burial depths were, in most cases, larger than the
current depth location, resulting in variable degrees of over-
consolidation. The extremes were, on the one hand, the
Belgian units (BoomClay and Yper Clay) that experienced
only shallow burial and, therefore, have high porosities of
0.37–0.4 and, on the other hand, the Boda Clay Fm. that

Fig. 7. Comparison of the PSD obtained from a zeolite sample
with pure water (dashed line) and a potassium chloride solution of
concentration 20 g/L (solid line)

Fig. 8. Determination of the fluid volume in pores of <2 nm
taking all components above 0.15 ms
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Table 1 Provenance of sample materials

ID Formation Country Locality Borehole ID Mean depth2 Sample supplier

CW1 Boom Clay Fm. (B) Belgium HADES URL1, Mol, Belgium Borehole 2016/1:
CG 72-73 W

223 m b.g.,
26.63 m a.h.

ESV EURIDICE

CW2 Yper Clay Fm. (B) Belgium Postel (Mol) ON-Mol-2D 501.08 m b.g. ESV EURIDICE

CW4 Callovo-Oxfordian
shale (F)

France Bure URL OHZ5004 490 m b.g.,
20.86 m a.h.

Andra

CW5 Opalinus Clay Mont
Terri (CH)

Switzerland Mont Terri URL BGC-1 ~270 m b.g.,
29.72 m a.h.

Nagra

CW6 Opalinus Clay
Schlattingen (CH)

Switzerland Schlattingen SLA 913.48 m b.g. Nagra

CW8 Upper Toarcian
shale (F)

France Tournemire URL PETRO_1 ~240 m b.g.,
7.85 a.h.

IRSN

CW10 Queenston Fm. (CDN) Canada Bruce, South Ontario DGR-3 486.84 m b.g. NWMO

CW12 Georgian Bay Fm.
(CDN)

Canada Bruce, South Ontario DGR-6 ~534 m b.g.,
608.97 m a.h.

NWMO

CW18 Blue Mountain
Fm. (CDN)

Canada Bruce, South Ontario DGR-6 ~649 m b.g.,
701.36 m a.h.

NWMO

CW15 Boda Clay Fm. (H) Hungary Boda BAF-2 809.34 m b.g. PURAM

CW16 Wakkanai Fm. (JP) Japan Horonobe URL, Hokkaido 350TR-SW36 350 m b.g. JAEA

CW17 Koetoi Fm. (JP) Japan Horonobe URL, Hokkaido HDB-11 197.5 m b.g. JAEA

1URL = Underground Rock Laboratory, 2 b.g. = below ground, a.h. = along hole (the latter stated for inclined boreholes drilled from the
surface or short boreholes drilled from underground rock laboratories)

Table 2 Main characteristics of studied samples from the CLAYWAT report (Mazurek et al., 2022). Burial depth and temperature data
from Kennell-Morrison et al. (2022)

Sample ID Formation Clay
content
(wt.%)

Grain
density
(g/cm3)

Porosity
from
densities (–)

Water-loss
porosity (–)

Remarks Max.
burial
depth (m)

Max.
burial
temp. (°C)

CW1 Boom Clay Fm. (B) 54 2.674 0.373 0.374 215 20

CW2 Yper Clay Fm. (B) 65 2.742 0.400 0.405 Rich in smectite 450

CW4 Callovo-Oxfordian
shale (F)

45 2.752 0.173 0.166 845 50

CW5 Opalinus Clay Mont
Terri (CH)

65 2.748 0.176 0.165 1350 85

CW6 Opalinus Clay
Schlattingen (CH)

57 2.714 0.114 0.110 1650 85

CW8 Upper Toarcian
shale (F)

42 2.741 0.081 0.075 1300

CW10 Queenston Fm. (CDN) 38 2.819 0.074 0.064 Hypersaline
porewater

1450 70

CW12 Georgian Bay Fm.
(CDN)

60 2.797 0.085 0.080 Hypersaline
porewater

1520 70

CW18 Blue Mountain Fm.
(CDN)

