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Probing the internal field gradients of porous media
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We devise a modified Carr-Purcell-Meiboom-Gill pulse sequence that allows us to probe the apparent
internal field gradient distribution of a fluid-saturated porous medium as a function of the pore size. This
distribution is displayed as a two-dimensional map with one axis being the field gradient, another axis being
the T2 relaxation time reflecting different pore sizes, and the vertical amplitudes being proportional to the
proton population. Such a scheme of two-dimensional representation for fluid-saturated porous media can also
be used for the identification of pore fluids using the contrast of their diffusion coefficients.
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I. INTRODUCTION

In a fluid-saturated porous medium, the solid matrix
solid/fluid interface can contain paramagnetic impurities t
have a magnetic susceptibility value very different from th
of the fluid in the pores. When such a fluid-saturated por
sample is placed in an external, homogeneous magnetic fi
this contrast in magnetic susceptibility between solid gra
and pore fluid can cause significant local field inhomoge
ities inside the pores@1#. While the average internal magnet
field gradient is estimated to be proportional to the susce
bility difference and the field strength and inversely prop
tional to the size of the pore, the detailed behavior of
internal field gradient as a function of the pore size can
much more complicated, as it also depends on the g
shape, the aspect ratio of the pore, and the microgeomet
the pore network.

The problem of the internal magnetic field gradients
porous media was treated theoretically for a single pore s
periodic system@1#. However, it has never been successfu
characterized experimentally for multiple pore scale syste
such as rocks. In this paper, we show that the internal m
netic field gradient distribution of a water-saturated poro
medium for a multiple pore scale disordered system can
clearly delineated by a two-dimensional~2D! plot in a semi-
quantitative manner.

Understanding the internal magnetic field distribution
porous media, such as rocks, is not only academically in
esting, but also important with practical implications in o
exploration. If such a distribution as a function of pore size
understood quantitatively, methods can be devised to rem
it or reduce its adverse effects in the analysis of the pro
nuclear magnetic resonance~NMR! relaxation data obtained
from borehole logging measurements. This is very import
if one attempts to extract information about the properties
the pore fluids saturating the porous media from pro
NMR signals distorted by the presence of internal field g
dients and molecular diffusion.

In the following, we show that using conventional a
proaches, it is nearly impossible to learn the internal fi
gradient distribution in multiple pore scale systems. We h
devised a pulse sequence that allows us to resolve this p
lem and to be able to probe the internal field gradients se
quantitatively. This proposed scheme can also be extende
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a 2D representation for the diffusion coefficients of pore fl
ids as a function of pore sizes, allowing identification of po
fluids based on the contrast of their diffusion coefficients

II. DIFFUSION IN POROUS MEDIA

The governing equations for diffusion of spins in a flu
medium is given by Torrey@2#:

]mx

]t
5g~m3B0!x2

mx

T2
1“•D“mx , ~2.1!

]my

]t
5g~m3B0!y2

my

T2
1“•D“my , ~2.2!

]mz

]t
5g~m3B0!z2

~mz2m0!

T1
1“•D“mz , ~2.3!

whereg is the gyromagnetic ratio,B0 is the magnetic field
along thez axis, m is the density of unrelaxed spins,m0 is
the equilibrium magnetization,T1 andT2 are the longitudi-
nal and transverse relaxation times, respectively, andD is the
diffusion coefficient of the spins in the fluid. Here, we al
omit the drift terms mentioned in Torrey’s paper.

To consider the transverse component for a fluid-satura
porous medium, we introducem15mx1 imy , and the
boundary condition at the surface/fluid interface. Equatio
~2.1! and ~2.2! become

D“

2m1~r ,t !2
m1~r ,t !

T2B
2 igB0~r !m1~r ,t !5

]m1~r ,t !

]t

n̂•D“m1~r ,t !1rm1~r ,t !uS50, ~2.4!

wherer is the relaxation rate at the solid/fluid interface,
surface relaxation strength,T2B is the bulk transverse relax
ation time, andn̂ is the unit outward normal on the solid
fluid interface~i.e., it points out of the pore space into th
solid matrix!. The subscript ‘‘S’’ indicates the surface bound
ary condition@3#.

