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Abstract

For a liquid sample with unrestricted diffusion in a constant magnetic field gradient g, the increase R in R, = 1/T, for CPMG
measurements is Y4(tyg)?D, where 7 is magnetogyric ratio, t is half the echo spacing TE, and D is the diffusion constant. For mea-
surements on samples of porous media with pore fluids and without externally applied gradients there may still be significant pore-
scale local inhomogeneous fields due to susceptibility differences, whose contributions to R, depend on . Here, diffusion is not unre-
stricted nor is the field gradient constant. One class of approaches to this problem is to use an “‘effective gradient” or some kind of
average gradient. Then, R is often plotted against 72, with the effective gradient determined from the slope of some of the early
points. In many cases, a replot of R, against 7 instead of 7> shows a substantial straight-line interval, often including the earliest
available points. In earlier work [G.C. Borgia, R.J.S. Brown, P. Fantazzini, Phys. Rev. E 51 (1995) 2104; R.J.S. Brown, P. Fantazz-
ini, Phys. Rev. B 47 (1993) 14823] these features were noted, and attention was called to the fact that very large changes in field and
gradient are likely for a small part of the pore fluid over distances very much smaller than pore dimensions. A truncated Cauchy-
Lorentz (C-L) distribution of local fields in the pore space was used to explain observations, giving reduced effects of diffusion
because of the averaging properties of the C—L distribution, the truncation being at approximately +yB,, where y is the suscep-
tibility difference. It was also noted that, when there is a narrow range of pore size a, over a range of about 40 of the parameter
& = Yayva®/D, where v is the frequency, R, does not depend much on pore size a nor on diffusion constant D. Examples are shown
where plots of R, vs 1 show better linear fits to the data for small = values than do plots vs 7°. The present work shows that, if both
grain-scale and sample-scale gradients are present for samples with narrow ranges of 75, it may be possible to identify the separate
effects with the linear and quadratic coefficients in a second-order polynomial fit to the early data points. Of course, many porous
media have wide pore size and 75 distributions and hence wide ranges of £. For some of these wide distributions we have plotted R,
vs 7 for signal percentiles, normalized to total signal for shortest 7, again showing initially linear t-dependence even when available
data do not cover the longest and/or shortest 7, values for all t values. For the examples presented, both the intercepts and the
initial slopes of the plots of R, vs 7 increase systematically with signal percentile, starting at smallest R,.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction increase R of R, = 1/T> is "4(ygt)>D, where g is the gra-

dient, 7 is half the echo spacing, and D is the diffusion

For a CPMG measurement of 7, for a liquid in bulk
in a constant magnetic field gradient the measured
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coefficient. In this case, a plot of R, vs 7> has a slope
47’¢’D and an intercept that gives R, the value of R,
in the absence of gradient and diffusion effects. When
the NMR signal is from a liquid confined in a porous
medium, there are, however, two additional complica-
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tions. One is that the diffusion of molecules of the fluid is
restricted by the solid framework of the porous medium.
The other is that there are usually significant grain-scale
local inhomogeneous magnetic fields due to susceptibil-
ity differences between the solid and liquid. In some
cases there may even be ferromagnetic mineral grains
that produce significant local fields even in relatively
weak By fields. One class of approaches to local fields
is by use of “‘effective gradients’ [1]. However, the gradi-
ents of these local fields are definitely not everywhere the
same, and, for a small fraction of the pore fluid, they can
change substantially over distances much smaller than
local pore dimensions.

Both of these complications interfere with the simple
quadratic dependence of R on 7. Under frequently
encountered circumstances the effects of diffusion over
very short distances appear to lead to some loss of echo
amplitude at very short times. In many cases the result
appears to be a significant interval of approximately /in-
ear, rather than quadratic, increase of R, with 7, often
including the points at the shortest available echo times.
These effects were observed as far back as 1992 [2] and
investigated further over the next several years [3-6].
However, this initially linear behavior and related fea-
tures of the local fields from susceptibility differences
have not been widely noted nor utilized where they
might be relevant in work on fluids in porous media.
For this reason, we gather in this paper some examples
from widely varying sources and conditions to help illus-
trate the effects of local field changes over very short dis-
tances, and we also recall some features that have been
described earlier.