59 2.777 0.074 0.073 Hypersaline
porewater

1520 70

CW15 Boda Clay Fm. (H) 43 2.738 0.016 0.022 Oxidized rock 4000 160

CW16 Wakkanai Fm. (JP) 28 2.473 0.455 0.422 Contains ~40 wt.%
opal-CT and some
amorphous silica

1200 53

CW17 Koetoi Fm. (JP) 25 2.455 0.635 0.595 Contains ~50 wt.%
amorphous silica

1000 38
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was buried to ~4000m in the past, resulting in a porosity of
~0.02. The Japanese units (Wakkanai andKoetoi Fm.)were
special in that they are rich in marine diatoms and contain
substantial components of volcanic material. While their
clay contents are relatively small, they contain opal-CT
and amorphous silica and have the greatest porosities of
all of the samples. The salinity of the porewaters in the
formations studied was below that of seawater, except for
the Canadian samples (Queenston, Georgian Bay, and Blue
Mountain Fm.) that contain hypersaline Ca-Na-Cl waters.

Sample Preparation

The objective was to prepare sample cylinders of 15mm
diameter and ~20 mm long for NMR studies. The ge-
ometry of these cylinders should be as regular as possi-
ble. For cryoporometry, smaller cylinders with a
diameter of 4 mm were needed. The desired total
length was 20 mm. Cryoporometry does not require
ideal cylindrical geometry, and fragmented cylinders
were acceptable also.

Full-size cores were unpacked from the protective
wrapping, and 4–5 cm thick core slices were dry cut

on a rotary saw. These slices were then fixed on a
molding cutter, and cylinders of the desired size (15
and 4 mm) were milled (Fig. 9a, b). The cylinders were
then either dry-cut or broken off the rock sample. The
length of the cylinders was between 15 and 20 mm. The
planar surfaces of the large cylinders were straightened
on abrasive paper, using a plastic ring to maintain or-
thogonality (Fig. 9c). The 4 mm cylinders were not
straightened due to the fragility of the thin materials.
Both types of cylinders were then heat-sealed in trans-
parent plastic tubes (Fig. 9d). The total exposure time of
the samples to the atmosphere was ~30 min, which
means that some degree of evaporation may have oc-
curred. The plastic-packed 4 mm and 15 mm cylinders
were subsequently heat-sealed in a second layer
consisting of Al-coated plastic.

Given the fact that milling does not transmit major
forces on the sample cylinders (unlike sawing or ma-
chining), it was possible to prepare unbroken and geo-
metrically regular cylinders of 15 mm diameter from all
samples. In many cases, the 4 mm cylinders broke into
2–4 pieces during preparation, but this was of no con-
cern for the cryoporometry studies.

Fig. 9. Preparation of cylindrical cores for NMR studies. a Mill-
ing of cylindrical samples, b cylinder of 4 mm diameter for
cryoporometry studies, c plastic rings into which the milled

cylinders were inserted in order to straighten the end surfaces on
abrasive paper, and d wrapping of sample cylinders prior to
shipping
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Results

Porosity

Water content and porosity measured by NMR on cy-
lindrical samples (diameter = 15 mm) as received with-
out any resaturation (except for the Canadian samples)
are listed in Table 3 and shown in Fig. 10. The data are
compared to values obtained from the drying technique
performed on adjacent materials. Two values of porosity
were calculated according to Eqs 2 and 3. The total
volume for the porosity calculation was obtained from
the measurements of the diameter and length of the
cylinders; these cylinders were sometimes imperfect,
e.g. end faces may not have been strictly perpendicular
to the longitudinal axis, yielding in general slightly
overestimated geometrical volumes and, therefore,
slightly underestimated porosities. Hence, the compari-
son in terms of gravimetric water content was consid-
ered to be more precise than the comparison in terms of
porosity, because the former did not include geometrical
volume uncertainties. For the Canadian samples, the
water content and porosity values were obtained after
exchanging the native porewater with a 20 g/L KCl
solution; compared to the initial porosity value mea-
sured by NMR at high salinities (not indicated in
Table 3), increases from 13 to 28% were observed. For