In a reference frame rotating at the Larmor frequen
the precession term,2 igB0(r )m1(r ,t), is replaced by
©2002 The American Physical Society09-1
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BOQIN SUN AND KEH-JIM DUNN PHYSICAL REVIEW E65 051309
2 ig(g•r )m1(r ,t), whereg is the field gradient. For a per
fectly homogeneous field, Eq.~2.4! reduces to the following
in the rotating frame:

D“

2m1~r ,t !2
m1~r ,t !

T2B
5

]m1~r ,t !

]t
,

n̂•D“m1~r ,t !1rm1~r ,t !uS50. ~2.5!

When the surface relaxation strength is reasonably str
~i.e., r;10 mm/s), the spins can only diffuse a short di
tance of a few pores, the spins at each pore relax more or
independently of the spins in other pores in a diffusion
coupled situation. The transverse component of the t
magnetic moment of the fluid-saturated porous syst
M (t)5*m1(r ,t)d3r , can be expressed as

M ~ t i !

M0
5(

j
f je

2t i /T2 j , ~2.6!

wheret i is the decay time for thei th echo in a Carr-Purcell
Meiboom-Gill ~CPMG! @4,5# experiment, andf j is the vol-
ume fraction of the pores characterized by a commonT2
relaxation timeT2 j . Since 1/T2 j5rSj /Vj ~whereSj is the
pore surface area andVj is the pore volume! is the lowest
eigenvalue of the solution for Eq.~2.5! when there is no
magnetic field gradient, we haveT2 j5aj /r with aj[Vj /Sj
as a measure of the size of the pore. Thus, theT2 distribution
~i.e., f j vs T2 j ) reflects the pore size distribution of the roc

III. T2 RELAXATION IN MAGNETIC FIELD GRADIENTS

If there is magnetic field gradient, the situation becom
somewhat complicated. For aninfinite fluid medium, the first
part of Eq.~2.4! can be solved@2# to show that there is an
additionalT2 decay factor for the echo tops of a CPMG ec
train, given by

exp~2g2g2t2Dti /3!, ~3.1!

where g is the gyromagnetic ratio,g is the magnetic field
gradient,t is the time between thep/2 andp pulses in a
CPMG experiment, andD is the self-diffusion coefficient of
the pore fluid. Here we have assumed near on-resonance
dition and the rf pulse is perfect. At off-resonance conditi
with imperfect rf pulses in CPMG, the evolution of sp
magnetization can be divided into different coherent pa
ways and the decay of the spin magnetization along e
coherent pathway is different. However the echo train dec
averaged over all coherent pathways, still follows Eq.~3.1!,
i.e., the enhanced relaxation rate is proportional tot2 @6#.

For a fluid-saturated porous medium in a magnetic fi
gradient, the problem becomes very complicated, and
~2.4! cannot be solved easily@1#. The magnetic field inho-
mogeneities can come from an externally applied field g
dient which is uniform over the pore scale, and/or from lo
field gradients that have a spatial variation at the pore sc
The latter is caused by the magnetic susceptibility cont
between the solid matrix and pore fluid. These gradients
05130
g

ss
-
al
,

s

on-

-
ch
y,

d
q.

-
l
le.
st
re

affected by the pore shapes and sizes. There is no sim
expression that would allow us to correlate internal field g
dients andT2 relaxation to experimental measurements.

However, if the diffusion time is short enough, we ma
assume that most of the spins have not experienced the
istence of the pore wall and that the free diffusion formu
for enhancedT2 relaxation, i.e., Eq.~3.1!, is still valid. In
fact, the conditions for the validity of such an approximati
has been discussed for a periodic system recently@7#. When
significant number of spins start to experience the prese
of the pore wall, the restricted diffusion may reduce the s
dephasing effect and hence the enhancement of theT2 relax-
ation. As long as the Gaussian approximation for the ph
distribution of the spins is satisfied, the restricted diffusi
effect can be taken into account by using a time-depend
restricted diffusion coefficient. As the diffusion time be
comes longer, eventually the Gaussian approximation bre
down and the free diffusion formula is no longer valid.

