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In MRI investigation of soils, clays, and rocks, mainly mobile water is detected, similarly to that in biolog-
ical and medical samples. However, the spin relaxation properties of water in these materials and/or low
water concentration may make it difficult to use standard MRI approaches. Despite these limitations, one
can combine MRI techniques developed for solid and liquid states and use independent information on
relaxation properties of water, interacting with the material of interest, to obtain true images of both
water and material content. We present procedures for obtaining such true density maps and demon-
strate their use for studying the swelling of bentonite clay by water. A constant time imaging protocol
provides 1D mapping of the clay distribution in regions with clay concentration above 10 vol%. T1 relax-
ation time imaging is employed to monitor the clay content down to 10�3 vol%. Data provided by those
two approaches are in good agreement in the overlapping range of concentrations. Covering five orders of
magnitude of clay concentration, swelling of sodium-exchanged bentonite clays from pre-compacted pel-
lets into a gel phase is followed in detail.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

While most magnetic resonance imaging (MRI) applications
concern medical research, there is a rapidly increasing number of
MRI studies in the field of environmental science and technology
[1,2]. In MRI investigation of, e.g., soils, clays, and rocks, mainly
water signal is detected, similarly to MRI of biological and medical
samples. However, a strong variation of water mobility and a wide
spread of water spin relaxation properties in these materials make
it difficult to use standard MRI approaches. Despite these limita-
tions, we show below that one can combine MRI techniques devel-
oped for solid and liquid states and use independent information
on relaxation properties of water, interacting with the material of
interest, to obtain true images of both water and material distribu-
tion in a wide range of concentrations.

Compacted bentonite clay is currently attracting a lot of atten-
tion as a promising ‘‘self-sealing” buffer material to build in-
ground barriers for the encapsulation of radioactive waste. It is ex-
pected to fill up the space between waste canister and surrounding
ground by swelling and thus delay water flow and migration be-
tween the host rock and the canister. Evaluation and understand-
ing of the swelling properties of pre-compacted bentonite are of
ll rights reserved.
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uttermost importance for designing such buffers. Our goal in the
present study was to develop an MRI approach that is suitable
for monitoring quantitatively the spatial distribution of clay in
water and thereby to follow the swelling kinetics of pre-compacted
clay material in contact with a water reservoir. Since these types of
systems evolve from essentially solid state to dilute and highly mo-
bile gel and sol phases the clay concentration range of interest may
span several orders of magnitude. Corresponding variation by or-
ders of magnitude of relaxation times may complicate the interpre-
tation of images by inducing a strong relaxation contrast. Here, we
turn this complication into an advantage and combine different
MRI techniques and relaxation time measurements for obtaining
clay concentration profiles that cover an unprecedented concentra-
tion range of five orders of magnitude.

Previously, NMR has extensively been used for investigations of
spectroscopic and spin relaxation properties of dry bentonite and
bentonite/water mixtures at equilibrium [3–9]. Water self-diffu-
sion [8,9] and its anisotropy [10,11] in clay suspensions have also
been studied. We also note that MRI has been previously applied
to observe the kinetics of moisture gradient in a bentonite clay in
contact with water reservoir [12], albeit in a much narrower range
of accessed clay concentrations.

2. Experimental

MRI experiments were performed on a Bruker Avance II
300 MHz spectrometer. To acquire 1D images of samples at high
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clay concentration, we used constant time imaging performed on a
Bruker Diff25 diffusion probe with 960 G/cm z-gradient. For T1

relaxation time imaging, a Bruker micro-imaging probe with max-
imum gradient 150 G/cm and field of view of 25 mm (with gradi-
ent homogeneity better than 5%) in three directions was used. To
measure vertical profiles up to 80 mm length, the sample was
shifted in 20 mm steps.

Purified Na-ion exchanged MX80 clay powder [composition
(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2�nH2O, this material is also called
bentonite or montmorrilonite] was obtained from Clay Technology
AB, Sweden. The material properties of this clay sample are avail-
able in detail [13]. Prior to the swelling experiments, the clay
was equilibrated at 94% relative humidity over a saturated KNO3

water solution. The resulting equilibrium water content was esti-
mated to 23 wt% by gravimetric measurements. Disk shaped
pellets of 8 mm diameter and 3 mm height were pressed to
1.8 g/cm3 final density using a pneumatic press and 8 mm die
(Lightpath Optical Ltd., UK). The pellets were then fitted tightly
at the bottom of a 8 mm i.d. quartz tube. The swelling experiment
started by adding deionized water into the tube over the pellet.
This resulted in one-dimensional swelling vertically upwards that
we intended to follow by 1D MRI experiments.