In [3], it is shown that local field changes of the order
of yBy, where y is the susceptibility difference between
the solid matrix and the pore fluid and By is the static
NMR field, can occur with diffusion over distances very
small compared with pore radius ¢ and in times extreme-
ly short compared to @?/D, thus disrupting the refocus-
ing of echoes for parts of the pore fluid in times shorter
than would be expected with quadratic t-dependence. It
is also shown that, although field singularities are possi-
ble in principle, the effective local fields are limited to
approximately 44y B,.

In [5], it is shown that the distribution of local fields
in a porous medium has the Cauchy-Lorentz (C-L:
Cauchy in statistics and Lorentz in Physics, 1/[1 + x?])
form, truncated or tapered to zero at roughly
+Y%%By. The complete C—L distribution of phases corre-
sponds to simple exponential decay. An important prop-
erty of the C-L distribution is that averaging (for
instance, by diffusion) of many samples does not narrow
the distribution, as it does for the more familiar Gauss-
ian distribution. There is a tendency for simple-exponen-
tial FIDs (free induction decay), and examples are
shown [5,6] of Hahn echo decay reaching the asymptotic
slope of the FID on log plots, approximately “4yv,

where v is the NMR frequency. This FID decay rate
is, in turn the asymptotic rate for CPMG data as a func-
tion of t. The slope of the linear portion of R, vs 1 for
CPMG data is proportional to (xv)?>, whereas the
asymptote (FID rate) is proportional to yv. The trunca-
tion of the C-L distribution puts some limits on these
properties. A complete C-L distribution results from
randomly placed point dipoles [7], and strictly exponen-
tial FID decay, independent of diffusion coefficient D,
has been observed.

Sen and Axelrod [8] have computed local fields and
displayed a distribution which they describe as “a
Lorentzian which has been clipped at the wing.”” Audoly
et al. [9] have shown that the internal field changes rap-
idly with position in some locations at edges of pores
and that the magnetic field correlation function is inti-
mately related to the structure factor of the porous
medium. Chen et al. [10] have shown that distributions
of components of the gradient, as well as the field, have
the C-L form. They also note that the magnetic suscep-
tibility of many porous rocks is high enough that the
susceptibility difference y does not depend much on
the pore fluid, so that the internal fields are about the
same for a partially saturated rock as for a fully saturat-
ed one. They found single-exponential FID decay
(T.p1p = 127 ps) for decay by a factor of 100 for water
in Berea sandstone, notwithstanding the multiexponen-
tial 77 and T».cpmg decay; presumably, the C-L field
distributions, which affect the FID, do not directly de-
pend on pore size in porous media with wide distribu-
tions of pore sizes.

In [5], for samples with narrow ranges of pore sizes
and relaxation times, CPMG data were taken over rang-
es of pore size a, diffusion constant D, and measurement
frequency v. The product of the frequency difference
Viyv and the diffusion time a?/D gives a dimensionless
regime parameter ¢ = '4yva’/D, not involving the echo
time. For a range of ¢ over a factor of about 40, R
had very little dependence on a or D.

With very slow diffusion, the missing tails of the trun-
cated C-L distributions of fields can lead to a very short
time [5,6] of initially quadratic R, vs 7 dependence,
which is for many data sets shorter than the time of
the first available data point. A linear extrapolation of
R, vs T data to 1 = 0 may give an underestimate of the
intercept Ry = 1/T>(t — 0), the value corrected for inho-
mogeneous field effects. In these cases, however, a qua-
dratic fit to early points gives an overestimate, often a
higher value than that of the first data point. At the
other extreme, with very fast diffusion, the missing tails
allow line narrowing.

Whether R, increases linearly or quadratically at
short times, the increase saturates for fluids in porous
media at longer echo spacings. In [5], it was found that
the saturation of the initially linear curves for narrow
distributions were well fit by a simple arctangent
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function of the form R, =~ ry + b1y tanfl(r/‘co), where rg
is an estimate of Ry, the slope is b for 1 < 19, and 7¢ is
a saturation time for the T dependence. We have encoun-
tered numerous data sets well fit by this form. We have
also noted published data plotted in other forms than R,
vs 7, where scanning and replotting R, against T shows
the initially linear arctangent form, and several examples
will be given.