In the following discussion, we shall assume that t
Gaussian approximation is valid. We shall later discuss
validity of such assumption in the last section. If the fr
diffusion formula is valid, we further assume that such e
hancedT2 relaxation can be integrated in a piecewise ma
ner:

f je
2t i /T2 jE

j
Pj~g!exp@2g2g2t2Dti /3#dg, ~3.2!

where Pj (g) is the volume fraction within that size pore
which have a gradient value ofg, and

E
j
Pj~g!dg51

is normalized to 1.
This piecewise integration would be appropriate if the d

fusion time, i.e.,t, is infinitesimal. As the diffusion time
increases, the piecewise integration with a true internal fi
gradient tends to produce a larger degradation than the
decay of the signal. The restricted diffusion effect of the po
walls also tends to reduce the signal decay. However,
pending on the pore sizes and shapes, it is a complic
time-dependent evolution.

For now if we neglect all those intricacies, the challen
is to invert the CPMG data of variable echo spacings and
able to learn something about the internal field gradient d
tribution Pj (g). The internal field gradients obtained th
way would be theapparentfield gradients. They would no
be thetrue field gradients for the following reasons:~1! the
inversion is done based ong2 rather thang, ~2! there will be
restricted diffusion effect, and~3! there will be field averag-
ing effect whereg varies rapidly, because only the cumul
tive change in the phase of the spins during the diffus
time is reflected in the inverted field gradients. We so
found that even with such qualifications, it is extremely d
ficult to analyze the CPMG data of variable echo spacing
be able to obtain the apparent internal field gradient distri
tion as a function of pore size.
9-2
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PROBING THE INTERNAL FIELD GRADIENTS OF . . . PHYSICAL REVIEW E 65 051309
IV. PREVIOUS EXPERIMENTAL ATTEMPTS

Early attempts@8–13# to quantify such internal field gra
dient distributions in rocks using theT2 relaxation data ob-
tained by the CPMG pulse sequence were largely unsucc
ful. This is because they were limited by the regular CPM
data and were not able to decouple the integral of the inte
field gradient term from the summation of the various po
sizes. To illustrate this, we note that the spin echo amplitu
of a CPMG echo train for fluid-saturated porous rock w
internal gradients can be described as

M ~ t i !

M0
5(

j
f je

2t i /T2 jE
j
Pj~g!exp@2g2g2t2Dti /3#dg.

~4.1!

Here, for simplicity, we focus only on the problem o
internal field gradient, and assume that externally app
field gradient is zero. In addition to the earlier assumpt
that the Gaussian approximation is valid, we further assu
~1! the internal field gradient distributions of pores of t
same size are the same, and~2! the volume integral of the
enhancedT2 relaxation, i.e., exp(2g 2g2t 2Dti/3), over a
range of possible gradient valueg within a pore is quite close
to the true attenuated spin echo amplitude, i.e., the field
eraging effect is minimal.

Suppose we now collect a series of CPMG data, each w
a differentt, and attempt to invert the internal field gradie
distribution of the porous system from this set of data. T
common approach@9,13# is to normalize all CPMG data with
the one of the smallestt:

M ~ t i ,t!

M ~ t i ,ts!
5

(
j

f je
2t i /T2 jE

j
Pj~g!exp@2g2g2t2Dti /3#dg

(
j

f je
2t i /T2 jE

j
Pj~g!exp@2g2g2ts

2Dti /3#dg

~4.2!

wherets is the smallestt. If there is only one dominant por
size, orPj (g) is the same for all pore sizes, then the integ
in the numerator can be factored out. The summation o
different pore sizes can be canceled, leaving Eq.~4.2! with a
set of decaying data on the left-hand side and the integra
internal field gradients on the right-hand side,

bi5
M ~ t i ,t!

M ~ t i ,ts!
5E

j
Pj~g!exp@2g2g2t2Dti /3#dg.

