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The main focus in this study is to investigate the correlations between internal magnetic field gradientssG0d
and transverse relaxation times in liquid-saturated packings of glass beads of different wettabilities. We show
how these correlations can be expressed as two-dimensional(2D) diagrams of distribution functions between
internal magnetic field gradients andT2 values. In the case where it is difficult to distinguish the signals from
oil and water, we separate them based on their difference in diffusivity. In addition to using such diffusion
weighting in theG0-T2 diagrams, we also show results from experiments where the direct correlation between
diffusion andT2 sD-T2d is determined. The overall results show that the wettability of the glass beads has a
strong influence on the appearance of these diagrams, in particular on the location of the fast diffusing water
molecules. However, due to their lower diffusivity, the transverse magnetization of the oil molecules is not so
greatly influenced by either the presence of the glass beads or their wettability properties. Thus, the wettability
properties of a liquid-filled porous material can be determined from the location of the water signal in such 2D
diagrams. In particular, we show that this is the case not only forD-T2 diagrams, but also forG0-T2 diagrams.

DOI: 10.1103/PhysRevE.70.051305 PACS number(s): 81.05.Rm, 82.56.Lz, 82.56.Na, 76.60.Es

INTRODUCTION

Relaxation processes of spin bearing molecules in liquid-
saturated porous materials are influenced by the physical and
chemical surroundings. We focus on the transverse compo-
nent of the magnetization in the rotating frame of reference,
and in the usual manner we defineM+=Mx+ iMy. We also
take into consideration that there might be an offset in the
resonance frequency, which we express asDvstd=g(gstd ·r),
wheregstd in the general case is a time and spatial dependent
magnetic field gradient across the sample, andg is the gyro-
magnetic ratio. The gradient can be either an internal mag-
netic field gradient induced by susceptibility differences in
the sample, or an external applied gradient. The governing
equation for the evolution of the transverse magnetization is
given by [1]

]M+sr,td
]t

= D¹2M+sr,td −
M+sr,td

T2
− ig„gstd · r…M+sr,td

s1d

whereD is the molecular diffusion coefficient, andT2 is the
transverse relaxation time. The solution to Eq.(1) can be
written as[2]
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t
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where M0srd is the total magnetization at thermal equilib-
rium.

In a porous system, the spins will relax at the surface,
leading to an additional sink of the magnetization[3]

n̂ ·D ¹ M+sr,td + ur2M
+sr,tduS= 0 s3d

where n̂ is the unit outward normal on the solid/fluid inter-
face, andr2 is a parameter known as the surface relaxation
strength. The subscriptuS indicates the surface boundary con-
dition.

In the absence of a magnetic field gradient and with no
surface relaxation, the transverse relaxation rate is solely
given by the bulk liquid relaxation processes, and one ob-
serves, if we have a pure liquid, the usual monoexponential
behavior of theT2 decay. If we include surface relaxation,
and the rate determining step is relaxation at the surface, the
transverse relaxation rate in a single pore can be written as
[3,4]
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=
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s4d

whereT2
bulk is the transverse relaxation time in the bulk liq-

uid, andS/V is the surface-to-volume ratio of the pore. In a
system having a distribution of pore sizes with different*Electronic address: john.seland@medisin.ntnu.no
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surface-to-volume ratios there will also be a corresponding
distribution of relaxation times. The total magnetization, in-
tegrated over the total volume of the sample, is then given by

Mstd =E M+sr,tdd3r =E rsT2de−t/T2dT2 s5d

wherersT2d represents a distribution ofT2 values within the
sample.

We have not yet taken into account magnetic field gradi-
ents across the sample. When a fluid-saturated porous sample
is placed in an external, homogeneous magnetic field, differ-
ences in magnetic susceptibility between solid grains and
pore fluid may induce large local field inhomogeneities in-
side the pores, known as internal magnetic field gradients, or
susceptibility gradients. Diffusion of spin bearing molecules
in these susceptibility gradients leads to a magnetic phase
grating across the sample, and will introduce additional
dephasing of transverse magnetization in the Hahn echo se-
quence[5].

