Provided for non-commercial research and educational use only.
Not for reproduction or distribution or commercial use.

This article was originally published in a journal published by
Elsevier, and the attached copy is provided by Elsevier for the
author’s benefit and for the benefit of the author’s institution, for
non-commercial research and educational use including without
limitation use in instruction at your institution, sending it to specific
colleagues that you know, and providing a copy to your institution’s
administrator.

All other uses, reproduction and distribution, including without
limitation commercial reprints, selling or licensing copies or access,
or posting on open internet sites, your personal or institution’s
website or repository, are prohibited. For exceptions, permission
may be sought for such use through Elsevier’s permissions site at:

http://www.elsevier.com/locate/permissionusematerial


http://www.elsevier.com/locate/permissionusematerial

Available online at www.sciencedirect.com

ScienceDirect

JMR

Journal of
Magnetic Resonance

&5

ELSEVIER Journal of Magnetic Resonance 183 (2006) 1-12

www.elsevier.com/locate/jmr

Relationship between susceptibility induced field
inhomogeneities, restricted diffusion, and relaxation
in sedimentary rocks

Robert C. Wilson ®*, Martin D. Hiirlimann ®

* Department of Bioengineering, University of Pennsylvania, Philadelphia, PA 19104, USA
b Schlumberger Doll Research, Ridgefield, CT 06877, USA

Received 9 May 2006; revised 2 July 2006
Available online 4 August 2006

Abstract

Low field relaxation and diffusion measurements have become essential tools to study the pore space of sedimentary rocks with impor-
tant practical applications in the field of well logging and hydrocarbon extractions. Even at Larmor frequencies below 2 MHz, diffusion
measurements are often affected noticeably by internal field inhomogeneities. These field inhomogeneities are induced by susceptibility
contrast between the rock and the fluid and are evident in most sandstones. Using sets of two-dimensional diffusion-relaxation measure-
ments in applied and internal gradients, we study in detail the correlation between the field inhomogeneities, restricted diffusion, and
relaxation time in three rocks of different susceptibility. We find that in the sandstone cores, the field inhomogeneities in large pores
can be described by a local gradient that scales inversely with relaxation time above 250 ms. At shorter relaxation times, the extracted
internal gradients deviate from this scaling relationship and we observe a dependence on diffusion time. This demonstrates that in this

case, the internal field has structure on a length scale of a few microns.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The geometrical characterization of the pore space of
fluid filled porous media is an important problem in a
range of different fields that includes chemical engineering,
medicine, biology, soil science and the energy industry. A
number of nuclear magnetic resonance techniques have
been developed that rely on different aspects of the interac-
tions between spins and the pore geometry.

Low field nuclear magnetic resonance has become an
essential tool to study the pore space of sedimentary rocks
with important practical applications in the field of well-
logging and hydrocarbon extractions [1]. A widely used
technique is the measurement of the distribution of
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relaxation times, 7, [2]. Since relaxation in many rocks is
dominated by surface relaxation, the 7, distribution is
often a reflection of the distribution of length scales that
characterizes the pore space of rocks. A different approach
is based on the measurement of the mean squared displace-
ment of the fluid molecules undergoing Brownian motion
[3]. Inside the pore space, diffusion is restricted by a degree
that depends on the relative size of the pore opening and
the diffusion length [4,5].

Two-dimensional  diffusion-relaxation  distribution
functions [6] combine the strengths of the two methods.
In this technique, the mean square displacement is
measured along the direction of the applied gradient during
a diffusion time Ty, {(x(t4) — x(0))?), for each component of
T, and it is compared to the expected displacement for
unrestricted diffusion, 2Dy Ty, for the appropriate molecu-
lar diffusion coefficient Do. The degree of restriction
can be expressed as normalized diffusion coefficient,
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D(T»)/ Dy = {(x(tq) — x(0))*/2DoT4. For spins in porous
media with uniform surface relaxation properties, the
dependence of D(T5,)/D, on relaxation time is expected to
be monotonic. Spins in large pores collide only infrequently
with the walls, therefore the value of D(T,)/D, approaches
unity and the relaxation time is close to the bulk value of
the fluid. In contrast, relaxation times of spins in small
pores are much reduced from bulk values and D(T5)/D,
is reduced by the tortuosity of the pore space [7].

In the laboratory, diffusion measurements are generally
performed using pulsed field gradients (PFG) [8,3]. In the
application of well logging, it is more practical to take
advantage of the existing static gradients of the logging
tool [1] and it was demonstrated that this allows quantita-
tive measurements of diffusion-relaxation distribution
functions [6]. This implementation leads to slice selection
effects that can be fully accounted for. However, in systems
with significant susceptibility contrasts, the induced ‘inter-
nal gradients’ [9-12] can interfere with the applied gradient.
Using static gradients, this effect cannot be suppressed as is
commonly done using bipolar pulsed gradients [13,14].
Susceptibility effects are also greatly reduced by operating
at low field strengths. Leu et al. [15] have compared the
measurements of diffusion-relaxation distribution func-
tions acquired in fixed gradient and with both uni- and
bipolar pulsed gradients at a Larmor frequency of
2 MHz. Rocks with large susceptibility contrasts showed
systematic differences.