~4.3!

Then the internal field gradient distribution for the domina
pore size can be obtained through linear inversion us
regularized routines.

This approach works when there is only one domin
pore size, and is incapable of deducing internal field grad
distributions for all pore sizes. The problem lies in the fa
that it is difficult to decouple the integral of internal fie
gradients from the summation over the pore sizes. If an
version is carried out when there are multiple pore sizes,
inverted internal field gradient distribution would be
05130
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strange composite of contributions from all pore sizes w
very ambiguous physical meaning.

Suppose we are to tackle the problem in a tw
dimensional fashion in the following manner: Invert th
CPMG echo trains and obtain allT2 distributions with dif-
ferent echo spacings. Display all theseT2 distributions as a
function of echo spacing along a dimension perpendicula
the T2 relaxation time axis. Presumably, one would exp
that theT2 j amplitude decays along the dimension of i
creasing echo spacing similar to something like the follo
ing:

f jE
j
Pj~g!exp@2g2g2Dt2/3#dg, ~4.4!

where we temporarily leave out the factort i in the exponent.
Then, for eachT2 j ~or each pore size!, we would be able to
invert an internal field gradient distribution from this set
data with varying echo spacing. The result would then b
2D plot of internal field gradient distribution as a function
T2 j , or pore size. Unfortunately, this scheme would n
work. With the regular CPMG data of differentt ’s, the in-
version routines would not give us aT2 distribution with
f j* j Pj (g)e2g2g2Dt2/3dg as an attenuated amplitude atT2 j
for increasingt, but rather, push the amplitude to a low
relaxation time, rendering it impossible to invert the intern
field gradient distribution as a function of pore size. Th
is because thet i in the exponent inside the integra
* j Pj (g)e2g2g2Dt2t i /3dg is not separable from the echo trai
and the invertedT2 j amplitude would not be given as Eq
~4.4!.

V. MODIFIED CPMG SEQUENCE

We have devised a modified CPMG sequence which
lows us to resolve this problem. As shown in Fig. 1, we sp
a regular CPMG into two parts and run a 2D experiment.
use the smallestt in the second part of the sequence su
that the diffusion effect is minimized. In the first part of th
sequence,t is varied from the smallest to the largest valu
allowed. If the time window for the first part ist0, the i th
echo received in the second part of the sequence can
written as

bli 5(
j 51

NR

f l j exp@2~ t01t i !/T2 j #1e i ,

i 51, . . . ,NE , l 51, . . . ,Nt , ~5.1!

where NR is the number ofT2 relaxation times equally
spaced on a logarithmic scale preselected for the invers
NE is the number of echoes acquired in the second part of
sequence,Nt is the number of differentt ’s, bli is the i th
echo of thel th t measurement,e i is the noise for thei th
echo, andf l j the signal intensity associated with the rela
ation timeT2 j of the l th t measurement and can be furth
decomposed to
9-3



n

tio

o

ze

al

x
o

ai
o

p

or
z

he

cing
w
used
8.2
tal
se-

four

the

nc-
n

-

ise
e
cy

er-
nted

long
ow
s if

ed

the
of

se
o

ge
e
o

gu

l-
. 1,

ct.

BOQIN SUN AND KEH-JIM DUNN PHYSICAL REVIEW E65 051309
f l j 5 f j
0(

k51

Ng

Pjk exp@2g2gk
2t l

2Dt0/3#1e l ,

j 51, . . . ,NR , l 51, . . . ,Nt , ~5.2!

whereNg is the number of gradient components,gk is a set
of preselected gradient components equally spaced o
logarithmic scale,NR is the number of relaxation times,f j

0 is
the unattenuated pore volume fraction having a relaxa
time T2 j ~i.e., f l j whent→0, or the smallestt), andPjk is
the normalized volume fraction that has a gradient value
gk in the pore having a relaxation timeT2 j . The Pjk matrix
gives the 2D correlation distribution between the pore si
and the internal gradients. It is the discretized form ofPj (g)
in Eq. ~4.1!.