In many cases non-local gradients of instrumental
origin, either pulsed or steady, are applied, and in some
NMR instruments geometrical factors may make large
field gradients unavoidable. We show here that a fit to
the R, data at short times by a second-order polynomial
may offer a means of separating the effects of local and
non-local inhomogeneous fields when the two effects are
comparable.

Finally, we introduce plots of the R, values of various
signal percentiles for CPMG T, distributions for sam-
ples with wide distributions of 75 as a means of demon-
strating the initially linear t-dependence for wide
distributions, even when the data cannot cover the lon-
gest and/or shortest 7, values.

2. Narrow distributions of pore sizes and relaxation times

For samples with narrow distributions of transverse
relaxation rates R, the various representative rates, such
as mean rate, reciprocal mean time, geometric mean
rate, or rate at peak, are not drastically different and
should vary with 7 in approximately the same manner,
whether linear or quadratic.

Fig. 1 shows recent CPMG measurements by Fan-
tazzini et al. [11] of R, vs t at 20 MHz for a water-satu-
rated ceramic material with a narrow distribution of
pore sizes. The T, values used were those at the peaks,
which were fairly symmetrical on logarithmic displays
except for very small tails toward short times. Gaussian
halfwidths were in the 0.3-0.4 Np range. Thus, the 7>

T, 7

0
0.0 0.2 0.4 0.6 0.8 1.0
T (ms)

Fig. 1. 1/T,=R, vs t at 20 MHz for a water-saturated ceramic
material with a narrow distribution of pore sizes. The solid curve is the
arctangent fit, of the form ro + brotan™! (t/1o).

values at the peaks approximate geometric-mean (log-
mean) times, excluding the small tails. The 1/7, data
are well approximated by the arctangent curve shown,
and the first several points are in the nearly linear part
of the curve. The intercept 7y corresponds to 7, =
88 ms, and 7 is 231 ms, about 2.6 times greater. Since
this is a reasonable T/T), ratio for water in porous med-
ia, it is probable that R, was not greatly underestimated
by the extrapolation.

Fig. 2 shows recent measurements by Casieri et al.
[12] and Fantazzini [13] at 20 MHz on two samples of
the same porous porcelain, one a small sample in the
uniform field of a conventional laboratory NMR instru-
ment (lower curve), and the other a larger sample placed
next to a one-sided NMR instrument [14] used for mea-
surements on surfaces of large objects, such as statues,
paintings, or buildings (upper curve). In both cases geo-
metric-mean (log mean) 75, values were used. The one-
sided NMR produces an unavoidable non-local gradient
in addition to the grain-scale local gradients due to sus-
ceptibility differences. For small phase shifts, signal de-
cay is determined by mean-square phase [3], and the
randomly directed local fields do not give cross terms
with the non-local fields of the instrument, suggesting
that the echo decay due to the local and non-local fields
may be nearly independent at short times. The lower
curve is fit by the arctangent function. The upper curve,
fit to the data from the one-sided NMR, is of the form
ro + bt + ¢1%, fit to the data only up to t values for
which the lower curve is approximately linear. The inter-
cepts ro and initial slopes b for the two fits are nearly
identical and are represented by the straight line. It
would appear that the linear term for the upper curve
represents the effects of the local fields due to susceptibil-
ity differences and that the 7> term represents the effects
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Fig. 2. Water-saturated porous porcelain samples. Lower points are
for measurements in the uniform field of a laboratory NMR
instrument, fit by the arctangent function ry + btotan™' (z/7,). Upper
points are by a one-sided NMR instrument that produces a substantial
gradient, with the early points fit by the form ro + bt + 1. The values
of intercept ry and initial slope » from the two measurements are
essentially the same and represented by the straight line.
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of the large-scale field of the instrument. The upper data
are not fit well by the form ry + ¢t?, without the linear
term.

Fig. 3 was obtained by scanning Fig. 3 of a 1990 pa-
per by Rozenman et al. [15] and replotting their param-
eter R(1)-R(0.2) against 7 instead of 7°, giving a good
arctangent fit. The T, values were single-exponential fits
to the decay data and taken for three temperatures, for
which the 1/T, values were averaged for Fig. 3. The
sample was liver excised from a rat that had been treated
with a contrast agent containing superparamagnetic
iron oxide (SPIO). The CPMG measurements were at
360 MHz. The control sample, without SPIO, did not
follow this pattern.