Clay suspensions for measuring the concentration dependence
of the spin relaxation rates were prepared by dispersing dry ben-
tonite in deionized water. The bentonite volume fraction /b was
calculated from the weight fraction wb using the relationship
/b = wb/(qb/qw + [1 � qb/qw]wb) with dry solid bentonite and
water densities of qb = 2.7 g/cm3 and qw = 1.0 g/cm3, respectively.
b

c

Fig. 1. (a) 2D Image (sagittal cross-section) obtained by a conventional spin-echo-
based imaging sequence of the Na-MX80 clay swelling in water. The image is
dominantly contributed by free water, while the signal intensity of the water
interacting with the clay is strongly attenuated by spin relaxation. (b) 1D vertical
profiles acquired at different times after adding water to the clay sample. The
shaded area indicates the initial position of clay pellet. (c) The propagation of the
swelling front (the gel/water interface) defined by the position of the half-intensity
point in (b) (dots) compared to the position of the visually observable interface
(squares) between transparent pure water part and the opaque yellowish gel phase.
3. MRI methodology

One faces a two-pronged challenge when performing MRI
experiments in our materials. First, temporal and spatial variation
of clay concentration by more than five orders of magnitude leads
to a corresponding variation of image intensity. Second, orders of
magnitude variation in relaxation times (from milliseconds to sec-
onds for T1 and from 10�5 s to seconds for T2) induces a strong
relaxation contrast in the images.

In our design we assume that the whole sample volume is occu-
pied by clay particles and water which can be macroscopically sep-
arated (as at the beginning of the swelling process), or form a
nano- and molecular-scale mixture (sol at the end of swelling) or
be in a state somewhere in between those two extremes. Possible
contribution to the sample volume by trapped air was minimized
by sample preparation and was experimentally verified to be neg-
ligible during most of the swelling process (see below). Hence, clay
volume fraction /b(z) at a particular height z can be obtained from
the water fraction /w(z) as /b(z) � 1 � /w(z). Because of the in-
volved subtraction, this approach is limited to high (in practice,
above a few percents) clay concentrations. The water volume frac-
tion profile /w(z) = s(z)/ref(z) is directly obtained from the water
signal intensity profile s(z) and reference signal ref(z) of the tube
filled with pure water.

Since at high clay concentration our samples exhibited short T2

and T1 times, constant time imaging protocol (CTI) was selected as
a technique to obtain the water signal intensity profile s(z). CTI is
the method that is least susceptible to relaxation contrast and
capable of imaging samples with very short T2 [14–16]. CTI was
employed with spatial resolution set to 0.156 mm and encoding
delay s = 8 ls, limited by the available gradient strength and the
dead time of the probe. At high clay content, Gaussian decay of
FID signal was observed with a minimum value of 16 ls for the
time constant T2

*. Hence, our raw images were T2
*-weighted even

with the shortest available encoding delay. This effect was
corrected for by extrapolating the relation S(z,s) = s(z)
exp[�(s/T2
*)2]sina to zero encoding delay; a is the rf flip angle

[17,18]. Hence, a series of images were collected with different
encoding delays s and correspondingly adjusted gradient strength
to maintain a constant k-space step [19]. The bandwidth of 0.4 ls
long rf pulses (yielding a = 7�) was sufficient for excitation of the



Fig. 2. 1H one-dimensional profiles of Na-MX80 clay swelling in D2O in vertical
tube. Signal is contributed by the water molecules originally present in the clay
containing 23 weight% (corresponding to 41 vol%) of water. Water volume fraction
/w is calculated by normalizing the signal intensity of the swelling clay sample to
the signal of the tube filled with pure H2O. The shaded area indicates the initial
position of the clay pellet.
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sample volume. For this small flip angle the repetition time of 1 s
was sufficiently long to have negligible influence from longitudinal
relaxation with the maximum T1 time of 3.1 s [16,19], (see also
Fig. 3 below). Hence, minimum time required for acquiring an im-
age of 128 spatial points was 2 min.

At clay concentrations at or below a few %, the approach de-
scribed above was not judged to be sufficiently accurate. Instead,
at those concentrations we used relaxation imaging and converted
the obtained relaxation rate profiles into concentration profiles via
suitable calibration data. Hence, 1D images of water T1 were re-
corded using conventional spin-echo imaging combined with
inversion recovery. Using an equilibration time of 10 s, maximum
relaxation delay of 9 s and 20 delay points, experimental time
was limited to approximately 5 min. For conversion, we measured
the T1 time dependence on clay content in homogeneous clay sus-
pensions of different concentrations.

