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Reconciling NMR Measurements and Numerical Simulations:
Assessment of Temperature and Diffusive Coupling
Effects on Two-Phase Carbonate Samples1

E. Toumelin?, C. Torres-Verdin’,

S. Chen’, and D. M. Fischer”

Nuclear Magnetic Resonance (NMR) is the only log-
ging technique sensitive to pore-size distribution and pore
structure. However, quantitative interpretation of NMR
data can become uncertain in carbonate rocks because of
unaccounted diffusion coupling between existing pore
scales. The objective of this study is to assess the relative
importance of diffusion coupling and temperature on
NMR measurements performed on a few carbonate sam-
ples.

The core of our work is based on the analysis of experi-
mental NMR measurements and on the use of numerical
simulations. The numerical simulation algorithm consists
of Monte-Carlo random walks in three dimensions and
accounts for two-phase fluid saturations in the presence of
a bimodal pore-size distribution. NMR coupling effects
are modeled by including simple cross-interactions
between the fluids within the different types of pores. We

ABSTRACT

present a method based on rock image analysis to calibrate
the numerical model to NMR laboratory measurements
acquired in complex carbonate rocks at two stages of fluid
saturation. The derived simulation models are subse-
quently used to generate equivalent decoupled responses
of the samples. Comparison of these decoupled responses
with experimental data allows one to assess the effect of
diffusion coupling. The experimental data were also used
to quantify the temperature dependence of NMR measure-
ments and movable fluid volumes, normally determined
assuming either a constant a priori formation Thcyrof, OF
else parameters derived at ambient temperature. Finally,
an analysis is made of the sensitivity of conventional per-
meability models to the combined effects of temperature
and diffusion coupling, as evidenced by the core samples
considered in this paper.

INTRODUCTION

Pore structures of carbonate rocks are known to be much
more difficult to quantify than those of sandstones. The
genesis of carbonate rocks is commonly associated with
both chemical and biological processes that can cause large
variations of pore size, shape, texture, and degree of disso-
lution/cementation. Carbonate rocks also exhibit a large

degree of heterogeneity in the form of (a) partially isolated
pores and (b) presence of both intra- and inter-granular
pores. Petrographic or standard core analysis techniques
often face serious technical difficulties in determining
whether or not an existing “vug” is hydraulically isolated
from the rest of the pore structure. Similarly, it is difficult to
identify in the laboratory whether secondary, inter-
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connected micropores provide significant diffusive connec-
tivity to the overall pore network. The detection and quanti-
fication of such structural properties and of their impact on
pore connectivity and fluid transport is essential to the char-
acterization of carbonate reservoir quality and producibil-
ity.

As the only logging technique currently available to
characterize pore size distributions, Nuclear Magnetic
Resonance (NMR) logging has been used to assess a hand-
ful of key petrophysical parameters, such as irreducible
bulk volume (BVI), clay-bound water volume (CBW),
movable bulk volume (BVM), effective (¢.) and total
porosity (¢7), and permeability index (k). All of these
parameters are related to the amount and the distribution of
the fluids within the pore structure. Thus, an understanding
of how NMR measurements respond to variations of pore
structure is essential to quantify petrophysical formation
properties.

Most of the currently available NMR interpretation mod-
els and parameters thereof, such as Theuofr, Spectral BVI,
CBW, and Timur-Coates permeability index, are based on
the concept of pore-size distributions. This concept is most
suitable in cases where a deterministic relationship exists
between pore size and throat size. Although these models
have been applied successfully to the interpretation of sand-
stones, and to some extent of carbonates, modifications are
often required to accommodate local geological and petro-
physical knowledge. Some modifications are empirical
(Quintero et al., 1999; Allen et al., 2001), while others stem
from more fundamental considerations (Ramakrishnan et
al., 1999; Godefroy et al., 2001).

METHODOLOGY

Even though large variations are expected in the spatial
distribution of pores in carbonates, it is important to quan-
tify their effect on both petrophysical properties and log
interpretation. The main thrust of this paper is to report a
thorough analysis performed on a few carbonate samples of
the dependence of NMR measurements on temperature and
diffusion coupling. We carry out this analysis by using
NMR measurements at different temperatures and numeri-
cal simulations that take into account diffusion coupling
and temperature effects. This paper is organized as follows.
First, we briefly describe the three main core samples used
in our study with emphasis on their pore structure and their
propensity to exhibit diffusion coupling. Subsequently, we
describe the NMR experimental protocol used to obtain
core measurements at different temperatures and fluid satu-
rations. We then summarize the numerical algorithm used to
model the NMR response in the presence of bimodal,
micro-porous carbonate rocks. We show how both the NMR
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measurements and the petrographic analysis can be synthe-
sized into a parametric numerical model of bimodal poros-
ity capable of describing the pore complexity exhibited by
the core samples. The effect of temperature on NMR meas-
urements is then investigated, and the comparison between
numerical simulations and experimental measurements is
extended to explore the role played by temperature in diffu-
sive coupling. Lastly, cumulative porosity curves derived
from both NMR experiments and numerical simulations are
used to assess the BVI errors that come from using TscyrofS
that are independent of temperature and diffusive coupling.
We conclude by studying the stability of the conventional
permeability models to the presence of temperature varia-
tions in the measured rocks, and the need to correct Theutoft
values in log analysis when neither temperature nor diffu-
sion coupling are negligible.

PORE STRUCTURE OF THE SAMPLES

The three samples considered in this paper are com-
pacted, micritized limestones retrieved from the same well
but exhibiting different facies. Back Scattered Electron
(BSE) imaging was used to analyze the pore structure of
these samples (Prior et al., 1999) and to measure pore-size
distributions and porosities, ¢psg, for pores larger than 2
microns. Scattering Electron Microscope (SEM) was also
used to provide high-resolution spatial images of the pore-
matrix structure (Anselmetti et al., 1998). A complementary
laboratory core-plug measurement was performed to assess
total porosity ¢z, which in turn allowed the quantification of
micro-porosity otherwise unaccounted by the BSE analysis,
1.€., Pmicro = P — PBSE-

Pore geometry analysis helped to identify several pore
types, or pore modes, within the samples, namely:

* Mode 1: Large primary inter-connected pores with aver-
age diameters larger than 60 um. Pores exhibit variable
cementation, thereby providing partial diffusion coupling
with the surrounding micro-porosity region.