The dynamics of the transverse magnetization as mea-
sured in a Carr-Purcell-Meiboom-Gill(CPMG) experiment
[5,6] can be calculated from Eq.(2). We introduce the wave
numberkstd=ge0

t gst8ddt8, which defines the magnetic phase
grating in the sample[7]. We now include both effects from
surface relaxation and internal magnetic field gradients.
Equation(2) can then be rewritten as

M+sr,td = M0srde−t/T2expS− DE
0

t

kstd2dtD . s6d

The solution to this equation is given by integrating over the
various time intervals in the CPMG sequence, and then over
the total volume of the sample. We assume a time indepen-
dent internal magnetic gradientG0 over the sample, leading
to a phase grating given bykstd=e0

t G0dt8. The magnetization
of echo numbern is then given by

Msr,2ntd =E M+sr,2ntdd3r =E M0srde−2nt/T2e−Dk0
22nt/3d3r

s7d

where 2t is the spacing between echoes in the CPMG train,
and k0=gG0t. From the previous considerations we know
that the volume integration over the first exponential term
can be related to a distribution ofT2 values. The second term
represents the well known additional dephasing of the mag-
netization due to diffusion in internal gradients. We could
assume a spatial distribution of internal gradients over the
sample,PsG0d, and rewrite Eq.(7) as

Ms2ntd =E rsT2de−2nt/T2dT2E PsG0de−Dg2G0
2t22nt/3dG0.

s8d

Knowledge about the relationship between transverse re-
laxation and internal gradients can be used for a better un-
derstanding of the influence of internal gradients on trans-
verse relaxation times. In addition, as we will show in this
paper, it can also act as a diagnostic tool for the determina-

tion of the wettability properties of the surface in a porous
material. However, the relationship between the distribution
of internal gradients and the distribution ofT2’s, as measured
in an ordinary CPMG measurement, is very complex. We can
measure theT2 decays as a function of different echo spacing
t, and then try to invert these attenuations along the “direc-
tion” of these varyingt values, but as explained in[8] this
will not give the desired result. The reason is that the time
interval 2nt in the second exponential term is not separable
from the echo train, and the inverted amplitudes will not be
given by Eq.(8). Thus, the time interval where the dephasing
due to internal gradients is taking place has to be decoupled
from the time interval whereT2 relaxation is occurring.

Recently it was shown that by using a two-dimensional
(2D) internal gradient–transverse relaxation experiment it is
possible to extract the correlated distribution function be-
tween internal gradients and transverse relaxation times in a
multiple pore scale system[8]. Similar approaches for deter-
mination of 2D distribution functions between diffusion and
relaxation have also recently been suggested[9,10]. In both
types of experiments the spins are diffusion encoded in a
preparation interval before being detected in a CPMG mea-
surement. In the case of correlation between internal gradi-
ents and transverse relaxation, the preparation interval is a
CPMG train with a varying number ofp pulses applied in
the presence of internal gradients, while for correlations be-
tween diffusion and transverse relaxation the preparation in-
terval is a spin echo or stimulated echo sequence performed
in an inhomogeneousB0 field. In both cases the spins are
encoded for different degrees of dephasing due to molecular
diffusion in inhomogeneous fields.

In a previous paper[11] we showed that by using diffu-
sion encoded CPMG measurements, it is possible to sepa-
rately measure theT2 attenuation of oil and water in a system
where strong internal magnetic field gradients make it diffi-
cult to separate these signals due to their difference in chemi-
cal shift. In those measurements pulsed field gradients were
applied in the diffusion encoding of the spins, making it
possible to attenuate the water signal to a level where one is
left with signal from oil only, which is a necessary criterion
for a total separation of the two signals.

In the present paper we combine the method for measure-
ments of 2D distribution functions between internal gradients
and transverse relaxation with the method for separation of
oil and water signals. It is then possible to measure the dis-
tribution functions between internal gradients and transverse
relaxation times separately for oil and water simultaneously
present in a porous system. This makes it possible to identify
which phase is wetting the surface of the porous material.

