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Abstract

When fluid saturated porous media are subjected to an applied uniform magnetic field, an internal magnetic field, inside the pore
space, is induced due to magnetic susceptibility differences between the pore-filling fluid and the solid matrix. The microscopic dis-
tribution of the internal magnetic field, and its gradients, was simulated based on the thin-section pore structure of a sedimentary
rock. The simulation results were verified experimentally. We show that the ‘decay due to diffusion in internal field’” magnetic res-
onance technique may be applied to measure the pore size distribution in partially saturated porous media. For the first time, we
have observed that the internal magnetic field and its gradients in porous rocks have a Lorentzian distribution, with an average gra-
dient value of zero. The Lorentzian distribution of internal magnetic field arises from the large susceptibility contrast and an intrin-
sic disordered pore structure in these porous media. We confirm that the single exponential magnetic resonance free induction decay
commonly observed in fluid saturated porous media arises from a Lorentzian internal field distribution. A linear relationship
between the magnetic resonance linewidth, and the product of the susceptibility difference in the porous media and the applied mag-

netic field, is observed through simulation and experiment.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The microscopic heterogeneity of realistic porous
media yields a heterogeneous distribution of magnetic
fields in porous media examined with magnetic reso-
nance. The distribution of local magnetic fields in the
pore space would ordinarily be considered a challenge,
or a problem, for magnetic resonance investigations.
However, the distribution of the local magnetic fields
has several general features which are highly advanta-
geous for magnetic resonance (MR) experimentation.
The current work examines the origin, and consequence
of the field distribution for “decay due to diffusion in
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internal field’ (DDIF) [1] and magnetic resonance imag-
ing (MRI) investigations of porous media.

The heterogeneous character of the local magnetic
field due to susceptibility contrast in porous media, bio-
logical tissues, and other inhomogeneous media is a very
active research subject in MR, since it impacts a wide
range of different MR measurements. Diffusion of nuclei
through the inhomogenecous magnetic field results in
additional transverse relaxation [2]. The internal mag-
netic gradient within these inhomogeneous media may
interfere with experimentally applied gradients and lead
to artifacts in MR diffusion and imaging measurements
(3]

The magnetic field distribution in porous media, with
an external static magnetic field applied, has been stud-
ied for many years. The magnetic fields from randomly
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placed dipoles, an approximation of porous media
behavior, were first studied by Brown [4]in 1961. Drain
[5] calculated the NMR line broadening due to field
inhomogeneities in powdered samples with a loosely
packed sphere model, and a close packed sphere model.
Sen and Axelrod [6] reviewed previous studies on inter-
nal magnetic fields, and investigated the internal field
distribution in a cylinder pack. Their study showed,
quite naturally, that internal field variations occur over
the length scale of the pores. Audoly et al. [7] studied
the internal field distribution in a dense random pack
of spheres using numerical computation. Their calcula-
tions showed that the spatial correlation of the internal
field decays over the length scale of the pores, and that
the magnetic field correlation function is very similar
to the structure factor of the porous media.

Inhomogeneously broadened linewidths, for fluid sat-
urated porous media, are due to the observed nuclei
having a range of resonance frequencies, i.e., a range
of local magnetic fields. The NMR line shape and line-
width may be obtained by Fourier transformation of
the simple free induction decay (FID) experiment.

The FID is observed to be single exponential for most
sedimentary rocks [8] and concretes [9], and the effective
spin—spin relaxation time (77) is largely insensitive to
fluid saturation [8]. The reason for single exponential
T’ decay in porous media is discussed in the current pa-
per and is based also on studies of the internal magnetic
field distribution in Berea sandstone. The single expo-
nential 75 behavior [8], of fluid saturated porous media,
is critical to the success of density weighted centric scan
SPRITE MRI [10,11].

