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Abstract. Nuclear Magnetic Resonance (NMR) relaxometry is a common technique for petrophysical
characterization of sedimentary rocks. The standard interpretation of NMR relaxation response assumes that the fast
diffusion limit is valid for the whole pore space, allowing to translate transverse relaxation components into pore
apertures. However, porous media naturally exhibit multiple length scales. The diffusion between different sized
pores may modify the transverse relaxation rate, weakening the relationship with corresponding pore size
populations. Focusing on sandstones, we investigate the impact of diffusion coupling on transverse relaxation
depending on kaolinite amount, spatial distribution and temperature. A series of synthetic clayey sandstone models
with different clay amounts and morphological distributions (pore-lining, pore-filling and laminated) are generated
based on a micro-CT image of an actual Bentheimer sandstone. A dual-scale random walk NMR relaxation
simulation with resolved multi-porosity kaolinite models is utilized to avoid problems in near to interface exchange
regions typical for effective medium representations. Simulations provide spatially resolved dynamics of
magnetization exchange between different porosity populations. The results indicate that increased temperature and
kaolinite clay amount with lower micro-porosity allows higher magnetization exchange between micro- and macro-
porous regions. Pore-lining clay demonstrates stronger diffusional coupling effects, leading to an overestimation of
micro-porosity. We further discuss the impact of diffusion coupling on NMR-estimated permeability via SDR and

Coates models.

1 Introduction

Nuclear magnetic resonance (NMR) well logging is an
important formation evaluation technique widely utilized for
estimation of reservoir petrophysical properties, such as fluid
types, saturations, and permeability. The interpretation of
NMR data assumes that diffusing protons sample isolated
pores (the so-called fast diffusion limit), in which case the
observed relaxation rate is related to the surface-to-volume of
individual pores [1]. However, molecular diffusion between
different pore populations, referred to in literature as
diffusional coupling, may lead to erroneous predictions if
being unaccounted for. In fact, diffusional coupling appearing
as magnetization exchange in NMR data is closely related to
the connectivity between micro- and macro-porosity. It has
been shown that depending on spatial distribution in rocks,
microporosity may be a significant contributor to transport
properties and may be responsible for a significant increase
of the electrical conductivity [2], higher than anticipated
hydraulic flux [3], and may control grain dissolution [4] or
wettability alteration through asphaltenes deposition rate.
While in this work we focus on the impact of diffusional
coupling in the context of NMR interpretation, specifically on
the relationship between magnetization exchange and
transverse relaxation (T2), the developed analysis is
applicable to all mentioned transport problems.

The diffusional coupling phenomenon in respect to NMR
data analysis has been extensively studied in synthetic porous
media [5, 6], or sedimentary rocks, namely carbonate [7 - 10]
and shaly sandstone [6, 11]. It has been reported in literature
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that two key petrophysical properties estimated from T»
responses (irreducible water saturation and permeability) are
affected if magnetization exchange between distinctive pore
populations is significant. The standard practice in NMR core
analysis is to relate T, values to pore size, i.e. the short
relaxation time components of the T, distribution can be
attributed to irreducible or capillary bound water (CBW),
while the longer time components separated by the cutoff
value (Tzcuofr) correspond to mobile fluid in larger pores
(known also as free fluid index FFI) [12]. However, it was
demonstrated that calculated BVI values from NMR T,
responses of sedimentary rocks exhibiting a well-coupled
pore system are prone to large errors approaching 50% [15].
Interestingly, it was observed that at high temperature these
effects were far less severe than at ambient temperature. The
exact reason of this observation was not established since
temperature dependence of governing physical properties
(increase of self-diffusion coefficient of fluids and surface
relaxivity [16]) suggests exactly the opposite. It is fair to
acknowledge the limitation of the numerical simulation
model used by [15], excluding internal field gradients effects
from consideration. In addition, the temperature dependence
of surface relaxivity is still poorly understood — both
increases and decreases with temperature are reported in
literature [6]. In the case of complete coupling, the micro- and
macro-pores cannot even be identified from T, distribution
resulting in the erroneous estimation of irreducible saturation
[11].

