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Abstract

We describe a general global inversion methodology of multi-dimensional NMR logging for pore fluid typing and quantification
in petroleum exploration. Although higher dimensions are theoretically possible, for practical reasons, we limit our discussion of
proton density distributions as a function of two (2D) or three (3D) independent variables. The 2D can be diffusion coefficient
and T2 relaxation time (D–T2), and the 3D can be diffusion coefficient, T2, and T1 relaxation times (D–T2–T1) of the saturating fluids
in rocks. Using the contrast between the diffusion coefficients of fluids (oil and water), the oil and water phases within the rocks can
be clearly identified. This 2D or 3D proton density distribution function can be obtained from either two-window or regular type
multiple CPMG echo trains encoded with diffusion, T1, and T2 relaxation by varying echo spacing and wait time. From this 2D/3D
proton density distribution function, not only the saturations of water and oil can be determined, the viscosity of the oil and the gas–
oil ratio can also be estimated based on a previously experimentally determined D–T2 relationship.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Nuclear magnetic resonance (NMR) technology has
been widely used in petroleum industry both in logging
for oil exploration and in core analysis for petrophysical
studies. NMR logging usually provides T2 distributions
of fluid-saturated earth formation obtained from Carr–
Purcell–Meiboom–Gill (CPMG) [1] echo trains. The
sum of the T2 amplitudes at different relaxation times,
when properly calibrated, is equal to the total porosity,
which includes free fluid, and capillary and clay bound
water. The proton population in solid phase is not in-
cluded due to its short T2 relaxation time and limitation
of minimum inter-echo spacing that can be achieved at
low field.

When multiple pore fluids, such as oil, gas, and
water, are present, it becomes somewhat difficult to dif-
ferentiate them, especially when their T2 signals over-
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lap. Earlier methods [2–4] use either different echo
spacings, or different wait times, or combination there-
of, for CPMG pulse sequences to obtain shifts or dif-
ferences of T2 distributions for hydrocarbon
determination and sometimes for oil viscosity estima-
tion. However, these methods are primarily set up in
an one-dimensional framework where only the T2 dis-
tribution is obtained. Whenever the T2 signals are
insensitive to such manipulations, the result of such
analysis becomes ambiguous and sometimes inherently
difficult when the T2 signal of the oil overlaps with that
of the capillary and clay bound water with short T2

relaxation times.
Recent developments in 2D NMR [5–10] broaden the

independent variables for proton density distribution
function from the 1D of T2 relaxation time to the 2D
of diffusion coefficient and T2 relaxation time (D–T2).
This expansion considerably improves the ability to dif-
ferentiate oil and water in the (D–T2) map of the proton
density distribution function. Here, we describe the gen-
eral methodology of multi-dimensional NMR logging
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and present some of laboratory and logging measure-
ment results in 2D of (D–T2) and 3D of (D–T2–T1).
2. Theory

The echo amplitude of a CPMG measurement of a
fluid-saturated porous medium in a uniform magnetic
field has the following form

bi ¼
Xm
j¼1

aj expð�ti=T 2jÞ þ ei; i ¼ 1; . . . ; n; ti ¼ itE;

j ¼ 1; . . . ;m; ð1Þ

where bi is the ith echo amplitude, ti is the decay time,
T2j is one of the m relaxation times which we assumed
for the model equally spaced on a logarithmic scale, n
is the number of echoes collected, tE is the time between
echoes, ei is the noise between data and the model, and aj
is the T2 amplitude associated with the relaxation time
T2j to be solved by the inversion.

Eq. (1), when cast in integral form, is a Fredholm
integral of the first kind:

bðtÞ ¼
Z

aðT 2Þk1ðt; T 2ÞdT 2 þ e; ð2Þ

where k1 (t,T2) = exp(�t/T2) is the kernel and a (T2) is
the amplitude associated with the variable T2 to be
solved.

