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a b s t r a c t

The Driven-Equilibrium Carr–Purcell Meiboom–Gill (DECPMG) pulse sequence is a rapid method for
obtaining the average ratio of longitudinal to transverse relaxation times hT1=T2i as a function of T2. Since
this is a one-dimensional experiment, the hT1=T2iT2

ratio can be acquired, potentially, in just two scans;
the second scan being a reference CPMG measurement. Conventionally, T1=T2 is determined from a two-
dimensional T1 � T2 relaxation correlation experiment. The method described here offers a significant
reduction in experimental time without a reduction in signal-to-noise. The hT1=T2i ratio is useful for com-
paring the behaviour of liquids in porous media. Here we demonstrate the application of the DECPMG
sequence to the study of oil-bearing rocks by differentiating oil or water saturated rock cores, and by
observing the relative strengths of surface interaction for water in two types of rock by measuring
hT1=T2i as a function of magnetic field strength.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Two-dimensional Nuclear Magnetic Resonance (NMR) relaxation
or diffusion correlations have become a popular tool for
characterising porous media. This is possible due to the implemen-
tation of a fast computational algorithm to solve Fredholm
integrals (so-called ‘‘inverse Laplace transforms”) numerically in
two-dimensions by Venkataramanan et al. [1]. The correlation or ex-
change experiments now include T1 � T2 [2], T2 � T1 � d [3], D� T2

[4], T2 � T2 [5,6], T1 � T1 � d [3], and D� D [7], where T1 and T2 refer
to the longitudinal and transverse spin relaxation times, respec-
tively, d is chemical shift, and D is the self-diffusion coefficient. These
experiments have been used extensively in the study of oil-bearing
rocks [8]. The D� T2 correlation is particularly useful when imple-
mented on low-field or portable magnet systems, such as NMR
well-logging tools [9,10], since it allows oil and water components
to be distinguished without chemical shift information. T1 � T2 cor-
relations can also be used to identify oil and water fractions if the
aqueous and organic components have different relaxation times.
The conventional T1 � T2 correlation experiments can be time con-
suming, particularly if the signal-to-noise ratio (S/N) is poor, as is
common on low-field systems, therefore requiring extensive signal
averaging. In some experiments only the ratio T1=T2 is required
and this can be determined without acquiring a two-dimensional
ll rights reserved.
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data set. For example, when measured as a function of magnetic field
strength, T1=T2 can be used to estimate the residency times of mol-
ecules on a pore surface [11]. T1=T2 can also be used to infer relative
strengths of surface interaction for different liquids in pores [12],
and can be used to remove relaxation time weighting in NMR flow
propagator measurements [13].

In this paper we describe a rapid method of determining the
average ratio of relaxation times hT1=T2i as a function of T2. The
Driven-Equilibrium Carr–Purcell Meiboom–Gill (DECPMG) pulse
sequence [14] provides a CPMG echo train with the initial signal
amplitude reduced to an equilibrium magnetisation Mde. The
hT1=T2i ratio is related to the ratio of the equilibrium to total mag-
netisation Mde=M0, where M0 is obtained from a standard CPMG
[15,16] reference scan. The hT1=T2i ratio can be determined as a
function of T2 using a conventional one-dimensional numerical
inversion to generate a distribution of T2 relaxation time compo-
nents from the echo trains.

Whilst other techniques have been proposed for determining
T1=T2, these have limitations, including the accurate calibration
of small tip angle radio frequency (rf) pulses [17] or chemical shift
interactions [18], or only measure long T1 components [19], or re-
quire complicated data analysis [20]. The DECPMG pulse sequence
does not suffer from any of these limitations. In addition, this
method can be applied directly to systems that consist of many
components with different relaxation times. As long as the compo-
nents have distinguishable T2 relaxation times, the individual
T1=T2 ratio can be extracted for all components simultaneously,
without the need for additional data acquisitions.

http://dx.doi.org/10.1016/j.jmr.2009.07.002
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The DECPMG sequence is based on the Driven Equilibrium Fou-
rier Transform (DEFT) pulse sequence [21], proposed as a sensitiv-
ity enhancement in NMR spectroscopy. DEFT allows the repeat
acquisition of a spectrum without having to wait for the spins to
recover on the longitudinal axis. This is achieved by applying a
180� rf pulse after the acquisition of a free induction decay (FID
— the signal following an excitation pulse of, typically, 90�). This
causes a spin echo to form [22], wherein the dephased spin ensem-
ble is refocused. A second 90� pulse is applied of opposite phase to
the excitation pulse at the centre of the echo to rotate the coherent
spin ensemble back onto the þz-axis ready for the next acquisition.
This is suitable for samples where both T1 and T2 are approxi-
mately equal. In systems where T2 � T1 the sensitivity enhance-
ment is less significant due to transverse relaxation over the
acquisition interval [23]. For this reason, other sensitivity enhance-
ment techniques have proven more popular in spectroscopic appli-
cations [24]. In contrast, the DECPMG pulse sequence functions for
a wide range of T1 and T2 times. The experimental timings can be
optimised to provide a good signal-to-noise ratio (S/N) since the
equilibrium magnetisation Mde depends on the relative duration
of the relaxation intervals in the pulse sequence. We discuss the
frequency dependence of Mde and the applicability of the technique
to inhomogeneous magnetic fields. Examples are presented that
highlight potential uses of the DECPMG sequence in the study of
oil reservoir rocks.
2. The DECPMG pulse sequence