Fig. 4 was obtained by scanning Fig. 2 of a 1990 pa-
per by Kleinberg and Horsfield [16] and making a linear
plot instead of the log-log plot. The T5 values were from
fits to the decay data by the two-adjustable-parameter
stretched-exponential form, exp[—(2nt/T»)*], where n is
the echo number. The data are for a porous limestone
rock sample saturated with brine. This sample may have
had substantial ranges of 7, values, represented by the
parameter o, but « was not given. The authors presum-
ably took CPMG data that adequately covered the rang-
es of T, at all = values, giving a single relaxation time
parameter as a function of 7, leading this sample to be
included under “narrow distributions.” Measurements
were made at 5, 40, and 90 MHz. At each frequency
the data are well fit by the arctangent, although the ef-
fect is small at the lowest frequency and saturates quick-
ly at the highest.

Most of the points of Fig. 5 were obtained by scan-
ning Fig. 15 of a recent paper by Zhang etal. [17] and
plotting 1/7T, against 7. The data are for CPMG mea-
surements at 2 MHz on slurries of the iron-containing
mineral chlorite with brine, hexane, and crude oil, and
T, values are at peaks. The curve for Soltrol-130 was
not replotted, because the early points could not be read
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Fig. 3. CPMG measurements, from a paper by Rozenman, Zou, and
Kantor, at 360 MHz for liver excised from a rat that had been treated
with a contrast agent containing superparamagnetic iron oxide (SPI10).
The solid line is the arctangent fit.

from the scanned figure. As was appropriate to the
authors’ purpose of verifying computed average or effec-
tive gradients, the t = 0.1 ms points for water and hex-
ane were omitted from the published figure, and R,
was plotted against t>. For the present Fig. 5 the
7= 0.1 ms point for hexane was obtained from the dis-
tribution shown in Fig. 14 of [17]. The T, distributions
for 1=0.1 ms for all the fluids in chlorite slurries are
given in Fig. 8 of [18], and the values for brine and crude
oil are taken from the peaks of these distributions. The
points for T = 0.1 are far below the straight lines drawn
in the plots against 7, and the rates extrapolated to
7> = 0 are well above the measured rates for = 0.1 ms.

The points in the plots of R, against 7 in Fig. 5 lie
close to the straight lines shown. However, the straight
lines for brine and hexane extrapolate to rates lower
than R, > 1/T,, which is 10.5s™" for the brine slurry
and 1.05s™! for the hexane slurry; using the authors’
tentative value 1.6 for Ry7 suggests that the R, should
be about 175! for the brine slurry and 1.7 for the
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Fig. 4. Measurements, from a paper by Kleinberg and Horsfield, on a
porous limestone rock sample saturated with brine, with CPMG
measurements at 5, 40, and 90 MHz. The solid curves are the
arctangent fits.
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Fig. 5. CPMG measurements at 2 MHz on slurries of the iron-
containing mineral chlorite with brine (top), hexane (middle), and
crude oil (bottom). The lines for brine and hexane extrapolate to rates
lower than those in the absence of the inhomogeneous field and
diffusion effects, Ry > 1/T}, and they cross the estimated R, values of
brine and hexane at about 60 and 45 ps, respectively. See text.
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hexane. The line for brine crosses 17 at about © = 60 ps,
and the line for hexane crosses 1.7 at about 45 ps. If the
points are correct as measured and as scanned and rep-
lotted, there may be for this system a time of the order of
45-60 ps, shorter than the first available measurement
time, before the linear increase of R with 7 begins.

3. Wide distributions

For samples with wide distributions of pore sizes and
relaxation times one may represent the relaxation
behavior of a sample by a single time, such as geomet-
ric-mean time. However, it may not be clear what useful
physical interpretation is to be made of the t-depen-
dence of such a parameter, and there are often serious
problems in defining a meaningful R, from available
measurements.

If the shortest 7, at the longest 7 is not significantly
longer than the longest 7, then some of the magnetiza-
tion represented at the shorter 7’s is not included in
the distributions for the longer 7’s. If the shortest 7 is
not sufficiently short, even that distribution may not in-
clude all the magnetization.