The purpose of this paper is to study the restricted dif-
fusion and susceptibility induced field inhomogeneities in
sedimentary rocks and the correlation of these quantities
with transverse relaxation times at low field. The degree
of restriction [4,5], the susceptibility induced field inhomo-
geneities [16] and the relaxation rates [2] all contain an
imprint of the local pore geometry and the strength of
the internal gradient depends on the grain mineralogy
[12,17]. A better understanding of these correlations will
lead to an improved interpretation of diffusion measure-
ments acquired in static gradients.

Sun and Dunn [18] have previously used a modified
CPMG sequence to infer the correlation between internal
field inhomogeneities and 7’ for two sandstones with vary-
ing amounts of paramagnetic impurities. They presented
the results as distribution function of internal gradient
and relaxation time. For each value of 75, they found a
wide distributions of internal gradients, but the average
gradients tended to be higher for shorter values of 7. This
is consistent with the results presented here. Seland et al.
[19] studied the correlation between internal gradients
and transverse relaxation in samples of packed glass beads
of different wettabilities and different saturation states.

To illustrate the degree of potential interference of inter-
nal gradients on the measurement of restricted diffusion,
we present in Section 2 results on a large set of brine satu-
rated rocks acquired in a static gradient at 1.76 MHz.
Interference is apparent in most sandstones at short relax-
ation times. In Section 3, we review various implementa-

tions of the stimulated echo-CPMG pulse sequence with
unipolar or bipolar pulsed gradients and discuss the differ-
ent sensitivities to internal field gradients. Details of the
experimental techniques are given in Section 4. In Section
5, we present measurements on three selected rocks, per-
formed in a setup with uniform background field and
pulsed field gradient (PFG) capability. Correlations
between the strengths of the internal gradient and relaxa-
tion time are extracted. In addition, we discuss the spatial
extents of the internal gradients.

2. Overview of D—T, measurements on brine saturated rocks
in a static applied gradient

In Fig. 1, we show results of measurements of the nor-
malized apparent diffusion coefficient versus relaxation
time for 40 different rock cores saturated in brine. The
experiments were performed in a static gradient of
13.2 G/cm and at an rf frequency of 1.764 MHz and used
the stimulated echo-CPMG pulse sequence listed below
in Fig. 2B. The diffusion time was fixed at T4 =20 ms
and the diffusion information was encoded by systematical-
ly changing the pulse spacings J. Other experimental and
processing parameters were identical to those given in [6].

The behavior of the DT, measurements for the carbon-
ate cores in Fig. 1 generally follows the expectations based
on restricted diffusion. At long relaxation times, the typical
pore openings are larger than /2DyT4 =~ 10 um and the
reduction of D(T5)/D, from unity is a monotonic function
of relaxation time. At shorter relaxation times, the pore
openings become smaller than /2DyT4 and the diffusion
behavior is determined by the pore connectivity, or tortu-
osity. In this regime, the apparent diffusion coefficient is
expected to become independent of relaxation time. This
behavior is observed in many carbonate cores shown in
Fig. 1. However, the majority of sandstones show a devia-
tion from this behavior at short relaxation times with a
pronounced upturn in the extracted value of the diffusion
coefficient.

This behavior is consistent with the presence of sizeable
‘internal gradients’ in the smaller pores of sandstones. The
susceptibility contrasts between grain and fluid in sand-
stones are generally higher than in carbonates [12] and
can give rise to significant internal gradients even at the
low applied magnetic fields used here [12,20,18]. Interfer-
ence between internal and applied gradients leads to extra
decay that is misinterpreted as an increased diffusion
coefficient.