In a standard Carr–Purcell–Meiboom–Gill (CPMG) measure-
ment, the application of the rf pulses is preceded by a recycle delay
Tw that is assumed to be long compared to the longest T1

relaxation time component ðT1;longÞ in the sample. Ideally,
Tw P 5� T1;long. This ensures that the magnetisation has reached
thermal equilibrium before the CPMG pulse sequence is applied.
In our approach, we compare this standard CPMG measurement
with the DECPMG pulse sequence shown in Fig. 1 that consists of
two parts: an initial Driven-Equilibrium (DE) portion, followed by
a CPMG echo train. In the DECPMG sequence, Tw associated with
the standard CPMG sequence is replaced by a long series of rf
pulses that places the spin ensemble in a driven equilibrium that
is different to the thermal equilibrium. The total duration of the
DE portion should be comparable to Tw to ensure the driven equi-
librium is obtained.
2.1. Driven equilibrium

The DE portion consists of repeated [excite-echo-store] units
that transfer the magnetisation from the longitudinal direction to
the transverse plane for a duration s2 and then restore it to the lon-
gitudinal direction for a duration s1. In the implementation shown
in Fig. 1, this is achieved by an initial 90� pulse followed by two
180� refocusing pulses and a second 90� pulse centred on the sec-
Fig. 1. The DECPMG pulse sequence. The DE portion of the sequence is repeated p
times whilst the CPMG portion is repeated q times. The driven equilibrium is
obtained after p repetitions of the DE portion of the pulse sequence.
ond echo. This cycle is repeated p times in each scan until the mag-
netisation reaches a dynamic or driven equilibrium Mde. Ideally,
the durations s1 and s2 are much shorter than the longitudinal
and transverse relaxation times T1 and T2. This condition is re-
ferred to as the fast pulsing regime. Fast pulsing simplifies the
analysis of the experiment greatly, and has the added benefit of
minimising complications due to diffusion or J-coupling [25].

The approach to the driven equilibrium magnetisation Mde can
be monitored by detecting the amplitudes of the echoes that form
in the middle of every s2 period. For ideal on-resonance pulses, the
echo amplitude MP after P cycles approaches the equilibrium mag-
netisation as follows:

MP ¼ Mde þ MP¼0 �Mdeð Þ exp �P
s1

T1
þ s2

T2

� �� �
; ð1Þ

where MP¼0 is the initial longitudinal magnetisation. In the fast
pulsing regime, the equilibrium magnetisation Mde is given by:

Mde ¼ M0
1

1þ T1
T2

s2
s1

: ð2Þ

Note that the equilibrium magnetisation only depends on the
ratio of the relaxation times T1=T2, not on the absolute values of
the relaxation times. The driven equilibrium is obtained once the
T2 decay of the transverse magnetisation across s2ðDM?Þ is com-
pensated exactly by the T1 build-up of the longitudinal magnetisa-
tion across s1ðDMzÞ. In the fast pulsing regime, the linear
approximations DM? ¼ � s2

T2
Mp and DMz ¼ þ s1

T1
ðM0 �MpÞ can be

used. Requiring DM? ¼ �DMz in the driven equilibrium implies
that Mp is given by the equilibrium magnetisation Mde in Eq. (2).

Outside of the fast pulsing regime, when the durations s1 and s2

approach or exceed the relaxation times, the linear approximations
become inaccurate and the general expression for the equilibrium
magnetisation is then given by:

Mde ¼ M0
1� C1;1

1� C1;1C2;2
; ð3Þ

where Ci;j � expf�si=Tjg. In the fast pulsing regime ðs1 � T1;

s2 � T2Þ, this expression reduces to Eq. (2).
2.2. CPMG detection

The DECPMG sequence is formed by appending a CPMG echo
train to the initial DE preconditioning segment. It is assumed that
the number of cycles in the DE segment exceeds P �
ðs1=T1 þ s2=T2Þ�1 so that the equilibrium magnetisation is ob-
tained. This can be verified by monitoring the time dependence
of the echo amplitudes during the DE segment. In addition, it is as-
sumed that the fast pulsing regime applies. The amplitudes of the
qth echo in the CPMG train of the DECPMG sequence is then given
by

MD qtEð Þ ¼ Mde exp � qtE

T2

� �
¼ M0

1
1þ T1

T2

s2
s1

exp �qtE

T2

� �
: ð4Þ

Here tE ¼ 2sCPMG is the spin echo spacing in the CPMG train. By
comparing these amplitudes generated by the DECPMG sequence
with those generated by the standard CPMG sequence where

MC qtEð Þ ¼ M0 exp � qtE

T2

� �
; ð5Þ

the ratio of the transverse and longitudinal relaxation times T1=T2

can be determined from

T1

T2
¼ s1

s2

MC

MD
� 1

� �
: ð6Þ
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In addition to this ratio, the relaxation time T2 can be extracted
from the decay of the echo amplitudes MDðqtEÞ or MCðqtEÞ. The
combination of these quantities therefore allows the determina-
tion of the longitudinal relaxation time T1 from only two
measurements.

