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We observe the movement of water over time between pores of differing sizes in Castlegate sandstone.
To achieve this, we perform an NMR transverse relaxation exchange experiment for several mixing times.
The resulting data are converted to 2D T2 distributions using a 2D inverse Laplace transform (ILT). We
show for the first time that quantitative analysis of ILT distributions enables one to extract characteristic
times for different pores sizes. This information is potentially useful for permeability determination as
well as better understanding of exchange between specific pore subpopulations.

DOI: 10.1103/PhysRevLett.97.175502 PACS numbers: 61.43.Gt, 66.30.Ny, 82.30.Hk, 82.56.Jn

In the physics of soft matter and porous media, a central
question concerns the migration of molecules from site to
site, under conditions of detailed balance, a process often
termed ‘‘exchange.’’ One method of monitoring these pro-
cesses is by means of nuclear magnetic resonance (NMR),
an effective tool being ‘‘2D-exchange NMR’’ [1], in which
the NMR spectra, obtained on the same nuclear magneti-
zation but at two successive times, are plotted against each
other. Diagonal peaks represent nuclear sites in molecules
where properties have remained unchanged, while ex-
change is indicated by the presence of off-diagonal inten-
sity. Until recently these methods have been restricted to
Fourier (frequency domain) spectroscopy, yet many inter-
esting NMR properties are associated with exponential
decays, for example, through relaxation and diffusion
measurement, for which inverse Laplace transformation
(ILT) is the natural domain of analysis. Here we demon-
strate for the first time how 2D ILT may be used to quan-
titatively monitor molecular exchange processes, choosing
as a simple example the relaxation-relaxation exchange for
liquid molecules imbibed in a porous medium.

In porous media, nuclear spin relaxation in liquid-state
molecules is enhanced by collision with pore surfaces, a
consequence of a momentary impulse in the dipole-dipole
interactions. Consequently, spin-relaxation rates provide a
‘‘marker’’ for pore surface-to-volume ratios and hence
pore size distributions [2]. This effect makes NMR of
especial use in well-logging tools. In principle, change of
spin-relaxation rates as molecules exchange from pore to
pore could provide insight regarding interpore transport.
The 2D exchange method for tracking molecular migra-
tion, which we demonstrate here, is based on relaxation-
relaxation comparison. However, it is equally applicable to
diffusion-diffusion comparison using pulsed gradient spin
echo NMR [3,4]. We do note that relaxation measurements
may have particular value in well-logging applications,
given that rock permeability may be indirectly deduced
from empirical scaling laws based on spin-relaxation time
and porosity data [5]. Whether used for soft matter appli-
cations (e.g., exchange between liquid crystal domains), in

biophysics (exchange of metabolites between the interior
and exterior of cells) or in porous media studies (migration
between pores), the ability to quantify details of exchange
between specific subpopulations could prove of significant
value.

In the example presented here, we correlate at two
different times, the distribution of molecules in pores, as
indicated by their spin-spin (T2) relaxation properties. The
NMR method preserves the magnetization of individual
molecules over a variable ‘‘mixing time’’ separating the
two intervals when relaxation behavior influences the spin
magnetization (we call these intervals during which spin
echo rf pulses are applied relaxation time ‘‘encodings’’).
Consequently, a switch of T2 identities over the mixing
time indicates molecular exchange, as molecules diffuse
from one environment to another. At the heart of the
method is the 2D ILT [6], allowing multiexponential signal
decays associated with spin relaxation to be converted to
2D relaxation time distributions [7,8]. Off-diagonal peaks
tell us where molecules have moved between pores of
differing relaxation times. It is the sensitivity of these
peaks to mixing time variation which yields pore ex-
changes times directly.

2D ILT methods have been used in exchange measure-
ment by Callaghan and Furo [9] and Qiao et al [10] who
observed molecular migration between differing domains
in lyotropic liquid crystals and polyelctrolyte capsules,
respectively. McDonald and Korb [11] and Lee et al [12]
have performed a double T2 encoding at a fixed time
separation, which demonstrated the movement of water
between differing environments, although no quantitation
was attempted.

We here use a range of mixing times to observe the
movement of water, extracting exchange rates between
subpopulations. The NMR pulse sequence used is shown
in Fig. 1. It begins with a 90� excitation rf pulse to place
the magnetization in the transverse plane, followed by the
first T2 encoding in the form of a Carr-Purcell-Meiboom-
Gill (CPMG) echo train. Note that we keep the echo time
fixed (at 25 �s) and vary the number of refocusing 180�
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pulses in the train. The use of closely spaced 180� rf pulses
avoids [13] any influence from internal diamagnetic sus-
ceptibility differences which can lead to additional dephas-
ing of the transverse magnetization, a problem when
performing NMR measurements on a porous medium.