In principle, there are a number of alternate explana-
tions for the anomalous behavior in sandstones. First,
the intrinsic relaxation properties of the pore surfaces
could be nonuniform due to heterogeneity in the mineral-
ogical compositions of the grains. The relationship
between restricted diffusion and relaxation is then not
only a reflection of the pore space geometry, but also con-
trolled by the heterogeneity of the grain mineralogy. In
this model, the anomalous signal at short 7, in
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Fig. 1. Measured normalized apparent diffusion coefficient, D(T>)/D,, versus relaxation time, T», for 40 different cores of water saturated carbonate and
sandstones samples. In all cases, the diffusion time 7y was set to 20 ms. The measurements were performed in the fringefield of a superconducting magnet
at a Larmor frequency of 1.76 MHz and a static gradient of 13.2 G/cm with acquisition parameters and analysis procedures identical to those described in
Ref. [6]. The carbonate cores show mostly the expected monotonic relationship between D and 75, consistent with increasing restrictions at shorter 75.
However, most sandstones show a deviation from this behavior at short 7,. We show in this paper that this behavior is caused by susceptibility induced
internal gradients.
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Fig. 2. Pulse sequences used to measure relationship between restricted diffusion, internal field inhomogeneities, and relaxation time 75. (A) Stimulated
echo sequence with pulsed field gradient, followed by a long train of closely spaced 180° pulses. (B) Identical sequence to (A) except for the absence of
external field gradients. In this case, the spins are only exposed to the susceptibility induced internal field gradients. (C) Sequence with additional 180°
pulses that refocus the magnetization during the diffusion encoding periods, . In our implementation, the diffusion time 73 and echo spacings #g are fixed,

but diffusion encoding times 6 and J, are varied systematically.

sandstones is due to spins in large pores with highly relax-
ing walls. A second possible explanation for the behavior
is large (and uniform) surface relaxation. In this case, the
magnetization decay is not in the fast diffusion limit [21]
and the magnetization profile becomes inhomogeneous
on a sub-pore length scale. The contributions associated
with higher modes appear at short relaxation times and
it was shown in [22] that these higher modes can exhibit
very large apparent diffusion coefficients.

We have chosen three rocks with different susceptibility
contrast to compare measurements performed in a uniform
field with those using applied gradients. This allows us to
demonstrate that the dominant mechanism for the
observed anomalous behavior is associated with suscepti-
bility induced gradients.

3. Theory for pulsed applied gradient

To investigate the presence of internal gradients and the
degree of restricted diffusion, we performed a series of mea-
surements using the pulse sequences shown in Fig. 2.
Unlike the measurements shown in Fig. 1, these experi-
ments were performed in a system with a uniform applied
static field and pulsed gradient capability. All sequences
consist of an initial diffusion encoding sequence, followed
by a CPMG-like sequence [23-25].

The sequence shown in Fig. 2A was first used by
Peled et al. [25]. In their application, the diffusion infor-
mation was obtained by changing the gradient strength g
systematically. Here in analogy to the constant gradient
application, we fix the strength of g and change the
duration 0,. In anticipation to the study of internal gra-
dients, we have also included in Fig. 2B and C two

sequences, where the applied gradient is set to zero and
the measurement is only affected by the internal gradi-
ents. In Fig. 2C, extra m pulses refocus the magnetization
during the encoding time ¢ and attenuate the effect of
internal gradients. This sequence corresponds to the
well-known bipolar gradient sequence of Cotts et al.
[13] with zero applied strength. As will be discussed
below, a comparison of results obtained with sequences
B and C can be used to obtain information about the
correlation length of internal gradients.

3.1. Measuring DT distribution functions in the absence of
internal gradients

In the absence of internal gradients, the magnetization
of the echoes can be written as

M(g(S],ktE) :///dDde dT]f(D, Tz,T])k] (D,g(S],T]7T2)k2(T27ktE).
)

Here, k((D,gd,,T1,T>) is the diffusion kernel for the first
part of the sequence, k,(7»,ktg) is the relaxation kernel
for the CPMGe-like second part of the sequence, and
AD,T,,T) is the distribution function that characterizes
the relationship between diffusion coefficient, D, and the
relaxation times 77 and 7. This distribution function con-
tains the structural information on the pore geometry of
the rock [6]. The relaxation kernel for the k-th echo with
echo spacing of tg is given by

o (T, kte) = exp {_kﬁ} 2)

For the first sequence in Fig. 2, the kernel k; is given by:
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1
k\(D,g0,,T,,T>) =3

4
X exp {—y2g25§D<Td — §52 - 251> }

Tq 1 1
———=20l=—= ¢-
xexp{ T, 5(T2 T1>}

(3)
It is useful to introduce fr,(D, T») defined as
T
frd(D7T2)E/dTlf(D7T27T1)eXP{—T—?}- (4)

It can be interpreted as the diffusion relaxation distribution
function of spins surviving at a diffusion time T4. Next, for
small é, exp{—20(z; —7-)} = | and we can write Eq. (1) in
a form with a separable kernel with respect to D and T5.

M((S,ktE)z%//dDdede(D,Tz)

4 k
X exp{—yzgzégD (Td —552 — 25,) }exp{—%}.
(5)

In other words, M(4,ktg) is related to the two-dimensional
Laplace transform of f7,(D, T>). This distribution function
can therefore be obtained from the measured magnetiza-
tion by using an inversion scheme such as [26].