* Mode 2: Large secondary dissolution pores, with aver-
age diameters within the range of 20-60 um. These pores
are largely hydraulically isolated and hence remain
uncoupled to other pore modes.

* Mode 3: These are pores developed between circum-
granular cement crystals ranging in diameter from 5 to 15
um. Due to their proximity to smaller micro-porosity
regions, they can be regarded as coupled with the latter.

* Mode 4: These pores exhibit diameters of 0.5 um or less
and therefore constitute the micro-porosity associated
with @, They are developed within the matrix and
contain irreducible water.

Porosities and average radii of pore modes 1 through 3
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were quantified using the pore-size distribution estimated

via BSE analysis. In terms of pore-size distributions, the

main features of the samples are as follows:

* Sample A mostly exhibits a combination of small-size
(modes 3 and 4) diffusively coupled porosities amount-
ing to 13.6% of the bulk volume, with 10% vuggy (mode
2), isolated macro-porosity. An example of this pore
structure is provided by the SEM images shown in Figure
1, where one can easily recognize abundant micro-
porosity as well as a few isolated vugs. The high degree
of diffusion coupling is likely, since the thin sections
(Figure 2) show that most of the calcite-free micro-pore

i

space clearly imbibes epoxy. The measured permeability
to water is low, equal to 4 mD.

Sample B mainly consists of 8.1% primary macro-
porosity (mode 1) partially coupled with 5.1% micro-
porosity (mode 4), in addition to 5% isolated secondary
macro-porosity (mode 2). As shown by the SEM images
of Figure 3, this sample exhibits a dual porosity charac-
terized by the remarkable structural organization of
matrix grains into intrinsically micro-porous packs. The
thin sections of Figure 4 show partial imbibition of epoxy
into the intragranular micro-porosity. The measured per-
meability of sample B to water is 70 mD.

Sample C exhibits the highest macro-porosity among the
three samples reported in this section. The major part of
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FIG. 1 SEM images of sample A at 140x (a) and 1400x (b)
magnification. These pictures show the extensive micritization
of the rock matrix and the isolation of scarce macro-pores. FIG. 2 Thin section images from sample A. Except for calcite-
There is no appreciable amount of cement to prevent contact bearing areas (shown in white on the pictures), epoxy has been
between intra- and intergranular pore spaces. consistently imbibed by the micro-porous matrix.
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the porosity is associated with primary macro-porosity
regions of mode 1 (17% porosity), while the remaining
4% porosity is evenly distributed among the remaining
three pore modes. The SEM images of Figure 5 show the
structure of the macro-porosity and suggest good cemen-
tation along the macro-pore surfaces. This cementation
explains the impermeability of the micro-porosity to
epoxy (Figure 6). The highly connected macro-pore
structure explains the relatively high value of the meas-
ured water permeability, equal to 980 mD.
As illustrated in Figure 7, the BSE-based pore-size distri-
bution allowed us to identify pore modes 1 through 3. The
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Fic. 3 SEM images of sample B at 140x (a) and 1400x (b)
magnification. Macro-porosity and general agglomeration of
grains into packs are well defined in the images. The images
also indicate the presence of cementation crystals at the limit of
some micritized grain packs (macro-pore surface).

SEM images were then used to estimate the micro-pore size
(mode 4) in the range of 0.2 to 0.5 um.

NMR EXPERIMENTS

Nuclear magnetic resonance measurements of the three

core samples were performed with a MARAN ULTRA sys-
tem operating at a frequency of 2.3 MHz. The samples were
first measured with 100% water saturation (S,,= 1) at differ-
ent temperatures between 4 and 65°C (4, 22, 45, and 65°C
for samples A and C; 10, 22, 45, and 60°C for sample B).

Subsequently, the same samples were desaturated to

their irreducible water saturation (S,,;,) state by centrifuga-
tion. The pressure applied to the samples during centrifuga-
tion was equal to 60 psi (414 kPa) during 24 hours or more.
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FIG. 4 Thin sections from sample B exhibiting partial epoxy
imbibition by the micro-porous regions.
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Moreover, it was assumed that all moveable water had been
removed when the measured expelled water volume was
observed to be stable for 8 hours. All NMR measurements
for the irreducible water saturated samples were acquired at
regulated room temperature (22°C).

A CPMG sequence was used to obtain echo trains of up
to 5000 echoes with even time spacing, TF, of 1 ms and in
the absence of a magnetic field gradient. Measurements
were repeated and stacked to ensure signal-to-noise ratios
greater than 100. We made use of a discrete, multi-
exponential relaxation model with a sufficiently wide 75 bin
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FIG. 5 SEM images of sample C at 140x (a) and 1400x (b)
magnification. The structure in panel (a) has the same appear-
ance as that of sample B, although the BSE analysis shows that
large pores are more numerous in sample C. The high density of
calcite crystals provides strong cementation of the macro-
pores.
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range to invert the echo trains into transverse relaxation (7%)
distributions. The inversion technique employs a
curvature-smoothing regularization (Chen et al., 1999) to
stabilize the solutions in the presence of noise. Figure 8
shows the 7, distributions obtained from NMR measure-
ments performed at S,,= 1 and S, for each of the three core
samples.

