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We present a new method for observing fluid diffusion in a porous medium. The method employs 2D
exchange spectroscopy for molecules diffusing in the presence of local magnetic field inhomogeneities,
in our case distilled water in various sized glass bead packs. Our experiment involves an acquisition
and evolution time domain with the two Fourier domains corresponding to the spectral distribution of
local fields. We show that exchange in the internal magnetic field can be seen in a 2D spectrum with a
characteristic time on the order of that required to diffuse 0.15 sphere diameters with similar behavior
found for computer simulations. The method is potentially useful for studying the internal migrations
in more complicated systems such as sandstones or other porous media.

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

One of the important questions in porous media physics con-
cerns the rate at which imbibed fluid molecules diffuse from pore
to pore. In petrophysics, this is particularly relevant as it bears on
the question of rock permeability. A number of NMR methods al-
low for an investigation of fluid diffusion. Pulsed Gradient Spin
Echo NMR [1] allows for a direct measurement of molecular trans-
lational motion as do spin echo experiments in which one observes
signal attenuation due to diffusion in the locally inhomogeneous
magnetic field [2]. Recently a two-dimensional T2 exchange meth-
od has been proposed [3,4] in which one labels molecules in a local
pore by virtue of the pore size dependent T2 value. Being an ex-
change method, the technique senses changes in T2 values as evi-
denced by the growth of off-diagonal intensity following a mixing
time during which molecules are allowed to diffuse. This method
relies on the use of two-dimensional Laplace inversion [5] and is
one of a number of 2D separation, correlation and exchange meth-
ods [6,3,7–11] based on this type of analysis. However, there are
difficulties associated with the inverse Laplace Transform because
of pearling effects [12]. This can lead to some ambiguity when it
comes to interpreting peak locations. Kuntz et al. [13] have pro-
posed a new 2D exchange experiment which involves only the Fou-
rier transformation. This simple exchange method in principle
allows one to investigate exchange between pores of imbibed fluid
molecules, simply as a result of changes in local Larmor
frequencies.
ll rights reserved.

llaghan).
It is well known that porous media in an applied magnetic field
will experience internal magnetic field inhomogeneities due to
susceptibility differences between the matrix and the pore space.
The magnetic field variations will in turn give rise to an inhomoge-
neous broadening of the NMR lineshape. Such local field inhomo-
geneity was investigated many years ago by Brown [14] using
ferromagnetic grains suspended in water with 5% carboxy-methyl-
cellulose, and expanded upon by Drain [15] who examined the
broadening of magnetic resonance lines in powdered samples.
More recently, the internal field has been studied in more depth
by Audoly et al. [16] using a Finney pack of non-penetrating
spheres. They find that the variation of the internal magnetic field
occurs over the length scale of the pore size in the bead pack, and
that its distribution is approximately symmetrical due to the
superposition of the field from multiple spheres. Chen et al. [17]
simulate the internal magnetic field for both a fully and partially
water saturated Berea sandstone and find similar results to Audoly
et al.

Consider water molecules distributed through the pore space of
a porous medium placed in an external magnetic field. As these
molecules diffuse, they will experience fluctuations in the local
internal magnetic fields arising from inhomogeneities caused by
the magnetic susceptibility difference of the matrix and water.
For frequency-encoding times that are small compared with the
time to diffuse a significant distance in the pore geometry, the
1D spectrum is characteristic of the inhomogeneously broadened
line associated with the static distribution of molecule locations.
Of course the characteristic time is here associated with the fre-
quency spread associated with the inhomogeneous linewidth,
s�1

c � dx. Hence, motional narrowing will occur when the charac-
teristic length, l, over which a representative variation of magnetic
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field is found, is such that l2dx=D� 1, where D is the self diffusion
coefficient of the liquid molecule. In the slow motion limit,
l2dx=D� 1, frequency encoding of spins gives a good sense of spa-
tial location. By contrast in the fast motion case, spatial localisation
is lost. This means that the experiment we propose works best for
large field inhomogeneity and/or large pores. However, as we shall
show here, even when the slow motion condition is relaxed, good
estimates of pore–pore exchange times can be made.