In our application, the measured diffusion coefficient D
is reduced from the molecular diffusion coefficient D, due
to restrictions imposed by the local geometry of the pore
space. In this case, Eq. (5) becomes an approximation.
For strong diffusion effects, restrictions will lead to devia-
tions from the Gaussian phase distribution and modify
the exact diffusion dependence in Eq. (5) at low signal lev-
els. This complication can obscure some details in
Sfr,(D,T>). At small attenuation, however, Eq. (5) remains
correct, which implies that the first moment
D(T,) = [dDDf,(D,T,)/ [dDf; (D,T,) is a robust
quantity and unaffected by these effects. For this reason,
we concentrate below on D(75) rather than the full extract-
ed D-T, distribution functions.

3.2. Interference by internal field gradients

The presence of susceptibility induced field inhomogene-
ities complicates the situation. These inhomogeneities have
in general a complicated spatial dependence as they carry
the imprint of the pore geometry [16]. If the diffusion length
+/DT4 is much shorter than the pore size, we can approxi-
mate the field inhomogeneity experienced by a spin by a
local internal gradient gj,.

Tanner [27] showed that the attenuation due to free dif-
fusion in the case of the monopolar sequence with applied
gradient g,, and static and spatially uniform background
gradient g, can be written as

ki = exp {—7’D[C.g; + Cbgp + Cab8, - 8] } (6)

where g, = |g.], g, = |gs] and the coefficients C,, C, and C,y,
are given by

Ca :5§(Td - %52 - 251)1
Cy =8 (Tq — ), (7)
Cap = — 25(6Tg — 8 =162 — 6,6, — 8%).

In the case of porous media, the susceptibility induced gra-
dients span a range of values that vary in a non-trivial man-
ner with the local structure of the pore geometry. To first
order, we expect that the strength of the local gradient
scales inversely with the local pore opening. Since the relax-
ation time 7) scales also with pore size, we expect that the
relaxation time and local gradient experienced by spins
show a strong correlation. To proceed we consider the frac-
tion, P(gy,,T5), of spins in the rock experiencing a particular
background gradient g, and relaxing with relaxation time
T>. We further make the assumption that the background
gradients are spatially uniform on a length scale /DTy,
such that the Tanner formula, Eq. (6), is applicable to each
subset. Finally, we make the assumption that these subsets
are independent and that each subset diffuses with diffusion
constant D(T»). Therefore, we can write the signal as the
volume average of all of the subsets, i.e.

k :/dgbp(gb7T2)

x exp {—7’D(T)[Cag? + Cogi + CuvZa - &)} (8)

For sufficiently small internal gradients such that
yzDCabg.d -gp < | and y’DChgi < 1 we can write

ki ~ exp {—VzD(T 2) [Cagi +Cy / dg,P(g,, T2)gy

+Cap / dg,P (g, 72)g, - gb] }

~ exp {—7’D(T>)[C.g: + Cv(ge(T2))] } ®
= exp {—VZD(Tz) [1 + w] C, 2}

C.g2 a
=exp {—’Da(T>)Cag: }.

Here, we have written (g3(7>)) = [P(g,, T2)gs dg, as the
mean square background gradient for spins with a given
relaxation time 7> and we have taken advantage of the fact
that [ P(g,, 7>)g, dg, = 0 in a random media. We have also
introduced the apparent diffusion coefficient for sequence
A, DA(To);

C p (10)

a

2
DA(T2) = D(T>) [1 LS —<gb(T2)>} .
The apparent diffusion coefficient has a simple interpreta-
tion. If diffusion data is acquired by varying the length of
the gradient pulses, d;, and is analyzed using Eq. (3), which
assumes that there are no background gradients, the
extracted diffusion coefficient corresponds to Da(75>) rather
than the desired D(75).
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The net 7> dependence of the apparent diffusion coeffi-
cient Da(T>) is the result of two opposing effects: the effect
of restricted diffusion, characterized by D(T5), generally
decreases the diffusion coefficient with decreasing 75,
whereas the effect of internal gradients, characterized by
(g2(T>)), increases the apparent diffusion coefficient with
decreasing 7.

In the presence of sufficiently large internal gradients,
the cross term between g, and g, can no longer be ignored
and the small gradient assumption made in the derivation
of Eq. (9) will break down. As shown in [13,14], the appar-
ent diffusion coefficient extracted from kernel k; without
this cross term underestimates the true diffusion coefficient
in this case. In the context of this work, it is fairly straight-
forward to show that the attenuation due to kernel k; as
expressed in Eq. (8) is less than the attenuation due to k;
expressed in Eq. (9), consistent with a smaller measured
diffusion coefficient, i.e.