In principle, it is possible to obtain this information from the
analysis of the driven equilibrium sequence alone, as was pointed
out previously by Edzes [26]. However, this approach assumes
implicitly that the relaxation behaviour of the sample can be de-
scribed accurately by single relaxation time components in T1

and T2. The full benefit of the DECPMG sequence becomes evident
when we consider multi-component or heterogeneous systems
that cannot be characterised by single T1 and T2 relaxation times.

2.3. Multiple discrete relaxation time components

Many systems of interest are complex or heterogeneous and the
relaxation behaviour often deviates significantly from a single-
exponential decay. In a system containing multiple components i
with corresponding relative amplitudes Ai and relaxation times
T2;i, the magnetisation decay becomes MðtÞ ¼

P
Ai expf�t=T2;ig.

In this way, the DECPMG method is applicable to heterogeneous
samples. It requires first a decomposition of the echo decay into
the individual T2;i relaxation time components. This allows the
determination of the T1=T2 ratio for each T2;i component by com-
paring the separate measured DECPMG amplitude AD;i with that
of the standard CPMG sequence AC;i. The DECPMG method is sensi-
tive to a wide range of relaxation times and allows the extraction of
T1 and T2 information with only two measurements. In contrast,
standard inversion or saturation-recovery techniques [27] require
multiple measurements with different recovery times that explore
the whole range of relaxation times.

2.4. Distribution of relaxation times

In many samples, it is not possible to decompose the signal
unambiguously into discrete components and it is more appropri-
ate to use continuous distributions to describe the system. Since
the relaxation times can span several orders of magnitude, it is
convenient to use a logarithmic scale for the relaxation times
and fit the measured echo amplitudes of the DECPMG ðDÞ or CPMG
ðCÞ sequence to:

MD;C tð Þ ¼
Z

d log T2 AD;C log T2ð Þ exp � t
T2

� �
: ð7Þ

The distribution functions AD;Cðlog T2Þ are extracted from the
measured amplitudes using a numerical inverse with a regularisa-
tion parameter that controls the trade-off between instability and
bias [28]. It is sensible to use the same regularisation parameter j
for both data sets. The optimum value of j should be selected from
the DECPMG data as this has the lower S/N and it can be selected
using the Butler–Reeds–Dawson (BRD) [29], or Generalised Cross
Validation (GCV) [30,31] methods.

Formally, the distribution of T1 and T2 relaxation times in a
sample can be characterised by the two-dimensional distribution
function f2ðlog T2; T1=T2Þ. The response of the DECPMG sequence
is then given by:

MD qtEð Þ ¼
Z Z

d log T2 d
T1

T2

1
1þ s2

s1

T1
T2

f 2 log T2;
T1

T2

� �
exp �qtE

T2

� �
:

ð8Þ

The distribution function f2ðlog T2; T1=T2Þ is related directly to
the more frequently used distribution function in terms of
g2ðlog T2; log T1Þ [2] by a simple Jacobian, i.e.
f2 log T2;
T1

T2

� �
¼ T2

T1
g2 log T2; log T1ð Þ: ð9Þ

In many cases, the distribution is rather narrow along the T1=T2

axis and the expression in Eq. (8) can be reduced to a one-dimen-
sional distribution:

MDðqtEÞ ’
Z Z

d log T2
1

1þ s2
s1

T1
T2

D E
T2

f 1 log T2ð Þ exp � qtE

T2

� �
: ð10Þ

The ratio of the longitudinal to transverse relaxation times is gi-
ven here by

T1=T2h iT2
� 1

f1 log T2ð Þ

Z
d

T1

T2
f2 log T2;

T1

T2

� �
T1

T2
; ð11Þ

for the components characterised by the transverse relaxation time
T2. In addition, f1ðlog T2Þ is the one-dimensional distribution
function of the T2 relaxation time that can also be viewed as the
projection of the two-dimensional distribution functions onto the
T2 axis:

f1 logT2ð Þ¼
Z

f2 logT2;
T1

T2

� �
d

T1

T2
¼
Z

g2 logT2; logT1ð ÞdlogT1: ð12Þ

Comparison of Eq. (10) with the expression in Eq. (7) shows that
the extracted distribution function for the DECPMG sequence, AD,
corresponds to:

ADðlog T2Þ ¼
1

1þ s2
s1

T1
T2

D E
T2

f1ðlog T2Þ: ð13Þ

The one-dimensional distribution function can be determined
independent of the standard CPMG measurement, as the extracted
distribution function corresponds directly to ACðlog T2Þ ¼ f1ðlog T2Þ.
Even in heterogeneous systems, it is therefore possible to extract
the ratio of relaxation times hT1=T2iT2

as a function of T2 from just
two measurements by analysis of the ratio of ADðlog T2Þ and
ACðlog T2Þ:

T1

T2

� �
T2

¼ s1

s2

AC log T2ð Þ
AD log T2ð Þ � 1
� 	

: ð14Þ

If, for a given T2 there is a wide distribution of T1=T2 values, the
approximation used in the deviation of Eqs. (10)–(14) tends to
underestimate the true average value hT1=T2iT2

. In such cases, based
on Eq. (8), it is in principle possible to extract the full two-dimen-
sional distribution function f2ðlog T2; T1=T2Þ from multiple DECPMG
measurements with different ratios of s1=s2, and hence determine
g2ðlog T2; log T1Þ. This requires a two-dimensional inversion of
MDðs1=s2; qtEÞ. However, in this case, the total acquisition time will
approach that of a standard inversion-recovery T1 � T2 correlation
experiment and the intrinsic advantage disappears. In addition,
the extraction of full T1 distribution functions from DECPMG
experiments is less robust, typically, than from inversion-recovery
experiments with comparable S/N ratios. The main reason is that
the kernel for the DECPMG experiments is exponential only with re-
spect to T2, but algebraic with respect to T1=T2. In contrast, the ker-
nels for the T1 � T2 experiment are exponential in both dimensions.

Recently, a ‘‘double-shot” method of acquiring accurate, quanti-
tative distributions of T1 relaxation times in just two scans was
demonstrated [3], although this technique relies on small tip angle
rf pulses that may yield insufficient S/N on low-field systems.

2.5. Sensitivity to frequency offsets and rf inhomogeneities

Conceptually, the driven equilibrium preparation in the DEC-
PMG sequence could be replaced by any manipulation of the spin
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Fig. 2. Simulated variation in Mde=M0 generated by the DECPMG sequence as a
function of rf frequency offset Df0. The calculations were performed assuming the
following parameters: t180 ¼ 2t90 ¼ 14:4 ls;s2 ¼ 500 ls and T1 ¼ T2 ¼ 100 ms. The
five curves show results for different values of s1: 125 ls (bottom),
250 ls;500 ls;1 ms and 2 ms (top). In (a), the rf field is uniform. In (b), we include
a uniform distribution of B1 between 80% and 120% of its nominal value. In both
panels, the dashed lines show the ideal on-resonance value, Eq. (2). The triangles in
(b) indicate frequency offsets of Df0 ¼ ðk� 1=2Þ=s1; ðk ¼ 1;2;3Þ where the effects of
rf inhomogeneities are compensated to a higher degree, as discussed in the text.
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ensemble that generates a non-vanishing driven equilibrium. In
the fast pulsing regime, all such driven equilibria depend on the
relaxation times only through their ratio T1=T2 and an analogous
analysis can be applied to extract this ratio from the ratio of the
measured echo amplitudes. However, many potential preparation
sequences such as the Steady-State-Free-Precession (SSFP) se-
quence [32,33] are very sensitive to small offsets in the Larmor fre-
quency. The particular implementation shown in Fig. 1 based on
the DEFT sequence with two 180� pulses was selected due to its
relative insensitivity to frequency offsets and rf inhomogeneities,
although it is essential to refocus the magnetisation during the
s2 periods with 180� pulses. In addition, as was first pointed out
by Waugh [34], it is advantageous to use a DEFT sequence with
two 180� pulses rather than a single 180� pulse to improve the
compensation for small B1 inhomogeneities.

To quantify the sensitivity of the sequence in Fig. 1 to offsets in
Larmor frequency x0 and B1 inhomogeneities, it is necessary to ex-
tend the theoretical analysis to off-resonance and mis-set pulses.
In the case of an ideal system, the equilibrium magnetisation ob-
tained as p!1 can be determined simply by applying the rota-
tion matrices of the pulses to an initial z magnetisation of M0

and accounting for relaxation during the time intervals s1 and s2.
If we include the possibility for an offset Dx0 between the rf spin
nutation frequency xrf and the Larmor frequency cjB0j (where c is
the gyromagnetic ratio and jB0j is the magnitude of the static mag-
netic field) such that

Dx0 � xrf � c B0j jð Þ; ð15Þ

then the actual nutation frequency of the spins will be given by

X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dx2

0 þx2
1

q
; ð16Þ

where x1 ¼ jB1j=2c is the amplitude of the rf field in frequency
units; on resonance X ¼ x1. Assuming the pulse duration tp is much
less than the average relaxation time constants, such that tp � hT1i
and hT2i, then the general rotation R can be determined by solving
the Bloch equations without relaxation [35]. A 90� pulse along the
�x-axis, acting on an arbitrary magnetisation m ¼ Mx0x̂þMy0ŷþ
Mz0ẑ, is described by the rotation operators

R�90x x̂f g ¼

x2
1

X2 þ
Dx2

0
X2 cos Xt90

Dx0
X sin Xt90

� Dx0x1
X2 1� cos Xt90ð Þ

0
BB@

1
CCA; ð17Þ

R�90x ŷf g ¼
� Dx0

X2 sin Xt90

cos Xt90

�x1
X sin Xt90

0
B@

1
CA; ð18Þ

and

R�90x ẑf g ¼

� Dx0x1
X2 1� cos Xt90ð Þ
�x1

X sin Xt90

Dx2
0

X2 þ
x2

1
X2 cos Xt90

0
BB@

1
CCA: ð19Þ

In the case of the initial excitation pulse, where it is assumed all
the spins are on the z-axis, only Eq. (19) will give a non-zero result.
To obtain the rotation matrices for a 180� pulse, t90 is replaced by
t180, and x̂ and ŷ are exchanged throughout Eqs. (17)–(19).

