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Nuclear magnetic resonance relaxation and diffusion in the presence of internal gradients:
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J. Mitchell,>l< T. C. Chandrasekera, M. L. Johns, and L. F. Gladden
Department of Chemical Engineering and Biotechnology, University of Cambridge, Pembroke Street,

Cambridge CB2 3RA, United Kingdom

E. J. Fordham
Schlumberger Cambridge Research, High Cross, Madingley Road, Cambridge CB3 OHG, United Kingdom
(Received 19 November 2009; published 3 February 2010)

It is known that internal magnetic field gradients in porous materials, caused by susceptibility differences at
the solid-fluid interfaces, alter the observed effective Nuclear Magnetic Resonance transverse relaxation times
T, o The internal gradients scale with the strength of the static background magnetic field B,. Here, we
acquire data at various magnitudes of B, to observe the influence of internal gradients on 7,-7, exchange
measurements; the theory discussed and observations made are applicable to any 75,-7, analysis of heteroge-
neous materials. At high magnetic field strengths, it is possible to observe diffusive exchange between regions
of local internal gradient extrema within individual pores. Therefore, the observed exchange pathways are not
associated with pore-to-pore exchange. Understanding the significance of internal gradients in transverse re-
laxation measurements is critical to interpreting these results. We present the example of water in porous
sandstone rock and offer a guideline to determine whether an observed T, . relaxation time distribution
reflects the pore size distribution for a given susceptibility contrast (magnetic field strength) and spin echo
separation. More generally, we confirm that for porous materials 7, provides a better indication of the pore size
distribution than T, . at high magnetic field strengths (By>1 T), and demonstrate the data analysis necessary

to validate pore size interpretations of T .;y measurements.
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I. INTRODUCTION

Magnetic field gradients caused by susceptibility differ-
ences at material interfaces are a well-known phenomenon in
Magnetic Resonance Imaging (MRI) and numerous imaging
techniques exist to either eliminate or utilize this contrast
mechanism [1]. The presence of these internal gradients in
porous media is well known [2] although the influence on
complex two-dimensional Nuclear Magnetic Resonance
(NMR) relaxation time correlation measurements has not yet
been explored. Early work on transition metal particles pro-
vided a demonstration of the link between susceptibility gra-
dients and broadening of resonance lines in NMR experi-
ments [3]. Since then, studies have been undertaken on the
internal fields in randomly packed beds of glass spheres [4]
and sedimentary rocks [5,6]. As with medical imaging, tech-
niques have been proposed to circumvent the effects of sus-
ceptibility contrast in porous media, such as the quantitative
Single Point Imaging (SPI) suite of measurements [7,8], or to
exploit them, such as the Decay due to Diffusion in the In-
ternal Field (DDIF) pulse sequence [9], which aims to deter-
mine pore size distributions from diffusion eigenmodes [10].

In this work, we are concerned with the influence of these
internal gradients on two-dimensional NMR relaxation time
measurements. Recently, correlations of relaxation time (7}
and T,) and self-diffusion coefficient (D,;) have become a
popular method of probing pore structure, primarily in petro-
physical applications [11-15]. Brownstein and Tarr first dem-
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onstrated that relaxation rates of confined liquids are propor-
tional to the surface-to-volume ratio of pores [16]; these
measurements were used subsequently to probe the micro-
structure of oil-bearing rocks [17] and determine pore size
distributions by inverting the relaxation time data using non-
negative least-squares (NNLS) fitting algorithms [18] of
varying complexity. This class of inversion techniques is re-
ferred to popularly in the literature as “Laplace inversions”
although this is not a precise mathematical description of the
method. Early work focused on longitudinal 7' relaxation
measurements (demonstrated elsewhere to be weakly depen-
dent on magnetic field strength [19] and independent of in-
ternal gradients [20]) and so provided an accurate reflection
of the pore structure. However, it is often more convenient,
especially in oil-well logging applications [21], to use the
transverse T, relaxation as a substitute for 7 since the Carr-
Purcell-Meiboom-Gill (CPMG) echo train pulse sequence
[22,23] allows for the rapid acquisition of T, data. It is also
common to acquire 7, data in the second dimension of a
two-dimensional data set since a CPMG echo train can be
implemented after almost any NMR preconditioning of the
system in the first dimension. However, spin echo measure-
ments are known to be influenced by diffusion in magnetic
field gradients [22,24] and so local variations in magnetic
field strength B, can affect the acquired signal decay curves.
At low magnetic fields (By<50 mT, typical for logging
tools), the internal gradients can be negligible in sandstones
[5], and the fixed magnetic field gradient inherent in unilat-
eral well logging magnets determines the diffusive attenua-
tion in the 7, measurements [25,26]. In this paper, we dis-
cuss a method for estimating whether the distribution of 7, .
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relaxation times reflects the pore size distribution when the
observed transverse relaxation is dominated by molecular
diffusion through the internal gradients. 7,-based measure-
ments are now being used increasingly to study porous ma-
terials and these measurements are undertaken at various
magnetic field strengths (dictated usually by the NMR sys-
tem available). It is therefore timely to attempt to quantify
the errors introduced when performing measurements at
higher field strengths.

The two-dimensional 7,-T, relaxation exchange
(REXSY) measurement [27-29] would be expected to be
particularly susceptible to the effects of internal gradients as
it relies on the analysis of echo train decays in both dimen-
sions. First proposed by Lee et al. [30], the data analysis
relies on a fast two-dimensional numerical inversion process
that compresses the data into a linear Fredholm integral form
[31]. The T,-T, relaxation exchange measurement has been
validated with water exchanging between layers of glass
beads [32] and used to observe diffusive exchange in cement
pastes [29] and sandstones [28]. It has also been combined
with NMR propagator measurements [33] and used to ex-
plore pore connectivity in limestones [34] and biofilms [35].
These measurements have been made across a range of mag-
netic field strengths, although no consistent study has been
attempted so far as to the influence of field strength—and
hence internal gradients—on the correlation maps obtained
from T,-T, measurements. Here, we explore the interplay of
internal gradients and diffusive exchange by obtaining relax-
ation exchange data from a water saturated sandstone core at
various magnetic field strengths. Using this information, we
suggest guidelines for implementing 7, measurements of
pore size distributions and 7,-T, exchange experiments, and
estimate typical errors introduced if a suboptimal selection of
parameters and field strength is employed.

The structure of the paper is as follows: in Sec. II, we
review the literature on internal gradients and review exten-
sive prior work on restricted diffusion under the conditions
of bounded and unbounded magnetic fields. We expand on
the concept of the so-called Localization regime [36] and
hypothesize on the shape of magnetic field profiles in three-
dimensional pores within this regime. The basic characteriza-
tion of the physical rock structure is described in Sec. III. In
Sec. IV, we describe the experimental NMR techniques em-
ployed. The experimental results are presented in Sec. V and
are discussed in light of the theory in Sec. II.

II. THEORY

Here, we review the current theories for diffusion of fluids
governed by molecular self-diffusion D, and restricted by
solid boundaries, as found in porous media. These theories
include NMR relaxation at surfaces observed via 7| and 7,
processes. Additional loss of coherent magnetization occurs
due to diffusion in magnetic field gradients, although this is
only observed in measurements of 7, relaxation. The com-
mon basis for T, relaxation is the Bloch-Torrey equation [37]
describing the evolution of transverse magnetization
M(r,t)=M,+iM, in a magnetic field B (r) that varies spa-
tially as
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% =DyV*M(r,t) —iyB.(r)M(r,?). (1)
We observe the decay of the complex magnetization M(r,?)
in the heterodyne detection frame (corotating reference
frame) at the resonance frequency wy=yB,, where B is the
static magnetic field. This is equivalent to assuming B.(r)
has a zero spatial average. Additionally, we ignore bulk re-
laxation. The initial (total) magnetization is My=M(r,0).
Where the field gradient g=VB, is uniform, and B.(r)=g-r.
The term D,V?>M in Eq. (1) describes the dephasing of the
spin ensemble as molecules diffuse from r to r’ in the pres-
ence of a magnetic field gradient g(x). A natural length scale
arises: the dephasing length €,, defined as [25]

13
€= (%) . (2

This is the effective distance molecules must diffuse for their
spins to dephase by 27 radians. For nonuniform gradients, €,
defines a local quantity. A spatial average g defines a very
similar length scale €, such that

. ( D% )1/6 [ D% :|l/6 )
G = ——— = —— .
Ve v(VB,)*
The boundary condition at solid surfaces is
oM
DO_ + PM(I'J) = 03 (4)
Jdv

where d/ dv denotes the derivative normal to the surface and
p is the surface relaxivity. This equation encompasses both
restricted diffusion due to a surface (a “reflecting” boundary
where p=0) and relaxation at surfaces determined by the
value of p. The following discussions consider predomi-
nantly the special cases of (i) g=0 everywhere with p#0
(surface relaxation only), and (ii) g # 0 with p=0 (decay due
to diffusion in a magnetic field gradient without surface re-
laxation).

A. Diffusion and surface relaxation in pores

The surface relaxation only case (simple diffusion without
a magnetic field gradient) was analyzed by Brownstein and
Tarr [16]. The observable magnetization M(z) is a sum of
exponential decay modes with positive relative intensities I;

o0

M(1) =My I; exp(= t/T), (5)
=0

where, in the context of NMR, the modal relaxation times T;
may be for either longitudinal (7)) or transverse (7,) relax-
ation processes. For pores of particular volume-to-surface
ratio V/S=a, two asymptotic regimes were identified [16].