THEORY

In an ordinary CPMG measurement it is impossible to
determine a useful relationship between the distribution of
internal gradients and the distribution ofT2 values. Instead,
we follow the approach of Sun and Dunn[8], split the
CPMG sequence into two parts, and perform a 2D experi-
ment, as shown in Fig. 1. By varying the number ofp pulses
in the first part of the sequence, an encoding for internal
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gradients can be performed. The second part of the sequence
is an ordinary CPMG train where thet value is kept suffi-
ciently short, so that the effect from internal gradients does
not have a significant impact. The time interval for encoding
of internal gradients and the time interval forT2 relaxation
are now separated from each other. The echo attenuation for
this pulse sequence can be expressed as

Mst8,2ntd

=E E fsDG0
2,T2de−st1+2ntd/T2e−Dg2G0

2t822n8t8/3dT2dsDG0
2d

s9d

where 2t8 is the spacing betweenp pulses in the first part of
the sequence,n8 is the number ofp pulses, andt1 is the total
length of this internal gradient coding interval.fsDG0

2,T2d is
a two-dimensional distribution function of “internal gradi-
ents” and transverse relaxation times. Note that it is not the
actual distribution of internal gradients that is determined,
but rather the distribution of the termDG0

2. If we assume a
constant, well defined diffusion coefficient, we can deter-
mine the distribution ofG0

2 values, and in this manner we
determine the absolute value of the internal gradient as
uG0u=ÎG0

2. For simplicity we will from now on refer to this
as the “internal gradient.” The true internal gradient will be
spatially dependent, and the value we measure in our experi-
ment will thus depend on how long we allow the liquid mol-
ecules to diffuse. This is important to keep in mind when the
results are interpreted.

If the diffusivity is not constant over the sample, we can-
not use the assumptions described above. This will compli-
cate the analysis in a system where there are liquids with
different mobilities present, and when these liquids experi-

ence different strengths of the internal gradients. However,
by using applied gradients in the encoding interval instead of
internal gradients, we can determine the diffusivity. A pulse
sequence implementing applied field gradients in front of the
CPMG measurement is shown in Fig. 1(b). Bipolar gradients
are applied in order to suppress cross terms between applied
and internal gradients[12]. We vary the intensity of the ap-
plied gradients, and keep all the time intervals constant. The
echo attenuation for this sequence is given by

Msk,2ntd =E E fsD,T2de−ste+2ntd/T2e−sk2tDDddT2dD

3E e−Dg2G0
2t924t9/3d3r s10d

wherek=2ggd, te=4t9 is theT2 relaxation time in the Pulsed
Field Gradients(PFG) part of the sequence, andtD=3/2t9
−d /6 is the diffusion time.fsD ,T2d now describes a two-
dimensional distribution of diffusion coefficients and trans-
verse relaxation times within the porous system. The integra-
tion over the last exponential term represents an attenuation
in the signal due to internal gradients, but since the time
interval t9 is kept constant, this term can be treated as an
offset.

We now have one sequence where we encode for internal
gradients, and one where we encode for diffusivity, before
collecting a CPMG train. In Fig. 2 we have combined these
two pulse sequences. The pulse sequence is now divided into
three parts. The gradient encoding interval is preceeded by a
bipolar Pulsed Gradient Spin Echo(PGSE) interval where
the intensity of the gradient pulses can be varied. The echo
attenuation for this pulse sequence is written as

FIG. 1. Two-dimensional pulse sequences for
measurements of correlations.(a) Pulse sequence
for measurement of correlation between internal
gradients and transverse relaxation times[8]. (b)
Pulse sequence for measurement of correlations
between diffusivity and transverse relaxation
times [11].
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Msk,t8,2ntd =E E E fsD,DG0
2,T2de−k2tDDe−ste+t1+2ntd/T2

3 e−g2G0
2s4t9t92+t822n8t8dD/3dD dT2 dsDG0

2d
s11d

where fsD ,DG0
2,T2d now is a three-dimensional distribution

function between diffusion, internal gradients, and transverse
relaxation time. The constant term due to dephasing in inter-
nal gradients in the first diffusion encoding interval has been
incorporated in the last exponential term. By varying the
intensity of the applied gradients, an encoding for diffusivity
can be performed, and this encoding will be independent of
internal gradients. In principle we could now perform a 3D
experiment and determine the distribution function
fsD ,DG0