Table 3 Porosity and water content from NMR and from drying at 105°C (Mazurek et al., 2022). The NMR porosity was calculated
excluding T2 < 0.15 ms (see text). For the Canadian samples, porosities are given after KCl exchange

ID Formation NMR porosity
using Eq. 2 (–)

NMR porosity
using Eq. 3 (–)

Porosity from
densities

Water content relative
to wet mass (wt.%)

NMR Drying at 105°C

CW1 Boom Clay Fm. (B) 0.330 0.363 0.373 16.24 18.26

CW2 Yper Clay Fm. (B) 0.360 0.383 0.400 17.54 19.74

CW4 Callovo-Oxfordian shale (F) 0.172 0.185 0.173 7.12 6.82

CW5 Opalinus Clay Mont Terri (CH) 0.143 0.159 0.176 5.84 6.79

CW6 Opalinus Clay Schlattingen (CH) 0.110 0.126 0.114 4.43 4.37

CW8 Upper Toarcian shale (F) 0.087 0.096 0.081 3.38 2.90

CW10 Queenston Fm. (CDN) 0.084 0.089 0.074 3.18 2.39

CW12 Georgian Bay Fm. (CDN) 0.113 0.102 0.085 4.30 3.04

CW18 Blue Mountain Fm. (CDN) 0.106 0.089 0.074 3.49 2.77

CW15 Boda Clay Fm. (H) 0.030 0.020 0.016 1.11 0.80

CW16 Wakkanai Fm. (JP) 0.422 0.454 0.455 22.00 23.85

CW17 Koetoi Fm. (JP) 0.553 0.635 0.635 38.50 39.88

Fig. 10. Water content and porosity from NMR, compared with
data from drying techniques and density measurements on adja-
cent materials
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all other samples, salinity was not an issue. After KCl
exchange, no swelling was observed visually.

The NMR porosity values were mostly very close to
those obtained from the drying technique at 105°C,
differing by a few percent (larger or smaller) only.When
porosities obtained from the NMR and grain densities
were considered (Eq. 3), the differences were even
smaller. This also applied to the comparison of the water
contents. As the uncertainty on the water-content mea-
surement was very small, these small differences were
attributed to sample variability and/or sample handling.
The milling technique used to prepare small samples
from large cores was considered to be very efficient at
preserving the water content; most of the samples were
indeed at a saturation of >90%. This comparison also
confirmed that the removal of short T2 components as
explained above was meaningful. Larger differences
were observed for the Canadian samples. The special
case of the Boda Clay sample is discussed further in the
Relaxation-time Distribution section below.

Pore-size Distribution by Cryoporometry

Results are listed in Table 4 and are shown graphically
in Fig. 11, grouped by country without any specific
geological argument. The lowest resolution is 2 nm
linked to the lowest attainable temperature of –29°C.
However, the amount of water not frozen at that tem-
perature allowed a determination of the volume at
<2 nm; this was indicated in each distribution (Fig. 11,
Table 4) as a percentage of the total volume. With the
methodological limitations detailed in the section on the
NMR cryoporometry technique, these percentages
might be slightly underestimated. As already men-
tioned, the brine in place was exchanged with a 20 g/L
KCl solution to make the measurement possible for the
Canadian samples (CW10, CW12, and CW18). For all
other samples, the native porewater was used without
any attempt to re-saturate the sample. For the Boda Clay
sample (CW15) with a very low porosity (3% or less),
the sensitivity of the device used was insufficient, and
the melting curve was dominated by noise with no
opportunity to derive a distribution.

For all samples, no pore sizes >100 nm were ob-
served and the most frequent pore sizes were <20 nm.
The width of the distributions usually exceeded one
order of magnitude, in contrast with the T2 distributions
presented below, except for the Japanese samples
CW16 and CW17. The mode of the distribution was

sometimes close to or at the resolution limit of 2 nm
(French and Swiss samples CW4, CW8, CW5, CW6,
Fig. 11) with the highest fraction at <2 nm (21–28%).
These distributions are analyzed further in the Discus-
sion section to deduce a pore-shape factor.