(a) The “fast-diffusion” or “weak relaxation” regime
where pa/Dy<<1. The relaxation is unimodal; only 1 is sig-
nificant. Any given pore size contributes only one relaxation
time to the magnetization decay. The fluid is well-mixed and
the magnetization remains uniform across the pore during
the decay.
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(b) The “slow diffusion” or “strong relaxation” regime
where pa/Dy>10. Relaxation is multimodal; 7, is the largest
intensity (61% for spherical pores [16]) but the higher modes
(i>0) are non-negligible. Each pore size contributes several
relaxation times to the overall signal. There is poor mixing
between the surface and bulk; magnetization across the pore
is nonuniform.

Between these limits, where 1<<pa/Dy<<10, the lowest
mode /;, is dominant, but the single-mode behavior fails.

In polydisperse porous media (including sedimentary
rocks), observed multiexponential relaxation can be inter-
preted as a distribution of pore sizes when the “fast-
diffusion” behavior dominates [17]. This interpretation asso-
ciates relaxation times with pore sizes using surface
relaxivity as a scaling factor such that a=p( 571, 5). Multi-
mode behavior, i.e., the “slow diffusion” limit, would pre-
vent such a simple interpretation, as observed in ideal sys-
tems [38]. In addition to the fast-diffusion limit (the normal
case for sedimentary rocks) the conversion of relaxation time
to pore size also requires that the pores act independently, an
assumption that cannot be rigorous. Notwithstanding, this
“fast-diffusion, independent pores” model remains the refer-
ence case for interpretation of NMR relaxation data in petro-
physics [39] and analysis of other porous media.

B. Diffusion in uniform magnetic field gradients

The analysis of signal decay due to molecular diffusion
through a nonuniform magnetic field is a complicated prob-
lem that has received much attention, motivated by several
applications. In any real system, there will be some magnetic
field inhomogeneity: in stray-field, “mobile,” or “inside-out”
NMR applications [40], including oil-well logging tools [21],
strong magnetic field gradients may be inherent. Pulsed field
gradients are used in imaging or diffusion measurements
[41]. Here, we are concerned primarily with “internal gradi-
ents” induced by the mismatch in magnetic susceptibility Ay
between the solids and fluids.

First, we review the available results for uniform mag-
netic field gradients g (unbounded fields), then for simple
models of bounded internal (induced) fields, and finally, heu-
ristic approaches to real porous media with the inclusion of
surface relaxation. The majority of the published theory cov-
ers the case of p=0.

The base case of unrestricted diffusion in a uniform gra-
dient g was analyzed in the pioneering work of Hahn [24]
where, for a single (Hahn) spin echo occurring at time 27,
the diffusion leads to a magnetization decay exponent that
varies with 7. The observation of unrestricted diffusion in T,
measurements has been discussed in numerous works
[22,37,42,43]. For fluids confined in pores (i.e., subject to
restriction), this remains the asymptotic short-time (ST)
limit, for echo times that are sufficiently short. The range of
the ST regime is determined by the relative sizes of three
significant length scales: the diffusion length €;=(Dy7)'?, a
structural length scale €, (equivalent to pore size for a de-
fined pore geometry), and the dephasing length €, as defined
above.

Three notable asymptotic regimes are identified in the lit-
erature [25,44,45], governed by whichever of the three
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length scales is shortest. The ST regime (which can be
treated as unrestricted diffusion) applies when ¢y<€,,{,
[45]. This behavior breaks down whenever £ exceeds either
€, or £,. The long-time asymptotic behavior has two limiting
cases, depending on the relative size of €, and €, [44]. These
cases may be referred to as “fast” and “slow” diffusion [36]
in analogy with the analysis of surface relaxation discussed
above [16].

The fast-diffusion case occurs when €, <{,,€y (typical
for small pores) [36,43,46]. In this regime, spins explore the
entire pore many times before dephasing has occurred, so
any local magnetic field variations are averaged out by dif-
fusion. For this reason, the more usual name for this case is
the Motional Averaging (MAV) regime [25]. Unlike the ST
regime, where magnetization decays faster for higher D,
magnetization decays slower for higher D, in the MAV re-
gime because the averaging is more effective. As in the fast-
diffusion regime for surface relaxation, magnetization is uni-
form over the pore in both the ST and MAV limits. Another
common feature of the MAV regime is that the spin phase
distribution is Gaussian [47]; the so-called Gaussian Phase
Approximation (GPA) is used frequently in analyses of both
these regimes [48].

The slow diffusion case occurs when €, <€, € [36]. This
is typical for strong magnetic field gradients in large pores.
Due to the cube root dependence on g in Eq. (2), typical
values for €, in experiments tend to range over the rather
small span ~1-10 um [25]; this is relevant for many rocks.
In this slow diffusion case, spins dephase by more than 27
radians before they encounter pore walls. Significant coher-
ent magnetization will only survive in molecules in close
proximity to pore walls due to the restriction on diffusive
motion. In this regime the GPA fails and magnetization is
nonuniform across the pore. This inspires the usual name of
the localization regime to describe this asymptotic behavior.

These regimes were analyzed first for the case of the
single (Hahn) echo in a uniform magnetic field gradient
[25,44,45,48]. However, regimes of similar qualitative char-
acteristics appear in analysis of more general situations: mul-
tiple echoes in a CPMG train, and nonuniform gradients both
bounded and unbounded. We consider in turn these cases of
increasing complexity, starting with available results for uni-
form g.

In the ST regime, the generalized magnetization decay
with first order corrections due to restriction is [47,49]

M(2n7) 2( g 6 e
M, —exp{—3<€ ) {n—C(n)gj}, (6)

8

where C(n) represents restriction dependent coefficients of
echo order n. The leading term of the decay exponent can be
expressed in length scale ratios or dimensional parameters as

2 65)6 2 0o s L o o
—nl—| =< Donm =— Dytt. 7
3 (€g 3728 0 12)’28 olE (7)
Equation (6) encompasses both the classic Hahn echo (n
=1) and CPMG echo train (n>1) experiments for unre-
stricted diffusion. The relevant diffusion length is €
=(Dy7)"?>=(Dytr/2)"? and we use this notation to emphasize
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that it is diffusion during one echo interval, not total elapsed
(CPMG) time, that determines the relevant length scale. The
leading term remains valid even for nonuniform fields, al-
though the restriction correction is modified by certain mo-
ments of the magnetic field variation [49]. The coefficients
C(n) have been tabulated up to n=40 for restriction in one
dimension [47]. For n=1, the restriction correction has been
given [36] for an arbitrary pore shape and three-dimensional
restriction in the form C(1)(€z/€,)=a(S/V){r where «
=0.314.

In all these cases, the key feature of the ST regime (ac-
cessible by experimentation) is the dependence of the decay
exponent on 7, or in multiecho trains on echo time tét, not
just elapsed time 7. Dependence of decay on 7 is the most
common experimental test for significant field gradients [5].

In the MAV regime, a general result for one-dimensional
restrictions has been given [47] where the leading term of the
decay exponent is

z_( Ge)_Lred
120\ ¢ ) 60 D,

_ 7

- 8
""120 D, ®)

The critical features are a strong dependence on pore size €,
inverse dependence on Dy, and linearity with 7. There is no
dependence on echo time #; for multiecho measurements.
Note that this means an absence of f; dependence cannot be
taken as strong evidence for the absence of internal gradi-
ents, as noted already in [50]. For n=1, the results for slab,
cylindrical, and spherical geometries were given by Neu-
mann [48]. For a sphere of radius R, the result for n=1 is
retrieved by the substitutions €;— R, and 1/120—8/175 in
Eq. (8). The dependence on the fourth power of the structural
length is similar. However, a weaker power law applies for
bounded fields as discussed below.

Finally, in the localization regime, the most general result
for CPMG and one-dimensional restriction is [47]

M2 ¢ €.\2
EW:T) ~p(n);jexp{—a1n(€—j) ] 9)

where p(1)=5.88; a generating formula for p(n) has been
given elsewhere [47]. The coefficient a;=1.02 is the first
zero of the Airy function derivative Ai’(x). In this regime,
the pre-exponential factors are important. The ratio €,/€
represents, approximately, the fraction of pore volume con-
taining coherent magnetization. The analysis for n=1, in-
cluding two and three-dimensional restriction, has been dis-
cussed by de Swiet and Sen [36]. The decay exponent can be
expressed in dimensional parameters as

0\? t
—am(f—E) =—1.02y2/3g2/3D(1)/35, (10)
g

and is universal for one-dimensional restriction, independent
of pore size, and depends only weakly on D,. For three-
dimensional restriction, a similar asymptotic behavior is pre-
dicted [36], independent of both pore size and details of pore
shape.

The localization regime was verified experimentally for
one-dimensional restriction and n=1 [25], with similar be-
havior observed in earlier data [43]. We know of no such
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demonstration for restriction in two or three dimensions. For
restriction in the higher dimensions, it is argued that the
asymptotic behavior may not be observable except at vanish-
ingly small signal levels [36]. This is because the dominant
behavior of the magnetization is governed by the pre-
exponential factor. The preasymptotic localization regime re-
mains important: however, the GPA will still fail and mag-
netization becomes nonuniform for times outside of the ST
approximation, and well before the universal decay is ex-
pected to be observed. An intermediate range of times
(y9)’DP << (R,/ vgDy)"* is predicted [36] (for n=1)
for which the decay exponent has neither pure 7 nor pure 7
dependence. We conjecture, therefore, that some remaining
dependence on 7 exists for the CPMG experiment (n>> 1),
for restriction in two or three dimensions governed by the
preasymptotic localization regime.