NMR SIMULATION MODEL

The algorithm used to simulate numerically the NMR
response of fluid-filled carbonate rocks replicates a condi-
tional Monte Carlo random-walk procedure. Conceptually,
the diffusive coupling model and the dual random-walk
algorithm are a generalization of the algorithm reported by
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FIG. 6 Thin sections from sample C showing no imbibition of
epoxy outside the macro-porous regions.
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Ramakrishnan et al. (1999). However, instead of modeling
the NMR response as a histogram of walked times, our
algorithm simulates the CPMG echo decay in the time
domain. This approach requires tracking of the NMR signal
phase evolution resulting from both the random walk and
the assumed NMR pulse sequence.

Model geometry

The simulation model was constructed with a three-
dimensional (3D) bimodal pack of spheres intended to rep-
licate the pore-structure geometry of carbonate formations,
in which micro-grains are arranged into packs. As in the
example of Figure 3, the simulation model accounts for
intra-granular porosity regions that constitute the grain
packs, while different types of inter-granular porosity (char-
acterized by different pore sizes and degrees of cementa-
tion, depending on diagenesis) exist between the packs. The
geometrical construction of the 3D model is based on the
following assumptions:

* Bimodal pore-size distribution,
* Periodic geometry,
* Isotropic pores,
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FIG. 7 Pore-size modes recognized in samples A, B and C.
Plain stems correspond to coupled porosity modes, dash
stems, to partially coupled primary porosity, and dot stems to
a-priori uncoupled vuggy porosity.
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* Spherical, compacted micro-grains, and
* Spherical, compacted grain packs.

At the micro- (macro-) scale, each grain (grain pack) is
constructed with a sphere inscribed into a concentric cubic
cell. If the sphere does not completely fill its cubic unit, then
the complementary volume is considered filled with fluids.
Furthermore, fixed blobs of gas centered on the macro-pore
space can be included in the model to represent partial satu-
rations of an immiscible non-wetting gas phase, while the
micro-porosity can only be filled with wetting fluid. Figure
9 shows a 3D period of this bimodal pore-network structure.
A wide variety of pore sizes can be modeled by adjusting the
values of the grain (or grain pack) radii, and the sizes of the
corresponding cubic cell.

Random-walk algorithm

At each iteration of the Monte Carlo simulation proce-
dure, a fictitious proton is randomly chosen within the space
formed by the available pore volume. This proton is then
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FIG. 8 T, distributions of NMR measurements performed at
ambient temperature on samples A, B, and C. Dashed curves
represent the measurements at irreducible water saturation.
Solid curves represent measurements performed at 100%
water saturation.
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displaced to a new location dictated by a random-walk algo-
rithm that operates according to two possible strategies.
Depending on the proximity of the proton to the surface of
material discontinuity (pore wall or fluid phase interface),
either a conventional random-walk strategy or a First-
Passage-Time technique (Zheng and Chiew, 1989) is imple-
mented to displace the proton to its new location.

The First-Passage-Time strategy is based on the analyti-
cal solution of the unbounded diffusivity equation. This
yields a stochastic relationship between the mean square
displacement, R, during each step, and its duration, Az,
with a maximum of probability close to the free space bulk
diffusivity, i.e.,

_<R2>
6A¢

(M

o

In the above relationship, R is limited to the largest displace-
ment allowed by the surrounding fluid boundaries, while Az
is constrained by the time sampling period TE correspond-
ing to the echo time of the NMR tool. Since no magnetic
field gradient is enforced in the simulations, the signal gen-
erated by fluid protons is simply proportional to the popula-
tion of magnetized protons sampled with period TE. The
First-Passage-Time method is particularly suited for the
simulation of proton displacements in large pore spaces as it
allows the simulation of large displacements in a few steps.
However, close to surfaces of material discontinuity, the
First-Passage-Time strategy does not converge and instead a
conventional random walk of fixed step € is necessary.

If contact is made with a surface of material discontinu-
ity, then the proton magnetization decays with a probability
equal to

pP=— (2)

where p is the surface relaxivity of the interface (Bergman et
al., 1995). If no magnetization decay occurs, then the proton
rebounds randomly at the surface of the interface.

Once a large-enough number of proton trajectories are
simulated with the Monte Carlo algorithm, convergence to
the average time solution is insured and the total magnetiza-
tion signal can be inverted into a 7, distribution (generally a
few hundreds to a thousand proton trajectories are needed
for statistical convergence, depending on the modeled
pore-size distribution).

The total relaxation of the pore fluid is generally consid-
ered equal to

T2=(1/T25+1/T23)_]=(pS/V +1/T23)_1, (3)

where Ts1s the surface relaxation, 755 is the bulk relaxation,
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p is the pore surface relaxivity, and S/V is the pore surface-
to-volume ratio. Considering equation (3), we remark that
the dual random-walk algorithm introduced by
Ramakrishnan et al. (1999) only models the effect of Ts.
Because T3 is solely a function of fluid properties, we pro-
pose to take into account bulk relaxation effects by multiply-
ing the simulated magnetization decay by the TE-sampled
temporal decay exp(—t/T,p) before performing the T, inver-
sion. An in-depth description of this algorithm including
benchmark examples and extensions to consider the effect
of a constant external magnetic field gradient can be found
in Toumelin (2002), and Toumelin et al. (2002).

ADAPTATION OF THE SIMULATION MODEL TO
REPLICATE THE NMR RESPONSE OF FLUIDS IN
ROCK SAMPLES

The purpose of the simulation work is to ascertain the
influence of pore coupling on the NMR response of the
available core samples. Once the proportion of actively
coupled pores has been quantified for each sample, the main
task is to determine the bimodal pore model that honors the
NMR measurements.