In recent work [8], we combined ‘decay due to diffu-
sion in internal field’” (DDIF) [1] measurements with
3D Conical-SPRITE MRI [10,11] to study the dynamic
processes of spontaneous co-current and counter-cur-
rent imbibition. Dynamic flow processes were monitored
by DDIF water filled pore size distribution measure-
ments, while the in situ 3D water content was detected
by 3D Conical-SPRITE MRI during spontaneous imbi-
bition. Different pore- and throat-filling mechanisms
were revealed for co-current imbibition and counter-cur-
rent imbibition in natural porous media [§8]. However,
the DDIF measurement of partially saturated Berea
sandstone was based on a critical assumption that the
internal field distribution in the water phase resembled
that of a fully saturated sample. This assumption was
reasonable since the susceptibility difference between
the Berea sandstone and air was similar to the difference
between Berea sandstone and water.

The validity of DDIF, for partially saturated por-
ous media, requires that the internal field distribution
of a fully saturated porous medium be similar to that
in the partially saturated sample. Based on the pore
structure of a thin section of Berea sandstone, the
microscopic distributions of the internal magnetic

fields in a fully (water) and partially saturated (water
and air) Berea sandstone were simulated as part of
the current paper.

2. Calculation of the internal magnetic field and its
gradients

The internal magnetic induction B induced by applied
field Hy is the solution of a set of two static equations:

Vel =0, (1)

V x H =0, (2)

with the constitutive relationship between magnetic flux
density B and magnetic field intensity H

B = po(1 + z(x.)H, 3)

where o =4n x 1077 H/m is the permeability of vacu-
um. The magnetic susceptibility y will have a spatial
dependence according to the pore structure of a porous
media sample.

The effects of susceptibility inhomogeneities on the
magnetic field applied to a realistic, model porous media
sample were studied numerically. Fig. 1 shows a thin-
section optical image of a Berea sandstone sample.
The large white regions are quartz crystals while the

Fig. 1. An optical micrograph of a Berea sandstone thin-section, with
a field of view (FOV) of 921 pm x 1228 um. The white regions are large
quartz crystals, while dark regions are small crystals and clay. The gray
regions are pore space identified by the dye color of an impregnated
resin.
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darker regions are small crystals and clay. The gray re-
gions represent the pore space, as determined by saturat-
ing the sample with a colored resin. For simulation
purposes, the pore shapes from several thin-section
images were optically scanned and then segmented with
a binary mask. These pore shapes were assembled in a
software model to give a simulated cross-section with
a porosity of 18.6%. Fig. 2 shows the simulation model
used. In this cross-section, the water saturation of the
pore space is 100%. The lighter regions represent the
water filled pores. When the porous media are only par-
tially saturated, the water may occupy the pores fully or
partially. The partially saturated pores are always more
water-wet than air-wet. The water spreads on the surface
of the pore space, while the air occupies the pore center
[12]. To simulate this effect, air voids of varying sizes
were added to the simulation model to achieve a water
saturation of 60%. Fig. 3 shows the simulation model
with the air voids represented by the circular voids with-
in the pores.

A commercial finite element simulation package,
FEMLAB (Comsol, Burlington, MA), was employed
to calculate the internal field distribution by solving
Egs. (1)~(3) numerically. The geometries shown in Figs.
2 and 3 were simulated with an uniform field (By) of
24T in the horizontal (z) direction. We assume that
each phase within the sample has a homogeneous and
isotropic susceptibility. The susceptibility values (SI
units) for the matrix, water, and air were: y[Berea] =

Fig. 2. A 2D simulation model for a 100% water saturated Berea
sandstone, which was extracted from the thin-section images. FOV,
921 pm X% 1228 um. Gray and white represent solid matrix and water,
respectively.

Fig. 3. A 2D simulation model for a Berea sandstone saturated with
water and air, where the water spreads on the surface of the pore space,
while the air occupies the pore center, due to the effect of wettability.
FOV, 921 pm x 1228 pm. Gray and white represent solid matrix and
water, respectively. The circles represent air bubbles.