The recent work of Kuntz et al. involved a polydisperse glass
bead pack in which significant exchange occurred during the fre-
quency encoding time. In the present paper we extend that work
to investigate frequency exchange in a monodisperse glass bead
pack and using a B0 up to 21 T (900 MHz), thus ensuring the crite-
rion l2dx=D� 1.

2. Method

In an exchange experiment we seek to monitor the migration of
molecules to different field positions. This is done by using a pulse
sequence similar to a NOESY [18] with two independent fre-
quency-encodings, t1 and t2, separated by a mixing time. Ideally
the frequency encoding times will be short compared to the mixing
period. Fig. 1 shows the relevant sequence.

An initial excitation 90� pulse rotates the magnetization to the
transverse plane. After an evolution time, t1, a second storage 90�

pulse brings the magnetization back to the z-axis. This inhibits T2

relaxation, although the magnetization will still experience T1

relaxation. Following this storage pulse, we wait a mixing time
sm, and then apply the third 90� pulse which rotates the magneti-
zation back to the transverse plane. We then acquire signal over a
sampling time labelled t2. Phase cycling is used to ensure that the
only signal obtained is from that transverse magnetisation which
derived from the initial 90� excitation pulse.

This pulse sequence is repeated n times such that for each n, the
evolution time t1 is incrementally increased by an addition of a
time equal to 1/bandwidth. Because of the dephasing that occurs
during t1, the signal occurs as an echo in the t2 domain and with
each increment in t1, that echo appears at later times with decreas-
ing intensity, a consequence of molecular diffusion, even at the
shortest exchange time, sm. Nonetheless, the echo is always cap-
tured in the acquisition window and the attenuation effect leads
to some broadening of the spectrum in the f1 Fourier domain. How-
ever, once the exchange time is increased, the broadening grows
significantly as molecules migrate to positions in which the local
fields substantially differ. It is the growth of off-diagonal intensity,
as a function of mixing time sm, which we exploit in these
measurements.

The pulse sequence of Fig. 1 produces an n�m data matrix
where m is given by the number of acquisition points. From here
we apply a 2D Fourier transform to obtain the 2D frequency spec-
tra shown in the next section. Data was processed using Matlab
(The MathWorks, Natick, MA). Samples used were two randomly
packed monodisperse glass beads (Duke Scientific Products, Fre-
mont, CA) with diameters of 100 and 10 lm. The 100 lm beads
were soda lime glass and the 10 lm beads were borosilicate glass.
Fig. 1. 2D Pulse sequence used for local field exchange experiment. The evolution
time, t1, is increased incrementally for each n. The mixing time, sm , is kept constant
for each repetition, but varies for each experiment.
3. Results and discussion

3.1. One hundred micrometers bead pack

3.1.1. 400 MHz
The 1D spectrum of the 100 lm bead pack at 400 MHz is shown

in Fig. 2a. Full line width at half maximum (FWHM) is roughly
5.2 kHz. Taking the characteristic length to be the bead diameter,
d, d2dx=D � 2� 104.

For the 100 lm bead pack, 8 mixing times ranging from 1 to
640 ms were employed. We were unable to use longer mixing
times due to decreased signal-to-noise ratio. Fig. 3 shows the 2D
spectra obtained using 256 data points at 20 kHz acquisition and
evolution bandwidths. The longest evolution time is thus
12.8 ms, corresponding to a diffusion length of around 7 lm. Note
that each 2D spectrum has been normalised to constant total
intensity so as to remove T1 relaxation effects. We note that unlike
[13], the 2D spectra obtained here are very symmetric.