Relaxation-time Distribution

The relaxation-time distributions (Fig. 12) were grouped
in a similar way as the cryoporometry data. First, in all
cases, short components close to the resolution limit of
0.08mswere observed, extending to 0.15ms. As will be
shown further with T1-T2 maps, these components have
a large T1/T2 ratio and can be associated clearly with
hydroxyls, not to be taken into account in porosity
calculations. Note that the presence of hydroxyl compo-
nents at 0.1 ms at the resolution limit does not mean that
their relaxation time is 0.1 ms; other NMR techniques
must be used to quantify these components (e.g. Fleury
et al., 2013). For the Boda Clay sample, no clear sepa-
ration was noted between hydroxyls and porewater; in
this case, the same cut-off of 0.15 ms was used to
calculate water content and yielded reasonable values
compared to the drying technique (Fig. 10).

The second important observation for most samples
was a narrow distribution for components >0.15 ms,
much smaller than for PSDs determined with NMR
cryoporometry. A narrow width here means that the
smallest and the largest values of the distribution are
separated by a factor of 5 or less. This was obvious
particularly for the Canadian samples CW10, CW12,
and CW18. Moreover, no specific signature was ob-
served for interlayer water (or water at <2 nm) as a
distinct peak at a low T2 value. These two observations
confirmed a fast molecular diffusive exchange within
the pore network during the magnetization lifetime.
Therefore, T2 distributions are not representative of the
pore-size distribution (distribution of V/S) but rather the
ratio of total volume VT over total surface area ST, unless
the connectivity is poor. The latter is particularly the
case for CW16 and CW17 (Japanese formations)
exhibiting bimodal (Wakkanai Fm.) or even trimodal
(Koetoi Fm.) distributions. For these samples, the T2
distributions did not contradict their corresponding
PSDs because a significant proportion of pore volume
was <2 nm (12 and 24%), probably corresponding to
components at 1 ms. They represent 8% and 4% of the
pore volume, respectively, for CW16 and CW17 (these
fractions were underestimated, however, because a
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diffusive exchange occurred between these populations
as shown later in the T2-T2 maps).

T1-T2 Maps

The first use of T1-T2 maps was to differentiate proton
populations. Regarding the interaction of the protons
fromwater molecules with the solid surface, one expects

from the literature a T1/T2 ratio of ~2 in permeable
geological formations, such as sandstones (Dunn et al.,
2002), reaching 4 in cement (McDonald et al., 2005). In
the present case, the analysis was sensitive to the hy-
droxyl contribution as mentioned earlier when describ-
ing T2 distributions because the instrument has a low T2
resolution (0.08 ms). Clearly, a different population for
T2 around 0.1 ms in all cases can be proven (Fig. 13);

Fig. 11. Pore-size distributions from NMR cryoporometry. All
samples contained the original porewater except for the Canadian
samples (CW10, CW12, and CW18). When available, the amount

of water from pores of <2 nmwas also indicated as a fraction of the
total pore volume
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hydroxyls are characterized by a quasi-solid behavior
yielding very large T1/T2 ratios (>10). In a similar way
as for T2 distributions, however, these components are
not located precisely in the maps because they are at the
limit of resolution on both axes. The use of exponential
models for these components may also be an issue
(Washburn et al., 2015).

The second use is to compare T1/T2 ratios of the liquid
components for the entire set of samples (Fig. 14), taken at
the maximum of the map as indicated by the solid line.
Remarkably, a large variation ranging from 1.7 to 4.5 was
observed excluding the Canadian samples saturated with
the in situ brine. According to the model summarized by
Fig. 4, the correlation times, τm, and desorption time, τs,
must be varied by at least one order of magnitude to reach a
ratio of 4 compared to 2. The affinity of water for the solid
surface could be qualified as normal below 2 and unusually
high when reaching 4. The very high values (3.8 to 9.3)
observed for the Canadian samples when saturated with the
native brine (red in Fig. 14) must be related to a bulk fluid
effect (very high salinity) in addition to a surface relaxation
effect. Hence, T1/T2 ratios should be compared when the
porewater has a low salinity.