89.85x107°, y[water]=—9.05x107% and y[air]=
0.36 x 10~°. Hiirlimann [2] showed that the susceptibili-
ty value of Berea is typical in sandstones.

It should be emphasized that we always refer to the
internal field and its gradients in the water phase, since
this is where the magnetic resonance signal originates,
and further we focus on the z-components of the inter-
nal field and its gradients, because they are more rele-
vant to MR, in particular, the DDIF measurement.
The two-dimensional internal field (B!) distributions in
the water phase, for Berea sandstone saturated with
water, and the water/air bearing sample are shown in
Figs. 4 and 5, respectively. A histogram plot of the inter-
nal field (B!) distribution, scaled to the dimensionless
form, (B! — By)/(AyBo), in the water phase for a fully
water saturated Berea sandstone is shown in Fig. 6.

A Lorentzian lineshape is fit to the distributions as
illustrated in Fig. 6. Its linewidth (full width at half max-
imum, FWHM) was 0.3 in dimensionless form. A histo-
gram plot of the internal field (B!) distribution (scaled as
in Fig. 6) in the water phase for a water/air saturated
sample is reproduced in Fig. 7, a Lorentzian fit is also
shown in this Figure. The FWHM linewidth is 0.32 in
dimensionless form. The amplitudes of all histogram
plots in the paper are scaled to the water saturation val-
ues. The overall lineshapes of fully and partially water
saturated Berea samples, in Figs. 6 and 7 are similar
to the Lorentzian distribution, except for small scale
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Fig. 4. Internal magnetic field (B’) distribution in the water phase for
Berea saturated with water, determined through simulation. FOV,
850 pm x 850 um and spatial resolution, 1.1 pm. The external field
(Bp=2.4T) is applied in the horizontal (z) direction, from left to right.
The grayscale bar on the righthand side of the figure indicates the
magnitude of the internal field.
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Fig. 5. Internal magnetic field (B’) distribution in the water phase for
Berea saturated with water and air, determined through simulation.
FOV, 850 pm x 850 um and spatial resolution, 1.1 um. The external
field (By = 2.4 T) is applied in the horizontal (z) direction, from left to
right. The grayscale bar on the righthand side of the figure indicates
the magnitude of the internal field.

structure which we believe is due to the restricted field of
view (FOV) 850 by 850 um, employed in the simulation.

The simulations show that the internal field is propor-
tional to the external magnetic field (By), and the suscep-
tibility difference (Ay), and is bounded with a maximum
and a minimum field. The internal field within a pore is
inhomogeneous with a spatial variation primarily over
the length scale of the pore size. Rapid field oscillation
within individual pores is not observed. These results
are similar to the internal field distribution in a Finney
pack calculated by Audoly et al. [7]. The overall line-
shapes obtained by simulation were approximately
Lorentzian, with a small scale structure outlined above.
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Fig. 6. Histogram plot of the internal magnetic field (B, o) distribu-
tion (scaled with dimensionless form: (B! — By)/AyB,) in the water
phase for a fully water saturated Berea sandstone, determined through
simulation, with a linewidth (FWHM) of 0.3. The best fit line is a
Lorentzian function, with R? of 0.97.
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Fig. 7. Histogram plot of the internal magnetic field (B, o) distribu-
tion (scaled with dimensionless form: (B! — By)/AyB,) in the water
phase for a Berea sandstone saturated with water and air, determined
through simulation, with a linewidth (FWHM) of 0.32. The best fit line
is a Lorentzian function, with R? of 0.96. Note that the reduced overall
area is due to less water present. The distribution width and overall
shape has not changed significantly, although the fine structure is
reduced.

These effects are averaged out in a bulk FID measure-
ment of a larger sample due to an intrinsic disordered
pore structure in porous media, which results in an ‘ef-
fective’ Lorentzian field distribution and a single expo-
nential FID decay. The Lorentzian lineshape of the
MR absorption spectrum for a water saturated Berea
sandstone is shown in Fig. 8, which was obtained by
Fourier transform of the bulk FID measurement data
with a static field (By) of 2.4 T. This experimental result
verifies the Lorentzian internal field distribution deter-
mined by our simulation. Because the lineshape of the
MR absorption spectrum is directly related to the mag-
netic field distribution, for these short 7% samples, diffu-
sion can be ignored.