The consistency of the combination of these two approaches
had to be tested. A suitable test was provided by comparing the ob-
tained clay contents in the overlapping region of concentrations
(see below). This overlap region was 4–12 vol% of clay set, respec-
tively, by the lower and upper limits of the direct CTI and relaxa-
tion imaging methods.
4. Results and discussion

4.1. Qualitative observation of clay swelling in water by MRI

4.1.1. Images of free water
With conventional spin-echo-based imaging sequences, water

images of the swelling clay exhibited significant relaxation con-
trast because the water signal from within the clay was strongly
attenuated during the echo delay. Examples of 1H 2D and 1D con-
ventional spin-echo images, shown in Fig. 1a and b, respectively,
illustrate that the obtained images are mainly contributed by free
water. Hence, we observed the interface between water and the
swelling clay as a sharp cut. Therefore, conventional spin-echo-
based imaging informs primarily on the propagation of the swell-
ing front (Fig. 1c) as verified by the coincidence of the image inten-
sity drop with the visually observable interface between the
transparent water column and the opaque yellowish gel phase.
Spatial clay distribution cannot, however, be obtained from this
kind of experiment.
Fig. 3. The concentration dependence of R = R1 � R1(0) where R1 is longitudinal
relaxation rate of water in homogeneous aqueous dispersions of Na-MX80 clay and
R1(0) = 3.1�1 s�1 is the relaxation rate of pure water. The line is linear best fit with
zero intercept.
4.1.2. Images of confined water
At short swelling times, the behavior of pre-compacted benton-

ite in water can be most simply visualized in conventional experi-
ments if one adds heavy water. In this case, the 1H signal originates
solely from the water initially present in the water-presaturated
clay. Examples of T2-corrected one-dimensional CTI profiles are
shown in Fig. 2. Unfortunately, water diffusion in bentonite clay
is rapid even at low water content (D � 10�9 m2/s at 20–30
weight% of water [8,12]). Hence, on the significant time scale of
hours the diffusion path length of water molecules hr2i1/2 =
(2Dt)1/2 � 3 mm becomes comparable to the pellet size which ren-
ders this type of experiment not quantitative as concerning the
clay distribution.

4.2. Quantitative characterization of the swelling process

MRI experiments described above provided a simple tool to
qualitatively follow the swelling process and estimate its temporal
and spatial scale. To obtain a quantitative image of the clay spatial
distribution and its time evolution a more elaborate approach is re-
quired as described above in Section 3.
4.2.1. Low clay concentration region: relaxation time imaging
Spin relaxation times provide very sensitive probes of the ben-

tonite content in clay/water suspensions [8,9,20]. Hence, clay den-
sity maps can be acquired using T1-imaging techniques if there
exists a monotonic calibration function that relates T1 times to clay
content. To obtain such a calibration function, the relaxation rates
were measured for clay concentrations up to 20 vol% as presented
in Fig. 3. Single exponential relaxation behavior is commonly ob-
served for these types of clays in gel and sol phase and is indicative
of fast exchange between bulk and interlayer water [8,9,21]. In the
measured region, the concentration dependence of the longitudi-
nal relaxation rate R1 = 1/T1 can be approximated by a linear func-
tion, as shown in Fig. 3 by the fit for the R(/b) = R1(/b) � R1(0),
where R1(0) = 0.32 s�1 is the relaxation rate of pure water. In prac-
tice, the range of concentration accessible by T1-imaging is limited
to maximum � 12 vol% by the decrease of T2 times with the in-
crease of clay content. When applying the calibration data of
Fig. 3, it is assumed that T1 times obtained for equilibrium samples
are also relevant for an expanding clay sample (local equilibrium).

Relaxation rate profiles R(z) for a swelling Na-MX80 clay are
shown in Fig. 4a. Full sample profiles (that is, down to the bottom
of the tube) were obtained only at long swelling times exceeding
100 h. At shorter times and at distances <5 mm from the bottom
of the tube, higher clay concentration resulted in short T2 times
(<100 ls) that precluded spin-echo-type experiments. The linear
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Fig. 4. Relaxation rate (a) and clay volume fraction (b) profiles in a Na-MX80/water
sample at different swelling times. Position z = 0 corresponds to the bottom of pellet
(coinciding with the bottom of the tube).

Fig. 6. Comparison of clay volume fraction profiles obtained by CTI (lines) and T1-
imaging (symbols) methods.
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calibration function as obtained by linear fit to the experimental
points in Fig. 3 was then applied to convert relaxation rates to clay
volume fractions as shown in Fig. 4b.