Now that all echo trains are obtained with the same sm
est t, there is no problem in inverting them, and theT2
distributions we obtain would not be shifted to shorter rela
ation times, but instead, all information of the attenuation
the signal due to diffusion with differentt ’s within the win-
dow of t0 is contained inf l j , which is proportional to the
following:

f j
0E

j
Pj~g!exp@2g2g2Dt l

2t0/3#dg.

Here t0 is a constant, and is decoupled from the echo tr
measured in the second part of the sequence. This allows
initial thought on the two-dimensional scheme to work pro
erly.

VI. EXPERIMENTS AND DATA ANALYSIS

Figure 2 shows the results of CPMG measurements f
water-saturated sandstone using a MARAN ULTRA 2 MH
spectrometer. The detecting nuclei are hydrogen, and t

FIG. 1. The modified CPMG experiment where the pulsing
quence is split into two parts. The first part has a window width
t0 where the echo spacing is varied from the smallest to the lar
t allowed, and the diffusion effect is encoded in the amplitud
corresponding to different relaxation times. Such information is c
lected in the second part of the pulse sequence using the re
CPMG and the smallestt.
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resonance frequency is about 2 MHz. At0 of 10.4 ms was
chosen for the first part of the sequence. The echo spa
varies from 0.26 to 10.4 ms within the first part of windo
t0, whereas the smallest echo spacing, i.e., 0.26 ms was
for the second part. The 90° and the 180° pulses were
and 16.3 ms, respectively. The wait time was 2 s, and a to
of 3072 echoes were acquired in the second part of the
quence. The signals were stacked 32 times with standard
phase cycling to improve the signal to noise ratio.

As shown in Fig. 2, a series ofT2 distributions inverted
from CPMG echo trains of differentt ’s was plotted along
the time-between-echoes axis, going from the smallest to
largest echo spacing. At each relaxation timeT2 j , the ampli-
tude f l j is more or less monotonically decreasing as a fu
tion of the increasingt l , showing the enhanced relaxatio

due to diffusion effect frome2g2g2t l
2Dt0/3.

The inversion to getPjk can be accomplished by a two
step process, solving Eq.~5.1! and then Eq.~5.2!, by using
the singular value decomposition method@14# and selecting
proper cutoff of singular values commensurate with the no
level. However, if thet values are not properly sampled, th
error of the first inversion can seriously affect the accura
of the second inversion. To minimize the error due to inv
sion, a one-step global inversion process can be impleme
by merging Eqs.~5.1! and ~5.2! and solvingPjk directly.
Such a process creates a very large matrix and takes
iterative computations to obtain the result. Initial tests sh
that both one- and two-step inversions give similar result
the t values are properly sampled within the window oft0

and the inversion error is minimized.
The computation efficiency can be significantly improv

by solving f j
0 first using Eq.~5.1! and the data with the

smallestt, and removing those columns wheref j
0’s are zero.

This process alleviates a lot of grief because sometimes
value ofe2t0 /T2 j can be so small that it reaches the limit

-
f
st
s
l-
lar

FIG. 2. TheT2 distributions inverted from the CPMG data co
lected in the second part of the modified sequence shown in Fig
with varioust ’s used in the first part of the sequence. Ast ~or echo
spacing, time between echos is 2t) increases, allT2 amplitudes
show a monotonically decreasing behavior due to diffusion effe
9-4
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PROBING THE INTERNAL FIELD GRADIENTS OF . . . PHYSICAL REVIEW E 65 051309
precision of the computer, causing problems in the invers
Figure 3 shows an example of a water-saturated sands

where moderate paramagnetic impurities are present. The
perimental conditions are the same as those in Fig. 2. The
plot displays the signal intensity~i.e., the vertical amplitude
or z axis, which is proportional to the proton population! as a
function ofT2 relaxation times along one axis~different pore
sizes! and internal field gradients along the other axis in
xy plane, both in logarithmic scale. The cross-sectional v
at a fixedT2 j is the internal field gradient distribution for tha
relaxation time~or pore size!. The integration along the gra
dient axis at a fixedT2 j gives theT2 amplitude at that relax-
ation time. The total volume integral of the 2D plot gives t
porosity of the rock.

