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This study presents a two-dimensional NMR pulse sequence for obtaining spatially resolved correlations
between magnetic susceptibility induced internal gradients (G0), and both the apparent difference in
magnetic susceptibility (Dvapp) and spectral frequency (Dm). G0 � Dvapp correlations were utilized to gen-
erate spatially resolved pore size distributions, while the G0 � Dm correlations were used to additionally
evaluate sample heterogeneity. The spatially resolved measurements were performed on a water satu-
rated heterogeneous porous sample which contains one layer of 5–50 lm glass spheres (top layer) and
one layer of 140–165 lm glass spheres (bottom layer). The slice selection was validated by applying
the pulse sequence on a liquid mineral oil and water sample as well as on the porous sample. The result-
ing spatially resolved pore size distributions show very good agreement with results from our previously
published non slice selective pulse sequence in the 140–165 lm glass spheres and good agreement in the
5–50 lm glass spheres. The G0 � Dm correlations correctly indicate a slightly higher degree of heterogene-
ity in the 5–50 lm glass spheres compared to the 140–165 lm glass spheres.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Introducing a fluid saturated porous sample to a homogeneous
magnetic field B0, can cause significant gradients to occur in the
pore space. Such gradients are induced by the magnetic suscepti-
bility difference Dv, between fluids and the matrix and are com-
monly named internal gradients G0 [1–7]. The line broadening
Dm, caused by the magnetic susceptibility difference in a porous
sample, is related to the free induction decay (FID) time constant
T�
2 [4,5,8]. In our samples it is assumed that susceptibility differ-

ences dominate T�
2.

Dm � 1
pT�

2
� c

2pB0Dvapp ð1Þ

Apparent magnetic susceptibility difference Dvapp is defined as
Dvapp ¼ CDv, where C is a dimensionless constant which corrects
for large local variations in the internal field [5,9]. As a first order
approximation, the internal magnetic field Bi, is related to the
internal gradient G0 in a single pore, Dvapp and the pore diameter
a [1,3,8]. G0 is assumed to remain constant over the length of the
pore.
rBi � G0 � B0Dvapp

a
ð2Þ

From examining Eq. (2) one can see that G0 � Dvapp correlations
can probe the pore geometry. Our research group recently [8]
showed that pore size distributions based on such correlations
agree well with those obtained from the well established Decay
due to Diffusion in the Internal Field (DDIF) [10] method. However,
the DDIF and the G0 � Dvapp methods do not include spatial resolu-
tion which is of interest in porous media where the pore geometry
varies across the sample.

Zhang et al. (2018) obtained spatially resolved pore size – T2

correlations by expanding the DDIF method to include a Carr-
Purcell-Meiboom-Gill (CPMG) train with frequency encoding on
the resulting echoes in low field NMR [11]. However, the DDIF
method is based on a stimulated echo created from three p=2
pulses. As internal gradients increases proportional to the external
magnetic field, so does the rate of diffusion and the decoding time
in the DDIF method must therefore be kept very short at high fields
to maintain the correct diffusion regime. Refocusing and separat-
ing the stimulated echo of interest from the rest of the occurring
echoes [12] in the DDIF method, and still remain inside the correct
diffusion regime for liquids inside porous samples is therefore
problematic at high magnetic field strengths. Spatial resolution
through frequency encoding in the DDIF-T2 method is thus chal-
lenging in high field NMR.
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Sun and Dunn (2002) introduced G2
0D� T2 correlations through

a modified CPMG pulse sequence where G2
0D was decoded during

the first part of the sequence by varying the echo spacing over a
constant time period. Zhang and Blümich (2015) extended this
sequence to incorporate spatial resolution by frequency encoding
the echoes occurring in the second part of the sequence (CPMG
train). Zhang and Blümich found it possible to distinguish between
oil and water using 2D G2

0D� T2 maps in glass bead samples.
Through computer simulations, it has been shown [13,14] that

the edges of a spectrum (high absolute values of Dm) correspond
to more confined liquid molecules. Burcaw and Callahan [14] also
showed through experimental data that G0 � Dm correlations may
be used to predict the degree of heterogeneity in a porous sample.