A comparison of histogram plots for the internal
field distribution between a fully and partially water
saturated pore is reported in Fig. 9. The two cases
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Fig. 8. MR absorption lineshape for a water saturated Berea
sandstone obtained by FID measurement (o) with a static magnetic
field (By) of 2.4 T. The best fit line is a Lorentzian function, with R? of
0.999.
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Fig. 9. A comparison of histogram plots of the internal magnetic field
(B!) distribution in the water phase within a fully (—) and partially (---)
water saturated single pore, determined through simulation, B, of
24T.

have very similar internal field distributions; the areas
under the histogram plots are scaled with the water
saturation values. Note that deviation of the lineshape
from a pure Lorentzian is significant due to the very
small FOV of 120 by 120 pm, where there is just
one pore.

The internal field distribution for a fully saturated
Berea sandstone is similar to the partially water saturat-
ed sample. This is also true for individual pores.

Plots of the simulated two-dimensional internal gra-
dient (G') distributions in the water phase, for Berea sat-
urated with water and with water/air, are shown in Figs.
10 and 11, respectively. The plot’s range of gradient val-
ues is restricted between 410 T/m for purposes of dis-
play, since most gradient values are in the selected
range, which is indicated in Figs. 12 and 13. A histogram
plot of the simulated internal gradient (G) distribution
in the water phase, for Berea saturated with water, and
the sample partially saturated with water, are shown in
Figs. 12 and 13. The amplitudes of the histogram plots
are scaled with the water saturation values. Their
FWHMs are 3.5 and 4.2 T/m, respectively. The maxi-
mum gradient is more than 80 T/m. These magnetic field
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Fig. 10. Internal magnetic field gradient (G’) distribution in the water
phase for a Berea sample saturated with water, determined through
simulation. FOV, 850 um x 850 pm and spatial resolution, 1.1 um. The
external field (By=2.4T) is applied in the horizontal (z) direction,
from left to right. The plot’s range of gradient values is restricted to
410 T/m for purposes of display. The grayscale bar on the righthand
side of the figure indicates the magnitude of the internal gradient.
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Fig. 11. Internal magnetic field gradient (G') distribution in water
phase for Berea saturated with water and air, determined through
simulation. FOV, 850 um x 850 pm and spatial resolution, 1.1 um. The
external field (By=2.4T) is applied in the horizontal (z) direction,
from left to right. The plot’s range of gradient values is restricted to
410 T/m for purposes of display. The grayscale bar on the righthand
side of the figure indicates the magnitude of the internal gradient.

gradients are very strong compared with the external
gradients applied for MRI and diffusion measurement.
The simulation results indicate that the internal gradient
changes rapidly within a pore, and is usually stronger
near the surface of the pore than in the center of the
pore. The histogram plots of the internal gradient distri-
butions are smooth and symmetrical, without sharp fea-
tures, with an average gradient of zero. The fit result
shows that the internal gradient distribution has a near
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Fig. 12. Histogram plot of the internal magnetic field gradient (G, o)
distribution in the water phase for a water saturated Berea sample,
determined through simulation, with a linewidth of 3.5 T/m, By of
2.4 T. The best fit line is a Lorentzian function with zero-mean and R>
of 0.992.
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Fig. 13. Histogram plot of the internal magnetic field gradient (G, o)
distribution in the water phase for a Berea sample saturated with water
and air, determined through simulation, with a linewidth of 4.2 T/m,
By of 2.4 T. The best fit line is a Lorentzian function with zero-mean
and R* of 0.996.

perfect Lorentzian lineshape. Note that the internal gra-
dients scale in a manner similar to the linewidth, AyB,.
We show only the result for a 2.4 T external field (By)
in Figs. 12 and 13.