NMR based permeability is estimated using one of two
correlations: Tam - based SDR equation (after Schlumberger
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Doll Research) [17] and Tz cuwofr - based Coates model [18].
The magnetization exchange tends to shift one of the two
coupled components — the one having a longer relaxation time
— towards a shorter relaxation time [19], affecting NMR-
related components of both models (T2im, CBW/FFI) and
creating poor estimates. For instance, [8] demonstrated that
permeability estimations based on SDR model for different
rocks could exhibit relative errors up to 15%. [20] shows that
T, shifts to shorter times because of intermediate diffusion
coupling between micro- and macro-pores in chlorite-coated
sample leading to inaccurate permeability estimation. In
addition, a pore-connectivity parameter, introduced for the
Coates model, offers more precise permeability and movable
fluid volume estimates in complex coupled pore geometry
[21]. The study [22] further extended to directional pore-
connectivity factor to accurately characterize anisotropic
directional permeability of sedimentary rock with NMR
measurements.

Numerically diffusional coupling was analyzed in the
context of relaxation in ideal pore networks [23]. Three
geometrical models were presented to describe magnetization
decay in carbonates with mixed intra- and intergranular
porosity [24]. They reported that diffusional coupling may
causes a shift of the longer relaxation peak and distort the
amplitudes of the T, distributions. [7] further investigated
coupling effects based on a 3D sphere model; constant
internal magnetic gradient assumed. The results indicate that
inter-pore diffusion has a strong impact on NMR
measurements. More recently, simulations based on 3D
periodic micro-porous grain consolidation models support the
interpretation of NMR measurements in terms of
magnetization exchange between dual-scale pore system [25
- 27]. The simplified models miss the morphological and
geometrical information of the sedimentary rocks. To have an
explicit representation of porous media, the X-ray micro-CT
tomography was employed. Pore-pore coupling was analyzed
by tracking random walkers within the partitioned pore space,
which demonstrates that diffusion between pores occurs to a
significant degree [28]. A numerical study on fractured
carbonates [29] established that diffusional coupling may
lead to underestimation of intergranular porosity by more
than 10%. Although micro-CT images can offer more
accurate internal structures of rock, micro-porosity often
cannot be fully resolved due to either resolution limitations or
simultaneous requirements of resolution and field of view.
The non-resolved intermediate phase is then treated either as
effective medium [28] or merged into the solid phase [30].
Yet, scanning electron microscopy (SEM) micrographs even
of relatively simple rocks like Bentheimer sandstone (Fig. 1)
indicate that the realistic micro-structure is complicated. Clay
particles may fully or partially fill the pore space with
heterogeneous local micro-porosity for each clay pocket.
More generally, clay may also coat solid grains or appear as
thin laminations [31]. These differences in the spatial
distribution of clay as well as varying clay porosity and
connectivity invite more complex coupling effects.

In this work we consider the impact of the spatial
distribution and amount of clay on NMR relaxation
responses. A simulation-based methodology is employed,
which enables the quantification of the diffusional coupling
phenomenon, in particular the evolution of magnetization
across clay interface and impact on NMR relaxation derived

Fig. 1. [a] SEM image of kaolinite pocket in Bentheimer Sandstone;
[b] Low porosity full-filled kaolinite pocket. [c] Medium porosity
partial-filled kaolinite pocket. [d] Coated clay around quartz.