T2-T2 Maps

The measurement of T2-T2 maps expressing the diffu-
sive exchange between two relaxation environments is

of interest only in the presence of multimodal T2 distri-
butions, and this is the case only for the Japanese sam-
ples (Fig. 15). For the other samples, a narrow unimodal
distribution reflected a strong coupling within the pore-
size system as explained above, and reducing the diffu-
sion coefficient would be necessary to prove different
pore populations. For example, in smectite powders,
ethylene glycol can be used to prove the existence of
interlayer water (Fleury & Canet, 2014). In the case of
the Japanese samples, a significant pore volume at
<2 nm (micropores) was demonstrated and the T2 com-
ponents around 1 ms in the 1D distributions were
associated with the micropores. An exchange be-
tween the micro- and mesopores was observed by
the presence of off-diagonal peaks approximately at
the expected positions (cf. Fig. 5). Because the mi-
cropore peak was small, the off-diagonal peaks were
also very small and difficult to interpret. They were
detected in a convincing way only at a long exchange
time te (3 and 4 ms) for which their amplitudes were
at a maximum (Fleury & Soualem, 2009). The reason
why the exchange between the micro- and mesopores
was limited for these particular porous systems is not
understood and will require further imaging studies at
the nanometer scale. As a working hypothesis, one
may assume that the additional porewater reservoir
that shows limited exchange is related to opal-CT
and/or amorphous silica.

Table 4 Main features of the pore size and T2 distributions. The
unfrozen water volume (V) at –29°C corresponds to pore sizes of
<2 nm. For the Boda Clay CW15, the pore-size distribution could
not be determined. T1/T2 ratios for the Canadian samples CW10,

CW12, and CW18 refer to measurements after exchange with a
20 g/L KCl solution. The N2 BET surface area was taken from the
CLAYWAT report (Mazurek et al., 2021)

ID Formation NMR porosity
using eq. 2 (–)

PSD mode
(nm)

V of < 2 nm
(% of total)

T2 mode (ms) T1/ T2 N2 BET surface
(m2/g)

CW1 Boom Clay Fm. (B) 0.330 4.5 0 1.60 2.45 44.0

CW2 Yper Clay Fm. (B) 0.360 3.1 0 0.78 1.66 50.5

CW4 Callovo-Oxfordian shale (F) 0.172 <2.0 missing 1.10 3.10 35.7

CW5 Opalinus Clay Mont Terri (CH) 0.143 2.6 21 1.00 2.27 18.6

CW6 Opalinus Clay Schlattingen (CH) 0.110 2.3 28 0.56 4.24 31.7

CW8 Upper Toarcian shale (F) 0.087 <2.0 27 0.85 1.94 24.3

CW10 Queenston Fm. (CDN) 0.084 10.1 14 0.64 2.45 9.4

CW12 Georgian Bay Fm. (CDN) 0.113 8.3 6 0.89 4.24 11.1

CW18 Blue Mountain Fm. (CDN) 0.106 8.3 12 0.81 4.58 12.8

CW15 Boda Clay Fm. (H) 0.030 - not determined 0.10 2.65 6.6

CW16 Wakkanai Fm. (JP) 0.422 7.5 12 4.1 1.73 85.4

CW17 Koetoi Fm. (JP) 0.553 15.9 24 5.70 1.80 24.1
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Discussion

Pore-size Distribution and N2 Adsorption (BET)
Surface

From the distribution, P(d), of diameters based on
cryoporometry, the mesopore surface area, Sm, can be
calculated according to:

Sm ¼ Sh∫P xð Þ
x

log xð Þdx ð7Þ

where Sh is a shape factor (d = Sh*V/S, Sh = 1 for a
planar sheet and 4 for a cylinder). After normalization
by the dry mass of the sample deduced from the NMR
pore-volume measurements and the wet weight, Sm can