C. Diffusion in bounded and internal magnetic field gradients

Most of the conditions discussed above are for the case of
uniform g. Some general results are known for nonuniform
magnetic fields (e.g., the ST regime [49]) where an important
distinction exists between bounded and unbounded fields.
Unbounded fields are exemplified by gradients imposed by
the apparatus. In this paper, the induced internal magnetic
field variations are of primary importance. Induced internal
gradients may become very large, but the overall field varia-
tions are bounded by *AxB,/2, approximately [51].

Some theoretical equations are available for a cosine pro-
file in a one-dimensional restriction that may taken as a
crude model for the internal magnetic field variation in a
porous medium [49]. Here, the field variation over € is

B.(x) = AxB, cos(?), (11)

N

and the spatial average dephasing length € is

12
v Aoy’ (12)

G

where Awy=7yAxB,. This model has local field variations,
bounded by £AyB,/2, corresponding to a spread in Larmor
frequencies Avy=yAxB,/7 where Ay, may be taken as a
line width, ignoring numerical factors of order 1. The im-
plied line shape is bimodal and not representative of the
Lorentzian line shape observed empirically for most natural
porous media [52].

In the ST regime, the general result is similar to Eq. (6)
with modifications to the leading restriction correction in
terms of two moments of the field variation. For the cosine
model, the restriction correction of order €/€, becomes of
order (€/€,)* [49]. For field variations with an odd reflec-
tion symmetry, such as sin(7x/{,), the restriction correction
is the same as for the case of uniform g [49].

In the MAV regime, the leading term of the decay expo-
nent for the cosine model is
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2n ( 6%6;‘) _ 1w’
¢ ) 7 Dy

where the dependence on € f is not as strong as the € ? depen-
dence for the uniform magnetic field case. A higher order
correction is given elsewhere [49]. A heuristic approach (see
references [25,49,53] and discussion below) shows this 63
dependence occurs for more general bounded magnetic
fields.

Finally, in the localization regime, the asymptotic behav-
ior is shown to be sensitive to particular details of the mag-
netic field inhomogeneities. This is not the case for either the
ST or MAV regimes [49]. In the cosine field for one-
dimensional restriction only, the asymptotic localization be-
havior is [49]

M2 V4 172 V4 2
—EWZT)OCCXP{—QWZ)MH(?T) (i” (14)

t, 13
3 (13)

with pre-exponential factors reflecting the volume fraction of
surviving magnetization, as in Eq. (9). The exponent can be
expressed in dimensional parameters as

B (2’”’2)”4"(@)1/2(@)2:_ W(Awo)l/Z

t
DJ*=. (15
¢, . ¢ 02 (15)

Although linear with 7, this regime is no longer universal,
being dependent on the structural length scale (pore size) €.
It has been conjectured that this €, dependence is a general
feature of bounded fields [49]. We do not know of any
asymptotic analysis in two or three-dimensional geometry
for the cosine or other bounded field models, nor for one-
dimensional restriction with bounded field models of the op-
posite symmetry (e.g., a sine-like magnetic field). However,
the solutions to such models would be informative (i) be-
cause of the possibility of local regions of weak gradients
around magnetic field extrema within the pores and away
from the pore walls, and (ii) because of the need to examine
the ranges of 7 for which asymptotic behavior is expected, as
in Eq. (14). By analogy with the arguments in [36], it is
reasonable to expect a range of 7 times for which the mag-
netization decay is neither 7 (ST regime) nor 7 (asymptotic
localization regime) dependent. Such conjecture is strength-
ened by the possibility of regions of surviving magnetization
around field extrema within the pore, which may be expected
reasonably to exhibit unrestricted diffusion behavior (i.e., 7
or t7t dependence) for a wider range of 7 times than for
regions of magnetization found close to the pore walls.

Even for regular porous media models, induced magnetic
field profiles are not simple [54]. For natural, irregular po-
rous media, field variations will not be expressible by any
simple model, and a heuristic approach is necessary [5].
However, the bounded field character remains and some gen-
eral principles may be identified. The concepts of the ST,
MAY, and localization regimes of magnetization decay in
bounded fields are still applicable [5].

The ST behavior is expected to be observed in large
pores, although the length scale for which the term “large”
applies needs to be quantified. Elsewhere, the concept of an
effective gradient g was introduced [5] such that for a vol-
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ume of spins with characteristic size €, [36], the variation in
Larmor frequency Swg(x) = yg.sf., and this should be equal
to the uncertainty caused by diffusion across a length on the
order of Dy/ € f (i.e., the reciprocal diffusion time required for
a molecule to cross €,). Hence,

€c(x)=( 2o ) (16)
Ygeff(x)

which is simply a local version of the dephasing length ¢,,
using an effective gradient instead of point values of g(x).
On length scales finer than €., the details of g(x) become
unimportant because of the averaging imposed by diffusion.
For a given magnetic field gradient profile g(x), the effective
gradient is found in principle by averaging over €., consis-
tent with Eq. (16), such that €.g.q=/{g(x)dx. This can be
achieved only for explicit field models and not for arbitrary,
unknown variations. However, even in the case of arbitrary
magnetic field variations, some important general features
can be deduced [5]. The internal fields are bounded such that
€ gis=AxB, [51]. This equality determines a maximum
value g, for the effective gradient g ¢ and a corresponding
length scale ¢, so,

€*gmax= AXBO» (17)

where ¢, and g, are also
=(D0/ ygmax)l/3’ yleldlng [5]

constrained by €,

(yAxBy)*"?
V=" im >, (18)
0
€*=(A)1/2. (19)
YAXB,

The scaling of gmaXOCBg/ 2 is stronger than g, B, expected,
naively, from magnetostatics. It should be noted that g, is
(i) still an effective gradient where diffusive averaging of
fine features is considered and not a point value g(x), and (ii)
a maximum value. This BS/ % scaling is of importance in the
selection of optimal field strengths for NMR analyses of po-
rous media.

The length scale ¢, sets a limit on pore size for observing
ST behavior. This is expected only for €,=€.> €. As such,
€, differentiates between “small” and “large” pores. For €
<{.,€p, motional averaging is expected to be observed. If
€, <L, but also €z<{ then the ST behavior would be ex-
pected to be observed even in “small” pores. In practice, this
may be outside achievable experimental parameters. Simi-
larly, if €,=¢., but €;>¢,, then €. becomes the shortest
length. Analogous to all previous analyses, we would expect
to observe the localization behavior, including failure of the
GPA, nonuniform magnetization, sensitivity to details of the
internal fields, and other features of this regime considered in
the various models. We argue below that at high magnetic
fields, the value of £, may become less than the minimum €
available experimentally. In such situations, the conditions
for ST behavior cannot be satisfied, and we must expect the
typical features of the localization regime to be apparent.

The use of €, as a discriminator for the ST and localiza-
tion regimes is convenient in natural porous media because it
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is independent of pore size. Where models such as the cosine
magnetic field profile are applicable, the usual discriminator
would be € as defined in Eq (12). We note that in the
cosine field case €G (\2/77){’ {,, then this depends on €.

This is not a contradiction since for €;>¢,, €3>€2€ ~€2,
and hence €;>{;. The same argument apphes when £
<., leading to €,<{;. Assignments of diffusion regimes
made using € should be similar to those using €...

The bounded field arguments can also be applied [49,53]
to the MAV regime. The leading term in the decay exponent
for the MAV regime (regardless of whether g is uniform or
not) is of the form
£l 12
-2n ) =-(yg €)( )2117' (20)

omitting a geometry-d dependent numerical factor of about
1/100. The factor y2g2€ is, according to the bounded field
arguments, the total spread in frequency and can be approxi-
mated by (yAxB,)?, while €2/D, is the characteristic diffu-
sion time required for a molecule to cross the pore. Hence,
the decay exponent is proportional to

e 6
- (VAXBO)ZD_2’17'= - FD()I’ (21)
0 %

which confirms on a more general basis the ¢ f dependence
found in the specific model of the cosine magnetic field pro-
file. It is also clear that magnetization decay governed by the
MAV regime is not dependent on 7;. Hence, this signal decay
cannot be distinguished (in a CPMG measurement) from sur-
face relaxation occurring simultaneously, although the de-
pendence on £, is quite different (surface relaxation expo-
nents scale inversely with €,). This indicates that diffusive
decay is most important (relative to surface relaxation) in the
largest pores governed by motional averaging.

We know of no general bounded field analyses for the
localization regime. It has been shown [49] that the decay
exponent for the localization behavior is sensitive to the de-
tails of the magnetic field profile. We conjecture, therefore,
by analogy with the bounded field argument for the MAV
regime, that in Eq. (20), we may replace y7g>¢2 by (yAxB,)?
as previously, obtaining for the decay exponent
~(yAxBo)'"?Dy*t/ €, with some numerical factor expected to
depend on pore shape. Curiously, the dependence on pore
size here is identical to that expected for surface relaxation,
but with a scale factor controlled by susceptibility contrast
Ay, rather than surface relaxivity p. We emphasize that it
remains unclear whether this asymptotic localization regime
(with a decay exponent that varies linearly with 7) will ever
be observed experimentally for general restrictions in two or
three dimensions [36].

D. Diffusion in magnetic field gradients with surface
relaxation

We now reintroduce surface relaxation. To interpret relax-
ation time in terms of pore sizes, we require surface relax-
ation to be the dominant process. From the discussions given
above, it is clear that this condition will not always be satis-
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fied experimentally. Observed transverse relaxation rates
1/T;, ¢ will be sums of surface and diffusive relaxation
rates. In the ST regime, we expect (to leading order) [55]

11 DyY'giilh P, DyY'8isily (22)
TZ, eff,i T2,i 12 a 12 ’

where i indexes pores of a particular size and a=V/S is
independent of pore shape.
In the MAV regime, we may write

1 1 AxBo)R2 2 AxBo)*¢?
2_+(')’X0) 2=ﬁ+(7X0) ;.