At the shorter 7 values, the maximum number of ech-
oes available (8000 for the two examples below) may not
be enough to cover adequately the longest 7,’s. In most
cases an adequate phase-cycling sequence is used to give
zero baseline at sufficiently long times. Therefore, mag-
netization is not lost at long times, but relaxation times
are not determined at long times if there are not enough
echoes. For instance, if T = 20 us and there are 8000 ech-
oes, the last echo is at 320 ms, which is shorter than the
longest T, components found in many porous media.

If at a given T we do not have adequate data coverage
at short and/or long times, we may still have intermedi-
ate ranges of R,’s adequately covered by data to give
distributions good enough to give some t-dependence
information. Fortunately, even if small R,’s (long times)
are not adequately covered, we can have the correct
cumulative distributions of signal vs R,, starting at small
R,, for intermediate ranges. We can now track the z-de-
pendence of the R, values corresponding to some fixed
cumulative signal, assuming that instrumental gains
and other parameters are held fixed for data with differ-
ent 7’s. It is probably convenient to normalize these
cumulative signals to the total signal at the shortest t
or else to the total signal extrapolated to t — 0. We
can then follow the 7-dependence of various signal per-
centiles, even if we do not have adequate data coverage
for the lowest and/or highest percentiles.

3.1. First example: water-saturated brick material

Fig. 6 shows CPMG 7, distributions computed
with UPEN [19] for a sample of iron-containing brick

1200

1000

Signal per Neper of 7,
s 2 £
(=] < (=]

5%
=3
S

0.1 1 10 100 1000

Fig. 6. CPMG T, distributions for an iron-containing brick material
saturated with water. The curves are labeled with 7 in ms. About 10%
of the signal is at much longer 7, than the rest and cannot be
determined with sufficient accuracy for the percentile plots.

Percentile

2.

Fig. 7. Signal percentiles from the data for Fig. 6, relative to total
signal extrapolated to t — 0, as functions of R, =1/T, for 1 =0.02,
0.04, and 0.1 ms.

material saturated with water. Fig. 7 shows percentile
vs R, for the data from Fig. 6, and Fig. 8§ shows the
t-dependence of R, at five-percentile intervals from 15
to 40%. In Figs. 6 and 7 it can be seen that about
10% of the signal has much lower R, (longer 73) than
the rest and that the data are not good enough to give
good distributions much below the 15th percentile for
this small amount of signal. At the other end, at per-
centiles 50 and higher, the relaxation at short times is
not adequately covered by data with the longest t.
Awkwardly, the relaxation times become shorter with
increasing t, while the times of the first data points
become longer. In any case, it is clear that t-depen-
dence is approximately linear, not quadratic, from
7=0.02 to 0.1 ms for the 15-40 percentiles.

3.2. Second example

Fig. 9 shows T, distributions for a water-saturated
sandstone rock sample, computed with UPEN [19], for
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five values of the half-echo-spacing t from 15 to 100 ps.
For © =15 ps, the signal-to-noise ratio is 81, and sub-
stantial amplitudes extend from about 0.07 to 350 ms,
a ratio of 5000. With data points from 30 ps it is clear
that any signal with 7, below 70 ps must have T, well
below 30 ps.

The relative values of total signal for the curves of
Fig. 9 are, in order of increasing 7, 1.00, 0.89, 0.82,
0.77, and 0.77. Increase of t from 15 to 30 ps shifts
11% of the total signal to 7, values well below 60 ps,
with the observable distribution at baseline below
150 ps. This is presumably a diffusion or exchange effect
that defeats refocusing for some of the signal represent-
ed by the shelf extending from 70 to 350 ps in the 15 ps
curve. More signal is lost in the next two 7 steps but not
in the last step. Otherwise, we see the familiar transfer of
signal to shorter 75 values, for instance from the 10 to
40 ms peaks to the range from 1 to 5 ms.

Fig. 10 shows cumulative distributions for the data of
Fig. 9, normalized to the total signal for the shortest 7.
The horizontal lines are at 10-percentile intervals. The
file for Fig. 10 can be used with many combinations of
linear scales to read 7, for combinations of percentile

20 =

Ry (ms™)

0.0
0.00 0.02 0.04 0.06 0.08 0.10

T (ms)

Fig. 8. Plots of R, vs 7 from Fig. 7 at 5% intervals from 15 to 40%. The
straight lines are best fits to the sets of three points.
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Fig. 9. T, distributions for five values of t=TE/2. From top to
bottom at 20 ms, t values are 15, 30, 45, 75, and 100 ps.

and rl, then using R, = 1000/T, to make tables with R,
ins .