When the fluid-saturated formation is in a constant
magnetic field gradient, the CPMG echo train with var-
iable echo spacing and limited wait-time between scans
is subjected to two additional kernels: one is to account
for the extra decay caused by the molecular diffusion in
an inhomogeneous magnetic field, and the other for the
effect of insufficient polarization time for full spin align-
ment along the external B0 field. Since we are dealing
with a complicated system with a mixture of various flu-
ids in a randomly distributed grain network, each kernel
has to be associated with a distribution. Therefore, the
time variation of CPMG echo train can be generalized
from Eq. (2) to

bðt;TE;WTÞ ¼
Z Z Z

f ðD; T 1; T 2Þk1ðt; T 2Þk2ðt; tE;DÞk3

� ðWT; T 1ÞdDdT 1 dT 2 þ e; ð3Þ

where f (D,T1,T2) denotes the three-dimensional pro-
ton density distribution function. The three kernels
represent the time evolution of magnetization under
T1 and T2 relaxation, and diffusion, which can be writ-
ten as

k1ðt; T 2Þ ¼ expð�t=T 2Þ;

k2ðt; tE;DÞ ¼ exp � 1

12
c2g2t2EDt

� �
;

k3ðWT; T 1Þ ¼ 1� a expð�WT=T 1Þ;

ð4Þ
where c is the gyromagnetic ratio, g is the magnetic field
gradient, and D is the diffusion coefficient of the pore
fluid. Here, we assume that g is a constant both spatially
and temporally. Hence, the kernel k2 (t, tE,D) does not
contain g as a variable. When g is not a constant spa-
tially, its effect is usually folded in D, or if D of the single
saturating fluid is known, g can be a variable in the ker-
nel whose distribution can be solved. For convenience,
we shall refer to k1 as the T2 kernel, k2 as the D (diffu-
sion) kernel, and k3 as the T1 kernel. Note that the T1

kernel is also referred to as the polarization factor,
where a = 2 for the inversion recovery and a = 1 for
the saturation recovery type of pulse sequences.

The diffusion kernel, k2ðt; tE;DÞ ¼ expð� 1
12
c2g2t2EDtÞ,

as it is written here, is treated as a base function for
inversion. It is an approximation for the decay of
CPMG echo signals caused by molecular diffusion in a
gradient field. It is well known and has been discussed
in many papers in the literature [11–13] that the diffusion
decay in CPMG echo train is multiexponential and each
echo has contributions from various coherence path-
ways. As pointed out by Hürlimann and Griffin [11],
after the first few echoes, the diffusion kernel for the
CPMG echo signals can be represented by an effective
form of expð� 1

12
gc2g2t2EDtÞ where the factor g has a

complicated dependence on the frequency offset (Dx0),
RF frequency (x1), and pulse parameters, and that
g = 1 is a reasonably good approximation, considering
the fact that the logging measurements are usually quite
noisy and often masked by the presence of internal field
gradients within the pore space of the rocks, which are
comparable to the magnetic field gradients of the log-
ging tool itself. In the following applications, we have
assumed g = 1 and corrected the spin dynamics effect
for the first two echo amplitudes [11] based on the field
gradient map of the magnet.

The apparent T1 or T2 distribution takes into account
(1) the bulk T1 or T2 properties of the fluid mixture, and
(2) the surface-to-volume ratio of pores as well as the cor-
responding surface relaxation properties of the grains.
The apparent diffusion distribution includes (1) the
self-diffusion coefficients of the molecules of pore fluids,
(2) the restricted diffusion effect for finite pore size, and
(3) the internal field gradients caused by the susceptibility
contrast between pore fluids and solid grains. The diffu-
sion coefficients of the fluids and pore size distribution
are the two types of key information that we would like
to get from NMR logging. However, the ability to accu-
rately extract these parameters is affected by the grain
surface relaxation properties [14] and the presence of
internal field gradients [15,16]. From previous studies,
it is well known that the surface relaxivity for some car-
bonates is very small that their T1 or T2 distributions do
not reflect the pore size distributions. The effect of inter-
nal field gradient induced by the susceptibility contrast
between pore fluids and solid grains is not separable from
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that of the diffusion. It is folded into the apparent diffu-
sion coefficient distribution.

In Eq. (3), the T1 kernel is not coupled with the other
two kernels if the first echo is acquired at time t = 0. The
other two kernels tangle together because of the common
variable t. In practice, since the first echo always appears
at t = tE, all three kernels are related to each other if we
simultaneously change echo spacing and wait-time. Fol-
lowing the general scheme for multi-dimensional NMR
data acquisition, we need to develop pulse sequences to
separate the tangled three kernels. The approaches in
[5–9] are to separate T2 and diffusion kernels by fixing
the variable t in the diffusion kernel using two-window
type modified CPMG pulse sequences with a very long
wait-time between scans. Usually, the first window of
this type of modified CPMG pulse sequences has either
a fixed or known varied length, td, which fixes the t in
the diffusion kernel, k2 (t, tE,D). In this first window,
either the echo spacing tE, or the pulsed field gradient
amplitude, or the diffusion time D between the pulsed
field gradients is varied, such that the diffusion informa-
tion of fluids in the pore space is encoded. The second
window usually is a regular CPMG pulse sequence with
the smallest tE possible to acquire such encoded informa-
tion. When the t in the diffusion kernel k2 (t, tE,D) is fixed
to be td and the T1 kernel is reduced to one for a suffi-
ciently long wait-time, Eq. (3) becomes:

bðt; tEÞ ¼
Z Z

f ðD; T 2Þk2ðtd ; tE;DÞk1ðt; T 2ÞdDdT 2 þ e;