(23)

where we use the bounded field arguments from above and
approximate further numerical factors by unity. For consis-
tency, the one-dimensional pore model is made explicit in the
surface term to show the differing dependencies on €. How-
ever, without other data, such models are unhelpful since we
have no means of distinguishing surface relaxation from dif-
fusive decay. We note that diffusive decay may be dominant
in the largest small pores, while surface processes will domi-
nate eventually in the smallest pores.

In the asymptotic limit of the localization regime, we
might expect

1 _ 1
T eiii 1oy

(’)’AXB )1/2D1/2
¢ 5

s

(24)

using the bounded field conjecture given above, again ignor-
ing numerical factors of O(1). As for the MAV regime, there
is no f; dependence in this model; surface relaxation and
diffusive processes would not be distinguishable in the relax-
ation data. We reiterate that this model is conjectural since it
is unclear that the asymptotic localization regime will be
explored experimentally for general pore geometries. Fur-
thermore, magnetization in the localization regime is nonuni-
form, corresponding to the “slow diffusion” limit of Brown-
stein and Tarr [16]. It is therefore inconsistent to apply
models for surface relaxation dependent on uniform magne-
tization, although surface processes are unlikely to be domi-
nant even in this case. Somewhat more likely is a preasymp-
totic localization regime in which some dependence on 7y
remains, while surface relaxation becomes unimportant. In
the current literature, no models exist to describe this situa-
tion.

A distribution of large pores will have its own distribution
of gesp say f(gerr). This will not necessarily be the same as
the distribution i(T,) of surface relaxation times. In fact, it
has been assumed previously that they are uncorrelated [5],
leading to

M(t 1 ) Smax
Iv; — f dT,h(T») j dgeref (gerr)
0
1 2 2 t
Xexp _EDOyzgefftEt exXp _FZ > (25)

for the decay of magnetization governed by the ST regime.
Spins governed by the MAV regime are taken to be included
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in the distribution A(T,) because their relaxation cannot be
separated into diffusive and surface relaxation components
[5]. Strictly we should recognize that pores with characteris-
tic length scales €,> ¢, and ¢;<{. should be treated sepa-
rately. This so-called local gradient approximation (LGA)
fails outside of the ST regime [49]. Where the pore size
distribution spans the critical length €., we should model the
decay by

8max

M(z,
LI‘E) dg efff (g eff)

0

= f dThgr(T,)

0

1 t
Xexp(— EDo'yzggfft%t)eXP<_ ;)
2

t
+ | ATy epihmav(Taer)exp| = , (26)
T g
which, as 7z— 0, reduces to
M(1,0) f ( t )
—— = | dThe (T - —
M, Shst(T,)exp T,
t
+ | AT eimav(To er)exp| - .27
T

Here, we define the terms for the ST and MAV regimes sepa-
rately. In an earlier publication [5] these terms were com-
bined and only the ST exponent (which varies as t%t) was
given on the basis that, even when all the terms are defined
explicitly as in Eq. (26), the ST exponent is still only an
approximation for the magnetization decay [53].

In summary, we define the diffusion regimes expected to
be observable in an arbitrary three-dimensional pore.

(a) The short-time (ST) regime occurs when €y <€, €,.
The echo time defines the diffusive length scale observed.
The magnetization decay will be a sum of diffusive attenua-
tion and surface relaxation contributions and will be charac-
terized by a 7 dependence. This regime can be observed
theoretically for any sample if a short enough echo time can
be employed.

(b) The Motional Averaging (MAV) regime occurs when
t;<{,,{g. The pore size defines the maximum diffusion dis-
tance. The magnetization decay will be determined predomi-
nantly by surface relaxation, pore size, and diffusion rate,
characterized by a 7 dependence. This regime will be ob-
served typically in small pores with weak internal gradients.

(c) The localization regime occurs when €, <€, €. The
magnetic field profile across the pore determines predomi-
nantly the magnetization decay. Magnetization will be ob-
served only where spins are diffusing in regions of local
gradient extrema or near the pore walls. The asymptotic lo-
calization regime is unlikely to be observed experimentally,
but we conjecture that a preasymptotic behavior will be seen
in which the magnetization decay will exhibit an unusual 7
dependence that is neither linear nor cubic. This regime will
be observed typically in the presence of large internal gradi-
ents.
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FIG. 1. (a) Mercury intrusion porosimetry data for the Benthe-
mier sandstone reveals a monodispersed pore throat size distribu-
tion with a modal pore throat diameter of (R0 =43 mum and
FWHM AR{00 =30 wm; SEM images (b) and (c) indicate the
sandstone has a regular grain-pack structure. A typical large inter-
granular pore is visible in the center of (c).

III. MATERIALS

All the experiments in this paper were conducted on Ben-
theimer sandstone rock saturated with 2 wt. % KCI brine to
prevent osmotic swelling of the clay content. The cores stud-
ied were of diameter 25 mm and length 60 mm to fit all the
available NMR probes. Each of the cores was vacuum satu-
rated and stored under brine when not in use. For the dura-
tion of the NMR experiments, the cores were wrapped in thin
plastic film to prevent evaporation or excess drainage. Re-
peat experiments on different cores provided consistent
NMR results.

To provide additional information on the rock structure,
mercury intrusion porosimetry (MIP) measurements (MCA
Services, U.K.) were used to determine a pore throat size
distribution; see Fig. 1(a). This revealed a monomodal distri-
bution with an average throat diameter of (R0 =43 mm,
and a full width half maximum (FWHM) AR,00 =30 um.
Although this does not necessarily reflect the underlying
pore body size distribution directly, it would suggest the rock
structure is reasonably homogeneous. This conclusion is fur-
ther supported by Scanning Electron Microscopy (SEM) im-
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ages, Figs. 1(b) and 1(c), where the rock is seen to be com-
posed of discrete sand grains. Large intergranular pores are
visible, although there is no evidence for significant smaller
intragranular porosity in this sample. Energy dispersive x-ray
spectroscopy (EDX) measurements [56] confirmed the pres-
ence of small quantities of clay.

IV. NMR MEASUREMENTS AND DATA ANALYSIS

The NMR measurements were conducted using magnets
with five different field strengths. The low-field permanent
magnets had strengths of By=42 and 282 mT with solenoid
radio frequency (rf) coils tuned to 'H Larmor frequencies of
v9=1.93 and 12.93 MHz, respectively. The low-field mea-
surements utilized an Oxford Instruments’ Molecular
Biotools Maran-DRX spectrometer. The high-field supercon-
ducting magnets had strengths of By=2, 4.7, and 9.4 T with
birdcage rf coils tuned to 'H Larmor frequencies of v,
=85.18, 199.71, and 400.23 MHz, respectively. The mea-
surements in the 2 and 9.4 T magnets were conducted with
Bruker Biospin AV spectrometers, while the measurements
in the 4.7 T magnet were conducted with a Bruker Biospin
DMX spectrometer. The rf pulse durations t,, corresponding
to a 90° tip angle, were 799=10, 12, 15, 27, and 58 us at the
field strengths of B;=0.042, 0.282, 2, 4.7, and 9.4 T, respec-
tively. In all cases, the pulse durations corresponding to a
180° tip angle were 2fy,. The long rf pulse lengths and low
duty cycle tolerance of the 9.4 T system limited the mini-
mum echo spacing in a CPMG train to tz=2 ms. This limit
on the echo spacing was imposed on all the systems to pro-
vide comparable data.

A. Magnetic susceptibility

The magnetic susceptibility difference between the rock
and water, required to calculate the maximum effective gra-
dient g, and critical length ¢, can be determined from the
line broadening caused by the heterogeneous material [20].
To determine this, a water phantom of equal dimensions to
the rock core was placed in the rf coil and the B, field well
shimmed to the phantom. The FWHM Ax,,,, of the spectral
line was measured. The rock core was then substituted for
the water phantom and the FWHM Ax, determined with-
out adjusting the shim settings. Assuming the line shapes are
Lorentzian, the FWHM corresponds to the condition 1/ 775,
where T, is the observed transverse relaxation due to dipolar
spin interactions and fluctuations in local magnetic field such
that

1 1
o + YAxB, + YABy, (28)
where ABj is the inhomogeneity inherent in the static B,
field, determined by the physical characteristics of the NMR
magnet. The line broadening Av, (in Hz) is obtained by de-
convolution of the spectral lines. The susceptibility differ-
ence is
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wAv
Ay= 200
By

neglecting a prefactor of order unity that will be determined
by the geometry of the sandstone grains.

, (29)

B. Internal gradients

To determine the strengths of the internal gradients the
method proposed by Sun and Dunn [6] was used. If the total
CPMG acquisition time fy=ntg is kept constant while the
number of echoes n (and hence echo time ) is varied, the
intensity of the echo acquired at time #, will depend only on
the internal gradient term in Eq. (25) [20]. The other terms in
Eq. (25) are dependent on the absolute acquisition time f,
and therefore will not change as the echo time varies. Here,
the echo times were varied logarithmically in 32 steps and
spanned echo times of tg):Z ms to z§§2>:20 ms. If 7y is
sufficiently short such that €;<<€,, €, (the ST regime), the
intensity of single echoes acquired at time #;, will be de-
scribed by

M(ty,tr) _ ( f_o)
o) = MR -7

8max

1
X S (geff)exp<_ D Yg z,ffDotfsto) dgefy-
0

(30)

The first summation term in 7, can be treated as a constant
for fixed #, and the resultant function can be fitted as a dis-
tribution of exponential diffusive decays. For this analysis,
the one-dimensional Fredholm integral was inverted using
Tikhonov regularization with the optimization parameter
chosen by the Generalized Cross Validation (GCV) method
[57,58].