The spin relaxation during the arbitrary time interval si will be
given by the operator [36]:

O ið Þ mf g ¼ Ci;1 m 	 ẑð Þ þ 1� Ci;1
� � �

ẑþ Ci;2 m� m 	 ẑð Þẑ½ 
; ð20Þ

normalised to the thermal equilibrium magnetisation M0. Recalling
s2 ¼ 4sSE, the magnetisation vector of the ðP þ 1Þth echo, mPþ1, will
be given by
mPþ1 ¼ O SEð ÞR180yO SEð ÞRþ90xO 1ð ÞR�90xO SEð ÞR180yO SEð Þ
 �

mPf g:
ð21Þ

Simulated data that illustrates the sensitivity of the DECPMG
sequence to offsets in Larmor frequencies and rf inhomogeneities
are shown in Fig. 2.

The results in Fig. 2a demonstrate that the sequence is well
compensated for small frequency offsets between the rf and Lar-
mor frequency, provided that the rf pulse power is uniform across
the sample and the pulses are set accurately. Since the maximum
frequency offset Df0 considered here (2 kHz) is much smaller than
the nutation frequency cjB1j=2p ¼ 34:7 kHz, the pulses still act as
near-perfect 90� and 180� pulses over the whole range.

In the presence of significant rf inhomogeneities, the frequency
dependence of the driven equilibrium magnetisation is much more
pronounced and is rather complicated, as shown in Fig. 2b. At an rf
inhomogeneity of �20%, the nominal 90� pulses transform the
transverse magnetisation into longitudinal magnetisation and back
imperfectly. Although the details of the frequency dependence are
complicated and are affected by all parameters of the pulse se-
quence, some of the overall features can be understood with a sim-
ple analysis as follows: with inhomogeneous rf fields, longitudinal
magnetisation at the end of a given s1 interval will, in general, not
be restored exactly into the longitudinal direction at the beginning
of the next s1 interval. Instead, some residual transverse magneti-
sation will remain in the subsequent s1 interval. If the accumulated
phase of this transverse component during s1 is close to a multiple
of 2p, the residual components from different repeating units will
add coherently and will lead to a large deviation in the resulting
observed equilibrium magnetisation Mde from the ideal value.
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Using the same argument, when the precession of the transverse
component during s1 is close to an odd multiple of p, subsequent
contributions tend to cancel and the observed value of Mde is af-
fected less by rf inhomogeneities. This occurs at offset frequencies
Df0;k ¼ ðk� 1=2Þ=s1, where k is an integer. It is apparent that at
these offset frequencies, indicated in Fig. 2b as triangles for
k ¼ 1;2;3, the deviations of Mde from the ideal values are indeed
much reduced. It is therefore preferable to perform the DECPMG
measurements at such offset frequencies.

There is interest in applying the DECPMG approach to stray field
[37] or portable [38] NMR applications. The simulation results
above indicate that in the presence of inhomogeneities of the static
and rf field, the response of the standard DECPMG sequence can
become very complicated. In future work we will consider ways
in which the basic DECPMG pulse sequence presented here can
be modified or optimised to suit these devices.

3. Surface relaxation

It is well known that nuclear spins moving on a pore surface
will undergo enhanced relaxation due to interactions with relaxa-
tion sinks, such as paramagnetic ions, in the porous solid. If the
pore has a large surface-to-volume ratio S=V , then the liquid mol-
ecules on the pore surface will exchange with those in the bulk on
a time short compared to the experimental observation time [39].
Therefore, the observed, frequency dependent longitudinal relaxa-
tion rate will be

1
T1;obs x0ð Þ ¼

1
T1;bulk

þ �S
V

1
T1;surface x0ð Þ ; ð22Þ

where � is the thickness of the surface layer, assumed to be equal to
the diameter of one liquid molecule. In the absence of magnetic
field gradients, Eq. (22) can be applied to the transverse relaxation
rate by exchanging T1 and T2 throughout and accounting for diffu-
sion. Since the surface relaxation rate 1=T1;surface will be the domi-
nant component in Eq. (22) (assuming S=V is large), it would be
necessary to determine the surface relaxation rate in order to ex-
tract a value for S=V . Korb et al. proposed a theory to describe sur-
face relaxation rates [40,41]. If liquid molecules (proton spin I) are
in close proximity to a surface containing paramagnetic impurities
(electron spin S), some of the liquid molecules will undergo a two-
dimensional random walk across the pore surface at a rate defined
by sm (the surface diffusion correlation time), for a time ss (the sur-
face residency time). From this model, values of T1;surface and T2;surface

can be calculated theoretically, although determining accurate val-
ues from experimental results has been shown elsewhere to be
complicated [11]. However, the ratio of relaxation rates
T2;surface=T1;surface resolves to a function of xI; sm, and sm=ss only:
T2;surface x0ð Þ
T1;surface x0ð Þ