In this paper we continue our research group’s previous work
[8,15] and introduce a 2D pulse sequence to obtain slice selective
G0 � Dvapp and G0 � Dm correlations, which respectively are used
to generate spatially resolved pore size distributions and degree
of heterogeneity indications.

2. Materials and methods

2.1. Materials

Four different samples were investigated in this study. Sample 1
consisted of glass spheres with a diameter range of 5–50 lm
(Thermo Scientific) while sample 2 consisted of glass spheres with
a diameter range of 140–165 lm (Duke Scientific Corp). Sample 3
consisted of two layers with different diameter ranges horizontally
divided. The bottom layer contained the 140–165 lm glass spheres
and the top layer contained the 5–50 lm glass spheres. All three
porous samples were saturated with distilled water. Sample 4
was a liquid sample containing a layer of light mineral oil (Sigma
Aldrich) and a layer of distilled water, horizontally divided by the
oil–water meniscus. The slice selective sequence (Fig. 1), referred
to as sequence 1, was applied to all four samples. However, sample
4 was exclusively used for validation of the slice selection. The pre-
viously published [8] non selective pulse sequence, referred to as
sequence 2, was applied to samples 1 and 2 for comparisons to
the results from sequence 1. The three porous samples were pre-
pared in glass tubes with an outer diameter of 25 mm and were
100% water saturated in a vacuum chamber.

2.2. Method

All NMR experiments were conducted on a Bruker Ascend 500
MHz vertical wide bore spectrometer with a commercial Bruker
Fig. 1. Pulse sequence (sequence 1) for obtaining spatially resolved correlations
between the internal gradient term G2

0D and either magnetic susceptibility
difference Dvapp or frequency Dm. The non spatially resolved version (sequence 2)
ends at the dotted line.
MicWB40 micro imaging probe. The pulse sequence featured in
this paper (sequence 1) is shown schematically in Fig. 1 and is a
slice selective version of previous work (sequence 2) published
by our research group [8]. The p

2 and p hard pulses were calibrated

to be 44 and 88 ls respectively. G2
0D is encoded during the time T,

where the number n, hard p pulses is varied from 32 to 1 in 32
steps. The decoding time T, is kept constant at 20 ms which means
that the time s0 is varied from 0.2685 ms to 9.956 ms as the
sequence progresses from 32 to 1 hard p pulses. The number of
points (td) in the acquisitions was 2048 with a dwell time (dw)
of 5 ls.

The relaxation delay was set to 10 s to ensure full longitudinal
relaxation between each acquisition. In sequence 1 the second half
of the echo that is refocused by the slice selective p pulse is
acquired. In the non spatially resolved version (sequence 2) the
second half of the echo occurring after the decoding time T, is
acquired (Fig. 1). The gradient strength during the slice selective
p pulse was set to 1:4797 � 10�4 T/m. The slice selective p pulse
is a 3 lobe sinc pulse with pulse length = 719 ls, bandwidth =
6300 Hz and pulse power = 4.9 W. These parameters ensures slices
with a thickness of 1 mm.

The slice positioning was achieved by varying the center fre-
quency of the slice selective p pulse while keeping all other param-
eters constant. To probe the geometry of the 5–50 lm glass sphere
layer the slice selective p pulse had an offset of �25,200 Hz. This
results in a 4 mm upward displacement and this is depicted as a
blue slice in Fig. 2. To probe the geometry of the 140–165 lm glass
sphere layer the slice selective p pulse had an offset of +25,200 Hz,
which results in a 4 mm downward displacement, depicted as a red
slice in Fig. 2.

The resulting datasets from sequence 1 and 2 are matrices with
FID decay throughout the rows and G2

0D weighted decay down the
columns. Dvapp distributions were generated from 1D Inverse
Laplace Transform (ILT) of the first row of the dataset and using
Eq. (1). G0 distributions were generated from 1D ILT of the first col-
umn of the datasets and the diffusion constant for water at 25 �C
(DH2O ¼ 2:3 � 10�5 cm2=s).
Fig. 2. Magnetic resonance image (MRI) of sample 3 demonstrating the slice
position in either the 5–50 lm (blue) or the 140–165 lm (red) layer. The image was
recoded in ParaVision using a spin echo acquisition where the echo time was 2.91
ms and the repetition time was 1 s. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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The liquid dynamics in porous samples are restricted by the
pore matrix. Hürlimann [1] showed that there are three length
scales that are affecting the diffusion term involved with the echo
attenuation of the transverse magnetization for a CPMG experi-
ment with n echoes and a constant internal gradient G0, (Eq. (3)).