2,T2d. Instead we choose to use the diffusion encod-
ing to identify and separate the signals from oil and water. In
an experiment where the applied gradients are equal to zero,
sk=0d, the echo attenuation is given by

Ms0,t8,2ntd

=E E f8sDG0
2,T2de−ste+t1+2ntd/T2e−g2G0

2s4t9t92+t822n8t8dD/3

3dT2 dsDG0
2d s12d

where f8sDG0
2,T2d=efsD ,DG0

2,T2ddD is now a 2D distribu-
tion function that is equal to the one in Eq.(9), apart from an
additional dephasing in internal gradients that will lead to a
loss in signal from molecules that experience strong internal
gradients. Since the diffusivity of oil is much lower than that
of water, we can suppress the signal from water by applying
a strong enough gradient in the experiment[11]. The echo
attenuation in such an experiment is given by

Msksupp,t8,2ntd =E E foil8 sDoilG0
2,T2

oilde−ksupp
2 tDDoil

3 e−ste+t1+2ntd/T2
oil

e−g2G0
2s4t9t92+t822n8t8dD/3

3dT2
oildsDoilG0

2d s13d

where foil8 sDoilG0
2,T2

oild is a diffusion weighted distribution
function for oil only.

If we perform a series of experiments with values ofk
from ksuppand upward, the result will be a series of diffusion
weighted signals from oil, and we can use this information to

extrapolate the oil attenuation back to the form it was sup-
posed to have atk=0, without water present. We then obtain

Moils0,t8,2ntd =E E foil8 sDoilG0
2,T2

oilde−ste+t1+2ntd/T2
oil

3 e−g2G0
2s4t9t92+t822n8t8dD/3dT2

oildsDoilG0
2d.

s14d

This signal can be subtracted from the signal obtained atk
=0 [Eq. (12)], and the result will be the signal from water,

Mwats0,t8,2ntd = Ms0,t8,2ntd − Moils0,t8,2ntd

=E E fwat8 sDwatG0
2,T2

watde−ste+t1+2ntd/T2
wat

3e−g2G0
2s4t9t92+t822n8t8dD/3dT2

watdsDwatG0
2d.

s15d

Following this procedure, we can separate the echo attenua-
tion for oil and water in the system, and by performing a 2D
Inverse Laplace Transformation(ILT ) on these separated sig-
nals, we can determine the 2D distribution functions for oil
and water separately.

EXPERIMENT

All the experiments were performed on a Bruker Avance
DMX200 instrument, using a commercial diffusion probe
from Bruker Biospin(PH MIC DIF 200 WB 1H SAT 5/10
probe). An applied gradient strength in the range
0–960 G/cm was used. The experiments were performed at
a temperature of 25.0±0.5 °C. The pulse sequences in Fig. 1
and Fig. 2 were used. In addition, experiments using an or-
dinary CPMG sequence was performed for all the samples.

In the CPMG trains the value oft was set to 0.15 ms. In
the internal gradient encoding interval a constant value of
t1=10.2 ms was used, and thet8 value was varied from
0.15 to 5.10 ms with a corresponding variation of the num-
ber of p pulses from 34 to 1, in 20 steps.

The eddy current delay in the PFG part of the sequence
shown in Fig. 2(the time between the last gradient pulse and
the start of the CPMG train) was set to 1.4 ms. The pulse
length was 2 ms, and a time interval of 0.1 ms was used
between the initialp /2 pulse and the following gradient
pulse, giving at9 value of 3.5 ms. In order to verify and
control effects from possible eddy currents, we tested the

FIG. 2. Pulse sequence for
measurement of correlations be-
tween diffusivity, internal gradi-
ents, and transverse relaxation
times.
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sequence on a sample of water doped with CuSO4, which has
the same diffusivity as distilled water, but a much shorterT2
value. We found that under these conditions the transient
magnetic fields following the gradient pulses have insignifi-
cant effect on the obtained CPMG echo attenuation. For all
systems with mobility equal to or lower than that of water,
one may then use this set of values.