A clear growth of off diagonal intensity is observed as the mix-
ing time is increased. This growth is evident as a broadening of the
2D spectrum in the off-diagonal direction. This line broadening can
be quantified by taking an average of two intensities located at
equidistant points from the center peak, corresponding to fre-
quency offsets comparable to the inhomogeneous linewidth. In
Fig. 4 these intensities are plotted against mixing time. The error
bars are estimated by consideration of noise in the system. We
have repeated these measurements of off-diagonal intensity versus
mixing time for a range of frequency offsets: 0.67, 0.83, 1.0 and 1.3
FWHM. In each case we fit the data to a bi-exponential growth
relation a0 þ a1 expð�t

s1
Þ þ a2 exp �t

s2

� �
. While the precision of the

data justify a fit to more than one exponential, we acknowledge
that a bi-exponential model may be simplistic and that a contin-
uum of characteristic times may exist. Table 1 shows the values
of the parameters obtained. There is a remarkable consistency of
behaviors for whatever frequency offset is chosen for the analysis.
In particular, we find characteristic times of s1 � 9–20 ms and s2 �
250–750 ms, the short time component ða1Þ dominates at smaller
offsets and the long time constant component ða2Þ dominates at
large offsets. Note that the s1 and s2 time constants correspond
roughly with diffusive distances of 0.06–0.09 and 0.32–0.55 bead
diameters, respectively, or to dimensionless time s1=sD and s2=sD

0.004–0.009 and 0.11–0.35 where sD is the time for a water mole-
cule to diffuse one bead diameter.

Note that at lower intensity levels in the 2D spectra of Fig. 3,
there is a ridge of intensity along the f1 and f2 axes, suggesting
the presence of weak signals encoded only in a single frequency
domain. These may be artifacts of the pulse sequence but their
similar intensity in the evolution and acquisition domains suggest
that they are a real feature of the data.
Fig. 2. (a) 1D 1H NMR spectra obtained from water in 100 lm bead pack at
400 MHz with a 20 kHz bandwidth. (b) as for (a) but for 900 and 200 kHz
bandwidth.
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Fig. 3. 2D 1H NMR exchange spectra obtained from water in 100 lm bead pack at 400 MHz with a 20 kHz bandwidth. The 8 examples show mixing times ranging from 1 to
640 ms.

0 200 400 600

3

3.5

4

4.5
x 10−5

m
ea

n 
no

rm
al

iz
ed

 in
te

ns
ity 0.67 FWHM

0 200 400 600

2.5

3

3.5
x 10−5

0.83 FWHM

0 200 400 600

1.5

2

2.5

3
x 10−5

mixing time τm (ms)

m
ea

n 
no

rm
al

iz
ed

 in
te

ns
ity 1.0 FWHM

0 200 400 600

1

1.5

2
x 10−5

mixing time τm (ms)

1.3 FWHM

Fig. 4. Mean normalized intensities located at equidistant points of the center peak
along the off-diagonal of spectra shown in Fig. 3 with respect to mixing time. The
solid line is a fit to a bi-exponential growth a0 þ a1 exp �t

s1

� �
þ a2 exp �t

s2

� �
.

Table 1
Parameters obtained for Fig. 4 with the bi-exponential growth relation
a0 þ a1 expð�t

s1
Þ þ a2 exp �t

s2

� �
. sD is the time required to diffuse one bead diameter.

0.67 FWHM 0.83 FWHM 1.0 FWHM 1.3 FWHM

a0 4.4�10�5 3.6�10�5 3�10�5 2.4�10�5

a1 �1.1�10�5 �6.7�10�6 �8�10�6 �4.5�10�6

a2 �4.8 �10�6 �8.2 �10�6 �8.8 �10�6 �1.1 �10�5

s1 9.1 ms 9.1 ms 9.1 ms 20.0 ms
s2 250 ms 330 ms 400 ms 770 ms
s1=sD 0.004 0.004 0.004 0.0092
s2=sD 0.12 0.15 0.18 0.23
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3.1.2. 900 MHz
For the 900 MHz experiments, evolution and acquisition band-

width was increased by an order of magnitude to 200 kHz while
n was increased to 512 for a maximum t1 of less than 3 ms, helping
minimize the maximum diffusion distance during the evolution
time to around 3 lm. Mixing times cover a range from 1 to
640 ms. Fig. 2b shows the 1D spectrum and Fig. 5 shows the 2D
spectra obtained. Even though the bandwidth is 200 kHz, these fig-
ures show a bandwidth of 40 kHz to better display the spectra. The
FWHM 1D spectrum is approximately, 11.8 kHz, which is roughly
9/4 broader than the 1D spectrum at 400 MHz, yielding
d2dx=D � 5� 104. All 2D spectra are normalized with respect to
total intensity.