MðtEÞ
MðtE ¼ 0Þ ¼ e�tEq2

S
V� 1

12Dc
2G2

0t
3
E ð3Þ

The distance the molecules have to travel in order to dephase

2p radians is called the dephasing length lg , defined as lg ¼ ð2pDcG0
Þ13.

The diffusion length lD, is the length a molecule travels due to dif-

fusion during the echo time tE, defined as lD ¼ ðDtEÞ
1
2. The final

length scale is the structural length ls, which in our case is the pore
length ls ¼ a [17,16].

If the pore length ls is the shortest length scale i.e. ls � lg and lD,
the system will be in the Motional Averaging (MAV) regime. In the
MAV regime, the DvappB0 term is low and the pore size is typically
small. The short pore length means that the diffusing molecules
will hit the walls of the pore before complete dephasing during
the echo time tE [16–18]. As the experiments featured in this paper
are performed with a relatively high B0 value and relatively large
pore sizes, the MAV regime is not likely to be encountered.

If lg is the shortest length scale i.e. lg � lD and ls, the Localization
(LOC) regime applies. In the LOC regime, the DvappB0 term is large
and the dephasing length lg , may be very short. Large echo attenu-
ation is observed in such systems, as only the molecules located at
a distance of lg or less from the pore wall will contribute to the
echo [16,19,17].

If the diffusion length lD, is the shortest length scale i.e. lD � lg
and ls, the system is in the Free Diffusion (FD) regime. The FD
regime is valid for samples with large pores where most molecules
never experience the pore walls. In this regime, one can expect a
moderate internal gradient G0, during the echo time tE, and a small
echo attenuation [16,17,20]. Because of the high DvappB0 value
associated with the high B0 value in our experiments, the water
molecules in all our samples are most likely subjected to a regime
somewhere in the middle of the FD and the LOC regime during a
spin echo acquisition.

Mitchell et al. [21,22] have developed a method for analysing
CPMG data in inter-regimental systems. In this method, Eq. (3) is
expressed in a general form (Eq. (4)) where b is a constant that
describes decay due to diffusion in internal gradient and k
describes how the diffusion exponent depends on the echo time.

MðntEÞ
MðtE ¼ 0Þ ¼ e�ntEq2

S
V�bntkE ð4Þ

To obtain the true k value, separate CPMG measurements,
where the echo time was varied from 0.2 to 3.2 ms, were per-
formed on sample 1 and 2. The resulting diffusion decay was anal-
ysed according to Eq. (4) and the data collapse plot according to
Hürlimann [1]. As seen in Fig. 3, the optimal k value was deter-
mined to be 1.95 and 2.15 for sample 1 and 2 respectively, which
indicates that both samples are in between the FD (k ¼ 3) and
the LOC (k ¼ 1) regime.

In Eq. (2), true G0 assumes that the system occupies the FD
regime [16,23]. In our analysis the FD regime was assumed, where
b ¼ 1

12Dc
2G2

0 and k ¼ 3, even though both water saturated glass
sphere environments exhibits dynamic behaviour from both the
FD and LOC regime. Analysis according to the MAV and LOC regime
is not performed in this paper, although influences from the LOC
regime is discussed later.

To create G0 � Dvapp correlations the obtained data was anal-
ysed as a 2D Fredholm integral according to Eq. (5), where
tFID ¼ td � dw.

Mðs0; tFIDÞ ¼
ZZ

Pðb; T�
2Þe�bns03e

�tFID
T�
2 dbdT�

2 ð5Þ

G0 � Dvapp correlations were obtained from Pðb; T�
2Þ, where

G0 ¼
ffiffiffiffiffiffi
12b
Dc2

q
and Dv ¼ 2

cB0T�2
, after a 2D ILT of the obtained data. Pore

size distributions were obtained from the measured correlations
between G0 and Dvapp using Eq. (2). To obtain G0 � Dm correlations,
the data was expressed as a combined ILT and Fourier Transform
integral [14] according to Eq. (6).