ð5Þ
where the two kernels are now separated, and the inver-
sion can be easily implemented to obtain a T2 relaxa-
tion-diffusion 2D (RD2D) NMR display through the
methods described in [5–9].

To obtain a T1–T2 2D NMR display, the first window
is used to vary the T1 recovery time for encoding T1

relaxation decay while the second window is again a reg-
ular CPMG pulse sequence with the smallest echo spac-
ing. The pulse sequence used in the first window is based
on either inversion or saturation recovery method. In
most NMR logging applications, we simply vary the
wait-time between consecutive CPMG data acquisitions
to encode T1 evolution in the T1 kernel. Since the diffu-
sion does not affect the T1 modulation in the first win-
dow and the diffusion effect is minimal in the second
window due to short echo spacing, the diffusion kernel
can be removed from Eq. (3), and the variation of the
echo amplitude becomes

bðt;WTÞ¼
Z Z

f ðT 2;T 1Þk3ðWT;T 1Þk1ðt;T 2ÞdT 1dT 2þ e:

ð6Þ

Here, the T1 and T2 kernels are not tangled together.
The 2D inversion is straightforward.
In fact, the separation of tangled kernels is really not
essential, as long as the tangled kernels are treated as a
single kernel for the direct one-step inversion of 2D/3D
proton density distribution function. Thus, two-window
type modified CPMG pulse sequences are really not nec-
essary. The regular CPMG measurements with different
echo spacings and wait-time will just be fine. In this
scheme, the problem can be cast in a three-dimensional
framework using a single kernel:

bðt; tE;WTÞ ¼
Z Z Z

f ðT 1; T 2;DÞkðt; tE;WT; T 1; T 2;DÞ

� dDdT 1 dT 2 þ e: ð7Þ

In discrete form, Eq. (7) can be written as:

biks ¼
Xn

r¼1

Xm
j¼1

Xp

l¼1

frlj exp � 1

12
c2g2t2Ek

Dlti

� �
expð�ti=T 2jÞ

� ð1� a expð�WTs=T 1rÞÞ þ eiks; ð8Þ

where biks is the amplitude of ith echo using tEk and WTs,
and eiks is the noise. There are m T2 relaxation times, n
T1 relaxation times, and p diffusion coefficients assumed
by the model, all equally spaced on their respective log-
arithmic scales. Thus, to write Eq. (8) in simplified nota-
tion, we have:

biks ¼ Eiks;rljfrlj þ eiks; ð9Þ
where

i ¼ 1; . . . ;NEk; k ¼ 1; . . . ; q; s ¼ 1; . . . ;w;

r ¼ 1; . . . ; n; l ¼ 1; . . . ; p; j ¼ 1; . . . ;m; ð10Þ

indicating that there were NEk echoes collected for the
run with tEk , q echo trains with different tE�s and w echo
trains with different WTs. p is the number of pre-selected
components of diffusion coefficients equally spaced on a
logarithmic scale in the first dimension; m and n are the
numbers of pre-selected components of T2 and T1 relax-
ation times, respectively, both equally spaced on a loga-
rithmic scale in the second and third dimensions; biks is
the amplitude of ith echo of the kth echo train using
echo spacing tEk and wait time WTs; and frlj is the proton
amplitude at diffusion coefficient Dl, relaxation time T2j,
relaxation time T1r, and

Eiks;rlj ¼ exp � 1

12
c2g2t2Ek

Dlti

� �
expð�ti=T 2jÞ

� ð1� a expð�WTs=T 1rÞÞ: ð11Þ

To solve Eq. (9) in a practical manner, each echo
train can be compressed or averaged to several data
bins, with the variance of the noise for each data bin
properly taken care of as weighting factor for each cor-
responding data bin [17]. Thus, the large number of ech-
oes can be reduced to a manageable number of data bins
(say 30 data bins, typically). On a PC of 1 GHz, for a
(D–T2–T1) map of 30 · 30 · 30 with an input data of
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nine echo trains with different echo spacings and wait-
times, the computation takes about 5 min. The com-
monly used singular value decomposition (SVD) [18],
or the Butler–Reeds–Dawson (BRD) method [19], or
the combinations thereof, can be used in the usual man-
ner by imposing the non-negativity constraint and
ensuring the solution to be commensurate with the noise
level. The methods for such kind of inversion have been
discussed extensively in the literature [20–24].