In the bipolar version of the pulse sequence echo signals
from unwanted coherence transfer pathways will be present
at the end of the PFG part of the experiment. These un-
wanted coherences were suppressed by applying a proper
phase cycling of the rf pulses and receiver phase[12].

Samples containing water-wet or oil-wet glass spheres im-
mersed in liquids were prepared. The glass spheres were de-
livered from Duke Scientific, and had a size distribution of
4–60mm in diameter. The glass spheres are originally water
wet. To make the surface of the glass spheres oil wet, the
spheres were treated with excess trimethylchlorsilane in a
mixed solvent pair of toluene-pyridine kept under an inert
atmosphere(argon), and refluxed for several hours. The si-
lated spheres were separated from the solution and washed
several times with dichlormethane, and then dried under
vacuum at 55 °C.

All the samples were prepared in 10 mm NMR tubes.
Samples of distilled water in water-wet glass beads or oil in
oil-wet glass beads were prepared by adding 400ml of liq-
uid, followed by addition of glass beads until there was no
bulk liquid present. The oil used was a low sulfur interme-
diate bunker fuel oil from the Norwegian Esso refinery. The
samples of water and oil in water-wet or oil-wet glass beads
were prepared by adding aliquots of 200ml of distilled water
and oil to each tube, followed by the addition of 1.40 g of
glass spheres(water wet or oil wet). Finally, all the NMR
tubes were stirred in an ultrasonic water bath to ensure
proper mixing.

The obtained diffusion and relaxation attenuations were
analyzed using the two-dimensional inverse Laplace soft-
ware [13] developed by Callaghan and co-workers at Victo-
ria University of Wellington, New Zealand. This software is
based on the algorithm by Venkataramananet al. [14,15].

RESULTS AND DISCUSSION

When a CPMG measurement is preceded by an interval
for encoding of internal gradients with the same echo spac-

ing, some of the initial signal may be lost due to relaxation
effects, but this should not have a significant impact on the
measuredT2 distributions as long as the shortest echo spac-
ing in the preparation interval has the same value as in the
CPMG train. Under this condition, the only difference in the
two types of experiment lies in where we start the collection
of CPMG echoes, and the projection of the distribution onto
the T2 axis should correspond to the originalT2 distribution.
However, if the CPMG measurement is preceded by a diffu-
sion encoding interval, we may also expect to see an effect
from dephasing in internal gradients. Thet9 value for the
experiments performed is 2.1 ms, and if the internal gradi-
ents are strong, as we can expect them to be in the systems
studied here, this will lead to a significant dephasing of the
magnetization before signal is acquired in the CPMG train.

In Fig. 3(a) the T2 distribution for water in water-wet
glass beads, determined using an ordinary CPMG measure-
ment, is shown. The water molecules will be in the fast dif-
fusion limit, and will interact strongly with the surface. This
results in aT2 distribution having a mean value around
20 ms, which is much lower than the bulk relaxation time for
distilled water, which is known to be several seconds. The
correspondingT2 distribution for oil in oil-wet glass beads is
shown in Fig. 3(b). TheT2 distribution for bulk oil is shown
as a comparison, and it is almost similar to the distribution
for oil confined in the oil-wet glass beads. This indicates that
the relaxation behavior of oil is not strongly influenced by
the surface of the glass beads. We performed 2D diffusion-T2
experiments in bulk oil and oil immersed in oil-wet glass
beads. The results are shown in Fig. 4. The main peak for
bulk oil is located around 4310−7 cm2 s−1, with a T2 value
corresponding to the main peak in Fig. 3(b). For oil in oil-
wet glass beads, the diffusivity is slightly lower than in bulk,
but theT2 distribution is the same, as was observed in the
ordinary CPMG experiment.