petrophysical properties such as irreducible water saturation
(BVI) and permeability. A series of synthetic clayey
sandstone models are generated with different clay amounts
(6 vol% - 16 vol%) and synthetic morphological distributions
(loosely termed coated, laminated, pore-lining and pore-
filling) combined with resolved multi-porosity kaolinite
models to track magnetization exchange between macro- and
micro-pores. The evolution of magnetization exchange
between different porosity populations is captured as function
of observation time and penetration depth, together with the
increase in the diffusion coefficient due to temperature; other
intrinsic physical parameters like mineral-specific surface
relaxivities are set constant in this fundamental study.
Accounting for these effects from clay consequently
improves NMR-estimated permeability via SDR and Coates

models and enables more robust petrophysical
interpretations.
2 Methodology

The objectives of this study require generation of clay
distributions at different scales ranging from dispersed (pore-
lining and pore-filling) to coated and laminated clay types. In
the following we first introduce the methods for the coarse-
scale distribution of clay regions, followed by fine-scale clay
structure modeling, associated NMR simulations, and
regional analysis fields embedded in the NMR solver
enabling the local tracking of magnetization exchange. This
is followed by a recapturing of NMR permeability
correlations and the determination of permeability from
tomographic images using the lattice Boltzmann technique.

2.1 Synthetic Clayey Sandstone

The synthetic clayey sandstones 3D models utilized in this
study are based on the micro-CT image of Bentheimer
sandstone shown in Fig. 2 and the SEM images (Fig. 1). The
latter shows that pores of the original rock can be either fully
or partially filled with kaolinite aggregates. Furthermore,
those clay pockets exhibit different aggregate density and
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Fig. 2. [a] Slice through an 8003 subdomain of a tomogram of
Bentheimer sandstone at a resolution of 2.2 um voxel and [b]
corresponding five phase segmentation. The colors are: dark blue -
pore, green - quartz, cyan - clay, brown - feldspar, red - high-density
minerals.

thus clay region porosity. This translates to clay regions with
different intensity in the micro-CT images, where clay
particles are not resolved (Fig. 2a). It is assumed that the
intensity of kaolinite particles is similar to quartz. Therefore,
the intensity in each clay region (I¢) is volume-weighted by
the pore intensity (I,) and quartz intensity (Ig). The intensity
distribution of clay pockets (Fig. 3a) shows that the major
values are around 1.2x10% to 1.3x10* The porosity of each
clay pocket is estimated by ¢, = (Iq - IC)/(Iq - Ip). The
corresponding distribution shows that clay region porosity
falls mainly into the range of 0.3 - 0.6 (Fig 3b). Consequently,
we allowed for four discrete clay porosity labels
corresponding to clay porosity of ¢, € {0.3,0.4,0.5,0.6}.
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Fig. 3. [a] Intensity probability distribution of all clay pockets in the
Bentheimer micro-CT images; [b] corresponding porosity
distribution of clay pockets.

Four different clay distributions are constructed: pore-
filling, pore-lining, coated and laminated. The models are
generated with different clay volume fractions of 6 vol%, 11
vol% and 16 vol% to investigate the effects from clay
amount. For pore-filling clay pockets we divided the resolved
pore space into convex regions or pores. This is achieved by
performing a watershed transformation [33] on the Euclidean
distance map [34, 35] (Fig. 4a). We randomly assign the clay
phase to the partitioned pores until the clay volume fraction
meets the requirement. For pore-lining clay pockets, we
determine the center for each pore (Fig. 4b) and preserve the
pore fraction corresponding to the maximal inscribed sphere
as pore space.

The remaining pore space is assigned as clay, resulting in
a partial-filled clay layer of varying thickness. The coated
clay phase is assigned only based on the distance threshold of
EDT map. For laminated clay, we generated different layered
system according to kriging interpolation method with
random range, sill, and nuggets for mimicking the clay
distribution.

[b]

Fig. 4. [a] Slice through the 800 watershed pore partitioning —
region boundaries are the watersheds of the EDT, and [b] a 3D
visualization of the centers in 800° watershed pore partitioning.
Resolution: 2.2 um/voxel.