Fig. 12. T2 relaxation-time distribution for the 11 formations studied. The dashed line indicates the resolution limit. The value of themode is
indicated on top of each distribution. A(T2) is the amplitude of the distribution at the value T2
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be compared directly to the N2 BET surface areas, SBET,
taken from the CLAYWAT report (Mazurek et al.,
2022). Nitrogen is generally considered unable to access
the interlayer space of dried clay samples (Pennell,
2002) and also enters other micropores to only a limited
extent (Thommes et al., 2015). Thus, the N2 BET sur-
face area represents external surfaces only, and does not
include interlayer micropores; a comparison with values
derived from the NMR P(d) above is justified, therefore.
The surface area for each measured distribution was
calculated numerically and the shape factor adjusted to
the value of 2.4 in order to agree with most samples
except CW1, CW2, CW16, and CW17, as shown in Fig.
16. The shape factor of 2.4 corresponds neither to a
planar sheet nor to a cylinder but to a combination of
both or an intermediate shape. For samples CW1 and

CW2 (Boom Clay and Yper Clay), a shape factor of
1.15 would be required to agree with the BET data. A
shape factor of close to 1 (sheet-like) is in agreement
with the N2 isotherm hysteresis shapes determined for
these two samples (Mazurek et al., 2021). The Boom
Clay and the Yper Clay are weakly consolidated, clay-
rich formations with an essentially uncemented matrix,
so a sheet-like pore-space architecture appears plausible.
This is also confirmed by SEM studies using BIB/FIB
polishing techniques (e.g Desbois et al., 2009). For
CW16 (Wakkanai Fm.), a specific shape factor of 1.7
is required. For CW17 (Koetoi Fm.), there is no possi-
bility of reconciling the two measurements. Note that
this sample contained ~50% amorphous silica, known to
be highly porous, with a substantial surface area. Fur-
ther, N2 adsorption measurements may take more time

Fig. 13. Examples of T1-T2 maps for four formations with various T1/T2 ratios. For the sample from the Blue Mountain Fm., the map was
collected after KCl exchange. The dashed line indicates the diagonal T1 = T2; the solid line indicates the T1/T2 ratio of the mode
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than is used in standard experimental protocols for the
determination of the BET surface area, potentially lead-
ing to an underestimation of SBET (Ke et al., 2020).

Relaxation Time and N2 Adsorption (BET) Surface

Another attempt to estimate surface areas was made
using the mode of the T2 relaxation-time distributions.
As discussed in the section Relaxation-time Distribu-
tion, above, molecules can diffuse and explore the entire
pore system during the magnetization lifetime. Hence,

the mode of the distribution T2m may be considered as
representative of the ratio VT/ST of total volume over
total surface area and the total surface area, ST, can,
therefore, be calculated according to:

ST ¼ 1

ρ2

VT

T2m
ð8Þ

where the surface relaxivity, ρ2, is unknown. The
surface areas deduced from T2 are likely to be greater
or much greater than those measured from N2 adsorp-
tion (BET), the latter representing only external (no
interlayer) surfaces. Indeed, the surface in the micropo-
rosity can be very important in some cases. As an

Fig. 14. T1/T2 ratio measured at 20.9 MHz for all samples

Fig. 15. Measurement of T2-T2 maps on the Japanese sample CW16 and C17 showing diffusive coupling between two pore populations
(off diagonal peaks). The exchange time is te.