When acquired data are sufficient, it is straightfor-
ward to reduce Eq. (9) from 3D to 2D inversion. For
example, one can fix the wait-time and use only the dif-
fusion and T2 kernels to derive RD2D distributions
from a set of CPMG echo trains with different echo
spacing. One can also use the minimal echo spacing
and vary the wait-time to obtain T1–T2 correlation dis-
tribution. The computation time reduces from 5 min
for a 3D inversion to a few seconds for a 2D inversion.
The major advantage of this global inversion scheme is
that it greatly reduces the number of data acquisitions
required to perform a 2D or 3D inversion. On the other
hand, proper physical constraints may be necessary to
constrain the solutions to reasonable ones, for example,
T1 P T2.

Since the diffusion kernel and the T1 kernel are not
coupled, it is advantageous to solve the T1–T2 proton
density distribution function first, and then to use the
solution as input for solving the D–T2 map. This should
place some physical constraints on the inversion of D–T2

distribution function and is also computationally more
efficient. If this were the case, Eq. (9) can be written as

biks ¼
Xm
j¼1

Xp

l¼1

flj
Xn

r¼1

hjr exp � 1

12
c2g2t2EDlti

� �
exp �ti=T 2j

� �

þ eiks ð12Þ

and solved for flj, where

hjr ¼ hjðT 1rÞð1� a expð�WTs=T 1rÞÞ ð13Þ
and hj (T1r) is the normalized 2D proton density distri-
bution function solved earlier for the T1–T2 map, i.e.,P

rhjðT 1rÞ ¼ 1.
Fig. 1. (A) Using different echo spacing and a constant field gradient
in a regular CPMG for encoding, and (B) constant field gradient and
two-window CPMG for encoding.
3. Results and discussions

There are many ways to acquire raw data for 2D/3D
inversion to obtain Relaxation-Diffusion 2D/3D NMR
proton density distribution functions. For example, T1

encoding is mainly based on either inversion or satura-
tion recovery, T2 relaxation is measured by CPMG pulse
sequence, and diffusion effect is encoded by varying echo
spacing or external magnetic field gradient. In the labo-
ratory, sufficient data can always be acquired for proper
inversion. However, in a logging environment limited by
logging speed and fixed external field gradient distribu-
tion, the acquisition sequence has to be simple and
efficient.

Fig. 1 shows two types of acquisition sequences
mainly for logging situations: (A) regular CPMG versus
(B) two-window modified CPMG, both in a constant
field gradient. The wait-time variation between two suc-
cessive excitations is used to encode T1 information. In
the regular CPMG acquisition mode, the diffusion effect
is simply encoded and recorded by acquiring echo trains
of different echo spacings. In the two-window modified
CPMG acquisition mode, the diffusion effect is encoded
in the first window by varying the echo spacing and re-
corded in the second window with a T2 distribution of
minimum echo spacing which minimizes the diffusion ef-
fect. In the following, we describe laboratory results of
fluid-saturated glass beads of 0.45 mm diameter ob-
tained from regular CPMG measurements, and field re-
sults of NMR logging, one from two-window and
another one from regular CPMG measurements.

The laboratory experiments for 2D/3D NMR inver-
sion were carried out using a MARAN Ultra instru-
ment. To introduce a magnetic field gradient, we
increased the gap between the two poles of an 11 MHz
permanent magnet to 5 in. The resonance frequency at
the center of the magnet reduces to 6 MHz and the size
of the saddle point where the field is homogeneous is
about 1 cubic inch. To calibrate the distributed gradient,
we used a deionized water sample and measured a set of
CPMG echo trains with tE = 0.3, 0.6, 1.2, 2.4, 4.8, 9.6,
and 19.2 ms, respectively. The wait-time was 12 s be-
tween scans, the 90� pulse length was 18 ls, and the refo-
cusing pulse length was 27 ls for maximum echo
intensity. The water temperature was 28 �C and its diffu-
sion coefficient should be 2.4 · 10�5 cm2/s. Using Eq.
(9), we performed a relaxation-diffusion 2D inversion
and determined the field gradient distribution which
has a logarithmic mean of about 20 G/cm. We then sat-



Fig. 2. RD2D experimental results of a water–oil saturated glass bead
pack. The inversion clearly separates water and white oil. The wide
feature of the oil peak indicates that white oil is a mixture. The seven
TE values were 0.3, 0.6, 1.2, 2.4, 4.8, 9.6, and 19.2 ms. The wait-time
between scans was 12 s. CPMG echo train data were acquired on a
6 MHz modified MARAN Ultra spectrometer.