A comparison of histogram plots for the internal gra-
dient distribution between a fully and partially water
saturated pore is reported in Fig. 14, which indicates a
similar distribution for both cases. The areas under the
histogram plots are scaled with the water saturation val-
ues. The internal magnetic field gradient distributions in
each individual pore span both positive and negative
values.

As with the internal magnetic field, the gradient dis-
tribution for a fully saturated Berea sandstone is similar
to that of the partially water saturated Berea sandstone.
These results indicate that DDIF may be employed to
explore the water filled pore size distribution for partial-
ly saturated Berea sandstone. Our previous assumption
[8], based on similar susceptibility differences for rock/
water and rock/air is therefore verified.
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Fig. 14. A comparison of histogram plots of the internal magnetic field
gradient (G!) distribution in the water phase within a fully (—) and
partially (---) water saturated single pore, determined through
simulation, By of 2.4 T.

3. Implications of a distribution of the internal magnetic
field and its gradients

Our simulation results demonstrated that the internal
magnetic field gradients in porous media, even within
each individual pore, are rapidly varying spatially, and
have a broad distribution of both polarities. They
should not be considered in term of a single fixed gradi-
ent value experienced by spins in the sample. The spatial
characteristics of the internal field are important for
many NMR experiments.

Many studies have analyzed the statistical distribu-
tion of internal gradients (G) with spin-echo or CPMG
sequences. For example, Hiirlimann [2] reported the ma-
jor features of diffusion in internal gradients with the
concept of an effective gradient and an estimation of
the distribution of the internal gradients. He also point-
ed out that there are three length scales which effect
attenuation of the Hahn echo amplitude in heteroge-
neous fields. Sun and Dunn [13] devised a modified
CPMG sequence to produce a two-dimensional plot of
apparent internal field gradient distribution as a func-
tion of T, relaxation time.

The distribution of the internal gradients determined
by our simulation results is obviously independent of
molecular diffusion effect. However, the internal gradi-
ents obtained with CPMG measurements [2,13] are aver-
aged over a specified distance through which the spins
are able to diffuse. Therefore, when the diffusion dis-
tance is changed, the measured effective gradient distri-
bution may also change. In addition, CPMG analysis
is based on G? rather than G, and there may be a
restricted diffusion effect.

Many efforts have been made to suppress artifacts
from internal magnetic field gradients in pulse field
gradient diffusion measurements. Karlicek and Lowe
[14] designed an alternating pulse field gradient com-
bined with a spin-echo measurement. Cotts et al.
[15] developed several sequences based on bipolar gra-
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dients and stimulated echoes (STE) for samples with
short spin—spin relaxation time. Latour et al. [16] pro-
posed a sequence combining a series of alternating
pulse field gradients with STE-CPMG. However, the
basic assumption for the successful cancellation of
the cross-term between the internal gradient and an
externally applied gradient is that the each diffusing
spin experiences a constant internal gradient in the
encoding and decoding intervals of the pulse se-
quence. Sun et al. [17] and Galvosas et al. [18] intro-
duced an asymmetric field gradient ratio diffusion
encoding sequence to suppress the cross-term between
the applied gradient and internal gradient during the
encoding and decoding intervals, independently. This
method still requires that the internal gradients expe-
rienced by each individual spin are constant over the
encoding and decoding intervals. Our simulation re-
sults show that the internal gradients in porous rocks,
even in individual pores, have a rapid spatial varia-
tion and a broad distribution of both signs. This
means that all current methods for diffusion measure-
ment in porous media are unable to completely cancel
artifacts due to the internal magnetic field in these
samples.

The Lorentzian distribution of the internal magnetic
field gradient, suggested by the current simulations,
should prove very useful for the analysis of transverse
relaxation and diffusion effects in porous media.