C. T and T, measurements

Longitudinal 7 relaxation times were determined using
the conventional inversion recovery pulse sequence [59]: a
180° rf inversion pulse is followed by a variable recovery
delay Typ, after which a 90° rf excitation pulse is used to
interrogate the degree of recovery of the spin ensemble. In
all cases, the recovery delays were spaced logarithmically
and spanned Tp=500 wus to 10 s in 32 steps.

Transverse T, relaxation times were determined using the
conventional CPMG pulse sequence [22,23] with variable
echo spacing. Typically, the number of echoes was varied so
as to maintain a total observation time of 7,~5 s. Echo
spacings of tx=2, 4, 10, 20, and 40 ms were used, corre-
sponding to diffusive path lengths of [p=2.14, 3.03, 4.80,
6.78, and 9.59 um, respectively. A NiCl, solution was used
as a calibration sample to allow the 7', and 7, data to be
scaled to an approximately consistent value of M|, across all
the magnets.

Both T and T, relaxation time data are characterized by
sums of exponentials and therefore have corresponding one-
dimensional Fredholm integrals. These integrals were in-
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verted using Tikhonov regularization with GCV optimiza-
tion.

D. T,-T, exchange measurements

The T,-T, (REXSY) relaxation exchange measurement
[28,29] consists of two CPMG echo trains containing m and
n echoes, respectively, separated by a storage interval zg. In
all cases the echoes are separated by a constant echo time
tp=2 ms. The first CPMG echo train allows the spins to
dephase with Tg’eff across a variable time t4; the length of
this echo train is adjusted by incrementing m in successive
experiments. The number of m echoes was varied logarith-
mically in 32 increments from m=2 to 1024. The spins are
then stored alternately on the *z axis to be recovered as a
stimulated echo [24]. The storage intervals were 74=50, 500,
and 1000 ms. Additional exchange measurements were made
at v,=400 MHz with storage times ranging from #g=5 ms
to 2 s. During the storage interval a homospoil gradient of
amplitude G, ,.=5 G cm™ is applied on all three gradient
axes for 4 ms to remove any coherent spins remaining in the
x-y plane. At the end of the storage interval the spins are
recovered and the complex intensity of each echo in the sec-
ond CPMG train of fixed duration 75 (n=1024) recorded.
Each echo decay in the two-dimensional data set is phase
rotated and the resulting real data are inverted numerically to
provide a correlation map of Tg,eff against Tg,eff.

E. Two-dimensional inversion algorithm

The two-dimensional 7,-T, data sets were inverted using
MATLAB code based on the method described by Venkatara-
manan ef al. [31]. The acquired signal will be described by a
Fredholm integral of the first kind with the tensor product
structure

M(ty,tp) = f f ky (x,t0) ko (y, 1) Fx,y)dxdy + €(t4,1p),
(31)

where k; and k, are exponential kernel functions and € is the
experimental noise. In the case of the 7,-T, experiment, both
kernels have the form

t
ku:exp{— Ajﬁ }, (32)

2,eff

where A and B denote the two dimensions of the experiment.
In matrix notation, Eq. (31) becomes M=K 1FK§+E, where
T denotes the transpose of the matrix. The optimum solution
for the inverse problem can be found from

min||M — K,FK3|? + o F|?, (33)

[ is the Frobenius norm of a matrix, « is the

Tikhonov regularization smoothing parameter, and M
:UTM U, is the compressed data where U,, and V,, are
unitary matrices of the Singular Value Decomposition (SVD)
of the kernel matrices determined from

where |...
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FIG. 2. Variation in transverse relaxation 75, as a function of
magnetic field strength Bj. The straight line is a fit to the high
magnetic field data points (By>2 T) and is shown as a guide to the
eye. The measurements at low magnetic field strengths deviate from
this line due to the inherent AB, of the permanent magnets.

K ,= U1,221,2V{2- (34)

3, are diagonal matrices containing the singular values
listed in decreasing order. The optimum value of « is deter-
mined using the Butler-Reeds-Dawson (BRD) method [60].

V. RESULTS AND DISCUSSION
A. Magnetic susceptibility

By examining the line broadening that occurred on plac-
ing the water saturated sandstone rock core in a range of
magnetic fields, it was possible to estimate the susceptibility
difference between the solid and liquid phases as being Ay
=2 X 107°. This is smaller than an independent measure of
the magnetic susceptibility contrast between the rock and
brine of Ay=(1.92+0.01) X 107 determined using a Sher-
wood Scientific Mkl magnetic susceptibility balance. This
particular sandstone exhibits a relatively small susceptibility
contrast compared to other sandstones studied previously [5].
The value of Ay=2X10"° was determined predominantly
from the high-field magnet measurements (By=2 T) where
the line broadening was significant. In the low magnetic
fields (By<<0.3 T), the natural line width AB,, of the perma-
nent magnets was on a similar order of magnitude to the line
broadening AyxB, caused by the rock, making an accurate
estimate of the susceptibility difference difficult. It has been
noted elsewhere that the spectral line observed from water
saturated rocks is, to a good approximation, Lorentzian [52].
Therefore, the measured T, decay is a single-component ex-
ponential function. In Fig. 2, the variation of 1/7, with field
strength is shown. For the high-field magnets where B,
=2 T, T;=B,'; the magnetic field inhomogeneities defined
by AxB, are dominant over the dipolar spin interactions and
dictate the relaxation mechanism. At low magnetic fields,
this relation breaks down due to a reduction in both 7, and
AxBy, and an increase in the term AB,. The inhomogeneity
of the static magnetic field becomes significant, typically,
with the use of permanent magnets.
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TABLE 1. Values of critical length ¢, dephasing time g ., and internal gradient g, that define the
division between the diffusion regimes in water saturated Bentheimer sandstone, calculated for a range of
field strengths By using Ax=2X 107 and Dy=2.3x 10~ m?s~.

Spectrometer Big-2 12 MHz AV85 DMX200 AV400
vy (MHz) 1.93 12.93 85.15 199.71 400.23
By (T) 0.042 0.282 2.00 4.70 9.40
¥By X 10° (s7") 12.12 75.40 534.1 1257 2513

. (um) 9.74 3.91 1.47 0.96 0.68
1E max (MS) 41.25 6.60 0.94 0.40 0.20
gmax (Tm™) 0.0086 0.15 2.73 9.83 27.70

B. Internal gradients

From the measured value of Ay, and the known values of
B, and D, (bulk water), it is possible to predict the maximum
echo time tE,maX%ﬁ/Do for which diffusion in the MAV
regime can be observed, and the maximum internal gradient
&max that would be present in the pores using Eqgs. (18) and
(19) as appropriate. The results are summarized in Table I.

Distributions of internal gradients in the water saturated
sandstone rock core at different magnetic field strengths are
shown in Fig. 3, and a summary of the log-mean and range
of g is shown as a function of By in Fig. 4. It is seen that
Zmax Scales approximately with BS’Z as predicted from Eq.

0.2

a
0.1

0.1

—2 0

10 10 10° 10
-1
O (Gem™ )

4

FIG. 3. Probability distributions of internal gradients g.g present
in a water saturated sandstone rock core at (a) vy=2, (b) 12, (c) 85,
(d) 200, and (e) 400 MHz, normalized to unit area. The theoretical
maximum internal gradients g, (from Table I) are indicated by the
vertical dashed lines.

(18), cf. upper error limits and solid line in Fig. 4. The best
agreement between the measured internal gradient distribu-
tions and the theoretical maximum gradient values from
Table T are found at the intermediate field strengths [corre-
sponding to vy=12 and 85 MHz: Figs. 3(b) and 3(c), respec-
tively] where the accessible range of fg values fitted using
Eq. (30) were appropriate for the range of g present in the
sample. At the lowest field strength, corresponding to v,
=2 MHz, Fig. 3(a), the internal gradients were small and so
insufficient diffusive attenuation was obtained to provide a
good fit. Conversely, at the highest field strengths [corre-
sponding to v,=200 and 400 MHz: Figs. 3(d) and 3(e), re-
spectively] hardware limitations prevented short enough
echo times from being employed to probe the ST regime
unambiguously. Therefore, as discussed later in light of the
T, i measurements, these internal gradient distributions only
reflect the weakest internal gradients and so provide a lower
limit for g.y at high magnetic field strengths. Nevertheless,
the results in Fig. 4 confirm the expected trend in internal
gradient with magnetic field strength, and provide good
agreement with the predicted maximum internal gradients.
Furthermore, both log-mean g. and g, increase more
strongly than the hypothetical B, scaling (dashed line in Fig.
4) expected from magnetostatic arguments without regard to
diffusion.

—_
o

log—mean Gt (T m_1)
=

FIG. 4. Variation in average internal gradient log-mean gz as a
function of magnetic field strength B,. Overall ranges of g.; are
indicated by the error bars. The maximum theoretical internal gra-
dient g, is indicated by the solid line, determined from Eq. (19)
and has a power law dependence of 3/2. A hypothetical g, With a
power law dependence of 1 (dashed line) is shown for comparison.
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FIG. 5. Schematic representation of regimes for molecular dif-
fusion in pores. Experimental CPMG data were collected at the
points indicated (X). Approximate boundaries between the ST, lo-
calization, and MAV regimes are indicated by dashed lines. These
boundaries are blurred, and close to the boundaries, intermediate
diffusion behavior will be observed. The minimum €, i.e., the
boundary defining the MAV regime, has been taken as R,
~10 um from Fig. 1. The shaded area indicates €;>(Ryon)»> @
better indicator, potentially, of the experimental conditions neces-
sary to observe motional averaging in this rock.