/ dg, P(g,,T2)exp{—7*D(T>) [Cug: + Cvgp + Cav8, 8] }

>exp{—y’Da(T2)C.g> }. (11)

3.3. Measurements without external field gradient

The interference between applied and internal gradient
is usually mitigated by changing systematically the
strength of the applied gradient g, rather than its
duration and by using the bipolar gradient sequence by
Cotts et al. [13]. The goal of the present study is to
characterize internal gradients, rather than suppressing
them. For this purpose, we have used sequence B in
Fig. 2 without applied gradient.

The signal for sequence B has the same form as Eq. (5),
except we set 0, =0, J, = 0, and we interpret g as the inter-
nal gradient gi,. To analyze the results of this sequence, it is
useful to express the internal gradients in terms of the
apparent diffusion coefficient Dy by fitting the 6 depen-
dence to the diffusion kernel exp{—y>C,Dpg>;}, where the
reference gradient g.r is conveniently chosen to be equal
to strength of applied gradient in the other experiments, g,.

By setting g, = 0 in Eq. (9), the apparent diffusion coef-
ficient Dg(75,) is then proportional to the mean squared
internal gradient, (g7(7»)) and is given by:

Gy (85(12))

Dg(T3) = D(T>)
Ca g%ef

. (12)
Note that since D(T5) < Dy and in practice Cp/C, =~ 1 (as
J> < d1) then the normalized apparent diffusion coefficient
Dg(T»)/Dy is effectively a lower limit on (g3(7,)) in units of
2

et

The relevant internal gradient for spins diffusing in por-
ous media such as sedimentary rocks is an average over the
diffusion time T4. The analysis above implicitly assumes
that the internal gradient is spatially uniform over the typ-
ical diffusion length of the spins, /DT4. To test this

assumption, measurements with different diffusion time
T4 were performed. A dependence of the extracted values
of (gi(T»)) on T4 will indicate that the local internal gradi-
ents are not uniform on the length scale of /DTy, which is
typically of the order of 10 um. To probe structure on a
shorter length scale, we have also performed measurements
with the sequence shown in Fig. 2C. In the case of a static
uniform background gradient g, the additional © pulses
refocuses the magnetization and greatly reduces the
diffusion sensitivity. For a static, uniform background
gradient g, the diffusion kernel for sequence B,
exp{—2g2Dé*(Ty — 4/35)}, becomes exp{—)>g2D3*(5/6)}
for sequence C. We can interpret this as a reduction of
the effective diffusion time T3 — 4/36 in sequence B to the
much shorter time §/6, i.e.

SNl
Sl

DC ~ A‘DB' (13)

T4

1 —

Wi

4. Experimental

To probe the full range of effects we present results from
four different samples: a bulk fluid sample that does not
exhibit internal gradients or restrictions, and three brine
saturated cores of sedimentary rock with different suscepti-
bility contrasts. For the bulk fluid sample, we used water,
doped with NiCl, to reduce the relaxation time to a value
similar to those in rocks. The three rock cores were Indiana
limestone, Berea sandstone, and a chlorite rich sandstone.
Indiana limestone is characterized by a wide range of
pore sizes, has a porosity of 0.15, a permeability
of 0.006 um? and a low susceptibility contrast to water,
Ay=3.0%x10"% (in SI units). Berea is a sandstone
with moderate clay content, a porosity of 0.175, permeabil-
ity of 0.17um? and a susceptibility contrast of
Ay =9.9 x 107°. The chlorite rich sandstone has a porosity
of 0.23, a permeability of 0.39 um? and a susceptibility con-
trast of Ay = 2.8 x 10~*. Chlorite is a pore lining clay and is
therefore especially efficient at producing internal field
inhomogeneities in the pore space [20]. This core represents
an extreme case where susceptibility induced gradients can
be expected to be comparable to, or even dominate the
applied gradient, even at low field and in large pores.

We performed the same experiments on all four samples,
using the pulse sequences of Fig. 2. All experiments were
performed on a MARAN Ultra benchtop spectrometer
running at a '"H Larmor frequency of 2 MHz. The dura-
tions of the 90° and 180° pulses were typically 15.5 and
31 ps, respectively. Measurements were performed at
T=30°C. In the diffusion editing part of each pulse
sequence, the diffusion time 7Ty was set first to 20 and then
50 ms. In sequence A, the amplitude of the external gradi-
ent was set to 14.1 G/cm, comparable to that in previous
fringe field measurements [6]. Five values of § were chosen
in such a way that the logarithm of the kernel k; was
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sampled uniformly, i.e. y’g2Dyd’(Tq —45) was set to 0,
0.25, 0.5, 0.75, and 1. Here, D, is the molecular diffusion
coefficient of water. For the CPMG-like part of each pulse
sequence, we acquired 4096 echoes with an echo spacing of
g = 375.2 HS.