To satisfy the clay volume fraction, the mean thickness
values of each horizon are different. To reduce discretization
effects from the image and force an accurate calculation of
the internal magnetic fields [32], a tri-linear interpolation is
applied with factor 4 refinement. Thus, the original 800
domain is refined to 32003 voxels with voxel size of 0.55
um/voxel and smoother solid surface shown in Fig 5.

(1]

Fig. 5. Slices of 3200° synthetic clayey sandstone (resolution 0.55
um/voxel). [a-c] pore-filling clay; [d-f]: pore-lining clay; [g-i]:
coated clay; [j-1]: laminated clay. The left column with 6 vol% clay
phase, the middle column with 11 vol% clay phase and the right
column with 16 vol% clay phase. The colors are: dark blue - pore,
green - quartz, cyan - clay, brown - feldspar, red - high-density
minerals.
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Fig 6. [a] A 4007 subsection of the 3200° synthetic clayey sandstone
(16 vol%) with unresolved clay phase and voxel size of 0.55 um.
[b] Corresponding 10000% cross-section of [a] where each clay
pocket is replaced by the corresponding kaolinite model. The
resolution of the fully resolved model is 22 nm/voxel. The color
schemes is: dark blue - pore, green - quartz, cyan - clay, brown -
feldspar, red - high-density minerals.

2.2 Kaolinite Model

Kaolinite is one of the most common clay mineral
constituents of sedimentary rocks, especially in sandstones.
However, the microstructure cannot be fully resolved in the
micro-CT image due to resolution limitations (Fig. 2). To
resolve the microstructure within kaolinite pockets, we
reconstruct 3D volumetric kaolinite models following the
method detailed in [36]. In this study, we discretize the
kaolinite microstructure as a periodic domain of 400° voxel
with resolution of 22 nm, which is 1/100 of micro-CT image
resolution. Four realizations with average porosity ¢. €
{0.3,0.4,0.5, 0.6} are constructed. Surface area Sy and Taefr of
the clay models are reported in Table 1 and are in agreement
with published surface area measurements [6, 37] and T
values [38]. Here, the density for kaolinite we used is 2.6
g/cm®. The surface relaxivity (p,) is 1.2 um/s. For NMR
simulations the unresolved clay regions of the micro-CT
images are replaced by the corresponding kaolinite model
according to clay porosity. Fig. 6 depicts a subsection of the
coarse scale model with unresolved clay regions, and the
corresponding high-resolution model with fully resolved
structure and different clay pocket porosity.

Table 1. Surface area (Sv) and effective relaxation time (Tzefr) of
different porosity kaolinite model.

o Sv (m%/g) Toefr (ms)
0.3 23.5 13.2
0.4 19.7 18.7
0.5 15.1 24.5
0.6 12.3 30.3
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Fig 7. Cross-section of Fig 6 corresponding 10000? subset of [a]
internal magnetic field distribution Bi(r) and [b] internal magnetic
gradient distribution Gin(r) at 22 nm/voxel.

2.3 Dual-scale NMR Relaxation Simulation

The dual-scale NMR relaxation response simulation has been
described in detail previously [32]. In this work the
simulation approach is extended to clay regions with different
porosity. Furthermore, we implement the tracking of
magnetization for dual-scale simulations, following the
approach of [39]. In the previous section we detailed our
approach of combining the resolved clay regions with the
micro-CT based segmented tomogram. This resulted in a
micro-structure where the interpolated coarse-scale
segmentation (0.55um resolution) is mapped to a voxel size
of 22nm, the same as the clay region models. Thus, a random
walk could now in principle be carried out completely in the
resolved pore space. However, for the simulation of the NMR
transverse relaxation response the internal magnetic field at
every location is required. The calculation of high-resolution
internal magnetic fields (B;) is achieved by a separation of
near- and far-field effects in a dipole-approximation of the
internal field with dual-scale samples [32]. This allows
calculating the coarse-scale internal magnetic fields via
Fourier methods. The fine-scale internal magnetic fields of
the periodic clay models are calculated separately. Then, the
fine resolution internal magnetic field can be calculated as a
combination of the coarse scale field interpolated to a voxel
size of 22nm and a perturbation from the fine-scale field. The
latter is calculated by deducting the coarse scale trend from
the fine-scale fields (ensuring zero mean at tomogram scale).
Like the fine-scale microstructure, B; is never stored in
memory at full resolution (at 80,000° voxel it would be
prohibitively large) but constructed locally when required for
either a random trajectory during NMR simulations, to
visualize parts of the high-resolution internal magnetic field,
or to extract statistics. An example of high-resolution B;
distribution and corresponding spatial internal gradient
distribution (G;) is shown in Fig. 7.