By calculating the values of €, and € defined by the
experimental parameters, and obtaining an estimate of €,
~ (R o from Fig. 1(a), it is possible to estimate the diffu-
sion regimes in which the 7, . measurements are expected
to occur. A plot of €, against € is given in Fig. 5, assuming
a uniform magnetic field gradient exists within individual
pores. The diffusive length scales probed by the parameters
in the T, . experiments discussed in this work are identified
(X). The schematic implies that the edges of these regimes
are well-defined (dashed lines); in a real system this is not
true and measurements near these edges will probe regimes
of intermediate diffusion behavior. At low magnetic field
strength and short echo times, the measurements should be in
the ST regime, and approach the MAV regime for the small-
est pores. As the field strength and echo time increase, the
measurements shift into the localization regime. For the
high-field measurements (corresponding to v,=200 and 400
MHz, even the data acquired at the shortest echo times ex-
hibit €,<{j. This confirms that at high magnetic field
strengths, it will not always be possible to obtain an echo
time short enough to probe the ST regime.

It is important to note that the magnetic field gradients in
the pores studied here are likely to be nonuniform, as dis-
cussed in Sec. II. Based on this theory, it is reasonable to
conclude that the boundaries of the diffusion regimes laid out
in Fig. 5 will be inadequate to define the diffusion behavior
observed in this work. Notwithstanding, it is reasonable to
assume from Fig. 5 that the T, . measurements conducted at
the high magnetic field strengths (corresponding to v,=200
and 400 MHz) will exhibit the characteristic properties of
diffusion in a bounded magnetic field profile governed by the
preasymptotic localization regime, specifically: (i) magneti-
zation that varies on a length scale less than the pore size, (ii)
sensitivity to the internal gradients, and (iii) only a weak
dependence on surface relaxation. Figure 5 suggests that

PHYSICAL REVIEW E 81, 026101 (2010)

0.4 T

P{iog, (T}

FIG. 6. Probability distributions of 7 relaxation times deter-
mined for a water saturated sandstone rock core at (a) vy=2, (b) 12,
(c) 85, (d) 200, and (e) 400 MHz, normalized to unit area. As By
increases, there is a slight increase in the log-mean 7 and a nar-
rowing of the 7 distribution consistent with surface relaxation
theory as discussed in the text.

only the low-field measurements (corresponding to v,
=2 MHz) will be in the ST regime.

C. Longitudinal relaxation

It is important to characterize the 7 relaxation time dis-
tribution since longitudinal relaxation occurs during the stor-
age interval in the 7,-T, exchange measurement. A measure
of T is required if exchange rates are to be determined from
the data [28,29]. It has been shown previously that T is
independent of internal gradient strength [20] although it is
weakly dependent on B, [19]. The T distributions for the
water saturated sandstone rock core are shown in Fig. 6.

As the field strength was increased, the observed mean T}
also increased from (T|)=1.2 s at vy,=2 MHz, Fig. 6(a), to
(T)=2 s at vy=400 MHz, Fig. 6(e). At the lower field
strengths, Figs. 6(a)-6(c), some small signal component is
observed at shorter T times; this is attributed to water in
contact with the clay components in the rock. The distribu-
tion of 7| times narrows as By increases. This is consistent
with surface relaxation theory: the observed, frequency de-
pendent relaxation rate 1/7 is given by the sum of the bulk
relaxation rate 1/7 p, and surface relaxation rate 1/7 gy
such that
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FIG. 7. Observed magnetization decays using CPMG determined for a water saturated sandstone rock core at (a) vy=2, (b) 12, (c) 85,
(d) 200, and (e) 400 MHz. The same data is shown twice: (left) the signal amplitudes have been calibrated such that M,=5 X 10° units in
each plot and the vertical scale has been truncated at the noise floor of the data in (e); (right) the signal amplitudes have been normalized with
respect to a “gradient-free” CPMG decay (approximated by data acquired with 7;=200 us at vy=2 MHz) and plotted as a function of thz.
In each plot, data from five decay curves with echo times of (top to bottom) tz=2, 4, 10, 20, and 40 ms have been overlaid.

1 1 Ny 1
= + — y
Ti(wo)  Tipulwo) N Ty gur(e)
where Ng¢/N is the number ratio of surface to bulk water

molecules. For a fixed temperature, Eq. (35) can be approxi-
mated by [61]

(35)
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where /C; is constant for a given sample, 7, is a correlation
time of surface diffusion, and 7 is the surface residency time

(1,,<<T7,). As wy becomes large, the term in square brackets
tends to unity and so, due to the logarithmic scaling, the
surface relaxation becomes negligible compared to the bulk
relaxation.

D. Transverse relaxation

The CPMG decays obtained from the water saturated rock
core across a range of By, and 7 values are shown in Fig. 7.
At low field, corresponding to vy=2 MHz, Fig. 7(a) (left),
there is little variation in the CPMG decays across the large
span of echo times from 7z=2 to 40 ms. Here, €;<<{, in all
cases so the CPMG echo time defines the diffusive path
length and the magnetization decay is governed predomi-
nantly by the ST regime. However, €;— €, for the smallest
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pore throats, so intermediate diffusion behavior between the
ST and MAV regimes may apply. However, for larger pores
(R={(Ryoq) the condition €< €, applies. From Table I, we
see that the maximum theoretical internal gradient g..
<1 Gem™!, and therefore we observe CPMG decays that
are only weakly diffusion attenuated even in the ST regime.
In Fig. 7(a) (right), we see good data collapse (i.e., the data
points overlap and form a continuous line) indicative of the
7 dependence expected in the ST regime. This is in agree-
ment with similar low-field data published elsewhere [5].

At vy=12 MHz, Fig. 7(b) (left), gnax=15 G cm™! so the
degree of diffusive attenuation in the CPMG decays should
be greater than at vy=2 MHz; this is as expected. The first
two CPMG decays overlay reasonably well and show little
variation in the degree of diffusive attenuation; similarly,
data collapse is observed for these CPMG data, Fig. 7(b)
(right). Here, €<, so the CPMG echo time defines the
diffusive path length. Beyond 7;=4 ms, €;={,; {, therefore
defines the diffusion path length and the diffusion behavior is
expected to be governed by the preasymptotic localization
regime. Overall, the CPMG decays are seen to become in-
creasingly divergent as the echo time increases. This is con-
firmed in the data collapse, Fig. 7(b) (right), where a slight
deviation from a smooth line is observed in the data points at
tét~ 105 ms?.

At the higher field strengths, Figs. 7(c)-7(e) (left), where
Zmax>100 G cm™!, the measured CPMG decay curves re-
flect a distribution of T, ¢ relaxation times that is diffusion
dominated: as the echo time increases the decay becomes
more rapid. It is also notable that the number of exponential
components in the decays increases: this is observed as a
shift from near-linear decays on the log-linear plot, see Figs.
7(a) and 7(b) (left), to significantly nonlinear decays in Figs.
7(c)-7(e) (left). At the higher field strengths, corresponding
to vy=85 MHz, ¢,={ in all cases. This means €, defines
the observable diffusion path length; the preasymptotic local-
ization regime should apply. The strong dependence on in-
ternal gradient strength is clearly visible as expected.

A more significant variation in the high-field data is ob-
served in Figs. 7(c)-7(e) (right): at v,=85 MHz, the data
collapse fails entirely, indicating the magnetization decay no
longer depends on 7. This is as expected, since the CPMG
decays acquired in an intermediate regime or the preasymp-
totic regime will have an unusual 7 dependence. However, as
the magnetic field strength increases, the data collapse is at
least partially restored. This suggests the observed magneti-
zation decays are similar to free diffusion in strong magnetic
field gradients, and the observed magnetization decay in the
preasymptotic localization regime is akin to that for the ST
regime as discussed in [25], at least for the surviving mag-
netization.

To examine the relaxation behavior in more detail, se-
lected decay curves from Fig. 7 (left) have been inverted to
form the T . relaxation time distributions shown in Fig. 8.
At the lowest field strength, corresponding to vy=2 MHz,
the 7, ¢ relaxation time distributions in Fig. 8(a) have a
similar shape, qualitatively, to that obtained for 7 in Fig.
6(a): a single dominant component is observed at long 7, .
times with some smaller features present at shorter 77
times. At this field strength, a two-dimensional 7'-T, corre-
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FIG. 8. Probability distributions of T, . relaxation times deter-
mined for a water saturated sandstone rock core at (a) vy=2, (b) 12,
(c) 85, (d) 200, and (e) 400 MHz, normalized to unit area. The
individual curves correspond to echo times of tz=2 ms (solid
lines), 4 ms (dashed lines), and 20 ms (dotted lines) in each plot.
These results were obtained by inverting the appropriate CPMG
decays in Fig. 7. As By increases, there is a decrease in (T o).

lation (not shown) reveals the characteristic [19] ratio
T,/T, e~ 1.5 at all positions on the T, ¢ axis [62]. As the
echo time is increased, there is a slight decrease in T ¢y due
to diffusive attenuation. A similar variation in T, .¢ as a func-
tion of echo time was observed elsewhere for a water satu-
rated sandstone in a low-field magnet [63]. The predomi-
nantly monomodal T, . distribution appears to be a
reasonable reflection of the pore size distribution in this
sample.

As the field strength is increased, the T, distributions
shown in Fig. 8 become complicated by an increasing num-
ber of discrete relaxation time components of similar inten-
sity. At v;=400 MHz it is possible to identify four signifi-
cant, discrete relaxation time components. Elsewhere,
measurements of a different water saturated sandstone at v,
=400 MHz also revealed four discrete 7, .y components
[28] although this was attributed to under-smoothing in the
numerical inversion (an artifact referred to as “pearling”).
From Figs. 7 and 8 presented here, it is possible to conclude
that the multicomponent T, . behavior observed at high-
field strengths is a genuine reflection of the measured relax-
ation time distributions.