When both oil and water are added to the water-wet glass
beads[Fig. 5(a)], we clearly see two peaks appear in theT2
distribution, but they are strongly overlapping, and it is dif-
ficult to exactly determine where in the distribution oil and
water are found. When the CPMG measurement is preceded
by a diffusion encoding interval, we see that a lot of signal is
lost before the echoes are collected. Some of the signal loss
is explained by the fact that the diffusion encoding sequence
is based on the stimulated echo which, because only half of
the spins are stored by the secondp /2 pulse, has half the

FIG. 3. SeparateT2 distribu-
tions of water in water-wet glass
beads and oil in oil-wet glass
beads. (a) Water in water-wet
glass beads.(b) Oil in oil-wet
glass beads(2) compared, with
bulk oil (--).
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intensity of the spin echo. However, taking this into account,
we see that a lot of the signal assumed to be mainly associ-
ated with water, havingT2 values around 10−2 s, is lost due
to dephasing of molecules diffusing in internal gradients.

When oil and water are added to the oil-wet glass beads
[Fig. 5(b)], two peaks appear in the distribution. The two
peaks are not overlapping so strongly as in the water-wet
glass beads, but even in this situation we do not know if any
of the water signal is hidden under the oil peak, or vice versa.
In addition, we have no information about the strength of
internal gradients the oil and water molecules experience in
the two different samples. Also, here signal is lost when the
diffusion weighting interval is applied. It is mostly signal
believed to be associated with oil that is lost, indicating that
oil molecules experience stronger internal gradients in this
sample compared to the water-wet system.

In Fig. 6 the 2D distributions betweenT2 and diffusivity
for oil and water in water-wet and oil-wet glass beads are
shown. In both figures we can easily identify the signals
from oil and water, based on their difference in diffusivity. In
the water-wet glass beads water has a diffusivity of 1
310−5 cm2 s−1, which is lower than the bulk value of 2.3
310−5 cm2 s−1. The correspondingT2 value is 20 ms, which
is in accordance with the main peak in Fig. 3(a). The oil peak
is located at 4310−7 cm2 s−1, a value that is equal to the

measured bulk value for the type of oil used here. The main
peak is located at aT2 value of approximately 80 ms, but
some oil is also found at lower relaxation times.

In the oil-wet glass spheres, the oil peak is located at 2
310−7 cm2 s−1, which is lower than in the water-wet sample.
This indicates that the diffusion of oil in this sample is more
restricted compared to what is observed in the water-wet
sample. The diffusivity of water, however, is very close to its
bulk value, and the correspondingT2 value is 1.4 s, which
indicates that the properties of water are close to the ones
found in bulk liquid.

If we compare the diagrams in Fig. 6 with the distribu-
tions in Fig. 5, we can partly, but not clearly, identify which
areas in these distributions belong to water and which belong
to oil. Thus, this shows how difficult, if not impossible, it is
to identify oil and water in one-dimensional distributions like
the ones in Fig. 5.

The results from theD-T2 correlation experiments clearly
show that water and oil can be separated based on their dif-
ference in diffusivity, making it possible to determine the
environment in which oil and water molecules are found,
based on such diagrams. Similar results have been obtained
by others[9,10]. Let us now take a look at the 2D distribu-
tions obtained by applying the “internal gradient–T2”
sG0-T2d pulse sequence with varying number ofp pulses in

FIG. 4. (Color online) Diffusion-T2 distributions for bulk oil and oil in oil-wet glass beads. The data were collected using the pulse
sequence in Fig. 1(b). The dashed line indicates the mean diffusivity of bulk oil.(a) Bulk oil. (b) Oil in oil-wet glass beads.

FIG. 5. MeasuredT2 distribu-
tions for mixtures of oil and water
in water-wet and oil-wet glass
beads. Ordinary CPMG measure-
ment (2), and with diffusion
weighting sk=0d in front of the
CPMG measurement(--). (a) Wa-
ter and oil in water-wet glass
beads.(b) Water and oil in oil-wet
glass beads.
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the encoding interval. In Fig. 7sad, the result from such a
G0-T2 experiment of water only in water-wet glass beads is
shown. We clearly see that the signal is spread out along the
vertical direction. We have assumed a constant diffusivity
for water equal to 1310−5 cm2 s−1, and the right side of the
vertical axis is normalized with respect to this diffusivity.
Clearly, there is a distribution of internal gradients in this
sample, and it is correlated with theT2 distribution. The
mean value of the internal gradient is around 300 G/cm.
An extrapolation of the data onto theT2 axis corresponds
to the distribution in Fig. 3sad. There is a clear tendency of
low values ofT2 to be associated with high internal gra-
dients, but it is interesting to observe that some of the
water signal with aT2 value around 200–300 ms is asso-
ciated with the strongest internal gradients.