Once the magnetic field distribution is generated, the
random walk algorithm is carried out on a regular cubic lattice
with fine-scale resolution (e = 22 nm). The corresponding
time step 7; of a step i is given by t; = 6D,/€?, where Dy is
the free diffusion coefficient of water, which we here vary
with temperature. Bulk and surface relaxation are
implemented as signal weighting factors for each step, with
S; = SpSs. Here S, = exp (—71;/T, ) is the contribution by
bulk relaxation, and S¢ = 1 — 6p,7;/(€A) the contribution
by surface relaxation, where p,is the surface relaxivity of
solid. For steps within the same fluid Sg = 1. A is a correction
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factor of order 1, which accounts for the details of the random
walk implementation [40]. For imaged structures, this value
is typically close to A = 3/2. Besides, the contribution of the
internal field to dephasing is calculated explicitly written as
Ag . The bulk relaxation, surface relaxation and phase
variation caused by diffusive relaxation are then incorporated
into the calculation of each walker's magnetization, which
becomes

M, (t;) = M,,(0)cos [Ap ()] TTS; (1)

Averaging over random walks and recording at t = ntg (n=
1,2,..N) results in the magnetization decay M(t). The
relaxation time distribution is obtained by fitting a multi-
exponential decay to M(t).

In this study, the NMR transverse relaxation response is
simulated for a given Larmor frequency of f = 2MHz and
echo time tg = 200 us. For synthetic clayey sandstone, the
surface relaxivity p, of the solid and the magnetic
susceptibility y of each phase are reported in Table 2.

Table 2. The surface relaxivity (p,) and magnetic susceptibility ()
of each phase assigned for NMR relaxation response simulation.

Phase pz2 (um/s) X (uSI)
Water - -8.9
Kaolinite 1.2 -11.0
Quartz 9.0 -12.0
Feldspar 9.0 -12.0
High-Density 60.0 5270

2.4 EDT Based Regional Magnetization Exchange

The magnetization exchange (or coupling) refers to a fraction
of the spin population, which originates in one of the porosity
types (e.g. macro-porosity) at the beginning of NMR signal
acquisition, and found after a specific time interval (exchange
time) in another porosity type (e.g. micro-porosity). The spin
population in question should possess a measurable
magnetization, thus defining a process sensitive to porosity
types morphology and inter-connectivity.

Measuring the magnetization exchange between porosity
partitions using random walk simulations is achieved by
adding a phase label to the start and end positions of the
walkers and employing the Euclidean distance transform
(EDT). The former labeled phase can identify the diffusion of
magnetization as macro-micro (start at macro-pore and end at
micro-pore) and micro-macro (start at micro-pore and end at
macro-pore). The latter EDT refers to a process that generates
Euclidean distance fields for a 3D voxelized representation of
samples. Valid distance values for each phase are calculated
by assigning each voxel of the phase of interest the shortest
distance to a voxel of another phase using distances between
voxel centers. The implementation is a parallel version of
algorithm 4 of [34]. An example of high-resolution EDT
maps for macro- and micro-porous regions is depicted in Fig.
8. Given the distance information and phase labels, the
quantification of the local magnetization evolution can now