Figure 4 shows another example of a sandstone. The
perimental conditions were slightly different from those fo

FIG. 3. The 2D plot of the internal field gradient distribution
for differentT2 relaxation times~pore sizes! for a sandstone sampl
with moderate paramagnetic impurities, where the vertical am
tude is proportional to the proton population.

FIG. 4. The 2D plot of the internal field gradient distribution
for different T2 relaxation times~pore sizes! for another sandstone
sample with significant paramagnetic impurities, where the vert
amplitude is proportional to the proton population.
05130
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Figs. 2 and 3. The windowt0 was about 10.2 ms, and th
echo spacing varies from 0.34 to 10.2 ms for the first par
the sequence. For the second part of the sequence, the
spacing was 0.17 ms, the wait time was 1 s, and a tota
6144 echoes were acquired. This sample has a bimodaT2
distribution, with the small pores centered around 20 ms
the large pores centered around 150 ms. It is interestin
note that the small pores have a dominant peak of high
ternal field gradients.

VII. DISCUSSION

From this two-dimensional approach, we can gain mu
insight into the environment of the pore space or even
physical properties of the pore fluids in the rocks. Natura
we have made several assumptions and/or approximation
our analysis. We should be aware of these limitations,
treat the results of the analysis as such.

We have assumed that differentT2 relaxation times truly
reflect the pore size variations. This is a reasonably g
approximation for sandstones where the surface relaxivit
strong. We have performed mercury porosimetry measu
ments for the sandstone samples used in Figs. 3 and
corroborate this, and the results are shown in Figs. 5 an
respectively. TheT2 distributions are shown as solid circle
and the mercury porosimetry results as open squares. E
though the former measures the pore body whereas the l
measures the pore throat, the correspondence betwee
two is excellent, indicating that theT2 relaxation time re-
flects the pore size. A quick computation using a cylindric
pore model@i.e., r2;r /(2T2)# shows that the surface relax
ivity for the sandstone sample in Fig. 3 is around 30mm/s
and that in Fig. 4 around 17mm/s.

Using a magnetic susceptibility balance~Johnson Mat-
they, MKII!, we also measured the magnetic susceptibility
the solid grains of the sandstone samples used in Figs. 3
4. For the sample used in Fig. 3,xm;11.431026 emu.

i-

l

FIG. 5. The mercury porosimetry measurement~open squares!
overlays on top theT2 distribution ~solid circles! of the sandstone
sample analyzed in Fig. 3.
9-5
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BOQIN SUN AND KEH-JIM DUNN PHYSICAL REVIEW E65 051309
Since xp for the pore fluid ~i.e., water! is about 20.72
31026 emu, Dx;1231026 emu. Using geff'B0Dx/a
anda;12 mm ~from Fig. 5!, we estimate the average inte
nal field gradient for the dominant pores for Fig. 3 to be 4
G/cm ~Note B0;469.7 G). This appears to be a reasona
value. Since the pore fluid continues to exist for size l
than 0.1 mm. It is conceivable that the internal gradient c
go up to several hundred G/cm.

For the sample used in Fig. 4, bothT2 and mercury po-
rosimetry measurements show a clear bimodal pore size
tribution. The magnetic susceptibility of the solid grains w
measured to be 1.731026 emu. The leads to aDx;2.4
31026 emu. Using the dominant pore size of 3.5mm, we
estimate the average internal field gradient for that pore
to be 3.2 G/cm. If we use the smaller peak at 0.1mm, we
get an average internal field gradient for the small pores to
113 G/cm. Considering the grains could have sharp corn
this value is quite reasonable when we look at the dist
bump in the field gradient distribution for the small pores
Fig. 4.