One of the most noticeable qualities of the 900 MHz data is the
improved signal-to-noise ratio at longer mixing times. As with the
400 MHz data, we see a growth of off-diagonal intensity as mixing
time is increased indicated by a line broadening in the off-diagonal
direction. We quantify this broadening by taking the mean inten-
sity of two points equidistant from the center peak, again at a fre-
quency offset equal to the inhomogeneous linewidth. These mean
intensities are shown in Fig. 6 along with a fit to the bi-exponential
growth model.

The bi-exponential growth observed here is similar to that ob-
tained from the 400 MHz experiments. Mean intensities are great-
er for the 900 MHz results than the 400 MHz results due to the
higher signal to noise ratios at magnetic field. Characteristic bi-
exponential growth times are again on the order of 10 and
500 ms. These correspond to water molecule diffusion of 0.07
and 0.45 bead diameters, respectively, and to s1=sD and s2=sD of
0.004 and 0.23, respectively.

3.2. Simulations

We now turn to a description of exchange in the inhomoge-
neous field based on computer simulations. For this purpose we
utilized a random monodisperse bead obtained by dropping
spheres one by one in a cylinder of diameter 10 bead diameters,
allowing them to find their potential energy minimum. For the
simulation, 511 spheres were used, packed to a height of 7 bead
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mixing times ranging from 1 to 640 ms.
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diameters. The porosity of the bead pack was determined to be
43%. Using a mesh size of 0.0375 bead diameters, particles in a vol-
ume were allowed to diffuse on the grid by a Monte Carlo process
involving reflection at bead surfaces. An initial particle volume of
comprising a cube of side length 2.3 sphere diameters centered
in the pack was used, the diffusion coefficient being determined
by a 1-D rms hopping distance of 1 mesh element per dimension-
less time unit (.000703 squared bead diameters/time unit). Ini-
tially, local magnetic field offset values were assigned to each
particle by summing the contributions from all spheres in the pack,
assuming a dipole at each sphere center, the particles then being
allowed to diffuse for a set time before recalculating the local field
offset assignments based on the final positions. Because the encod-
ing for field is instantaneous for the initial and final position sets,
the issue of motional averaging does not arise and so the absolute
size of the field offsets in relation to any characteristic time for
encoding is irrelevant. We have assumed a bead magnetization va-
lue of 3 dimensionless units for the purpose of our calculation.

Fig. 7 shows the calculated NMR spectrum for the initial particle
positions. Note that the spectrum is centred at slightly positive fre-
quencies, an effect due to the fact that the bead pack has unequal
transverse and longitudinal dimensions with respect to the mag-
netic field. The FWHM is 1.2 dimensionless frequency units. Our
simulation assumes the slow motion limit d2dx=D!1. Fig. 8
shows the manner in which the 2D exchange spectra evolve with
increasing mixing time while Fig. 9a shows the growth of off-diag-
onal intensity taken from these 2D spectra by selecting the inten-
sity at a frequency lying at off-diagonal frequency coordinates
(�0.8,0.8) where 0.8 frequency units represents 0.67 FWHM.