0 50 100 150 200

[a] [b]
Fig 8. A slice of Fig 5 [e] corresponding high-resolution EDT map
for [a] macro-pores in voxel unit, 32002 in 0.55 um/voxel; [b] micro-
pores in voxel unit, 3200% in 0.55 um/voxel.

be achieved by counting the walker strength in respect to a
particular shell and phase. This information allows tracking
the penetration depth (d) of magnetization diffusing across
different pore populations. In addition, the magnetization
exchange is counted at different observation time t = ntg (n=
1,2,..N). Therefore, The magnetization exchange can be
characterized as a function of penetration depth and
observation time Mex(d,t).

2.5 Permeability Estimation

In this section we briefly overview common NMR
permeability correlations as well as the lattice Boltzmann
technique to calculate permeability directly from
tomographic images. Together these techniques are utilized
to quantify the effect of clay content and spatial distributions
with associated diffusion coupling on permeability
predictions.

2.5.1 NMR Correlated Permeability Model

The NMR-estimated permeability by SDR [17] and the
Coates models [18] are given by the following equations

kspr = as¢bT2Clm (2)
FFI\¢
kCoates = ac¢b (m) (3)

where k is permeability in um? (approx. mD), ¢ is porosity
in %, with b and c exponents typically set to 4 and 2,
respectively. For the SDR model (Eqn. 2), a, is a parameter
accounting for formation lithology. The SDR estimates mean
hydraulic radius through the logarithmic mean relaxation
time T, and despite apparent limitations has proven
applicable to fully water saturated water-wet formations. For
the Coates Model (Eqn. 3), a. is the Coates permeability
coefficient, which is often used as denominator of porosity.
The fixed T2 cuwofr divides the T distribution into two fractions
corresponding to bound water (BVI, shorter relaxation times)
and free fluid (FFI, longer relaxation times). Generally, cut-
off times of 33 ms and 92 ms are appropriate for sandstones
and carbonates, respectively [18]. However, our previous
study shows that Tacuorr values determined based on the
irreducible water saturations Sy vary in different sandstones
[36]. The primary assumption behind these correlations is that
the fast diffusion limit condition applies to all components of
the relaxation spectrum.
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The SDR correlation is essentially based on a general
relationship between permeability k, characteristic length
scale of a pore system L, and porosity ¢, k o« ¢™L?, reported
by many authors [41 - 43]. We note that the definitions of the
characteristic length scale are different. L can be obtained
from capillary pressure measurements in the study [41]. On
the other hand, L is defined as dynamically connected pore
size in the study from [42]. While the length scale offered
from NMR T, distribution is related to pore volume-to-
surface ratio Vy/S. ko« ¢'®(V,/S)* for the grain
consolidation model is presented in [43]. More recently, the
correlation between permeability and four different types of
pore diameters is demonstrated as k < ¢*(d)? based on
micro-CT image [35]. Eqn. 2 can be easily expressed in the
latter form noting in the fast diffusion limit T, ~L/(6p). Since
the observable physical property is relaxation time and
numerical simulation offers (and requires as input) surface
relaxivity, we apply the squared proportionality factor 6p to
the lithological parameter a,, making it dimensionless: a; =
as/(6p)?. Typically, in laboratory core analysis the only
unknown in the SDR equation is the lithological parameter,
which has to be established for log calibration. Below we
discuss the effect caused by the diffusional coupling in
presence of different amount of clay on the modified
lithological parameter a;.