Fig. 3. 3D inversion of experimental results of a water–oil saturated glass b
ratios, become transparent. CPMG echo train data were acquired on a 6 M
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urated a glass bead pack with a mixture of water and
white oil, and measured another set of CPMG echo
trains with the same tE values. The volume ratio of water
and white oil is about 1:1. Fig. 2 shows the RD2D
contour plot derived from our inversion algorithm with
a D/T2 line, plotted diagonally, for dead oils established
experimentally in the laboratory [25]. It clearly shows
the water and oil peaks. The diffusion coefficient of
water is found to be 2.0 · 10�5 cm2/s, while the diffusion
coefficient of the white oil spreads out and its logarith-
mic mean, situated on the D/T2 line, is about
6 · 10�7 cm2/s. Both are close to our expectation.

For 3D inversion of a similar fluid-saturated glass
bead pack, we introduce T1 variation with different wait
times. A total of 10 echo trains were acquired with tE
and wait time pair as follows: (0.6 ms, 10 s), (0.6 ms,
1 ms), (0.6 ms, 10 ms), (0.6 ms, 100 ms), (0.6 ms, 1 s),
(1.2 ms, 10 s), (2.4 ms, 10 s), (4.8 ms, 10 s), (9.6 ms,
10 s), and (19.2 ms, 10 s). Fig. 3 shows (A) the 3D plot
of (D–T2–T1) derived from our inversion as well as the
projections in (B) D–T1, (C) D–T2, and (D) T1–T2
ead pack. From which the diffusion constants of oil and water, T1/T2

Hz modified MARAN Ultra spectrometer.
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domains. It clearly shows the water and oil peaks in the
display. The diffusion coefficient of water is still close to
2.0 · 10�5 cm2/s, and the diffusion coefficient of the
white oil spreads out with a logarithmic mean also of
about 6 · 10�7 cm2/s. From the T1–T2 map, we see that
the ratio of T1/T2 for the oil peak is roughly about 1
while the ratio for the water peak is more than 3 as indi-
cated by the dashed line. The T1/T2 ratio for water sig-
nal is related to the ratio of the surface relaxivity, q1/q2,
where q1 and q2 are the surface relaxivities for T1 and
T2, respectively. Note that there are some spurious
peaks in the display due to inversion error.

There is a small modification to the T1 kernel in the
above 3D inversion program. This is because the first
five CPMG echo trains with same tE but different wait
times were acquired in single shot. As was pointed out
in [11], the CPMG sequence is very much like a spin-
locking experiment where the total magnetization is
locked along an axis that is slightly away from the y-axis
in the yz plane if the 90� pulse is applied along the x axis
and refocusing pulses are along the y axis. This implies
that at the end of each CPMG sequence, there is already
a small z-component, which is a projection of the spin-
locked magnetization. As the wait-time decreases to
zero, the first echo intensity reduces to a finite value in-
stead of zero, due to the presence of this small z-compo-
nent. This is clearly indicated in Fig. 4. To account for
this effect, the T1 kernel has to be modified to

k3ðWT; T 1Þ ¼ bþ ð1� bÞð1� expð�WTs=T 1rÞÞ: ð14Þ
Numerical simulation shows that this small z-compo-

nent, b, can be as large as 15% of the total echo intensity
depending upon the B0 field gradient distribution and
RF field strength. To fit our experiment results, we
found that b has to be about 0.12 which is similar to
the number used for correction of T2 decay, i.e., hn2z i,
Fig. 4. The projection of the spin-locked magnetization during a
CPMG sequence in a sequential excitation gives a small z-component
in the T1 kernel at the limit of 0 wait time.
in [11]. It should be emphasized, however, that such
modification (Eq. (14)) is not necessary when full polar-
ization is attained before the 90� pulse.