It is also important to note that there is considerable signal
attenuation prior to the acquisition of the first echo in the
CPMG decays at high magnetic field strengths, as high-
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FIG. 9. (a) First echo intensities M(tz,tz) and (b,c) log-mean
transverse relaxation times (T, .¢) as a function of echo time #g.
These data were extracted from Figs. 7 and 8. The symbols corre-
spond to Larmor frequencies of vy=2 (O), 12 (O), 85 (I>), 200
(A), and 400 MHz (®) in each case. In (b,c) the solid lines repre-
sent analytically calculated (T, .¢) relaxation times at (top to bot-
tom) vy=2, 12, 85, 200, and 400 MHz for (b) the ST and (c)
asymptotic localization regimes. These lines are obtained using Eq.
(22) and Eq. (24) (with €,=(Ryy0q), TESPECtively.

lighted in Fig. 9(a). For example, at vy=400 MHz and 7,
=2 ms, the first echo has an amplitude almost an order of
magnitude less than My=5 X 103, This is critical to consider
since it means very short T, .;r components are not observed,
and a complete description of the T, . behavior cannot be
defined. Considering this significant loss of magnetization,
the data collapse observed for the surviving magnetization
seen in Fig. 7(e) (right), and the multiple decay modes seen
in Fig. 8(e), it is reasonable to conclude that we are observ-
ing relaxation in a bounded, nonlinear magnetic field profile
(hence nonuniform gradient), governed by the preasymptotic
localization regime. The fact that the data collapse is restored
partially at high magnetic field strengths suggests that at least
some of the surviving magnetization is observed from spins
experiencing a local g that satisfies the condition for the ST
regime. Yet, the presence of multiple apparent T, . relax-
ation times in Figs. 8(d) and 8(e) suggests several distinct
environments exist within the sample. These environments
are likely induced by diffusion in separate regions of weak,
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local magnetic field gradient; this discussion is continued in
Sec. V E with further supporting evidence. It is worth noting
here that the restoration of the 7 dependence at high mag-
netic field strengths will mean Eq. (30) fits the data well so
the derived internal gradient distributions shown in Figs. 3(d)
and 3(e) appear meaningful. However, these gradient distri-
butions will only reflect the weakest internal gradients in the
sample. Higher gradients, responsible for the magnetization
lost prior to the acquisition of the first echo, will not be
represented in these g distributions.

In the absence of a magnetic field gradient, 7, relaxation
time distributions should reflect the B dependence seen for
T, (Fig. 6). An expression equivalent to Eq. (36) exists for T,
relaxation

1 1

Ty(wy)  Tspu(wp)

NS Ts
+ =Ky, 2 In| =
N

Tm

2
I + w7,

+ln| g
Tm
() + ot

m
TS

(37)

Therefore, we would expect the observed 7T, relaxation time
to tend to the T, value for bulk water minus an offset deter-
mined by In[7,/7,] as B, increases. However, it is obvious
from Figs. 8(a)-8(e) that as the field strength increases,
(T, o) decreases, as summarized in Figs. 9(b) and 9(c). This
indicates that the observed T . behavior is not governed by
surface interactions and that diffusion is the dominant relax-
ation mechanism.

It is possible to estimate the mean (7, o) relaxation times
expected for the different diffusion regimes. The observed
and expected (T, .¢p) relaxation times for the ST regime as a
function of 7 are compared in Fig. 9(b). The results deviate
when a significant portion of the T, .4 distribution contains
relaxation times of T, .;r<<tg. This discrepancy provides fur-
ther evidence that the internal gradient distributions in Figs.
3(d) and 3(e) fail to represent the full range of gradient
strengths in the sample. In these cases the exponential com-
ponents associated with the short relaxation time modes are
not observed; this is obvious from Fig. 9(a) where, at large
By and tg, a significant fraction of the signal has been lost
prior to the acquisition of the first echo intensity. The devia-
tion between the simulated and observed (7T, .x) in the ST
case provides an indication of the point at which the T
distribution will no longer reflect the pore size distribution.

The observed and expected (T, o) relaxation times for the
asymptotic localization regime are compared in Fig. 9(c). In
all cases the expected echo time independent values are
lower than those observed by an order of magnitude, typi-
cally. This confirms that the apparent progression of (7, ;)
to a constant value at high magnetic field strengths and long
echo times is an artifact of the measurement (due to the loss
of short T, . components), rather than magnetization decay
in the asymptotic localization regime.

For completeness, we state that the expected (7’ .¢p) times
for the MAV regime (not shown) are orders of magnitude
lower than the observed (7, o) times in Fig. 9(b) and 9(c)
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due to the R? scaling in Eq. (23) for these “large” pores.
From Fig. 9, it is possible to conclude that the (T )
times can be approximated by free diffusion in the effective
gradients at low magnetic field strengths. As such, it is pos-
sible to define a guideline to assess whether the measured
T, o relaxation time distribution of a given system under the
condition of ST diffusion will reflect the pore size distribu-
tion. This is determined from the average internal gradient
(gefp) the echo time 7, and the observed average relaxation
time (T g). From Eq. (22), it is possible to say that if

12
DoYXgert)’ 17

the observed T, . relaxation time distribution will reflect the
pore size distribution. This is related to the criterion [5]

(Toetr) < (38)

éDO%giaxrér <1 (39)
for observing negligible diffusive decay in a CPMG echo
train. From Fig. 9(b), we can see that the limit in Eq. (38) is
exceeded at a field strength of By=2 T (corresponding to
vp=85 MHz) and an echo time 7;>2 ms, beyond which the
simulated (T, ) relaxation time deviates rapidly from the
observed value. Good agreement between the observed and
analytically determined (7, .q) times are seen at the lower
field strengths. For this water saturated sandstone sample and
the range of echo times employed, the maximum Larmor
frequency that could be used to produce T . distributions
that are representative of the pore size distribution is esti-
mated at vy=15 MHz. However, in practice, it is unlikely
that anyone would measure a CPMG decay with 7;=40 ms
(it is usual to minimize the echo time within the limits of the
hardware) although such echo times are used in measure-
ments of diffusion and advection [41]. Therefore, higher
magnetic field strengths can be employed in CPMG-like
T, ofr analysis as long as tz remains sufficiently short to en-
sure €p<<l,.

E. Relaxation exchange

So far we have explored the dependence of T, ¢ on mag-
netic field strength. Here, we extend this to the two-
dimensional 7,-T, relaxation exchange measurement. From
the SEM images in Fig. 1 an average sand grain radius of
~100 wm can be estimated. It is therefore reasonable to
assume that diffusive exchange between intergranular poros-
ity will occur on the time scale of several seconds. Exchange
is observed in 75,-T, plots by the evolution of peaks placed
symmetrically either side of the diagonal where T;"eff= Tg’eff
[27]. Atvy=2 MHz, Fig. 10(a), there is no sign of exchange.
At a storage time of 7g=50 ms the projections onto the T;"eff
and T3, axes (not shown) look similar to the one-
dimensional T, ¢ distribution in Fig. 8(a) (solid line). As the
storage time increases up to zg=1 s the shorter 7, .;; compo-
nents disappear due to 7| relaxation although there is still no
sign of exchange.

As the magnetic field strength is increased so that v
=12 MHz, Fig. 10(b), low intensity peaks are visible on
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opposite sides of the Tgyeffz Tg,eff diagonal. These increase
slightly in intensity as the storage time increases, suggesting
the presence of two distinct magnetization reservoirs be-
tween which spins are exchanging on the time scale of ex-
periment.

At higher field strengths, Figs. 10(c)-10(e), more relax-
ation time components are observed and the two-dimensional
plots become difficult to interpret. For example, at v,
=400 MHz, Fig. 10(e), it is possible to discern four discrete
relaxation components on the Tg’effz T’ieff diagonal. Ex-
change is observed between each of these components, iden-
tified as A-D in Fig. 11(a) that shows the one-dimensional
projection along the Tg,effz Tg,eff axis taken from a T,-7, dis-
tribution with 7g=5 ms (not shown). This projection differs
slightly from the one-dimensional data in Fig. 8 due to the
different inversion algorithm employed. These four discrete
T, . components result in a total of six exchange pathways.
By integrating the peaks in the two-dimensional plots asso-
ciated with each of the exchange pathways, the exchange
peak intensities Iyp can be determined, see Fig. 11(b). Error
bars are shown on some data points, determined by adding
additional random noise to the data with a standard deviation
equivalent to that of the experimental noise, and repeating
the inversion [29]. These exchange peak intensities are nor-
malized using the total peak intensity I7p to account for the
varying signal loss due to longitudinal relaxation. Ixp/I7p
can be fitted with a single-component exponential recovery

[28]
IxP(tS) _ M{l — eXp(— t—S>:| (40)

Irplts) — Irplts..) Keft

to estimate an effective exchange time kg, where g is the
final storage time in the experiment. Since there is only a
single T, relaxation time component for this sample at v,
=400 MHz, the measured effective exchange time k. i
corrected according to [28]

—= i —, (41)

to obtain a better estimate of the exchange time 7. The least-
square fits of Eq. (40) to the data are shown in Fig. 11(b)
(solid lines) and the extracted exchange times for each of the
exchange pathways are summarized in Table II. A corre-
sponding exchange distance Ry can be calculated using the
Einstein equation for three-dimensional diffusion

RXZ \‘"6DOK. (42)

Elsewhere, a more complete model for exchange has been
presented [29]. In order to extract exchange times from this
model, further knowledge of the spin system is required
(e.g., Ty, Tpofr, and initial magnetization of each reservoir,
independent of exchange) and these parameters are difficult
to determine accurately in this case.