Mðtm; s0Þ
Mð0Þ ¼

ZZ
Pðm; bÞe�bns3e�iDmtmdmdb ð6Þ

Each of the FIDs were Fourier Transformed. The resulting spectra
were divided into 32 frequency intervals and 1D ILT was performed
on each interval. Assuming the FD regime, as described above, this
produces a G0 distribution for each frequency interval. By assem-
bling all G0 distributions, a correlation plot between G0 and Dm
was obtained [15]. All ILT analysis were performed using a software
package [24] based on the Schlumberger algorithm [25].

3. Results and discussion

The efficiency of the slice selection was tested by applying
sequence 1 to sample 4 (water and a light mineral oil horizontally
separated). Fig. 4 A shows a spectrum, acquired with a non spa-
tially resolved one pulse experiment (p=2-pulse – acquisition) on
the liquid water/oil sample, containing both peaks. When the slice
selective p pulse is introduced however, only one of the peaks is
visible, where each one depends on the center frequency of the
slice selective p pulse (Fig. 4B and C). Fig. 4 therefore shows that
the slice selection is able to distinguish between water and oil in
a two phase liquid sample.

In this paper results from samples 1 and 2 (acquired with both
sequence 1 and 2) are compared to results from sample 3 (acquired
with sequence 1). Sequence 1 and 2 are applied to sample 1 and 2
to show the effect of introducing a slice selective p pulse while
keeping the sample matrix constant and thus eliminating the
uncertainty associated with possible variations in packing between
samples [26]. Sequence 1 is applied to sample 3 (top layer contain-
ing the 5–50 lm glass spheres and bottom layer containing the
140–165 lm glass spheres) to show that the slice selective
sequence works in a sample with a heterogeneous geometry.

Lengthening a pulse sequence by increasing the total time from
excitation to acquisition may cause significant signal loss. Fig. 5
demonstrates the signal loss associated with the 20 ms decoding
time T, present in sequence 1 (in sample 1, 2 and 3) and 2 (in sam-
ple 1 and 2) compared to a one pulse (p=2-pulse – acquisition)
experiment. The loss of signal during sequence 1 and 2 is signifi-
cant compared to the one pulse experiment and predominant in
the 5–50 lm glass spheres (Fig. 5A). However, the signal loss asso-
ciated with the addition of the slice selective pulse in sequence 1 is
insignificant as this only increases the total length of the sequence
by 770 ls compared to sequence 2.

Fig. 6 shows how the distribution of Dvapp is affected when the
length of the pulse sequence is varied from a regular one pulse
(p=2-pulse – acquisition) experiment, to sequence 1 and sequence
2 for both the 5–50 lm (Fig. 6 A) and the 140–165 lm (Fig. 6 B)
glass spheres.

It is apparent from Fig. 6 that the 20 ms decoding time T, pre-
sent in both sequence 1 and 2, is responsible for the loss of higher
value Dvapp contributions which are present in the distributions
from the one pulse (p=2-pulse - acquisition) experiment. This
effect is evident for both the 5–50 lm (Fig. 6A) and the 140–165



Fig. 3. Normalized diffusion decay plots from CPMG measurements where the echo time is varied from 200 ls to 3.2 ms in samples 1 (A) and 2 (B). The decay curves are
plotted according to Eq. (4) with k = 3 (the free diffusion regime) and the optimal k value that leads to the data collapse.

Fig. 4. Spectra, with and without slice selection recorded on a liquid sample
containing water and a light mineral oil separated by a meniscus. Without slice
selection the spectra contains both the water (most downfield) and the oil (most
upfield) signal (A). A �25,200 Hz offset in the center frequency of the slice selective
p pulse results in a slice located 4 mm above the iso centre and thus in the oil layer
(B). A +25200 Hz offset in the center frequency of the slice selective p pulse results
in a slice located 4 mm below the iso centre and thus in the water layer (C).