It should be noted that Callaghanet al. [13] have deter-
mined diffusion-T2 correlations for molecules confined in
simple pore structures, and they showed that there are dis-

tinctive areas in theD-T2 diagrams, depending on the
Brownstein-Tarr modes[3]. In one area diffusion is strongly
correlated with relaxation, and in the other area the diffusion
coefficient may vary independently of relaxation. The sec-
ondary peaks in ourD-T2 andG0-T2 diagrams may be due to
the effects described by Callaghanet al. However, the pore
structure in our systems is very complex, and since we also
consider this to be outside the scope of this paper, we have
chosen not to focus on these effects in our paper.

In Fig. 7(b) the 2D distribution of oil and water simulta-
neously present in water-wet glass beads is shown. The dif-
fusivity of water is much higher than that of oil, which will
have a strong impact along the vertical axis, and the signals
from oil and water can be separated by pure visual inspec-
tion. If we compare this distribution with the 2D distribution
of only water in the same beads, we see that the water signal
associated with smallT2 values and strong internal gradients
is still there, and that along theT2 axis it is partly overlap-

FIG. 6. (Color online) Diffusion-T2 distributions for oil and water in glass beadss4–60mmd. The data were collected using the pulse
sequence in Fig. 1(b). The dashed lines indicate the mean diffusivity for bulk oil and water, respectively.(a) Water and oil in water-wet glass
beads.(b) Water and oil in oil-wet glass beads.

FIG. 7. (Color online) 2D distributions forT2 and internal gradients of water and oil in water-wet glass beads.(a) Water in water-wet
glass beads.(b) Water and oil in water-wet glass beads.
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ping with the oil signal. Thus, using the dispersion effect
from internal gradients it is possible to separate the signals
from oil and water based on their difference in diffusivity
and the internal gradients the molecules experience. If we
normalize the vertical axis with respect to diffusion of oil
s4310−6 cm2 s−1d, the oil peak will be associated with an
internal gradient of around 100 G/cm. This is significantly
lower than the water peak, which is associated with internal
gradients in the range 300–1000 G/cm. This confirms that
in this sample water is found close to the surface of the glass
beads where the internal gradients are strongest, while the oil
is found further away from the surface, in areas of lower
internal gradients. In Fig. 8(a) we show the 2D “internal
gradient–T2” distribution of oil in oil-wet glass beads. Most
of the oil signal is associated with an internal gradient
around 200 G/cm, which is higher than observed for the oil
signal in the water-wet glass beads. However, there is also
some oil signal that has shorterT2 values, and which is as-
sociated with internal gradients up to 1000 G/cm. When
both oil and water are added to these oil-wet glass beads
[Fig. 8(b)], we see that most of the signal is still found at the
same place as observed in the sample with oil only, but some
of the signal is somehow associated wih stronger internal
gradients. In addition we see a peak at higherT2 values,
which we believe to be associated with water. However, we
cannot clearly determine what part of the signal is water and
what part is oil. The resolution along the vertical axis is not
as good as it was in the water-wet beads. The reason is that
in this oil-wet sample the products of diffusivity and the
square of the internal gradients for oil and water have more
similar values. This is due to the fact that one may expect
most of the oil to be found in areas of relatively strong in-
ternal gradients, while most of the water is associated with
areas of low or moderate strength of internal gradients.