Even though the internal field gradients can be as high
several hundred to thousand G/cm, the experimental co
tions are quite close to on-resonance condition, and we
not need to be concerned with the off-resonance condi
discussed in the literature@6#. This is because the large gra
dients are mainly due to extremely small pore sizes. Usin
maximum gradient of 1000 G/cm and a large pore dimens
of 12 mm, the maximumDB0 is about 1 G. Since the 90
pulse is 8.2ms, this leads to aB1 of 7.2 G. Thus, the on-
resonance condition,B1@DB0, is satisfied.

Based on the previous model calculation on periodic
rous system@7#, our examples for Figs. 3 and 4~the maxi-
mum diffusion time in both cases ist;t0/2;5 ms), when
using the dominant pore size as an estimate, are wi
the limit of the validity of Gaussian approximation. Thu
for smaller pores, the Gaussian approximation may be

FIG. 6. The mercury porosimetry measurement~open squares!
overlays on top of theT2 distribution~solid circles! of the sandstone
sample analyzed in Fig. 4.
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lated. Furthermore, the diffusion coefficient for water may
reduced due to restricted diffusion effect. Both effects wo
tend to produce an apparent internal field gradients sma
than they really are, especially for small size pores.

There are also limitations in the inversion schemes. B
Figs. 3 and 4 were obtained using a two-step process.
detailed 2D-plot features near small field gradients dep
on the selection oft0. When a shortt0 is used, we are able to
recover more shortT2 components. Also, the large field gra
dient features~usually occur at shortT2 components! can be
extracted because the diffusion effects would be significa
However, the low field gradient features for large pores w
not have significant variations for a smallt0. This explains
the flat and smooth distribution shown at low gradient valu
for large pores in both Figs. 3 and 4. On the other hand, if
t0 is too long, we will lose the shortT2 components alto-
gether. For both Figs. 3 and 4, at0 about 10 ms was chosen
which is probably not long enough to elucidate the low fie
gradient features for large pores. However, one has to
concerned with the validity of Gaussian approximation. At0
much larger than 10 ms would violate this assumption.

Characterizing the apparent internal field gradient dis
bution, induced by the magnetic susceptibility contrast
tween the solid matrix and pore fluid, as a function of po
size is an interesting problem. A well developed 2D metho
ology, however, can have important practical implication
Similar scheme can be applied to obtain a 2D plot with
T2 relaxation time as one axis and the diffusion coefficient
pore fluids as the other axis. This can be accomplished
using pulsed field gradients applied betweenp pulses during
the first part of the 2D experiment within the windowt0.
Because the pulsed field gradients are significantly lar
than the background gradients, a good estimate of the
tributed diffusion coefficients can be obtained from the
version of a suite of measurements of differentt ’s. Or else,
the distribution of internal field gradients can be obtain
earlier and incorporated into the data analysis.

The result of this exercise will be a 2D plot with its ve
tical amplitudes being proportional to the proton populati
as a function ofT2 relaxation times~i.e., pore sizes! on one
axis, and the diffusion coefficients~i.e., different pore fluids!
on the other axis. The diffusion coefficient of oil is signifi
cantly different from that of water. Thus, it is possible
identify oil from water in this 2D plot. The viscosity of the
oil can also be estimated. The investigation on this subjec
ongoing, and the results shall be reported shortly.

The techniques for obtaining the distribution of diffusio
coefficients need not be limited to the use of puls
field gradients with varyingt. Other techniques, such a
Tanner’s stimulated echo technique@15# with varying
diffusion time, pulsed field gradient, or pulse wid
have been shown to be successful in obtaining a distribu
of diffusion coefficients@16#.

VIII. CONCLUSION

In conclusion, we have demonstrated a two-dimensio
scheme for analyzing NMR relaxation data using a devi
modified CPMG pulse sequence. This technique allows u
9-6
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produce a 2D plot of apparent internal field gradient dis
bution as a function ofT2 relaxation time, with one axis
being theT2 relaxation time, the other axis being the intern
field gradient, and third axis being proportional to prot
population.

Such 2D technique can be easily extended to other ph
cal quantities such as diffusion coefficients or proton spe
of the pore fluids. The work of such investigation shall
reported elsewhere.
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