Fig. 5. Spectra from sequence 1 (in sample 1, 2 and 3) and 2 (in sample 1 and 2),
obtained from row 1 in the acquired datasets (32 hard p pulses during the 20 ms
decoding time T), compared to the spectrum from a regular one pulse (p=2-pulse –
acquisition) experiment acquired in the water saturated 5–50 lm (A) and 140–165
lm (B) glass spheres.
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Fig. 6. Dvapp , distributions from sequence 1 (in sample 1, 2 and 3) and 2 (in sample 1 and 2), obtained from row 1 of the acquired datasets (32 hard p pulses during the 20 ms
decoding time T), compared to the Dvapp distribution from a regular one pulse (p=2-pulse – acquisition) experiment acquired in the water saturated 5–50 lm (A) and 140–
165 lm (B) glass spheres. The distributions are normalized and obtained from 1D ILT of the FIDs and Eq. (1).
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lm (Fig. 6B) glass spheres. However, as for the signal loss seen in
the spectra shown in Fig. 5, the loss of high value Dvapp contribu-
tions (Fig. 6) is predominant in the 5–50 lm glass spheres. Some
additional loss of higher value Dvapp contributions was expected
for the marginally longer (770 ls) sequence 1, compared to
sequence 2. This was seen within sample 1 and 2 for both glass
sphere environments. However, the results from sample 3 show
that the Dvapp distribution from the top layer of sample 3 have
marginally higher Dvapp values than the Dvapp distributions from
sample 1 (Fig. 6A). This suggests that the packing of the 5–50 lm
glass spheres in the top layer of sample 3 might be slightly differ-
ent than the packing of the 5–50 lm glass spheres in sample 1. The
Dvapp distribution from the bottom layer of sample 3 (sequence 1)
was however, close to identical to the one acquired with sequence
1 in sample 2, meaning that the difference in packing of the 140–
165 lm glass spheres seems to be insignificant (Fig. 6B).

In Fig. 7, the internal gradient G0 distributions for the 5–50 lm
and 140–165 lm glass spheres are shown for both sequence 1 and
2. In the 5–50 lm glass spheres (Fig. 7A) higher G0 contributions
are lost in sequence 1 (in both sample 1 and 3) compared to
sequence 2 (in sample 1). As G0 is inversely proportional to pore
size (Eq. (2)), this effect will cause a bias towards larger pore sizes.
The G0 distributions created from sequence 1 (red and green1 lines
in Fig. 7A) are very similar and the minor differences can be attrib-
uted to local variations in the glass sphere packing between sample
1 and 3. On the low G0 value end, the distributions from all three
acquisitions are similar.

In the high value end of the G0 distributions obtained in the
140–165 lm glass spheres (Fig. 7B), all three G0 distributions are
similar. In the low value end however, the G0 distribution from
sequence 1 (in both sample 2 and 3) have consistently lower val-
ues. This effect will also cause a bias towards larger pore sizes.

Fig. 8 shows the G0 � Dvapp correlation plots from the 5–50 lm
(Fig. 8A) and the 140–165 lm (Fig. 8B) glass spheres. For both glass
sphere environments, there seems to be a marginal loss in the
range of both Dvapp and G0 between sequence 1 and 2 within sam-
1 For interpretation of color in Fig. 7, the reader is referred to the web version of
this article.
ples 1 and 2. This was also observed in Figs. 6 and 7 respectively.
There are also small deviations in the correlation plots acquired
using sequence 1 in the top layer of sample 3 and the correlation
plots acquired using sequence 1 in sample 1. These small devia-
tions are attributed to the difference in packing of the 5–50 lm
glass spheres. The correlation plots acquired using sequence 1 in
the bottom layer of sample 3 and the ones acquired using sequence
1 in sample 2 are almost identical, which again suggests that the
difference in packing is less of a factor in the 140–165 lm glass
spheres.

The correlation plots, shown in Fig. 8, can be used as an indica-
tion of difference in average pore size between samples. When
comparing the correlation slopes from both glass sphere environ-
ments one can see that the slopes from the 5–50 lm glass spheres
are generally steeper than their counterpart in the 140–165 lm
glass spheres. This is reasonable as the G0 � Dvapp correlation slope
is given by B0=a (Eq. (2)), where a is the pore diameter, meaning
that the slope is inversely proportional to pore size and one can
thus immediately identify which sample has the coarsest grains.
It is also worth mentioning that any deviation from linearity in
the slope may be an additional indication of grain heterogeneity,
although this must be further researched.