After the first T2 encoding interval, using 42 logarithmi-
cally spaced echo train durations over the range 0.05 to
51.2 ms, a second 90� rf pulse is used to store the magne-
tization along the z axis for the mixing time, �m, where it
experiences no further T2 relaxation, only the longer T1

relaxation. Mixing times used were 1, 10, 20, 30, 40, 60,
80, 120, and 160 ms, the latter being the upper limit, since
at longer times the data become significantly T1 weighted.
At the end of �m, a third 90� rf pulse returns the magne-
tization to the transverse plane where the second T2 encod-
ing is performed in conjunction with multiecho data
acquisition. This enables efficient use of experiment
time, a single mixing time experiment taking 12 min, and
yielding a signal-to-noise ratio * 100. rf pulse phase cy-
cling ensures that all signal derives from the first 90� pulse
alone. Using single point acquisition the top of each of the
1024 CPMG echoes was sampled, giving a (42� 1024) 2D
data set. From that set we select second-encode durations
corresponding to first-encode times to produce a 42� 42
matrix, which is subsequently inverse Laplace transformed
to generate a 32� 32 T2-T2 distribution matrix. In this
exchange distribution, molecules that remain in their origi-
nal environment will appear along the diagonal while those
diffusing to a new environment during �m will have re-
laxation time coordinates that are a combination of the two
environments (off-diagonal peaks). Note that T1 values,
while longer than T2, do tend to follow the same size
ordering. While detailed balance would suggest cross
peak symmetry, the inevitable T1 relaxation that occurs
during the mixing interval of ‘‘z storage’’ means that the
cross peaks will not necessarily have equal intensity.

Ideally the T2 encode times should be less than the
exchange times to be measured; otherwise a significant
number of molecules can diffuse from one environment
to another during the encoding process, causing averaging
between T2 values and smearing of peaks in the T2 distri-
bution. For the present study, Castlegate sandstone was
chosen for its short T2 relaxation times, in each case
considerably less than T1.

Experiments were performed at 25 C using a Bruker
Avance 400 MHz spectrometer with 25 mm proton reso-
nator. Rock cores were saturated in distilled water and
excess water carefully removed from the surface before
experimentation. The 2D inverse Laplace transforms were
performed using Prospa (magritek, Wellington, New
Zealand) which incorporates a 2D non-negative least
squares algorithm [14]. Regularization involves a curva-
ture cost-benefit function whose amplitude is adjusted to
just minimize chi squared. An x-ray computerized tomog-
raphy (CT) image [15] of the rock is shown in Fig. 2 (right
inset), from which a pore size distribution has been derived
using the maximal inscribed spheres method [16]. As
apparent in Fig. 2, four distinct T2 contributions can be
seen at approximately 0.2 ms (labeled A), 1.6 ms
(labeled B), and 8 ms (labeled C), along with a 32.6 ms
component labeled D. The discreteness of this distribution
is a consequence of ILT ‘‘pearling’’ [14]. A projection from
a T1-T2 correlation experiment was used to obtain the T2

spectrum.
Figure 3 shows the 2D T2 exchange distribution for a

160 ms mixing time. For the 0.2, 1.6, and 8 ms peaks,
exchange between T2 environments is quite evident.
Remarkably there is no apparent exchange between the
32.6 ms peak and those associated with shorter T2 values.
The T2 encoding times are less than or on the order of the
exchange times found here. A side effect of limiting the
relaxation encoding period is that some of the peak posi-
tions appear at spuriously low relaxation times in the 2D T2

distribution, but their behavior appears otherwise unaf-
fected. To confirm that the cross peaks do indeed arise

FIG. 2. 1D projection (along T1) of the T1 � T2 2D correlation
spectrum. The right inset shows an x-ray CT image of the
Castlegate sandstone core, field of view width, 2 mm. The left
inset gives the pore size distribution derived from x-ray CT.

FIG. 1. Two-dimensional pulse sequence for the fast measure-
ment of transverse relaxation exchange. The time interval � is
kept fixed and the numbers (n, m) of 180� rf pulses in the first
and second T2 encoding periods are independently varied. The
measurement is performed as a function of the mixing time �m.
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from pore to pore exchange, we turn to quantitative analy-
sis of the data. Simulation of multiexponential time domain
data in which exchange occurs between two or three
Gaussian distributions of T2 values has confirmed that
the ILT peak intensities closely represent their contribution
to the known time domain signal contribution.