4. Single exponential T decay in porous media

The effective spin-spin relaxation time (7) may be
analyzed through a free induction decay (FID) measure-
ment. The overall FID decay rate (1/7%), Eq. (4), may
be represented as the sum of contributions due to the
spin-spin relaxation rate (1/75), the underlying By inho-
mogeneity (1/75,,), in addition to an internal field (B
induced by the susceptibility difference (Ay) between
the pore fluid and solid matrix (1/7T»;). The 1/T>,, term
is usually insignificant

1/T;=1/T,+1/T2, + 1/T. 4)

In most sedimentary rocks and concretes, there is a
large susceptibility difference between the pore-filling
fluid and solid matrix due to paramagnetic impurities
in the solid matrix. The average pore size is on the order
of 10-100 pm and T3 is on the order of 10-100 ps. A
wide range of experimental results [8] show that the
overall FID decay rate (1/75) is dominated by the 1/
T>; term, and the first and second terms on the right side
of Eq. (4) can be neglected. This is confirmed by the
strong internal gradients observed in our simulation re-
sults and yields an ‘effective’ single exponential 7’5 decay.
This single exponential 75 decay is observed even for
rocks partially water saturated.

The decay rate of the FID and the corresponding
NMR linewidth (Av = 1/nT5) for water in porous rocks
may be estimated by [19]

1 yAB'
_ 5
=4 (5)

where AB' is the width of magnetic field distribution due
to susceptibility contrast in fluid saturated rocks. Our
internal field simulation in the previous section shows
that AB’ is proportional to the susceptibility difference
between the water and rock matrix, and to the strength
of the applied magnetic field. Thus,

AB' = CAyB,, (6)

T

where C is a dimensionless constant.

Combining Egs. (5) and (6), as well as the Larmor
equation, yields an expression for Av, the frequency
range

1 yAB
Ty  2;
where f, = % is the Larmor frequency, y is the gyro-
magnetic ratio, while C is a dimensionless constant.

Fig. 15 shows an experimental single exponential, 7

decay in a fully water saturated Berea sandstone follow-
ing an RF pulse. The data was fit to the equation

S(t) = Moe """ sin 0, (8)

Av =

= CAzf (7)

where S is the NMR signal intensity and M, is the equi-
librium sample magnetization, while the angle 0 is the
RF pulse flip angle. The variable ¢ is the time following
the RF pulse. The fit 75 was 127 ps. Experimental results
[8] show that the 77 of the Berea sandstone samples var-
ied from 114 to 127 pus when the water saturation was
varied from 9.1 to 100%, but remained single exponen-
tial, despite multi-exponential 7, behavior. This multi-
exponential character is well known to be correlated
with the pore size distribution in the rock [20].

100

NMR Signal (a. u.)
=

K
0 100 200 300 400 500 600
t (us)

Fig. 15. A FID decay measurement for a water saturated Berea
sandstone at a static magnetic field (By) of 2.4 T. The single
exponential best fit line has a decay time constant 75 of 127 ps. The
single exponential 75 decay behavior is very general for sedimentary
rocks and concretes, with different fluid saturations, at different
magnetic field strengths.
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Fig. 16. NMR linewidth measured at four different magnetic fields
(Bo) (7.0, 4.7, 2.4, and 0.2 T) for a water saturated Berea sandstone.
There is a linear relationship between the linewidth (Av) and the
product of the susceptibility difference (Ay) and Larmor frequency (fo).
The best fit line is given by Av = 0.26Ayf,.

The experimental NMR linewidths of the Berea sand-
stone sample at four different magnetic field strengths
(7.0, 4.7, 2.4, and 0.2 T) are reported in Fig. 16. Note
a linear relationship between the linewidth and the prod-
uct of the susceptibility difference and the Larmor fre-
quency is predicted by Eq. (7). This result was
predicted by the simulations of Fig. 6 and confirmed
experimentally in Fig. 16. The value of the proportional-
ity C, 0.26 in Eq. (7), is obtained by experiment. The
simulated result, Fig. 6, has a C value of 0.3 in Eq.
(7). This calculated result is remarkably similar to the
FID measurement result. These results indicate that
our 2D model is a reasonable approximation to real
3D samples for simulation of the statistical properties
of the internal magnetic field in porous materials. We
have observed single exponential FID decay in a wide
range of sedimentary rocks [8] and concretes [9], with
T; largely insensitive to water saturation change [8]. This
powerful yet simple feature permits facile spin density
imaging for centric scan SPRITE MRI, [8,10,11], since
the local image intensity, also expressed by Eq. (8), fea-
tures relaxation decay which is purely T in nature [21].