On the hydraulic isolation of vuggy porosity

For every sample, the irreducible water saturations S,
measured by NMR is larger than the fractional micro-

Top view

Gas

FIG. 9 Three-dimensional representation of the distribution of
fluids and rock matrix at the spatial resolution of both macro-
and micro-cells. Gas blobs are centered on the intergranular
macro-pores. Compaction is simulated by including sphere
diameters larger than the concentric cube sizes.
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POrosity @0 /7. Therefore, we can assume that the entire
water-wet micro-pore region is filled with connate water,
and that the complementary amount of irreducible water
(Swir @7— @umicro) Tesides in other porosity regions. However,
the pore analysis defines the vuggy pores (pore mode 2) as
isolated and sealed by cementation. In other words, under
this assumption, no fluid can leave the vuggy macro-pores
unless the rock is fractured.

Analysis of the NMR experimental results in Figure 8
shows that, for each sample, the long-7, peak, correspond-
ing to the water-filled vugs at S,, = 1, disappears at S,,;. This
implies that the water-filled vugs were effectively drained
by centrifugation. Such an observation, in turn, contradicts
the initial assumption that the long-7, peak is associated
with hydraulically isolated vugs. Thus, NMR measure-
ments on the three available cores strongly suggest that
vugs observed at SEM resolution may not be totally isolated
hydraulically from the rest of the porous network.

Determination of the model parameters

By describing “vugs” as part of a coupled pore system,
their NMR response can be explained by the superposition
of coupled modes. We assume that the total NMR response
of the porous medium is dictated by the collective response
of porosity modes that are, from a diffusive viewpoint, cou-
pled by pairs of two modes. Such an assumption is of course
amenable to our numerical simulation algorithm. For
instance, the macro-porosity regions (modes 1 and 2) are

Cross-coupling of pore modes 2, 3 and 4
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FIG. 10 Cross-coupled NMR responses of the main pore
modes present in sample A, and comparison with the uncou-
pled modes. Stems represent the individual T,s response of
each mode in the absence of coupling, that is, the ‘original’ loca-
tion of the T,s peaks before diffusive pore coupling.
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expected to couple with the pores of mode 3 (peripheral
porosity located between the cement crystals) more than
with those of mode 4 (intrinsic micro-porosity). By con-
trast, the two macro-porosity modes are expected to exhibit
no mutual coupling.

In order to be consistent with experimental results, we
choose the average radii and porosities of the main pore
modes as input parameters. The pore information for modes
1 through 3 is adapted from the pore-size distribution analy-
sis. However, the average radius of mode 4 micro-pores has
to be determined for each sample so that it honors the spatial
range observed on the corresponding SEM images, and at
the same time remains consistent with the NMR measure-
ment. Furthermore, as shown by Ramakrishnan et al.
(1999), the influence of the rock surface relaxivity p
(defined as the inverse of the product of 7,5 and the
surface-to-volume ratio S/V of the pore) is crucial to the
NMR response of pores exhibiting diffusion coupling. In
sandstones, an estimate for p can be obtained from the
quasi-linear relationship between 7,5 and S/V. By contrast,
the presence of diffusion coupling in carbonates prevents a
simple determination of p. The choice of NMR parameters
in our simulation model therefore represents an iterative
process with two degrees of freedom, namely, the average
micro-porosity radius r4, and the surface relaxivity p. A
practical way to solve for the required parameters is to util-
ize the NMR responses of the desaturated samples.

Sample A

The NMR measurements performed on Sample A yielded
a high irreducible water saturation of 52.4%. This value is
larger than the fractional micro-porosity ¢,/ ¢r = 42.4%,
thereby implying that, at S,,;,, the detected NMR signal is
produced by water within both the micro-porosity (mode 4)
and the next bigger pores of mode 3. Therefore, the selec-
tion of the equivalent model consisted of finding a satisfac-
tory combination of (r4, p) couplet, such that the bimodal
porosity simulation constructed with the remaining parame-
ters (¢4 = 9.8%, ¢3 = 3.8%, r; = 6 um) matched the NMR
measurements shown in Figure 8 at S,,;. Simulation models
were tested for r, = 0.2, 0.4 and 0.5 um, and forp =1, 2, 3,
and 5 um/s, corresponding to usual values for carbonate
rocks. The irreducible water saturation was matched by
defining a gas blob radius within the intergranular porosity
region of the model representing pore mode 3, where the sur-
face relaxivity at the gas/water interface was taken equal to
zero. Given the low gas hydrogen index, it was assumed that
the pore volume associated with gas created no magnetiza-
tion signal. A best fit was obtained for r,= 0.5 umand p =2
um/s, and by assuming a gas blob of radius equal to 6 um.

The model was then tested for the remaining porosity
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modes. Figure 10 shows the cross-coupled NMR responses
corresponding to modes 2, 3 and 4, where each coupled
mode pair is weighted by its total porosity. If the pore sys-
tem were completely uncoupled, its NMR response would
be obtained from the superposition of the 7,5 values of its
main pore modes. In Figure 10, the individual 7,5 response
of each mode is described in a way that allows qualitative
assessment of the coupling effect between each mode pair.
It can be seen that mode 3 only slightly influences the
remaining pore modes by causing no appreciable 7, distri-
bution shift. Consequently, the response of the whole pore
system can be explained as controlled mainly by the cou-
pling between the intra-granular micro-porosity (mode 4)
and the vuggy porosity (mode 2). A reasonable approxima-
tion of the sample NMR response can then be obtained by
considering the coupled response of modes 2 and 4 at S,,= 1,
weighted by the total porosity of the sample. The T, distri-
bution of the corresponding simulation model compares
extremely well with the measurements (see Figure 11).
Locations for the peaks on the 7, spectra match quantita-
tively. We remark that the width of the micro-porosity peak
is narrower in the numerical simulation than in the real rock
because the simulation includes a single micro-pore size
whereas the real rock includes a distribution of sizes. This
exercise validates the S,;-based parameters and the
assumption of full diffusion coupling between existing
pores.