5. Results

Fig. 3 gives an overview of the measured amplitudes for
T4 =20 ms. In each panel, the five lines represent the mea-
sured echo amplitudes for five different values of 6. The
separation between the lines is caused by diffusion. The
main effects of interest are readily evident in the raw data.

The water sample shows the expected behavior for unre-
stricted diffusion in the absence of internal field inhomoge-
neities. The applied gradient of sequence A results in
diffusion induced separation of the curves, whereas for
sequence B and C without external gradients, the five
curves fall on top of each other. In the Indiana limestone
sample, the diffusion encoding of sequence A generates a
smaller separation of the five curves. This is caused by
restricted diffusion that effectively lowers the relevant diffu-
sion coefficient. Since the five curves essentially collapse for

sequence B and C, we conclude that the internal gradients
in Indiana limestone are small. In the chlorite rich sand-
stone, the initial separation between the curves for
sequence A is larger than for water. This suggests that in
this case, the internal gradients are significant and have
to be of magnitude comparable to the applied gradient.
This is confirmed by the results for the sequence without
applied gradients, shown in the second column, that show
a pronounced separation. The third column displays the
results from sequence C that includes a 180° refocusing
pulse in the diffusion encoding intervals. As with pulse
sequence B, the water and Indiana limestone CPMG trains
collapse on a single line while those of the Berea and the
chlorite rich sandstone samples do not. However the
spread in the latter two is diminished in comparison to
the monopolar experiment (sequence B). This indicates
that the effects of the background gradients are partially,
but not completely refocused.

5.1. Correlation of internal gradient with relaxation

For a more quantitative analysis, we study the correla-
tion of the diffusion effects with relaxation. In Fig. 4, we

Sequence A Sequence B Sequence C
GRADIENT NO GRADIENT BIPOLAR NO
; GRADIENT
53
)
; (7]
0.1

BEREA
Signal

i
‘;m\ h m,

CHLORITE

time [ms]

time [ms]

200 400 0 200 400

time [ms]

Fig. 3. Each row shows the measured echo amplitudes versus echo time for the three sequences shown in Fig. 2, using 74 = 20 ms. Each plot shows five
CPMG decays for different values of 6. Each row represents results from different samples (water, Indiana limestone, Berea sandstone and a chlorite rich

sandstone).
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Fig. 4. Measurement of effective diffusion coefficients D (left) and Dy
(right) versus relaxation time 7 for the three samples, Indiana limestone
(top row), Berea sandstone (middle row) and the chlorite rich sandstone
sample (bottom row). As explained in the text, Do was measured with
sequence A using external pulsed gradient of 14.1 G/cm, whereas Dy was
measured with sequence B without external gradient. The diffusion time
was Tyq =20 ms.

present results for sequences A and B on the three rock
cores. As discussed above in Section 3, we use the kernels
ki = exp{—y?C,g%:D} and k, =exp{—kig/T>} to extract
the diffusion-relaxation distribution function f7,(D,T>)
by a two-dimensional Laplace inversion. In Fig. 4, we plot
the average apparent diffusion coefficient
Dy(T,) = [dDDf; (D,T>)/ [dDf,(D,T,) versus To.
Here, i = A or B indicates the sequence used. The intensity
of the curves is proportional to [dDf7 (D, T,). Following
the procedure in [6], we tested the stability of the inversion
by generating 40 reconstructed data sets with different
noise realizations from the fits. The results in Fig. 4 are a
superposition of all the inversion results; the widths of
the curves therefore give some indication of the uncertain-
ties of the inversion.

The results of Da(75) for the three samples show the full
range of responses. Indiana limestone displays a small
monotonic increase of Dx(7,) with T5, consistent with
restricted diffusion and wall relaxation. In this case,
Da(T5) is dominated by the first term in Eq. (10). In con-
trast, the results for the chlorite rich sandstone show a
decrease of DA(T,) with T,. For a large range of 75, the
extracted diffusion coefficient D, is larger than the molec-
ular diffusion coefficient, Dy. This is an indication that
DA(T5) for this rock is controlled by internal gradients

and that the second term dominates in Eq. (10). The results
for Berea sandstone show an intermediate case where the
T, dependence of D4 is non-monotonic. At short 75, the
second term in Eq. (10) dominates, while at long 7> the first
term dominates.

This interpretation is confirmed by the results of Dg
shown on the right hand side in Fig. 4. Indiana limestone
shows small values of Dy, reflecting the near collapse of
the raw data in Fig. 3. In contrast, Dy for Berea and chlo-
rite rich sandstone samples are clearly non-zero, which
indicates significant background gradients. This proves
that the upturn of D4 at short 7, shown on the left hand
side of Fig. 4 is caused by internal gradients and rules
out the other possible effects considered earlier.