Consider sites A and B with equilibrium occupancies,
NA and NB. Allowing exchange we may write that the
numbers of molecules, NAB, starting in A but residing in
B after a time delay t will be governed by the rate equation
dNAB=dt � NAA=�AB � NAB=�BA, where NAA is the num-
ber remaining in A after time t. A similar relation governs
transition from B to A simply by exchanging indices. Taken
together, these two first order equations imply exponential
solutions. Clearly the times �AB and �BA, respectively, the
rates at which molecules in A migrate to B and vice versa,
will be related to the intrinsic molecular self-diffusion
coefficient, the tortuosity of the interpore pathway (the
pore-pore throat) and the squared interpore distance.
NAB�t� ideally corresponds to the A-B off-diagonal peak
intensity at mixing time t and has an initial condition
NAB�0� � 0. Conserving molecules (NAA � NAB � NBB �
NBA constant) one may simply show

 NAB�t� �
NB�AB

�AB � �BA
�1� exp���t�	; (1)

with � � ��1
AB � �

�1
BA and �ABex � ��1, while the time-

dependent diagonal intensities are given by

 NAA�t� �
NA

�AB � �BA
��AB � �BA exp���t�	 (2)

and similarly for NBB�t�.
Because we are here dealing with three sites, A, B, and

C, that mutually exchange (the equations above should be

appropriately modified) especially if mixing times are long
enough for three site processes to play a significant role.
The expressions for N���t� and N���t� (where � is A, B, or
C) are more complex than those given here but are easily
derived. For simplicity and for pedagogical reasons, we
prefer to restrict our approach to a first order analysis and
treat the experiment in terms of a set of independent two-
site binary exchanges. The fact that the data appear ap-
proximately single exponential lends credence to that
approach.

Figure 4 shows the integrated off-diagonal peak inten-
sities N���t� as a function of mixing time, while Fig. 5
shows the diagonal behaviorN���t�. Reproducibility of the
data was good. Variations of peak intensity between re-
peated experiments for the same exchange times were
generally a few percent, and this is reflected in the error
bars. We note that the intensities N���t� of the diagonal
peaks, A, B, and C, decreased as decaying exponentials,
while for the exchange peaks, N���t�, the intensities grew
exponentially, in accordance with Eqs. (1) and (2).
Focusing on Fig. 4 and using Eq. (1), we determine the
exchange times between the peaks as �ABex � 17�2� ms,
�ACex � 21�1� ms, and �BCex � 43�2� ms. These effective ex-
change times, however, are weighted by T1 relaxation, as

 

1

�eff
ex
�

1

T1
�

1

�ex
: (3)

Using the T1 values from the T1-T2 correlation experi-
ment and Eq. (3) we arrive at the actual exchange values
�ABex � 27�3� ms, �ACex � 31�3� ms, and �BCex � 93�11� ms.
These results are consistent with our simple picture based
on pore to pore exchange, given a majority of pores smaller
than 50 �m, and the known diffusion coefficient of water.

FIG. 4. Off-diagonal intensities, N���t�, as a function of mix-
ing time.

FIG. 3. 2D T2 exchange distribution for a 160 ms mixing time.
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We suggest that the shortest T2 values (sites A) arise
from water molecules in pore throats. It is then reasonable
that these �ABex and �ACex exchanges are fastest and of simi-
lar rate. We propose that the long exchange time �BCex

arises from exchange between true pores of differing
sizes. A surprise was the lack of exchange between the
longest relaxation peak and the smaller pores. Comparison
with results obtained using (otherwise undesirable) longer
T2 encoding times confirm that this is not an exchange
process simply missed by the short T2 encoding times.
Indeed, the peak intensity remained nearly constant
throughout the range of mixing times. We suggest that in
the Castlegate sandstone used here, the relaxation compo-
nent D arises from water in pores too large for significant
exchange on the encoding time scales. This length scale
must be *50 �m, consistent with the largest pores seen in
x-ray CT [16].

Turning to the N���t� data of Fig. 5, we might expect, on
closer scrutiny, to see biexponential behavior as molecules
are lost to either of the two different pore sites. This
biexponential character is evident for site B because of
its very different exchange times with A and C. While our
data do not realistically permit a full biexponential fit, the
theory line drawn through the N���t� data has time con-
stants preassigned to the values measured for the off-
diagonal peaks. The correspondence with the data is
excellent.

The data shown here indicate that 2D ILT methods,
based on nuclear spin-relaxation times, can provide effec-
tive quantitative insight regarding pore-pore exchange in

porous media and that, in contrast to 1D methods, ex-
change between identifiable subpopulations is readily ob-
served. The 2D T2 relaxation exchange method has the
possibility to predict permeability more accurately than the
current 1D T2 methods. The methods described here are
time efficient and undemanding of apparatus. They could
be readily applied in bore-hole logging applications. While
we have chosen to demonstrate the method on a rock core,
we would emphasize that the technique is applicable to
other porous or compartmented systems such as those
found in biology, materials research, and chemical
engineering.
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