Fig. 9 shows the resulting pore size distributions. In Fig. 9 A the
pore size distributions calculated from G0 � Dvapp correlations
obtained from sequence 1, in both sample 1 and the top layer of
sample 3, are shown and compared to results from sample 1 gen-
erated by sequence 2 and the DDIF method. In Fig. 9B the pore size
distributions calculated from G0 � Dvapp correlations obtained from
sequence 1, in both sample 2 and the bottom layer of sample 3, are
shown and compared to results from sample 2 generated by
sequence 2 and the DDIF method. In the DDIF method, te was
150 ls and the td was logarithmically varied from 1 ms to 15 s. A
comparison to DDIF is provided for both glass sphere environ-
ments. However, the maximum detectable pore size using the DDIF
method in water saturated samples is approximately 100 lm, lim-
ited by the relaxation time [10]. The 140–165 lm glass spheres
might have pores larger than 100 lm so the DDIF method should
therefore be most accurate in the 5–50 lm glass spheres.

When comparing the pore size distributions created from pulse
sequence 1 and 2, the distributions created from sequence 1, in



Fig. 7. Internal gradient G0, distributions from sequence 1 (in sample 1, 2 and 3) and 2 (in sample 1 and 2), acquired in the water saturated 5–50 lm (A) and 140–165 lm (B)
glass spheres. The distributions are normalized and were obtained from 1D ILT of the first column of the acquired datasets.

Fig. 8. G0 � Dvapp correlations from water saturated 5–50 lm (A) and 140–165 lm (B) glass spheres obtained from sequence 1 (in sample 1, 2 and 3) and sequence 2 (in
sample 1 and 2).
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Fig. 9. Pore size distributions from the 5–50 lm glass spheres (A) and the 140–165 lm glass spheres (B) obtained from slice selective and non slice selective G0 � Dvapp

correlations (sequence 1 and 2) as well as the DDIF method.
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both sample 1 and 3 (top layer) seem to consistently omit the
smallest pores in the 5–50 lm glass spheres (Fig. 9A). This is con-
sistent with the loss of higher G0 values, seen in Fig. 7A. The highest
G0 values originates from the smallest pores, which means that a
loss in high G0 values may also remove the smallest pores from
the pore size distribution. Still, the median values from both of
the selective as well as the non selective pore size distributions
Fig. 10. G0 � Dm correlations from water saturated 5–50 lm (A) and 140–165 lm (B) glas
are approximately 20 lm. This is a reasonable value for the 5–50
lm glass spheres and is in good agreement with the median value
from the DDIF method and from previous experiments with the
same glass spheres [8]. In the 5–50 lm glass spheres, the DDIF
method yielded a pore size ranging from 1 lm to 200 lm while
sequence 1 and 2 produced ranges of 3 lm to 40 lm and 3 lm
to 100 lm respectively. Since the largest glass spheres have a
s spheres obtained from sequence 1 (in sample 1, 2 and 3) and 2 (in sample 1 and 2).
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diameter of 50 lm, sequence 1 produced the most correct pore size
range.

Fig. 9B shows a very good agreement between the pore size dis-
tributions from sequence 1 and sequence 2 in the 140–165 lm
glass spheres regardless of sample. The marginal differences in
Dvapp (Fig. 6 B) and G0 Fig. 7B) between the two methods does
not seem to significantly affect the resulting pore size distribu-
tions. The good agreement between the two samples suggests that
the packing of the 140–165 lm glass spheres was similar in sam-
ples 2 and 3. Compared to the 5–50 lm glass spheres, the particle
size is more homogeneous in the 140–165 lm glass spheres, which
means that packing related uncertainty becomes less of a factor in
the 140–165 lm glass spheres.