Sample B

A similar approach was used to construct a model that
could replicate the NMR response of the apparently par-
tially coupled core sample B. However, the coupling
process in this sample is markedly more complex than in
the case of sample A. An iterative process is needed to
accurately model the corresponding NMR response. Sam-
ple B exhibits an irreducible water saturation, S, =
27.7%, which falls remarkably close to its fractional
micro-porosity, ¢,/¢r = 26.3%. Consequently, it was
assumed that the irreducible water saturation was located
within the micro-porous region only, and that the corre-
sponding NMR signal could be modeled with a unimodal
pore system. The micro-pore size r4 of the model was cali-
brated to 0.45 um so that the individual response of mode 4
matched the NMR measurement performed at S,,;- assuming
a surface relaxation of 2 um/s. In this sample, however,
three additional coupled pore modes contribute to the NMR
response at higher water saturations, so that the pore cou-
pling process requires some simplifications.

The first stage of the iterative simulation procedure
assumed that diffusion was controlled by direct diffusive
coupling between all pore modes except modes 3 and 4.
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Figure 12 shows the simulation results obtained with these
cross-coupled modes. The simulations were performed by
taking into account the porosities associated with each pair
of pore modes, along with their individual 7,5 response
when regarded as uncoupled. As can be seen in this figure,
the overall magnetization associated with the micro-
porosity (mode 4) consistently remains close to that
obtained in the absence of diffusive coupling. However, the
magnetizations borne by the macro-porosities (modes 1 and
2) shift to lower relaxation times, spread over the whole T,
range of the macro-porosities, and slightly fill the gap with
mode 4. The coupling process occurring over the entire pore
system of this sample is expected to enhance the two 7,
peaks centered at 70 and 2000 ms, before accounting for
bulk relaxivity, with a valley of 7, relaxations between the
two peaks. As an illustration, Figure 13 provides a compari-
son of the experimental NMR T, distribution with the 7,
distribution inverted from the sum of the coupled simula-
tion results used to construct Figure 12 (obtained by assum-
ing a brine bulk relaxation of 2300 ms). Figure 13 shows
clearly that the superposition of the coupled NMR
responses is a good approximation to the NMR measure-
ments.

Further successive simulation steps would be required to
bridge the gap between the two measured 7, peaks and to
accurately reproduce the NMR measurements. These steps
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FIG. 11 Comparison of simulations and measurements of
sample A at room temperature. Solid curves: S,, = 1. Dashed
curve: S, = Sy Although sharper than the experimental peak at
irreducible water saturation, the simulation result honors both
the T, peak value and the porosity.
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would need to consider equivalent bimodal models based
on the 7, distribution yielded by the previous simulation
step. For example, because it originates from the coupling
between both Modes 2 and 3 (Figure 12a) and Modes 4 and
2 (Figure 12b), a strong 7, decay mode appears after the
first iteration around 1000 ms that does not correspond to
the initial pore-size distribution. The next step of the
process would include the simulation of the coupling rela-
tionship between this 1000-ms 7> mode and the one at 50 ms
that results from the coupling of Mode 4 to other modes in
the first iteration. This simulation would create a strong 7,
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FIG. 12 Cross-coupled NMR responses of the main modes
present in sample B and comparison with the uncoupled modes.
Stems represent the individual T,s response of each mode in
the absence of diffusive coupling.
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mode at approximately 300 ms, similar to that observed
after coupling between Modes 3 and 4. When applied to all
the decay rates obtained from the previous simulation step,
this process would yield the 7, values required to bridge the
T, gap between the two peaks exhibited by the measure-
ments. Such an exercise, however, is beyond the scope of
this paper.

Sample C

The third sample studied in this section is the one exhib-
iting the most macro-porosity and peripheral cementation,
and no apparent sign of diffusive coupling. We used this
example of an uncoupled sample to contrast the simulation
results with those of the coupled samples, A and B, and to
determine the behaviors which more specifically character-
ize coupled systems.

In summary, the simulation models helped us to deter-
mine coupled pore geometry for both samples A and B.
These models validated the pore-size distributions deter-
mined by core image analyses. By keeping the same pore-
size distributions and by preventing the diffusion coupling
between the pore modes, equivalent uncoupled models
were constructed for samples A and B. Simulation through
these uncoupled models yielded equivalent uncoupled
responses that reproduced what the NMR response of sam-
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FIG. 13 Comparison of simulations and measurements of
sample B at room temperature. The closest representation of
this sample’s structure after the first iteration of the numerical
model exhibits negligible diffusive coupling.
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ples A and B would have been like in the absence of diffu-
sion coupling. These uncoupled responses are subsequently
used to assess the impact of diffusion coupling on the esti-
mation of BVI.

ANALYSIS OF SENSITIVITY OF NMR
MEASUREMENTS TO TEMPERATURE

Equation (3) assumes that the behavior of the total trans-
verse relaxation with respect to temperature can be attrib-
uted to the following factors:

a) The bulk relaxation 7,3, roughly proportional to tem-
perature and inversely proportional to fluid viscosity.

b) The surface relaxivity p, whose dependence on tempera-
ture is governed by the magnetic content of the rock’s
mineralogy and fluid types (Godefroy et al., 2001).

¢) The effective surface-to-volume ratio S/V surrounding
the protons of the fluid.

Without alternative means to study the effect of tempera-
ture on surface relaxivity, we discuss the relative impor-
tance of the above factors (a) and (¢), based on NMR meas-
urements performed on eight carbonate samples gathered
within the same well, and on numerical simulations.

Role of TZB

Three of the eight samples are Samples A, B, and C
described in the previous sections, along with five other
samples that were selected at a later stage of the study,
henceforth referred to as additional samples. As previously
described, measurements on samples A, B and C were per-
formed at the temperatures of 4-10°C, 22°C, 45°C, and
60—65°C. Measurements on the additional samples were
also performed at 1°C, 22°C, and 60°C.