The simulated data shown in Fig. 9 a is somewhat noisy and
have been fitted with a simple single exponential growth curve.
The growth rate corresponds to a time constant of around 44
dimensionless time units or a s=sD of 0.061 making a 1D diffusion
distance of 0.25 bead diameters. This is intermediate between the
short and long time constants of the experiments. However, in the
case of the simulations, we note that the time constant observed
depends strongly on the frequency offset chosen for the analysis.
Fig. 9b shows the dependence of the time constants for both sim-
ulated (s=sD) and experimental (100 lm beads, s1=sD and s2=sD)
on chosen frequency offset at which the off-diagonal intensity is
measured. It is apparent that the experimental data, when fitted
to a bi-exponential shows a degree of offset dependence for the
fast component while the slow component increases with increas-
ing offset. That the simulated and experiment do not agree is not
surprising given that the simulations have not allowed for diffu-
sion during the t1 and t2 encoding periods. Nor does the simulation
account for the potential loss of signal from those spins experienc-
ing more rapid T1 relaxation. Nonetheless the simple computer
model employed here gives some insight regarding the exchange
process and broadly captures qualitative features of the data.
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3.3. Ten micrometers bead pack

For porous media for which the slow limit, l2dx=D� 1, does
not apply, frequency exchange during the encoding periods t1

and t2 will lead to severe broadening of the 2D spectra even at
the shortest mixing times employed. Nonetheless, the effect of an
increasing mixing time may be sufficient to slightly enhance this
broadening in the case where extreme motional averaging does
not apply. For that reason we have attempted to carry our 2D ex-
change experiments for beads of 10 lm diameter. The diffusion
distances at longest evolution time, 7 and 3 lm, for 400 and
900 MHz, correspond to a significant fraction of one bead diameter.

3.3.1. 400 MHz
The 1D spectrum for the 10 lm bead pack at 400 MHz gives a

half height width of 2.7 kHz, smaller than that seen for the
100 lm beads presumably due to a different diamagnetic suscepti-
bility for this particular glass. Here d2dx=D � 102.

For the 10 lm bead pack, 12 mixing times are employed rang-
ing from 1 to 40 ms. The smaller range of mixing times is needed
Fig. 9. (a) Growth of off-diagonal intensity at 0.67 FWHM frequency off-set as a function
random bead pack. The solid line represents a single exponential fit curve. (b) s=sD as
circles) and experimental data (solid squares and triangles).
because it takes less time for a water molecule to diffuse through
the smaller pore space in the 10 lm bead pack compared to the
larger pore space of the 100 lm bead pack. The resultant spectra
can be seen in Fig. 10. These 2D spectra have also been normalized
to constant total intensity in order to remove T1 relaxation effects.
Because of the rapid motional averaging occuring during the fre-
quency encoding times, the 2D spectra are very broad, even at
the shortest mixing time. Consequently, the growth of off-diagonal
spectral characteristics is not as noticeable as found for the 100 lm
beads. The shortest mixing time lacks a sharply diagonal spectrum.
Even during the 1 ms mixing time, significant diffusion has taken
place compared to that for the 100 lm sample. Nonetheless, some
additional broadening is visible over mixing times from 1 to 20 ms,
just enough for us to be able to observe pore exchange effects. This
residual visibility results from the fact that it takes about 25 ms for
a water molecule to diffuse one bead diameter. The line broadening
can again be quantified by taking the average of two intensities at
equidistant points from the center peak and plotting them against
mixing time, shown in Fig. 11. Again we see a growth, albeit over a
shorter time scale than that of the 100 lm bead pack.

3.3.2. 900 MHz
The same 12 mixing times were used for the 10 lm sample at

900 MHz at a bandwidth of 200 kHz and an n of 512. The maxi-
mum t1 for the 900 MHz experiments is less than 3 ms, comparable
to a 3–4 lm diffusion distance. The 1D spectrum has a FWHM of
roughly 6.2 kHz. The 2D spectra are shown in Fig. 12. All spectra
have been plotted with a display bandwidth of 40 kHz rather than
their full 200 kHz to better observe the broadening with respect to
increasing mixing time. All 2D spectra have been normalized with
respect to integrated intensity to compensate for T1 relaxation over
the mixing time. Most noticeable in comparing the 400 and
900 MHz spectra is the decrease in noise due to the higher mag-
netic field. Off-diagonal broadening indicates an increase in off-
diagonal intensity. Quantification of this intensity with respect to
mixing time is shown in Fig. 11.