5. Conclusions

Our results show that the internal magnetic field is
proportional to the external magnetic field (B,) and
the susceptibility difference (Ay), and is bounded with
a maximum and a minimum field. The internal field
within a pore is inhomogeneous and its spatial variation
occurs primarily over the length scale of the pore size.
The internal magnetic field gradients in porous rocks
are very strong compared to the external gradients ap-
plied for MRI and diffusion measurement. For the first
time, we have shown that the internal gradients in por-
ous rocks have a Lorentzian distribution, with an aver-
age gradient value of zero. This zero-mean Lorentzian
distribution will be very useful for analyzing transverse
relaxation and diffusion measurements in porous media.

The internal magnetic field, and magnetic field gradi-
ent distribution, for a fully saturated Berea sandstone
are similar to those for a partially saturated sample.
These results indicate that DDIF may be employed to
explore the water filled pore size distribution for a par-
tially saturated medium.

The overall field distribution and MR linewidth for a
water saturated Berea sandstone, calculated by numeri-
cal simulation, are consistent with the bulk experimental
FID measurement results at different magnetic field
strengths.

A single exponential FID decay is observed in most
sedimentary rocks and concretes, and the -effective
spin—spin relaxation times (7) are largely insensitive to
water saturation in these samples. The single exponential
T’ behavior arises from an ‘effective’ Lorentzian distribu-
tion of the internal field, induced by the large susceptibil-
ity contrast and an intrinsic disordered pore structure in
these porous media. These features ensure that centric
scan SPRITE is a natural spin density imaging method,
since its local image intensity has simple 7% contrast.

6. Experimental

Berea sandstone samples were employed for all the
experiments. Its porosity (the ratio of pore volume to
bulk volume of rock) was 18.6% and permeability
0.18 pm?®. All samples were dried at 80 °C until constant
mass was achieved. The samples were fully saturated
with distilled water under vacuum conditions. The rock
sample was sealed with Teflon seal tape to avoid evapo-
ration during NMR measurements.

NMR experiments were performed in four different
magnets. A 2.4 T 16 cm i.d. horizontal bore supercon-
ducting magnet (Nalorac Cryogenics, Martinez, CA),
with a proton-free 4.7 cm i.d. eight-rung quadrature
birdcage RF probe (Morris Instruments, Ottawa, ON),
driven by a 2 kW 3445 RF amplifier (American Micro-
wave Technology, Brea, CA), and a 4.7 T of 8 cm 1.d.
vertical bore superconducting magnet (Nalorac Cryo-
genics, Martinez, CA), with a Litz RF volume coil
DSI-874 (Doty Scientific, Columbia, SC) with 2.2 cm
1.d., driven by a 300 W RF amplifier (American Micro-
wave Technology, Brea, CA), and a 0.2 T permanent
magnet with a 12 cm pole gap, with a homemade single
turn solenoid coil with 3 cm i.d., driven by a 300 W
M3205A RF amplifier (American Microwave Technolo-
gy, Brea, CA) were employed. All three magnets were
controlled with Apollo consoles (Tecmag, Houston,
TX). A 7T 16 cm i.d. horizontal bore superconductive
magnet (Magnex Scientific, Oxford, UK), with a
6.2 cm i.d. home made birdcage RF probe, driven by a
400 W RF 8T400 amplifier (Communication Power,
Brentwood, NY) was utilized, the console was a MAR-
AN-DRX (Resonance Instruments, Witney, UK).
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