¼ 2
3 ln 1þx2

I s
2
m

sm
ssð Þ

2
þx2

I s
2
m

� �
þ 7 ln 1þx2

S s
2
m

sm
ssð Þ

2
þx2

S
s2

m

� �

4 ln sm
ss

� ��2
� �

þ 3 ln 1þx2
I s

2
m

sm
ssð Þ

2
þx2

I s
2
m

� �
þ 13 ln 1þx2

S
s2

m
sm
ssð Þ

2
þx2

S
s2

m

� �
8>><
>>:

9>>=
>>;
:

ð23Þ

Therefore, from Eq. (22) (assuming S=V is large, T1;surface � T1;bulk,
and T2;surface � T2;bulk, as is often the case in low-field measurements
of porous materials) the ratio T1;obs=T2;obs, determined as a function of
magnetic field strength jB0j, can be used to estimate directly the
surface diffusion correlation and residency times. At higher mag-
netic field strengths, T1;surface ! T1;bulk (and likewise for T2) so it will
be necessary to subtract the relaxation times for bulk liquid from the
observed times to calculate the ratio T2;surface=T1;surface.
4. Experimental

4.1. Materials and methods

The DECPMG measurements were conducted on magnets with
four different field strengths of 0.05, 0.3, 2, and 9.4 T, correspond-
ing to 1H (proton) resonant frequencies of f0 ¼ 2, 12, 85, and
400 MHz, respectively. The low-field permanent magnets (f0 ¼ 2
and 12 MHz) were manufactured by Oxford Instruments and con-
trolled via a Maran DRX spectrometer console. The optimum 90�
and 180� pulse durations were t90 ¼ 7:2 ls and t180 ¼ 14:4 ls
(2 MHz), and t90 ¼ 8:3 ls and t180 ¼ 17:5 ls (12 MHz). The CPMG
echo spacing was 2sCPMG ¼ 1 ms for both magnets. The values of
s1 and s2 were selected for each magnet as explained in Section
4.2. The high-field superconducting magnets (f0 ¼ 85 and
400 MHz) were controlled via Bruker AV spectrometer consoles.
The optimum 90� pulses were of duration t90 ¼ 15 ls (85 MHz)
and t90 ¼ 65 ls ðf0 ¼ 400 MHzÞ. For both magnets, t180 ¼ 2t90. The
CPMG echo spacing was 2sCPMG ¼ 2 ms. Again, s1 and s2 were se-
lected as explained in Section 4.2.

The T1 � T2 correlation experiment consists of an inversion
(180�) pulse followed by a variable recovery delay TRD, and then
a CPMG echo train. Further details of this pulse sequence can be
found in reference [2]. The T1 recovery delay was varied logarith-
mically over the range TRD ¼ 10 ms to 10 s in 32 steps. The CPMG
echo spacing was 2sCPMG ¼ 1 ms for the low-field magnets and
2sCPMG ¼ 2 ms for the high-field magnets. 1024 echoes were ob-
tained typically, although only the even echo intensities were used
in the analysis. The data was inverted using the Fast Laplace Inver-
sion (FLI) algorithm [1].

A bulk water sample, doped with gadolinium ðGd3þÞ to increase
the longitudinal and transverse relaxation rates equally, was used
to optimise the DECPMG pulse sequence. At f0 ¼ 12 MHz the doped
water exhibited T1 ¼ T2 ¼ 0:08 s.

The rock samples studied were Bentheimer sandstone and Port-
land limestone. These are both high permeability rocks with poros-
ities of u ¼ 0:24 and 0.18, respectively. The rock samples
comprised of cylindrical cores having external dimensions of
60� 38 mm (length � diameter). The cores were vacuum satu-
rated with either 2 wt. % KCl brine solution (water) to prevent os-
motic swelling of the clay content in the sandstone, or dodecane
(oil). The cores were placed in air-tight polytetrafluoroethene
(PTFE) cups for the duration of the NMR measurements. The DEC-
PMG measurements on the rock cores had a duration of 10 min
(with a repeat delay of 10 s and 16 scans). The T1 � T2 measure-
ments (with 32 TRD times, 10 s repeat delays, and 16 scans) had
an approximate duration of 2 h.
4.2. Optimisation

As is shown in Fig. 3, the highest sensitivity is achieved by
choosing the intervals s1 and s2 such that s1=s2 is close to the ex-
pected ratio of T1=T2, whilst keeping them short enough so that the
fast pulsing regime still applies. For this case, AD ¼ AC=2. Unless a
large difference between T1 and T2 is expected, a value of
0:5 6 s2=s1 6 1 should be a suitable starting point. It is important
to use an accurate value for the ratio of s1=s2, and care should be
taken to include any timing errors, such as finite pulse durations,
in the calculation as necessary.

Since the equilibrium magnetisation at the end of the DE
encoding portion of the pulse sequence is independent of the
starting magnetisation, the DECPMG scan can be acquired imme-
diately after the CPMG reference scan to offer a further reduction
in experimental time. However, this can generate high rf duty
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cycles if s1 and s2 are short and care must be taken not to heat
the sample or damage the spectrometer electronics.