4.2.2. High concentration region: direct imaging of water content by
CTI

Clay volume fraction profiles /b(z) obtained at different swell-
ing times are shown in Fig. 5. CTI protocol and extrapolation of im-
age intensities to zero dephasing time was employed as described
in Section 3. In general, the quantity /b(z) = 1 � /w(z) should be as-
cribed to the combined volume occupied by the clay particles and
air filling the possible voids in the sample. With the present sample
density of 1.8 g/cm3, water content of 23 wt% and density of dry
clay particles of 2.7 g/cm3 air fraction is estimated to be below 7
vol%. Hence, the initial clay fraction in Fig. 5 is likely to be slightly
overestimated within this limit. At longer swelling times, as the
viscosity drops, it is reasonable to assume that the air escapes
and the intensity profile correctly provides the clay content distri-
bution profile.
Fig. 5. Clay volume fraction profiles /b(z) � 1 � /w(z) in a Na-MX80/water sample
at different swelling times as obtained by CTI.
4.2.3. Comparing and combining of CTI and relaxation time imaging
Combination of the two techniques described above provides us

with the opportunity to measure the clay content over a range
spanning five orders of magnitude: starting from solid clay and
going to dilute and highly mobile gel and sol phases. Direct imag-
ing of water content by CTI has a practical lower limit for measur-
ing clay content that, in our samples, was about 4 vol%. This lower
limit is set by the signal-to-noise level achievable at reasonable
experimental times, by possible systematic errors in the reference
water profile originating from the variation of the dielectric and
magnetic properties of samples during swelling, and by instrumen-
tal stability. On the other hand, the accessible range of the relaxa-
tion imaging method extends up to approximately 10–12 vol% of
clay and is limited by the fast transverse relaxation in concentrated
samples. Hence, there exists a significant overlap between the two
approaches and this overlap can be straightforwardly exploited for
testing the consistency of the two sorts of data. In Fig. 6, the results
by the two methods are compared in the relevant concentration
range. Clearly, the data are in good agreement.

By combining the results of both techniques the profiles of clay
volume fraction covering five orders of magnitude are thus ob-
tained. To properly visualize the full span, data are shown in
Fig. 7 on a double logarithmic scale. One interesting and by direct
imaging inaccessible feature is the sharp transition from gel phase
to pure water. Some additional, but apparently small, averaging of
the clay distribution at the gel-water interface in 1D projection
Fig. 7. Profiles of the clay volume fraction in a Na-MX80/water sample at different
swelling times. Combined data obtained by CTI and T1-imaging depict clay
distribution in the volume fraction range from 10�3% to 60%.
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images was resulted from the meniscus seen in Fig. 1a. Clay frac-
tion at the transition point amounts to �1.5 vol% and is practically
constant during the swelling process. Even at the longest swelling
times there exists a residual concentration gradient (more clearly
visible on the linear scale in Fig. 4b). This might be partly attrib-
uted to the gravity effect which inhibits achieving the homoge-
neous clay distribution in the gel phase for swelling in a vertical
tube. Further investigations in cells with horizontal and down-
wards swelling are under way which would clarify the impact of
gravity on clay distribution.
5. Conclusion

MRI was applied to monitor the spatial distribution of the clay
particles during swelling of bentonite in water. With the conven-
tional 1H spin-echo-based imaging sequence, the signal of free
water located above the swelling clay dominates the image be-
cause the signal of water interacting with the clay is strongly atten-
uated by rapid transverse relaxation. Instead, we used constant
time imaging to acquire the clay distribution profiles at clay con-
centrations down to 4 vol%. With CTI, we could attain a dephasing
time s < 10 ls which demanded no or only minor image intensity
correction to account for fast transverse relaxation. Clay volume
fraction was then directly estimated from the difference between
a reference image and water-in-clay image. However, because
the interesting parameter, the clay volume fraction, appears as a
difference our CTI approach was prone to large error at clay con-
centrations below a few percent.

Instead, accurate concentration profiles at low clay content
were obtained using T1-imaging and by a subsequent transforma-
tion of relaxation data to clay density data by a suitable calibration
function. This calibration function had to be measured indepen-
dently in a series of (homogeneous) samples with different clay
concentrations. For the present clay samples, the range of concen-
trations 0.001–100 vol% could be accessed by our combined exper-
imental protocol. With the present setup, spatial and time
resolutions were 0.16 mm and 5 min, respectively. Extensions of
the methods to the study of 2D radial swelling or swelling in hor-
izontal slit are straightforward.

Our combined experimental protocol has allowed us to acquire
the full concentration profiles during swelling of Na-exchanged
MX80 clay samples starting from compacted powder and into
the dilute gel phase. We note that one could access even lower con-
centrations by applying T2 imaging since T2 relaxation time is more
sensitive to clay particle concentration, especially at higher mag-
netic field. The method we present here was developed under
the motivation of using bentonite clays as a buffer medium to build
in-ground barriers for the encapsulation of radioactive waste. Nev-
ertheless, the same method could be applied equally well to study
other types of materials in other applications as they swell, dis-
solve, erode, or sediment.
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