From the measurements of D and Dg, it is possible to
extract the ‘internal gradient free’ diffusion coefficient
D(T>»), that is directly related to the mean squared displace-
ment, and the mean squared internal gradient, (g3 (7>)). In
the framework of our theoretical analysis and setting
Zref = &a, We obtain from Egs. (10) and (12).

D(T2) = Da(T2) — Dg(T>). (14)

8ot Co Da(T>) — Dy(T2)
The results of D(7>) and \/(g%(T)) for the three rocks are
shown in Fig. 5. The results show a number of general fea-
tures that support our approach. First, the extracted diffu-
sion coefficient D(7T,) are now bound by the molecular
diffusion coefficient, D,, even for the chlorite rich sand-
stone where Da(7,) is generally significantly larger than
Dy. In addition, the upturn of the diffusion coefficient at
short 7, in the Berea and chlorite rich sandstone is greatly
reduced in D(T,) compared to Da(T3). This confirms that
the observed non-monotonic behavior of the diffusion coef-
ficient D4 versus 7, is mainly caused by internal field inho-
mogeneities and can be modelled to first order with our
approach.

The results on the internal gradients in Fig. 5 quantify
some of our earlier observations: the magnitude of

(g2(T»)) in Indiana limestone is substantially smaller
than the applied gradient g,, in Berea sandstone the magni-
tudes become comparable to g, at shorter 75>, and in the
chlorite rich sandstone, \/(gi (7)) exceeds g, at relaxation
times below 300 ms. For each rock, the internal gradients
decrease with increasing 7.

5.2. Spatial extent of internal gradients

For T, values above 250 ms, we observe that the magni-
tude of the internal gradient is inversely proportional to 75.
This is consistent with the simplest model for relaxation
and internal field inhomogeneities. In sufficiently large
pores, the pore size [ is larger than the typical range that
spins explore during the encoding time, \/DyT4. The field
inhomogeneities experienced by a spin during the diffusion
encoding interval can then be approximated reasonably
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Fig. 5. Plots of restricted diffusion coefficient, D(T5)/ Do, corrected for susceptibility effects versus 75 (left) and average internal gradient, \/{(g2(T)), versus
T, (right) for the three different samples, Indiana limestone (top row), Berea sandstone (middle row) and the chlorite rich sandstone sample (bottom row).
The dashed line on the left panels indicates unrestricted diffusion, D(75) = D,. On the right, the dashed line indicates the value of the external gradient used

in the experiments with sequence A, g = 14.1 G/cm.

well by a gradient, gy,. In the whole pore, the gradients have
a wide distribution, consistent with the results of Sun and
Dunn [18]. In our experiments, we are measuring the aver-
age of (gi) for spins having a particular value of 75. To first
order, we expect that the relaxation time is proportional to
pore size, [, whereas the average internal gradient is
inversely proportional to the pore size. This leads to the
observed scaling between +/(g2(7>)) and 7. The identifica-
tion of this regime as large pore regime is further supported
by the diffusion results. In this regime, we find D(T3)/
Dy > 0.5, i.e. diffusion is only moderately restricted, consis-
tent with large pores.

At shorter values of 75>, we observe a slower dependence
of \/{gi(T)) on T,. Several effects can contribute to this
deviation.

First we only expect an inverse linear relationship if the
relaxation and gradient are controlled by the same geomet-
rical length scales. As an extreme example consider a rock
with grains of varying susceptibility but uniform surface
relaxivity. In such a system, the relaxation rates are deter-

mined by the pore sizes, but the gradients are controlled
predominantly by the size of the most magnetic grains.
Furthermore, in pores comparable to or smaller than the
diffusion length /DyTq, the field inhomogeneities experi-
enced by a spin during the diffusion encoding interval can-
not be approximated anymore by a uniform gradient. In
sufficiently small pores, diffusion effectively averages out
the field inhomogeneities experienced by the spins. When
the average traversal rate across the pore, D/, is higher
than the spread in Larmor frequencies across the pore, typ-
ically AyBy [9], then the spins effectively average out the
field inhomogeneities [28]. In this situation, we measure
effective gradients that are much smaller than the micro-
scopic gradient of the local magnetic field [12]. Song
et al. [16] have used this effect to estimate pore size distri-
butions by measuring the times needed for spins to diffuse
a distance for the local field to become uncorrelated with
that at the initial position.

Finally, as mentioned above, the small gradient approx-
imation used in the derivation of Eq. (9) becomes
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inaccurate at higher gradients. In our experiments, this
problem starts to become noticeable when the effective gra-
dients exceed 10 G/cm. This effect will tend to underesti-
mate the true gradient.