In order to determine clearly what is water and what is oil
in this oil-wet sample, we performed diffusion-weighted ex-
periments, using the pulse sequence shown in Fig. 2. In Fig.
9(a) we see the total signal of oil and water in an experiment
where the applied gradients are set equal to zero. If we com-
pare this distribution with the one obtained without the dif-
fusion encoding interval[Fig. 8(b)] we see that some of the

signal associated with strong internal gradients is missing
here. In Figs. 9(b) and 9(c) the separated oil and water sig-
nals are shown. We can clearly identify the main peaks ob-
served in Fig. 9(a). Since we now have separated the signals
from oil and water, we may normalize the vertical axis with
the respective diffusion coefficients of oil and water. Most of
the oil signal is associated with an internal gradient with a
value around 200 G, as was also observed in the sample with
only oil added. Some of the oil signal is also associated with
stronger internal gradients. The water signal is located
around aT2 value of 1.4 s, and is associated with internal
gradients of a strength of 10–50 G/cm, showing the bulklike
behavior of water in this sample, and confirming that no
water signals haveT2 values below 1 s.

If we compare the water-wet and oil-wet samples, we
clearly see that the oil and water are found in areas having
distinguishably different values ofT2 and internal gradients.
In the water-wet sample the water is associated with rela-
tively low T2 values and strong internal gradients, while most
of the oil signal is associated with longerT2 values and lower
internal gradients. In the oil-wet sample we see the opposite
behavior, in particular for the water-signal. Here the water
has a more bulklike behavior, with longT2 values and low
internal gradients. It is interesting to observe that theT2 val-
ues of oil do not show such a pronounced difference in be-
havior for the two different samples. In both of the samples,
the oil signal has aT2 distribution with the main peak around
200 ms. However, in the oil-wet sample there is a shoulder
stretching down to around 10 ms, which is not observed in
the water-wet sample. In addition, the internal gradients are
stronger in the oil-wet sample, although the difference in
internal gradients is not as large as what is observed for the
signal from water. This may be explained by the fact that the
measured dephasing is dependent on the path the molecules
travel through the field of internal gradients. Since the water
molecules have much higher diffusivity than oil, they will
probe a larger variety of the porous system, and thus also
experience different values of internal gradients along their
path. A larger portion of the water molecules will therefore
experience areas of strong internal gradients, compared to
the oil molecules, leading to an apparantly higher mean

FIG. 8. (Color online) 2D distributions ofT2 and internal gradients for oil and water in oil-wet glass beads.(a) Oil in oil-wet glass beads.
(b) Water and oil in oil-wet glass beads.
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value of measured internal gradients for water in the water-
wet sample compared to oil in the oil-wet sample. In the
oil-wet sample we observe that there is some portion of the
oil molecules that experiences strong internal gradients, but
the fraction is much lower than for water in the water-wet
sample.

The results tell us that there are very strong internal gra-
dients present in these glass spheres at this field strength.
Figure 7(a) is a direct mapping of these internal gradients,
and how they are correlated to theT2 values of water. The
strength of internal gradients varies between approximately
200 and 2000 G/cm.

Clearly, the wettability properties of the surface have the
strongest influence on the signal of water. This is in agree-
ment with results from experiments we have performed in
rock cores[16] where we separated theT2 distributions for
oil and water based on their difference in diffusivity, and
showed that the amount of bulk water present in the core
may act as a good indicator of the wettability property of the
surface of the rock material.

CONCLUSION

Due to the differences in magnetic susceptibility between
liquid and solid material, strong internal gradients are in-
duced when samples of glass beads immersed in oil and wa-
ter are placed in a static magnetic field. We have shown that
the distributions of internal gradients the different liquids
experience in such systems can be correlated with the distri-
butions ofT2 values. These correlations have been expressed
as 2D diagrams of internal gradients andT2 values. The wet-
tability of the glass beads has a strong influence on the ap-
pearance of these diagrams, in particular on where the water
signal is located. This can therefore be used as a diagnostic
tool for the determination of the wettability properties of a
liquid-filled porous material.
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FIG. 9. (Color online) Diffusion separated 2D distributions forT2 and internal gradients for oil and water in oil-wet glass beads.(a) With
diffusion weighting interval, but with applied gradients equal to zero.(b) Separated oil signal.(c) Separated water signal.
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