Figure 14 shows the T distributions of samples A, B and
C at the minimum and maximum measured temperatures.
We remark that the degree of temperature dependence var-
ies from sample to sample despite the fact that the saturation
fluid is the same (brine) for all the samples. Similar obser-
vations were made on the additional samples, but no univer-
sal temperature dependency was found. However, for the
samples exhibiting temperature dependence, relaxation
times 7, consistently increased with temperature.

At each temperature 7, and for each sample, the geomet-
ric mean of the experimental 7, distribution was computed
as the measured 7, value. Then, in order to assess the influ-
ence of the aforementioned factors (b) and (c) (i.e., surface
relaxivity and effective surface-to-volume ratio), we sub-
tracted the effect of bulk relaxation 7,z from the measured
T, value to obtain an equivalent surface relaxation, i.e.,

Tos(T)= U/ To(T) =1/ Top (T)) ™ “
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For all the samples of this study, the values of T, and T, are
plotted with respect to temperature in Figure 15. We observe
that the role played by 753 is rather significant for the sam-
ples that exhibit moderate temperature sensitivity (namely,
samples B and C). However, for the samples that exhibit the
largest temperature dependence (such as the additional sam-
ples), the role of T»p is negligible and does not explain the
systematic increase of 7, with 7. In the current absence of
more detailed information on the structure of the additional
samples, no systematic conclusion can be drawn to assess
the relationship between coupling and dispersion of 7, with
temperature.

Role of effective S/V

Next, we address the issue of the sensitivity of the effec-
tive surface-to-volume ratio to temperature changes. In an
isolated pore model, the S/V of an individual pore does not
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FIG. 14 Examples of T, distributions measured at 4 and 65°C
for samples A, B and C. Solid curves: NMR response at S, = 1
and 4-10°C; dashed curves: S, = 1 and 60-65°C; dotted curves:
Sw = Suirand 22°C.
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change with temperature. In a coupled pore model, how-
ever, the S/V of an individual pore is no longer independent
of other pores. Therefore, an effective S/V concept is neces-
sary to take into account the coupling effect. Ramakrishnan
etal. (1999) showed how the presence of diffusive coupling
could modify the effective S/V for given diffusion lengths of
the medium. We recognize that temperature can also modify
this effective S/V when diffusive coupling is present.
Indeed, when temperature, and hence bulk diffusivity,
increases, the probability of proton exchange between the
different pore modes increases as well. In turn, the effective
surface-to-volume ratio of the pore volume departs from its
geometrical value. For instance, protons within the micro-
porous regions are prone to diffuse further within the
macro-pore region when temperature increases, and there-
fore the effective S/V “seen” by these protons decreases.
Similarly, when temperature increases, the protons within
the macro-pore regions are more likely to reach the micro-
porous regions and therefore their effective S/V increases.
However, both phenomena do not necessary cancel each
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FiG. 15 Diagram showing the experimental influence of tem-
perature on the NMR response in carbonate samples gathered
from the same well. Black lines: measurements of samples A, B
and C; colored lines: measurements of the five additional sam-
ples from the same well. Lines without markers represent the
total measured response, whereas those with circles corre-
spond to equivalent surface relaxation.
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other, since quantitatively the S/V decrease in larger pores
cannot compensate the S/V increase in smaller pores. Con-
sequently, the effective S/V behavior of such coupled sys-
tems will be dominated by proton behavior within the
micro-porous regions.

We support this statement with simulations made with
the three cross-coupled pore models of sample A, for
temperatures of 4 and 65°C, and a constant surface relax-
ivity p =2 um/s estimated during the calibration process of
the simulation model with the core data. The simulated T>g
results, independent of bulk effects, are plotted in Figure 16
and are compared to the ones previously obtained at room
temperature (Figure 10). In Figure 16, we observe that tem-
perature does affect the coupled responses between the
respective pores modes: T,s decreases slightly with tem-
perature.

Unresolved technical issues

This coupling influence, however, cannot explain the
temperature behavior observed in Figure 15. Indeed, this
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FIG. 16 Numerical evidence for the influence of temperature
on the effective surface-to-volume ratio of diffusively coupled
pore systems. These results of simulating bimodal models of
sample A assume a constant, uniform surface relaxivity p = 2
um/s, at temperatures of 4, 22, and 65°C. (Refer to Figure 10.)
In all the cases, the surface relaxation times T,s slightly
decrease with temperature.
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TABLE 1 BVI (= ¢ Swi) errors due to diffusion coupling
applying a conventional 90-ms T at ambient tempera-
ture.

Parameter Sample A Sample B Sample C
Correct S, 52% 28% 24%
S,ir determined 27% 22% 18%
from measurements

Percent error in S, 48% 21% 24%
S..ir determined from

decoupled simulations 52% 29% -
Percent error in S, 0% 3% -

phenomenon should justify the observation that, when T
decreases, T»s increases more conspicuously when coupling
is present than when it is absent. Yet, we observe the oppo-
site trend in Figure 15. This implies that the effect of cou-
pling on the effective S/V is of secondary order, and that an
adverse phenomenon not accounted for takes place here. If
we rely on the assumptions made by equation (3), then such
a temperature dependence is likely to be dominated by the
behavior of p with temperature when surface relaxivity is
heterogeneous within the formation. We realize that this
proposition needs further experimental verification. How-
ever, the experimental means necessary to undertake such a
study are at this moment unavailable in our laboratory.

INFLUENCE OF TEMPERATURE AND DIFFUSIVE
COUPLING ON BOTH T2-CUTOFF, BVI, AND
PERMEABILITY

This section presents results based (a) on the comparison
between measurements performed at different temperatures
to quantify the impact of temperature, and (b) on the com-
parison between measurements and simulations at ambient
temperature to quantify the impact of coupling. In Figure
17, we plot the cumulative porosity distributions for sam-
ples A, B and C at 100% water saturation at room tempera-
ture and the two extreme temperatures that were measured,
as well as at S,,;, measured at room temperature. The current
practice of core-NMR based 75,y employs measurements
performed at ambient conditions. Neglecting the tempera-
ture dependence of the 7, distribution could introduce sub-
stantial errors. In what follows, we provide a series of com-
parisons aimed at illustrating possible biases on BVI and
permeability estimates associated with high and low tem-
perature data when assuming parameters derived from
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ambient conditions. Figure 17 also shows the response
simulated at ambient temperature for equivalent uncoupled
models of Samples A and B, determined from the rock
structures inferred in the first parts of this paper.