Fig. 11 shows R, vs 1 at 10-percentile intervals up to
80%. As seen in Fig. 10, only the first three curves
(shortest t values) reach 80%, and only the first passes
90%, going to 100% by definition. Fits to the 10-40%
curves are arctangent functions; fit to the 50% curve is
linear; fits to the 60-80% curves are second-order poly-

nomials. The fits to the 60-80% curves require the linear

100 LELBLRRLL | LUELELRRLLL | LB RLRRLL | y&"'u
90 e
80 P A ——
20 =
[4 //

o 4

Z 60 //, /

=} ’

5 7

A~ 40 7 -1

10 100 1000 10000
-1
Ry(s)
Fig. 10. Percentile levels for combinations of R, and 7. Left-to-right, t

values are 15, 30, 45, 75, and 100 ps. Percentile levels represent
cumulative signal relative to total signal for T =15 ps.

0 IllIIII'IIIIIIIIIIIII

0 15 30 45 60 75 90

T(us)

Fig. 11. R, vs t at 10-percentile intervals for percentiles from 10 to 80,
increasing upward. The solid lines are arctangent fits for 10-40%,
straight line for 50%, and second-order polynomials for 60-80%. All
three forms of fit include intercept and slope as fit parameters.
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Fig. 12. The intercepts of the fitted curves in Fig. 11 plotted against
percentile-squared.
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Fig. 13. The slopes of the fitted curves in Fig. 11 on semi-log plots
against percentile.

term; the data are not adequately fit by the intercept and
quadratic terms only.

It can be seen in Fig. 11 that the intercepts and slopes
both increase systematically with percentile. Fig. 12
shows that intercept increases roughly as percentile-
squared, and Fig. 13 shows that slope increases roughly
exponentially with percentile. At this time we do not
have reason to expect any particular forms for depen-
dence of intercept or slope on percentile or even to ex-
pect monotonic variation for porous media in general.

4. Conclusions

Many porous media have sufficiently uniform pore
structures that distributions of 75 from CPMG measure-
ments are narrow enough to give reasonably well-de-
fined values of 1/7, and their dependence on the
half-echo-spacing t. There is a wide variety of these flu-
id-saturated porous media for which CPMG measure-
ments of 1/7, show substantial early intervals of
approximately linear t-dependence when there are
grain-scale local inhomogeneous fields due to suscepti-
bility differences. This is in contrast to the r>-dependence

for bulk fluid in a fixed gradient or even the initial v>-de-
pendence for a fluid in a porous medium to which a
strong non-local gradient is applied, either intentionally
or because of the geometry of the instrument.

In some cases of samples with narrow distributions of
relaxation times where the effects of local and non-local
gradients are comparable, it may be possible to separate
the two effects by the linear and quadratic coefficients in
a second-order polynomial fit to the early part of the
data.

Also some porous media with wide 7, distributions
show initially linear dependence of 1/T, on t. This has
been shown even for samples where, for some or all ©
values, the relaxation is not covered adequately at long
and/or short times. To demonstrate this, R, vs t has
been plotted at various percentiles of signal relative to
the total signal at the shortest 7, that is, the R, values
for which fixed absolute amounts of signal have longer
relaxation times. In the two examples shown, the initial
slopes of R, vs 7 are significant at all percentile levels.

The interpretation of the percentile data may not be
simple for a complex porous material. For instance,
one cannot be sure that a given small percentile range
necessarily represents an identifiable subset of the nuclei
or that the same nuclei are represented for different t
values. One might assume that the intercept values of
1/T5 vs t are due to surface relaxation without inhomo-
geneous-field effects, giving the usual interpretation in
terms of pore sizes, with the usual limitations in addition
to the additional uncertainty of interpretation of the
percentile data.

In any case, the effects of local inhomogeneous fields
from susceptibility differences in many porous media
saturated with fluids appear to lead to initially linear
dependence on the echo-spacing for CPMG measure-
ments of 1/75.
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