Following the approach of Song et al. [16], we can probe
the spatial extent of the internal gradients by varying the
diffusion time T4. Fig. 6 compares results obtained for
T4=20 and 50 ms that correspond to length scales of
v/DT4=7 and 11 pm. The measurements of /{(gi(7>)) for
Berea sandstone show that in the ‘linear range’ above T,
of 250 ms, the extracted gradients are independent of Tj.
This implies that the corresponding pore sizes are larger
than 11 um. At shorter 75, the internal gradients at 50 ms
now shows a slight downturn that is consistent with
increased diffusive averaging.

Structure of the local field inhomogeneities on a shorter
length scale can be probed with the modified pulse
sequence shown in Fig. 2C that includes extra refocusing
pulses in the diffusion encoding intervals. The sequence is
identical to the well-known sequence of Cotts et al. [13]
without the applied bipolar gradients. The degree of sup-
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pression of the diffusion effect by the refocusing pulses
depends on the profile of the internal field. For fields that
can be characterized by a uniform gradient over a length
scale /DTy, the extra 180° pulses refocus most of the phase
acquired by the spins during the intervals 0. This greatly
reduces the diffusion sensitivity and the extracted diffusion
coefficient D¢ is much smaller than Dg, and given by Eq.
(13). In the other limiting case where the field has large fluc-
tuations and is uncorrelated over a length scale of v/DJ, the
extra 180° pulses will have little effect and the two pulse
sequences of Fig. 2B and C will give similar results with
DC = DB.

The results for Dg and D¢ for Berea sandstone are shown
in Fig. 7. The values for D¢ are lower than Dg, which indi-
cates that the extra 180° refocusses the magnetization at least
partially. For T4 = 20 ms shown on top, the maximum value
of 6/T4=0.24, while for T4 = 50 ms, the corresponding
ratio is /T4 = 0.05. Based on Eq. (13), the expected ratio
of Dc/Dy for uniform gradients is then 0.06 and 0.009,
respectively. It is apparent that the measured values of D¢
shown in Fig. 7 are significantly higher than these
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Fig. 6. Internal gradient versus 7> for the Berea sandstone, measured at two different diffusion times 74: 20 ms (left) and 50 ms (right).
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Fig. 7. Effect of extra refocusing pulses in diffusion encoding interval on extracted diffusion coefficient versus 7’ for Berea sandstone. The left panels show
Dg versus T, measured with sequence B, while the right panels show D¢ measured with sequence C. The top panels are results for 74 = 20 ms, the bottom
panels for T4 = 50 ms. Although the 180° pulses reduce the effects of the background gradients and lead to D¢ < Dg, the reduction is less than expected
from Eq. (13). This suggests that g, varies on a length scale comparable to v/Dd.
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predictions. This implies that the spatial dependence of the
internal field is more complicated than a simple gradient
and must have some structure on a micron level.

Such rapid field variations likely occur close to the pore
walls. Brown and Fantazzini have pointed out that sharp
corners on grain surfaces can generate divergent suscepti-
bility induced magnetic fields [9,29]. In addition, the sus-
ceptibility of sandstones with mixed mineralogy is not
uniform. Clay minerals, such as pore lining chlorite, can
generate large local gradients [30,17]. In such cases, the
structure of the internal field is not only controlled by the
pore opening, but also by the dimensions of clay flakes.

6. Conclusion

We have investigated experimentally the relationship
between susceptibility induced field inhomogeneities,
restricted diffusion and relaxation in three rock cores. We
demonstrate that even at the low Larmor frequency of
2 MHz, the internal gradients can be large enough to inter-
fere with restricted diffusion measurements, especially in
sandstones at short relaxation times, 75. However, with
the short echo spacing used in the experiments, the gradi-
ents are not high enough to affect the 7, measurements
significantly.

It is remarkable that the presence of the upturn of D4 at
short 7, can be used as a good indicator to distinguish
sandstones from carbonate rocks. The last two samples
of carbonates in Fig. 1 have unusually high susceptibilities
for carbonates, whereas the last two samples of sandstones
have unusually low susceptibilities for sandstones.

We show that a simple model can account for the main
effects. By combining measurements performed with and
without an applied gradient, we can extract a restricted diffu-
sion coefficient versus 7>, that is to first order corrected for
the susceptibility effect. It also allows us to estimate the aver-
age internal gradient /(g7) as a function of relaxation time.
We show that for T, longer than 250 ms, the data is consis-
tent with a large pore regime. In this regime, the field inho-
mogeneity over 10 pm can be described by a gradient that
is inversely proportional to the relaxation time. However,
we find clear evidence that over the micron level, the internal
field has additional structure that is likely associated with
clay minerals or sharp corners of the grains.

At shorter relaxation times, the extracted average gradi-
ent depends on the diffusion time and shows a weaker
dependence on the relaxation rate. In this case, the pores
are smaller than the diffusion length /DTy and the con-
stant gradient picture fails.
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