Tables 1 to 4 interpret the curves in Figure 17 to quantify
the effect of temperature and diffusive coupling on BVI (or
Swir) and permeability, by comparing the Timur-Coates and
the Toiogmean permeability models associated with the three
samples. (See Kenyon, 1997, for a discussion of these mod-
els.) In each table, the percentages shown in italic represent
the relative errors of the estimated properties.
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FiG. 17 Cumulative porosity plots of the T, distributions of
samples A, B and C at different temperatures. Blue curves:
cumulative porosity curves obtained from the NMR response at
Sw=100% and 4°C; dashed magenta curves: at S, = 100%
and 22°C; red curves: at S, = 100% and 65°C; black dotted
curves: at S, =Sy, and 22°C; green curves: simulated
responses of the corresponding diffusively uncoupled models
(samples A and B only) at S,, = 100% and 22°C. Vertical lines at
90 ms represent the BVI-T,qu0rr cONventionally used for carbon-
ate rocks.
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TABLE 2 Correct Touonr for BVI and Timur-Coates perme-
ability model.

Parameter Sample A Sample B Sample C

Coupling effect (at ambient temperature):

Correct Toeurop (MS)

from measurements

(allowing coupling) 143 139 -

Correct Taeugy (MS)
from decoupled
simulations 92 83 B

Temperature effect (from measurements):
Correct Toeuop (MS)
at low temperature

(4-10°C) 126 138 120
Correct Taeuroy (MS)

at high temperature

(60-65°C) 145 129 151
BVI errors

The actual value of S,,;,. (or BVI percentile, since BVI=¢
S,ir) of each sample is defined by the maximum normalized
cumulative porosity read from measurements made on the
centrifuged core sample,

T max
S = [P, ﬁ, (6)
T min
where P’ is the T, distribution of the centrifuged core sam-

ple.
For each sample and each experiment made at 100%
water saturation, the value of S,,;. can also be determined by

T2 cutofy T2 max
Su= [P, [ [P(Ty)dl:, (5)

T2 min T2 min

where P is the T, distribution of the fully saturated sample,
and the denominator represents the porosity of the sample.
Alternatively, by taking the value of §,,;. found on the centri-
fuged samples, we can calculate the correct 75,0 to be used
for each sample at ambient temperature.

Table 1 quantifies the error due to diffusion coupling
when the nominal 90-ms cutoff expected for carbonate
rocks is used to interpret the NMR data. We can observe a
substantial 48% BVI error associated with such a generic
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TABLE 3 BVI and permeability errors due to temperature,
associated with Timur-Coates permeability model.

kCoates = Cc¢4(BVM/BVI)2 = Cc¢4([1 - Swir] / S‘wir)2

Parameter Sample A Sample B Sample C
Correct S, 52% 28% 25%
Correct

AT Tcutopr (ms)

(ambient temp.) 143 139 137
LT Swir

(low temperature) 60% 27.5% 26.5%
HT Sw/‘r

(high temperature) 51% 28.5% 23.5%
S.ir relative ervor

due to temperature 15% 2% 6%
¢ 23.6% 19% 21.2%
Cc (D) 1.51 8.12 53.91
Correct k (mD) 4 70 980
LT kCoates (mD)

(low temperature) 2 74 838
HT kCaales (mD)

(high temperature) 43 67 1154
kcoates relative error

due to temperature 50% 5% 18%

cutoff for Sample A, and relatively high errors (larger than
20%) for Samples B and C. However, if we assess the irre-
ducible water saturation using the same cutoff for the
uncoupled models of Samples A and B, then we obtain val-
ues that are remarkably close to the actual irreducible satu-
rations. This observation validates for these two samples
the usage of the standard 90 ms cutoff in the absence of dif-
fusion coupling. It also corroborates the pore-size models
when the latter are uncoupled. The large errors calculated
from the measurements on the real rocks (allowing diffu-
sion coupling) clearly suggest the need to account for diffu-
sive coupling in the interpretation of NMR data. Introduc-
ing the notion of coupling/decoupling here dramatically
reduced the discrepancies of BVI estimates for Samples A
and B.

Similar results are shown in Table 2, where we assessed
how large a variation of T,y was required to obtain cor-
rect values of BVI (as well as permeability using the
Timur-Coates model). This exercise focused on both the
temperature differences of the measurement, and the decou-
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pling allowed by the simulations. In Table 2, the correct cut-
off values in case of decoupled pores in samples A and B
(i.e., if no diffusion coupling was present) are very close to
the 90-ms cutoff previously mentioned. However, the prox-
imity of the correct cutoff values for samples A and C sug-
gests that T, does not necessarily depend on the degree
of diffusion coupling exhibited by the pore structure of the
samples.

Similarly, Table 2 shows that temperature causes a
remarkable shift of the correct Tuby 10 to 30 ms. Table 3
provides estimations of errors when the cutoff is individu-
ally determined from the measurement of each sample A, B,
and C, at ambient temperature (AT: 22°C), and when these
cutoffs are applied to the measurements performed at low
temperature (LT: 4 to 10°C, depending on the sample A, B,
or C) and high temperature (HT: 60 to 65°C). One could
expect such cutoff values to yield accurate estimates of BVI
and BVI-based permeabilities. However, a maximal BVI
relative error of 15%, accounting for as high as 8% of the
pore volume, was obtained on the temperature range used in
the measurements of sample A. Discrepancies even larger
than the above could be expected for larger temperature
intervals. This analysis proves the rather high inaccuracy of
cutoffs derived at ambient-temperature.