The B0 field of permanent magnet systems can vary during the
course of an experiment (due primarily to thermal variations in the
magnet poles), resulting in a variation of the associated Larmor fre-
quency. This corresponds to a variation in cjB0j and hence, from Eq.
(15), a variation in Dx0. The simulations presented in Fig. 2 indi-
cate that with accurately set pulse widths, small mis-matches in
the rf frequency are not important as long as the rf field is uniform
across the sample.

Fig. 4a shows the variation of Mde=M0 as a function of an im-
posed frequency offset Df0 for the doped water sample at
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Fig. 4. Observed variation in Mde=M0 as a function of an imposed frequency offset
Dx0 for a doped water sample at (a) f0 ¼ 12 and (b) 2 MHz. In all cases s2 ¼ 500 ls.
In (a), the lines represent s1 times of 125 ls (bottom), 250 ls, 500 ls, 800 ls, 1 ms,
1.2 ms, 1.5 ms, and 2 ms (top). In (b), the lines represent s1 times of 125 ls
(bottom), 250 ls, 500 ls, 1 ms, and 2 ms (top).
f0 ¼ 12 MHz. It can been seen that the maximum values of
Mde=M0 for each value of s1 correspond well to those for the ideal
response given by Eq. (2). For long s1 intervals, Mde=M0 is reduced
due to diffusive attenuation of the residual magnetisation in the
x� y plane. These oscillations are more pronounced for the doped
water sample at f0 ¼ 2 MHz, Fig. 4b. A comparison of the experi-
mental results in Fig. 4b with the simulations in Fig. 2b shows
remarkable qualitative similarities. Finite B0 homogeneity in the
experiments averages out some of the rapid oscillations found in
the simulations. Together, Figs. 2 and 4 indicate that the main
cause in the difference in response at f0 ¼ 12 and 2 MHz is rf inho-
mogeneity; this has been confirmed by experimental estimates of
DB1. At f0 ¼ 12 MHz;jDB1j=jB1j � 0:1; at f0 ¼ 2 MHz;jDB1j=
jB1j � 0:25.

For both magnets, with s1 ¼ s2 ¼ 500 ls, the correct observed
equilibrium magnetisation is obtained at an offset frequency of
Df0 ¼ �1 kHz. The precise location of the oscillations has been seen
to depend on the quality of the rf pulse durations: imperfect or
mismatched pulses will add an additional frequency offset. Since
only the depth of the oscillations depends on the magnitude of
the magnetic field inhomogeneities, the same optimised frequency
offset can be used for all samples. Magnetic susceptibility induced
field gradients in the rock samples will not affect the position of
the oscillations.

5. Results and discussions

5.1. Validation

To validate the results from the DECPMG pulse sequence, the
hT1=T2iT2

ratio of a doped water sample was measured at
f0 ¼ 12 MHz. The increased longitudinal relaxation rate allowed a
shorter repetition delay to be used between successive scans but
was otherwise inconsequential to the application of the pulse se-
quence. Fig. 5a shows the distribution of T2 relaxation times ob-
tained from the DECPMG sequence, ADðlog T2Þ (solid line), and
from the CPMG reference scan, ACðlog T2Þ (dashed line). Using Eq.
(14), the average hT1=T2i ratio has been determined as a function
of T2, see Fig. 5b. In this case hT1=T2iT2

¼ 1:0� 0:1 as expected.
The ratio AD=AC ¼ Mde=M0 is seen to be approximately constant
across the range of T2 relaxation times as indicated by the grey
scale. This is in agreement with the full two-dimensional T1 � T2

plot of g2ðlog T2; log T1Þ shown in Fig. 5c for the same sample where
the single relaxation time component is centred on the diagonal
line T1 ¼ T2.
5.2. Permeable rocks

In Fig. 6a, T1=T2 as a function of T2 is shown for a typical Bent-
heimer sandstone saturated with brine solution, at f0 ¼ 12 MHz.
Averaged across the entire sample, hT1=T2iT2

¼ 1:8� 0:2, where
the majority of the signal is contained in a dominant component
centred on T2 ¼ 1 s (as indicated by the colour scale). The results
can be displayed as average T1 versus T2, defined by
hT1iT2

� T2 	 hT1=T2iT2
: In Fig. 6b the hT1iT2

data from (a) has been
overlaid on a plot of the T1 � T2 distribution function,
g2ðlog T2; log T1Þ, obtained from the same sample. Good agreement
is seen between the two data sets. The T1 � T2 correlation plot
shows a single dominant peak lying diagonal to the line T1 ¼ T2

(lower diagonal line), with a tail extending to shorter relaxation
times. The peak is centred on T1 ¼ 1:56 s and T2 ¼ 0:98 s, suggest-
ing T1=T2 ¼ 1:6 for this rock. However, the DECPMG data gives
hT1=T2iT2

¼ 1:8 (upper diagonal line) because it is determined from
a weighted average across the entire sample. A more detailed sta-
tistical analysis of the entire T1 � T2 correlation data provides the
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same value of hT1=T2i as determined from the DECPMG experi-
ment. It can also be seen in Fig. 6c that the one-dimensional T2 dis-
tributions determined via the DECPMG and the T1 � T2 correlation
experiments are equivalent.