All three distributions created from G0 � Dvapp correlations have
a median value of approximately 100 lm, while the DDIF method
provides a median value of approximately 40 lm. In the 140–165
glass spheres, the pore size distribution should have a median
value of approximately 70 [27], meaning that the true pore size
distribution lies somewhere between the distributions from the
G0 � Dvapp correlations and the one from the DDIF method. In our
method, based on G0 � Dvapp correlations, we assume that G0 is
constant across the length of a pore. In samples, where the pore
size is large compared to the diffusion length, the molecules will
not experience an average (constant) gradient. The molecules will
then be more sensitive to local gradients which varies on a consid-
erably smaller scale than the pore length. Molecules positioned in
the middle of the pore, will then experience a gradient that is
weaker than the average value across the pore. This effect will lead
to an underestimation of G0 and since G0 is inversely proportional
to the pore size, it will lead to an overestimation of the pore size.
Further work should include repetition of these experiments at
lower magnetic field strengths to ensure the FD regime and
exclude disturbances from molecules in the LOC regime.

Fig. 10 shows the G0 � Dm correlations for both the 5–50 lm and
the 140–165 lm glass spheres obtained from sequence 1 and 2 (in
sample 1, 2 and 3). Burcaw and Callahan [14] suggested that corre-
lations between high G0 values and high absolute values of fre-
quency are indications of homogeneous samples while a more
full G0 range at all frequencies indicates heterogeneity. The corre-
lation between high G0 values and high absolute values of fre-
quency, seen in homogeneous samples, should amount to a
pattern resembling butterfly wings. A butterfly pattern in the
G0 � Dm correlation plot indicates a higher degree of homogeneity
and these plots can thus be used to determine which of two sam-
ples has the most homogeneous/heterogeneous particle size range.
In the G0 � Dm correlation plots, the butterfly pattern is more pre-
dominant for the 140–165 glass spheres (Fig. 10B). This suggest a
higher degree of homogeneity in the 140–165 lm glass spheres,
compared to the5–50 lm glass spheres (Fig. 10A), which is reason-
able as the140–165 lm glass spheres has the most narrow particle
size range. It is however, worth mentioning that a similar correla-
tion between high G0 values and high absolute values of frequency
was also observed in the G0 � Dm correlation obtained from
sequence 2 in the 5–50 lm glass spheres.

4. Conclusions

Spatially resolved pore size distributions and G0 � Dm correla-
tion maps based on G0 � Dvapp correlations were successfully cre-
ated with a slice selective 2D pulse sequence (sequence 1) in
both 5–50 lm and 140–165 lm water saturated glass spheres.
The results from sequence 1 were compared to results from non
spatially resolved G0 � Dvapp correlations (sequence 2) performed
on the same sample to eliminate the uncertainty associated with
glass sphere packing. Sequence 1 was additionally applied to a sep-
arate two layer sample (sample 3) and the results from both layers
were presented as well.

In sample 1 (5–50 lm glass spheres) there is a decent agree-
ment between pore size distributions from sequence 1 and 2.
The minor deviation between sequence 1 and 2 was attributed to
loss of high value G0 contributions in sequence 1 caused by the
marginally longer length (+770 ls) of this sequence. This effect is
only an issue for very small particle environments as it does not
manifest itself in the 140–165 lm glass spheres. The distribution
acquired using sequence 1 in the top layer (5–50 lm glass spheres)
of sample 3 is also in decent agreement with the results from sam-
ple 1. The minor deviations between the results from sequence 1 in
sample 1 and 3 are attributed to minor differences in glass sphere
packing. All three pore size distributions produced a reasonable
median value in the 5–50 lm glass spheres.

In sample 2 (140–165 lm glass spheres) the pore size distribu-
tions from sequence 1 and 2 are almost identical. The distribution
acquired using sequence 1 in the bottom layer (140–165 lm glass
spheres) of sample 3 is also in good agreement with the results
from sample 2. This suggests that glass sphere packing is less of
a factor in the 140–165 lm glass spheres. However, all three pore
size distributions from the 140–165 lm glass spheres overesti-
mated the pore size by small margin.

G0 � Dm correlation maps were presented and these maps cor-
rectly indicated a slightly higher degree of homogeneity in the
140–165 lm glass spheres. Such maps can thus be used to decide
which of two samples have the most homogeneous/heterogeneous
particle size. As an addition to pore size distributions, spatially
resolved G0 � Dm correlations may be useful as an indication of
heterogeneity.

At the magnetic field strength featured in this paper, the water
molecules in both glass sphere environments were subject to a
mixture of the LOC and the FD regime. Further work should include
repetition of these experiment in low field NMR to ensure the FD
regime.
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