Permeability errors

The Timur-Coates permeability model was first used to
assess permeability from BVI estimates at the extreme
measured temperatures. Results are shown in Table 3, along
with those of BVI described in the previous section.
Because all three samples A, B and C exhibit different pore
structures, we allowed the constant C¢ in the Timur-Coates
permeability model to vary from sample to sample. For
each sample, Cc was calculated from the measured values
of permeability (k) and porosity (¢), and from the values of
Syir just estimated from ambient-temperature (AT: 22°C)
Tocurops- Then, using these irreducible saturations and the
true values of ¢, Table 3 shows the resulting values of & for
low and high temperatures. The maximal error percentage
caused by the use of room-temperature parameters reached
50% for Sample A and 18% for Sample C. We observe that
the high relative error obtained for sample A actually corre-
sponds to a low absolute error of 2 mD.

Table 4 shows the results obtained with the T%/pgmean PeI-
meability model. As in the case of Table 3, the permeability
values described in Table 4 were calculated for the constant
Cs at ambient temperature, based on the measured logarith-
mic means of the 7, distributions. All the samples exhibit
relative errors in permeability close to 15%. Therefore, this
permeability model shows slightly less stability with tem-
perature than the Timur-Coates model. Such behavior is
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TABLE 4 Toiogmean @nd permeability errors using Toogmean
— 4 2
model szlogmean - s¢ (T2/ogmean) .

Parameter Sample A Sample B Sample C
¢ 23.6% 19% 21.2%
Cs (D/s?) 67.71 414.46 1530.61
Measured

AT T2[()gmean (ms)

(ambient temp.)

(allowing coupling) 138 360 563
Simulated

AT TZIogmean (rns)

(ambient temp.)

(preventing coupling) 88 821 -
Measured

LT TZI()gmean (ms)

(low temperature) 127 332 517
Measured

HT T2logmezm (ms)

(high temperature) 142 353 531
Correct k (mD) 4 70 980
LT szlugmeun (mD)

(low temperature) 34 60 826
HT szlogmean (mD)

(high temperature) 4.2 67 872
k7, t0gmean relative error

due to temperature 15% 14% 16%

consistent with the remark just made concerning Sample A.
It is noticeable that most hydrocarbon reservoirs exhibit
higher temperatures than those reported in this study, in
which case permeability errors will be larger than those
shown in Table 3 and 4.

A substantial difference of Thiogmeqn between measure-
ments and decoupled simulations is also noted in Table 4. It is
remarkable that Sample A was the sample that exhibited the
largest BVI error due to coupling (see Table 1), hence the
largest discrepancy with a BVI-based permeability model,
whereas it is Sample B that exhibits the largest 75/ogmean €110,
hence the largest discrepancy with a T5jygmeqn-based perme-
ability model. However, because in practice different con-
stants would be required for each sample, we choose not to
show calculations of such coupling-induced permeability
errors in this paper.
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SUMMARY AND CONCLUSIONS

A study has been presented of experimental NMR meas-
urements based on three carbonate samples and comple-
mented by numerical time-domain simulations. The study
made use of SEM images to provide a priori models of pore
structures for the simulations. Our simulation model incor-
porates diffusion coupling between pores with different
length scales. NMR core measurements were conducted on
the same samples to validate the simulation models and to
assess the diffusion processes taking place within the pore
structure. The simulations were then used to predict the
NMR response of the samples in the absence of diffusive
coupling. These decoupled simulations provided a basis for
comparison with the measurements, which naturally
include coupling. It has been shown that the inclusion of
diffusion coupling could improve (a) the interpretation of
the carbonate pore structure, (b) the estimation of pore size
and 7, distribution, and (c) the understanding of discrepan-
cies in T and BVI estimates.

Analysis of measurements performed at temperatures
from 4 to 65°C showed that the generally unaccounted tem-
perature effects on bulk relaxation 755 could be a primary
cause for NMR temperature dependence when diffusion
coupling is weak. We also remarked that the strength of dif-
fusion coupling is influenced by temperature. However,
both bulk and diffusive coupling could not completely
explain the temperature dependence of the NMR responses
that was measured in the samples.

Finally, a quantitative estimate has been made of the
errors associated with the estimations of BVI and perme-
ability when both diffusion coupling and temperature varia-
tions are neglected. We showed that the 90-ms cutoff con-
ventionally used for carbonate rocks remained accurate for
the three samples, under the condition that no diffusive cou-
pling was present. Hence, coupling effects must be included
in an accurate interpretation of NMR measurements. It was
also found that calibrating the permeability models with
measurements performed at ambient temperature could
lead to relative errors of at least 15% for the temperature
interval considered in this study.

NOMENCLATURE
AT ambient temperature (22°C)

HT high temperature of the measurements (60 to
65°C)

k permeability (mD), ImD = 0.987 10™"> m?

LT low temperature of the measurements on
samples A, B and C (4 to 10°C)

P probability of proton demagnetization at a fluid
interface

PP T, distributions corresponding to fully saturated
and irreducible saturation states, respectively

R macroscopic displacement of a step of First-
Passage-Time technique (nm)

\Yi4 surface-to-volume ratio of pore (1/um)

S, water saturation in a core sample

Syir irreducible water saturation

T temperature (°C)

t time (ms)

7, total NMR transversal relaxation time (ms)

Trz bulk NMR transversal relaxation time (ms)

Toeuoy  Telaxation value at which the cumulative NMR

porosity equals BV (ms)

Triogmean  logarithmic mean of the 75 distribution (ms)

Tys surface NMR transversal relaxation time (ms)

TE echo time of the NMR tool (ms)

At time duration associated with a First-Passage-
Time technique step (ms)

£ unitary displacement of a step of conventional
random-walk technique applied near the pore
wall (nm)

p surface relaxivity (um/s)

¢ porosity
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