The estimated exchange distances given in Table II are
similar to those determined elsewhere for a different water
saturated sandstone rock measured at v,=400 MHz [28].
Exchange is seen to occur here between all four discrete
relaxation environments. The exchange distance between
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FIG. 10. A selection of T,-T, relaxation correlation plots determined for a water saturated sandstone rock core at (a) vo=2, (b) 12, (c) 85,
(d) 200, and (e) 400 MHz. In each case, the storage times were (left to right) 7¢=50, 500, and 1000 ms. The dashed diagonal lines indicate
T;"efszlZeff. The contour intervals are the same in each plot; the intensity of the plots decreases as fg increases due to 7' relaxation during

the storage interval. As By, increases, the two-dimensional plots become more complicated and exhibit a greater number of discrete relaxation
components between which diffusive exchange is observed.
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FIG. 11. (a) T, g probability distribution, normalized to unit
area, extracted from a 7,-T, plot obtained for a water saturated
sandstone rock core at v(y=400 MHz with a storage time of fg
=5 ms. Four T, . components can be identified, labeled A-D, re-
spectively. (b) Normalized exchange peak intensity Iyp/Irp plotted
as a function of storage time for each of the exchange pathways
between the discrete magnetization reservoirs: A< B (@), A« C
(M), B—~C (), A~D (A), B—D (A), and C+D (X). Example
error bars are shown on the data with solid symbols (see text for
details). The lines are monoexponential fits to the data as indicated
by the labels. The fits to the data for the pathways A<D and
B« D have very low intensity and are visible below the fit to the
C«D data.

T, .t components A, B, and C are on the order of Ry
~32 um, consistent with the typical pore throat radii esti-
mated from Fig. 1. The larger exchange distances seen be-
tween D and the other components are on the order of Ry
~ 82 um, comparable to either typical pore throat diameters
or the expected upper limit of the pore radii; however, the
errors associated with these exchange distances make inter-

TABLE II. Summary of estimated exchange path lengths be-
tween relaxation environments A-D as identified in Fig. 11(a), ob-
served in a water saturated sandstone rock core at v(y=400 MHz.

Keff K Rx

Exchange path (s) (s) (pm)

A—B 0.03=0.01 0.03=0.01 22+4
A—C 0.11%=0.03 0.10=0.03 38%5
B«~C 0.09 =0.05 0.09 =0.05 359
A<D 0.63=0.35 0.47+0.23 81+23
B~D 0.80*+0.40 0.57*+0.24 89+22
C—D 0.52+0.38 0.42+0.29 75+33
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pretation of these results ambiguous. Notwithstanding, the
overall spread of the exchange distances (Ry=20-90 um) is
in agreement with the expected range of pore sizes. If the
exchange peaks observed at the lower field strengths are ana-
lyzed, similar exchange distances are also estimated, with
Ry~30-60 wm typically. Obviously, the number of discrete
exchange pathways decreases with a reduction in By. At v
=12 MHz (the lowest magnetic field strength at which ex-
change is observed), a single exchange pathway exists with
Ry=50 pm=*=10 pm.

It is important to realize that, without due consideration to
the complexities of the system under observation, the data in
Table II could be interpreted in terms of pore-to-pore diffu-
sive exchange. However, it is necessary to consider the ori-
gin of the discrete magnetization reservoirs between which
the exchange occurs. The Brownstein and Tarr theory [16]
states that the four reservoirs correspond to four discrete pore
sizes (assuming “fast” diffusion). The combined MIP and
SEM data (Fig. 1), and the low-field 7' and T, . measure-
ments [Figs. 6(a) and 8(a), respectively], indicate a dominant
monomodal pore size distribution: this pore size distribution
alone would not provide the discrete relaxation time compo-
nents required to observe exchange; hence no exchange
peaks are visible in the 7,-7, measurements at vo=2 MHz,
Fig. 10(a).

Considering the one-dimensional CPMG data presented in
Sec. V D, we conclude that the T, . decays observed at high
magnetic field strengths are governed by the preasymptotic
localization regime. The theory of the localization regime for
bounded, nonlinear magnetic field profiles predicts the pres-
ence of multiple, isolated regions of surviving coherent mag-
netization within individual pores. Magnetization decay is
observed for spins diffusing near the pore surfaces and in
isolated regions of weak magnetic field gradient [36,49]. The
observed exchange distances, on the order of the pore radii,
are therefore in agreement with exchange occurring between
these regions of residual magnetization. This implies that
while the 7,-T, measurement cannot determine pore-to-pore
exchange in these large pore rocks, it can be used as an
alternative method for estimating an average pore size, and
the width of the pore size distribution.

We reiterate that four relaxation environments have been
observed in independent measurements of different saturated
sandstones at v,=400 MHz [28]. This observation suggests
the T, ¢ relaxation time distribution is not a unique property
of the rock but evolves rather as a result of some underlying,
consistent phenomenon: namely, relaxation decay in the
preasymptotic localization regime. Why more than two dis-
crete relaxation times are observed at higher magnetic field
strengths is not clear; the fact that the number of relaxation
time components increases with increasing magnetic field
strength may indicate the development of multiple oscilla-
tions in the magnetic field profile across individual pores.
Further understanding of the preasymptotic localization re-
gime with a three-dimensional bounded field is required to
interpret these results unambiguously.

F. Future work

In future work we will consider methods of separating the
internal gradient and surface relaxation contributions to the
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observed T, . relaxation time distributions at high magnetic
field strengths. We will also consider low-field measurements
of rock cores with high concentrations of paramagnetic im-
purities and explore how the internal gradients influence
these results. It will also be necessary to extend models of
internal magnetic field profiles to three dimensions in order
to further understand diffusion in the preasymptotic localiza-
tion regime.

The observation of spins in a very broad distribution of
pore sizes and at an intermediate magnetic field strength (in
the limit that some spins are governed by MAV and others by
ST) could potentially allow the pore size distribution to be
divided artificially into small and large pores through the
careful selection of the experimental parameters. In an ideal
porous material with a bimodal pore size distribution, this
would provide sufficient relaxation contrast to observe pore-
to-pore exchange. However, controlling the experimental pa-
rameters for a real sample so as to define a single critical
length separating arbitrary small and large pores will likely
be impossible; as with the sandstone rock studied here, the
existence of multiple relaxation modes in large pores will
make interpretation of the results ambiguous.

VI. CONCLUSIONS

In this paper, we have explored the influence of internal
gradients on T, .s NMR relaxation measurements by observ-
ing diffusive exchange phenomena in a water saturated sand-
stone across a range of magnetic field strengths. The internal
gradients present in the sample were observed to scale with
BS/2, and T, relaxation times were shown to have only a
weak dependence on field strength (explained by surface re-
laxation theory), as expected. The 7, . relaxation times, de-
termined from CPMG measurements, were found to be
strongly dependent on magnetic field strength. The echo time
dependence of T, . was explored, and this became more
pronounced as the magnetic field strength increased due to
diffusive attenuation in the internal gradients. Significantly,
these results indicated that the internal gradients are nonuni-
form across an individual pore. Finally, we examined 7,-T,
exchange plots for the same sample at different magnetic
field strengths. As B, increased, the number of discrete T’ .
components also increased, leading to the appearance of
multiple exchange pathways. These pathways were associ-
ated with exchange between volumes of residual magnetiza-
tion detected from spins diffusing in local regions of weak
magnetic field gradient. Hence, intrapore (rather than inter-
pore) exchange was observed.

For T,-T, measurements of porous media in general, it is
difficult to distinguish exchange pathways observed between
pores and between regions of local magnetic field gradient
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extrema within individual pores unless a suitably low B,
magnetic field strength can be used so as to guarantee that
the observed T,y relaxation time distribution reflects the
pore size distribution. Exchange pathways observed in high
magnetic field measurements, or in samples with intrinsic
paramagnetic chemical species (and hence large internal gra-
dients), cannot be related unambiguously with pore-to-pore
exchange. Nevertheless, it may be possible to use these high-
field measurements to characterize other structural param-
eters, such as pore size, geometry, or surface chemistry.

In general, for materials with large pores where the char-
acteristic pore size R>10 um, T becomes a better indicator
of the pore size distribution than 7, . at intermediate to high
magnetic field strengths (B,>1 T). Even at lower magnetic
field strengths it is advisable to keep the echo time in a
CPMG measurement as short as possible (say, 1;<2 ms), to
ensure that diffusion is governed by the ST regime. Prior to
interpreting 7,-7, relaxation data, the “data collapse” of
CPMG decays acquired with a range of 7 as presented in [5]
and demonstrated here in Fig. 7 should be attempted, to iden-
tify the applicable diffusion regime. The ST regime, being
the ideal case for rock studies, can be identified by a success-
ful data collapse. Generally, the data collapse fails outside of
this regime. However, the results presented here suggest a
successful data collapse may also be observed in the preas-
ymptotic localization regime, but only after a significant
fraction of the magnetization has been lost to diffusion. This
situation can be identified by a simple comparison of initial
echo amplitudes, as demonstrated in Fig. 9.

From this work, it is possible to conclude that for most
rock samples, the T, . distributions will only reflect the pore
size distribution in low-field measurements (where the inter-
nal gradients are small), and where the echo time limit 75
<(T, ) can be achieved. This limit was defined in Eq. (38).
These conclusions will relate to all types of saturated or par-
tially saturated porous media studied by 7, NMR relaxom-
etry. Extra care must be taken when interpreting two-
dimensional plots of 7,-T, exchange and it is important to
understand the role of internal gradients in these measure-
ments.
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