Identifying multi-component liquid fractions, specifically oil
and water in rocks, is an important aspect in reservoir engineering.
On low-field NMR systems this is achieved conventionally by
studying distributions of T1 or T2 data, or D� T2 correlations
[4,10]. In time sensitive measurements it may be necessary to rely
on T2 distributions alone. In Fig. 7a, one-dimensional T2 distribu-
tions for sandstones containing either water (blue) or oil (green)
are shown, determined at f0 ¼ 2 MHz. These distributions reveal
a distinct difference but subtle difference: the water exhibits a
higher modal T2 than the oil. The DECPMG data for the same sam-
ples are shown in Fig. 7b. The addition of the hT1iT2

relaxation time
provides a more distinct segregation of the water (blue) and oil
(green) signals. For the water, hT1=T2iT2

¼ 1:5� 0:2; for the oil,
hT1=T2iT2

¼ 1:1� 0:1. This systematic difference in the ratio of
transverse to longitudinal relaxation time reflects differences in
the detailed relaxation mechanism for oil and water molecules
[42]. The measurement of hT1=T2iT2

might therefore be useful in
quantifying the fractions of oil and water present in reservoir
rocks.

In the measurement of CPMG decays from oils, there is a poten-
tial problem associated with homonuclear coupling [25]. However,
the experiments presented here all occur in the fast pulsing regime
and so the criteria 2JsCPMG � 1 (where J is the coupling constant) is
satisfied.
5.3. Surface interactions

Wettability is another topic of current interest in reservoir engi-
neering. Although some promising methods have been proposed
recently to relate NMR relaxation parameters and wettability
[43–46], mixed wettability surfaces are still difficult to characterise
[47]. The T1=T2 ratio can be used to estimate the average surface
residency time of liquid molecules in a pore. These measurements
provide a relative strength of surface interaction, hence indicating
whether a pore is preferentially oil or water wet. As an example,
the average hT1=T2iT2

ratio was determined using DECPMG for
water in sandstone and limestone rock cores over a range of 1H res-
onance frequencies x0. At the highest frequency (corresponding to
the highest magnetic field strength) the T2 measurement is influ-
enced strongly by diffusion in internal magnetic field gradients in-
duced by the susceptibility difference at the rock/water interface
[48–50]. These internal gradients have been shown to scale with
magnetic field strength [51]. We will consider the influence of
magnetic field strength on T2 measurements in more detail in a fu-
ture publication. A similar situation could arise for measurements
in the inhomogeneous fields of unilateral magnets, where the
CPMG portion may require additional optimisation [36]. Here,
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the fit to the hT1=T2iT2
data is weighted heavily in favour of the

measurements at the lower frequencies where in the influence of
the internal gradients is less significant. The results are shown in
Fig. 8, including lines of best fit to Eq. (23). For the sandstone,
sm ¼ 6� 10�10 s and ss ¼ 1� 10�6 s. For the limestone,
sm ¼ 5� 10�10 s and ss ¼ 1� 10�7 s. Both the surface diffusion cor-
relation and residency times are shorter in the limestone than in
the sandstone, suggesting the water has a stronger interaction with
the sandstone surface.

6. Conclusion

In this paper we presented the Driven-Equilibrium Carr–Pur-
cell Meiboom–Gill (DECPMG) pulse sequence as a rapid method
of determining the hT1=T2i ratio as a function of T2 and demon-
strated the applicability of the measurement to the study of oil
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Fig. 8. The inverse T1=T2 ratio as a function of proton resonance frequency x0 for
water in sandstone ð�Þ and limestone ðjÞ rock cores, as determined using the
DECPMG sequence implemented at four different magnetic field strengths. Lines of
best fit to the data are shown, as explained in the text.
reservoir rocks. The DECPMG pulse sequence has been shown
to provide the same mean value of hT1=T2i as determined from
two-dimensional T1 � T2 relaxation correlations plots for a doped
water sample and for brine solution in a permeable sandstone.
The rapid data acquisition makes the DECPMG sequence suitable
for use in time sensitive measurements. The DECPMG experiment
has also been proposed as a potential rapid method for identify-
ing oil and water in rocks, and for estimating surface residency
times when hT1=T2iT2

is measured as a function of the resonant
frequency. Additionally, the pulse sequence could be used to re-
duce the experimental time required to determine flow propaga-
tors without relaxation time weighting, as presented elsewhere
[13]: a method that requires hT1=T2i to be determined as a func-
tion of T2.

The DECPMG pulse sequence does require some initial calibra-
tion since the correct driven equilibrium magnetisation Mde will
depend on the frequency offset from resonance Dx0 in inhomoge-
neous magnetic fields. Nevertheless, this pulse sequence can be
implemented on a wide range of magnet systems, including unilat-
eral (portable) devices, and offers unambiguous data that is
straightforward to analyse and interpret accurately.
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