2.5.2 Lattice Boltzmann Method

The Lattice Boltzmann Method (LBM) is a mesoscopic
approach to fluid mechanics utilizing particle densities via a
collision and streaming algorithm. The LBM has become an
effective method for estimation of fluid flow in porous media
because of its simplicity and flexibility to various flow
geometries [44 - 46]. It is employed in this study to provide
reference permeability values evaluate the enhancements in
the NMR permeability estimations. The fluid is treated as
continuous medium, and the solution of a discretized
Boltzmann equation can match the Navier-Stokes equation.
The D3Q19 (3-dimensional lattice with 19 possible velocity
directions) lattice [47] is selected. The method starts with the
initialization of distribution functions. The macroscopic fluid
properties can be computed by

p(x,t) = Xi2; filx, 0) 4)

pv(x,t) = Xi2s eifi(x,1) ®)

where p is the macroscopic fluid density, v is the velocity, e;
are the microscopic velocity vectors and f; is the particle
density distribution function. After applying boundary
conditions, the algorithm for density evolution which
includes the stream and collide operation is given by

filx + e;0t, t + 6t) = fi(x,t) —

. _rea
filx,t) :1 (xt) (6)

where f°? is the equilibrium distribution function and 7 is the
relaxation time. In the simulation, the BGK (Bhatnagar-

Gross-Crook) collision kernel is applied to simulate the single
phase fluid behavior with bounce-back condition at the fluid-
solid interface [48] The pressure gradient is simulated by a
body force [46].

3 Magnetization Exchange Analysis

In this section we analyze the exchange of magnetization
between different compartments of the clayey sandstone
samples as function of clay distribution, clay region porosity,
and temperature. Change in those parameters affects the main
observables, namely the shape of the T, distribution, the
position of individual modes of the distribution, as well as the
size of the spatial regions active in magnetization exchange,
which are discussed in the following. Consequences for
permeability estimation are analyzed in the section thereafter.

3.1 Clay Distribution and Micro-porosity Effects

Consider first the relationships between diffusional coupling,
clay distribution, clay content, and clay region porosity (¢.)
at ambient conditions. NMR simulations were conducted on
both the pore-lining and pore-filling samples for a range of
clay fractions, where kaolinite clay models with constant
porosity ¢, (average over the 400° clay model) are mapped
to the respective clay regions. The corresponding T
distributions are given in Fig. 9. Stronger diffusional coupling
effects can be observed for the coated and pore-lining clay
distributions with higher clay porosity (¢.). The part of the
T, distribution associated with coated type of clay
morphology exhibits faster relaxation time than other three
clay morphology despite equal volumetric fraction in
sandstone. Especially, with increasing clay amount, the T»
distribution of the coated clay becomes unimodal and no
longer represents pore size distribution. Diffusional coupling
enhanced the relaxation rate and the slow relaxation time
peak shifts to short time.

The correlation between clay amount and the transverse
relaxation rate (1/Tam) is demonstrated in Fig. 10. 1/Tom of
four clay morphological types demonstrate a linear
relationship with clay content in different slopes. The micro-
porosity has more impact on the relaxation rate of grain-
coating and pore-lining clay morphology when the amount
surpasses 10 vol% (Fig 10 [b, c]). The higher clay porosity
and stronger coupling effects lead to the fast relaxation peak
shifts for the longer relaxation times, resulting in a decreased
slope and vice versa. The distortion of relative amplitudes of
the fast relaxation peak and slow relaxation peak due to
diffusional coupling may break down the correlation between
the peak area ratio and the porosity fraction of micro-pores
and macro-pores [24]. The micro-porosity may be
overestimated with increasing clay amount. We note that both
grain-coating and pore-lining clay morphological types with
higher clay porosity exhibit larger errors. This is because of
two effects -- the higher clay porosity (¢.) allows more
protons to diffuse between micro- and macro-pores and the
pore-lining clay distribution pattern offers more clay-region
to macro-pore interface area and thus lead to a higher
diffusion
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3.2  Diffusional
Compartments

We demonstrate the correlation between magnetization
exchange (Mex(d,t)) and time as well as Euclidean distance.
Since the samples containing different clay amounts indicate
the same trends, we chose a system with 11 vol% clay
amounts as a representative example. Mcx(d,t) as function of
observation time is shown in Fig. 11, where ), d is the
distance integration over each EDT shell. Similar
magnetization exchange profiles are presented in both macro-
micro and micro-macro directions. At the beginning, a
growing number of walkers diffuse between micro- and
macro-porous regions with time increasing. The diffusional