3D inversion is usually much slower than 2D inver-
sion. Since T1 and diffusion encoding can be done sepa-
rately and there is no coupling between them, we can
first run a T1–T2 2D inversion using data with minimum
echo spacing such that the diffusion effect is minimized.
We then use the T1–T2 map as a constraint to perform
D–T2 inversion with the rest of the data acquired at dif-
ferent tE�s. Fig. 5 shows the results of T1–T2 and D–T2

maps derived from the same data set of Fig. 3 with this
two-step method. The T1/T2 ratios for oil and water
peaks are similar to those in Fig. 3. The D–T2 distribu-
tion is more dispersed than those given by the 3D inver-
sion possibly due to different degrees of regularization.

Our 2D/3D NMR inversion has also been applied to
NMR logging data. The 2D/3D inversion results can be
Fig. 5. (A) T1–T2 2D distribution and (B) D–T2 distribution derived
from the same set of data as that in Fig. 3 with a two-step 2D inversion
method as an alternative for direct 3D inversion.



158 B. Sun, K.-J. Dunn / Journal of Magnetic Resonance 172 (2005) 152–160
obtained as a function of depth (i.e., the distance from
the surface to the tool location where the measurement
was made). The two examples we show are one for the
two-window type CPMG measurements (diffusion edit-
ing), and another one for the regular CPMG measure-
ments. Both types of logging tools can operate at
multiple frequencies in a dipole field with well-defined
field gradient values.

Fig. 6 shows the result of a 3D inversion from a dif-
fusion-editing measurement. Based on the formation
temperature and temperature behavior of diffusion coef-
ficients of oil and water [25], we assign the peak on the
D/T2 line as the oil and the other peak as the water peak.
This assignment was further corroborated with informa-
tion obtained from other logs. A constraint of
0.8T1 > T2 was placed for the inversion. The inversion
result from such a simple constraint is very satisfying be-
cause it shows the D–T1 map as a simple combination of
D–T2 and T1–T2 maps, reflecting the fact that there is no
coupling between D and T1. Without such a constraint,
the results are more spurious. Naturally, when the ac-
quired data are sufficient, the two-step inversion (T1–
T2 fi D–T2) should place more constraints and should
Fig. 6. A field example of 3D inversion of a two-window type CPMG measur
be more efficient computationally. Note that for the dif-
fusion-editing sequence, the diffusion decay encoded in
the first window is a weighted average of a direct echo
and a stimulated echo with different decay rates [8],
which needs to be properly taken care of.

Fig. 7 shows another example of 2D NMR logging
result using regular CPMG measurements with different
tE�s, where frames A, B, C, and D depict the D–T2 map
of decreasing depths from water zone (A and B) to oil
zone (C and D). Note that peaks corresponding to the
free fluid and capillary bound water are clearly seen in
the water leg. When oil zone is reached, additional oil
peak emerges at the upper right-hand corner. Using
relationship between T2 relaxation time (or diffusion
coefficient) and oil viscosity [25], we should be able to
estimate oil viscosity and gas–oil ratio from a RD2D
distribution.
4. Conclusions

We described a global inversion scheme for obtaining
a two- or three-dimensional NMR proton distribution
ement. The proton density distribution clearly separates oil from water.



Fig. 7. Another 2D NMR logging example obtained with regular CPMG measurements, where frames A, B, C, and D show the D–T2 map as the
depth (i.e., the distance from the surface to the tool location where the measurement was made) is decreasing from a water zone (A and B) into an oil
zone (C and D). The solid line (white) indicates the D–T2 relation for dead oils at ambient condition.
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function using either the regular CPMG pulse sequences
or the two-window type CPMG measurements. When-
ever acquired data are sufficient, the 3D inversion can
be reduced to a two-step 2D inversion to reduce compu-
tation time. The first step gives a T1–T2 distribution
using multiple echo trains with different wait times and
minimum echo spacing that minimizes the diffusion ef-
fect. The second step yields a D–T2 distribution using
additional echo trains with different echo spacings and
wait times under the constraints given by the T1–T2

distribution.
We also briefly outlined two data acquisition schemes

for NMR logging. When we use a single shot to correct
data for T1 inversion, the T1 kernel has to be modified to
account for steady-state limitation.

Preliminary laboratory and field test results show that
2D/3D NMR logging provides multiple formation and
fluid properties such as porosity, oil and water satura-
tion, oil viscosity, permeability, and wettability. It is a
very important analytical tool for oil exploration and
can be used for other industries such as food
characterization.
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