Fig. 16. Comparison of BET- and NMR-derived mesopore sur-
faces using the measured pore-size distributions and a shape factor
of 2.4. To reconcile NMR and BET surfaces for CW1 and CW2, a
shape factor of 1.15 would be required. The dashed line indicates
the diagonal
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illustration, consider a double porosity system with two
pore sizes of 1 and 10 nm in which the smaller size
represents only 10% of the total volume. In this case, the
contributions to the surface area of the micro- and
mesopores are equal, i.e. the surface area determined
from T2 would be twice as large as the BET surface area
representing mainly mesopores. However, the determi-
nation of the surface relaxivity is a difficult task because
it depends on paramagnetic impurities at the solid sur-
face; hence, the order of magnitude is known but sub-
stantial variations can arise between samples with a
similar composition. In clay slurries (Matteson et al.,
2013), the surface relaxivity was determined for smec-
tite (ρ2 ≈ 1 μm/s), kaolinite (ρ2 ≈ 1 μm/s), illite
(ρ2 ≈ 9 μm/s), and glauconite (ρ2 ≈ 22 μm/s) by com-
paring BET surface areas and T2m using Eq. 8. For
smectite, the value was certainly overestimated because
the total surface area was underestimated by the BET
area. Assuming ρ2 = 1 μm/s, the results indicated in Fig.
17 were obtained, in which ST was calculated from the
total volume from NMR measurements and was then
normalized by the dry mass of the sample. The T2-based
surface areas are strongly influenced by variations of the
surface relaxivity; in particular, the case of CW1 and
CW2 is of interest. Assuming that the BET surface area
represents approximately the total surface area because
little or no microporosity was observed for these two
samples (Table 4, volume < 2 nm), the shape factor, Sh,
was adjusted to 1.15 (see discussion above) and VT/ST
can be calculated from the pore-size distribution, and
finally ρ2 can be obtained from Eq. 8. For CW1 and

CW2, values for ρ2 = 2.54 and 5.78 μm/s, respectively,
were obtained; a variation between these two samples of
more than a factor of 2 was observed but was within the
expected range.

Summary and Conclusions

Several low-field NMR techniques were applied to
preserved rock samples to characterize the state of
porewater and the pore structure. A specific milling
technique was used to extract small-diameter plugs
(15 and 4 mm) from the cores originating from 11
clay-rich sedimentary formations. The key finding
was that NMR cryoporometry was useful when the
pore-size distributions were in the range 2–1000 nm;
the distributions could be measured with the native
saline porewater in place except for the Canadian
samples (Queenston, Georgian Bay, and Blue Moun-
tain Formations) for which the hypersaline porewater
was replaced by a 20 g/L KCl solution. The
cryoporometry technique was complemented by the
measurement of pore volumes at <2 nm. The
cryoporometry technique could not be applied in the
special case of the Boda Clay Formation for which the
porosity was too small. Porosities measured from T2
relaxation data were comparable with values obtained
from the drying technique at 105°C if the signals from
solid-like components (hydroxyls) that are part of the
solid structure are excluded. These components also
have a clear signature in T1-T2 maps. For most sam-
ples, the narrow T2 distributions compared to the PSD
obtained from cryoporometry indicated that the pore
network is well connected and that molecules diffuse
throughout the entire pore system, including the
smallest pore sizes of <2 nm, in the timescale of the
magnetization lifetime (~1 ms). Therefore, T2 distri-
butions cannot be considered as proxies for the pore
size distributions for such nanometric pore systems.
This pore coupling effect has the advantage of per-
mitting an easy measurement of the total pore vol-
ume, including pore sizes of <2 nm. In addition, the
ratio T1/T2 allowed a relative classification between
the samples in terms of strength of interaction of
water with the mineral surfaces; a range of values
from 1.7 to 4.6 was observed, expressing a variation
by at least one order of magnitude of the characteristic
surface diffusion coefficient or surface desorption
times. These observations have yet to be correlated

Fig. 17. Comparison of N2 BET- and NMR-derived surfaces
using the mode of the measured T2 distributions and a surface
relaxivity of 1 μm/s. The dashed lines indicates NMR values equal
to or greater than by a factor of 1, 2, or 3
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with other surface-sensitive measurements. Finally,
for the poorly connected Japanese samples (Koetoi
and Wakkanai Formations), T2-T2 maps were useful
to show comparably slow diffusive pore exchange,
implying the existence of strong diffusive barriers
between the micro- and meso-porosity.
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