The growth of off-diagonal for the 10 lm beads at 900 MHz
shows a trend similar to that found for 10 lm at 400 MHz. In both
cases characteristic times of 2 ms and 20–50 ms, corresponding to
0.2 and 1 bead diameters. However, given the large amount of ex-
change which occurs during the encoding periods, we are cautious
in attributing significance to these parameters.

4. Experimental

The experiments were performed using Bruker 400 and
900 MHz spectrometers and the proton NMR signal from water im-
bibed in a randomly packed matrix of monodisperse glass spheres.
of dimensionless mixing time, obtained from simulated 2D exchange spectra for a
a function of frequency offset as a fraction of FWHM for both the simulated (solid



Fig. 11. (a) Mean normalized intensities located at equidistant points of the center
peak along the off-diagonal of 400 MHz spectra shown in Fig. 10 with respect to
mixing time. The solid line is a fit of bi-exponential growth. (b) as for (a) but for
900 MHz.
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Specifically, two different samples of monodisperse glass beads
(Duke Scientific Products, Fremont, CA) were used. These had
diameters of 100 and 10 lm and a standard deviation of 3.6 and
1.5 lm, respectively. Different ranges of mixing times were used
for each sample depending on bead size. At 400 MHz, the band-
width in both the evolution and detection periods is 20 kHz, with
256 data points being acquired. This leads to a total evolution time
less than 13 ms, thus ensuring the diffusive motion of water mol-
ecules during the encoding times is much smaller than the bead
size in the 100 lm sphere diameter case, and comparable with
the sphere size in the 10 lm case. Each experiment took roughly
45 min to run with both n and m = 256.

For comparison, experiments were also performed on a Bruker
900 MHz spectrometer at the University of Queensland in Austra-
lia. The higher magnetic field and greater inhomogeneous line-
width allowed us to increase the bandwidth, resulting in a
shorter evolution time during frequency encoding. Temperature
was held constant at 25 �C for all experiments.
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5. Conclusions

The results presented here show that it is possible to use a 2D
Fourier transformation of a simple evolution–storage–exchange
experiment to reveal diffusive migration of molecules through
the pore space. A key aspect of the method is the use of large polar-
izing fields, sufficient to give a field inhomogeneity frequency
spread wide enough to keep the frequency encoding time much
less than the time taken to diffuse one pore. Nontheless the meth-
od is applicable to lower fields, provided that susceptibility inho-
mogeneity is sufficiently large, as judged by the criterion
l2dx=D� 1. However, we have shown here that even when this
criterion is relaxed, significant exchange effects are observable.

The experiments performed here have employed random
monodisperse bead packs for which computer simulations have
been performed. In the experiments, an apparent bi-exponential
growth of off-diagonal intensity is observed. The fast time constant
corresponds to a diffusion distance of around 0.1 bead diameters,
while the second is on the order of 0.5 bead diameters a result
which depends only weakly on the choice of frequency offset. Bi-
exponential behavior suggests length scale complexity, probably
reflecting the rather unusually shaped pore space of random
sphere packs though we acknowledge that a broad distribution
of characteristic times is more likely. The computer simulation
showed time constants correspond to characteristic lengths differ-
ent from those observed in the experiment. There are a number of
reasons why the simple simulation model employed here may not
precisely represent the experimental conditions. Nonetheless we
are able to see that in both experiment and simulation characteris-
tic times reflect diffusion on the order of 0.1–0.3 pore diameters,
enough to give a fair indication of pore size.

Naturally we would be interested to test the method in different
porous substances, for example, sandstones. The exchange demon-
strated here is but one example of the potential uses of the multi-
dimensional approach using susceptibility-induced field inhomo-
geneity, DB0. One especially interesting application is the combina-
tion of encoding for local field, with other parameters requiring an
inverse Laplace analysis, Examples would be DB0 vs T2 correlation,
DB0 vs D correlation and DB0 vs g2. The latter is of particular inter-
est because local gradients depend on spatial derivatives of the
field inhomogeneity. Correlating DB0 with r 	 DB0 provides an
interesting probe of structural geometry.
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