Exchange  Between  Different

exchange of magnetization reaches a maximum value at
around 10-30 ms. After that, magnetization exchange
decreases and there is almost no leaked magnetization
between two pore populations when time exceeds 1s as
defined by compartment association at start and end position
of the exchanging spin packet. The magnetization exchange
is significantly affected by micro-porosity for coated and
pore-lining clay morphology when diffusion occurred in both
two directions. These two clay distribution patterns with
higher micro-porosity allow protons diffusing between
micro- and macro-pores more frequently. For grain-coated
morphological pattern, the magnetization exchange when
¢. = 0.6 is two times stronger than ¢, = 0.4. While, the
M} d,t) for pore-filling and laminated samples are much
closer. Overall, the coated clay type exhibits five times higher
magnetization exchange compared to other samples. The
magnetization exchange of pore-lining clay type
demonstrates two-fold compared to pore-filling and
laminated one when clay porosity is 0.5 and 0.6. However, if
porosity of the compared clay types reduced to 0.4, the
difference in exchanged magnetization diminishes. This can
be explained by stronger surface relaxation in the clay region
due to an increase in surface-to-volume ratio.

Consider now the correlations between magnetization
exchange and Euclidean distance presented in Fig 12. Here,
we take examples of pore-filling and pore-lining samples.
The overall trend demonstrates that magnetization exchange
presents approximately exponential decay with Euclidean
distance for both directions. The leaked magnetization from
two porosity populations towards the other is reduced as the
walkers moving far from the interface boundary.
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Fig. 11 The magnetization exchange Mex(d,t) as function of
observation time for [a, b] pore-filling, [c, d] pore-lining, [e,f]
coated, [g, h] laminated samples with clay amount 11 vol% in
diffusion direction: left column: macro-micro; right column: micro-
macro. Here, the distance is the integration of each EDT shell d =
Y. d. ¢, is the micro-porosity for clay phase.

102
-
5107
=
104
0
[a] Euclidean distance (um) [b] Euclidean distance (;m)
1072 — ., =04 102 — iy =04
- =04 - theg=04
. — g, =05 =05
z 10 _.:/,le:o.s =0t =05
H #,=06 T =06
. el
= b =06 = g =06
10 107
0 5 10 15 20 10 15 20
[c] Euclidean distance (p.m) [d] Euclidean distance (m)

Fig. 12 The magnetization exchange Mex(d,t) of samples with 11 vol%
clay from macro- to micro-pore (left column) and from micro- to
macro-pore (right column) at various times [a, b] t =5 tg; [c, d] t =
50 te. The solid line and dash line represent for pore-lining and pore-
filling clay distribution respectively.

0.02 0.02
+ 25°C R = 25°C
- +50C - = < 80C
;0.015 . ;0015 .
3 3 g
= | BE = - J
> i) ° 95°C 2 o ° 95C
g 001 7 5001y o
= e, a
E 0.005 E 0.005
. aiiagen 220800
0 L 0 S
0 5 10 15 20 25 0 5 10 15 20 25
[a] Euclidean distance (zm) [b] Euclidean distance (pm)
012 0.05
. = 25°C
.ot « 50°Ccl] —~0.04
: | £
F008} . K I
= s g5|| 0031k
z B
g DDE ‘ =
. 2
= ° =002
20.04 : E
2 : 001
0.02 N .
0 T 0 - YT
0 2 4 6 g 10 0 5 10 15 20 25
[C] Euclidean distance (.m) [d] Euclidean distance (nm)

Fig. 13 The correlation of the fitting amplitude at each EDT shell
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column) and micro-macro (right column) for [a, b] pore-lining
samples, [c, d] coated samples at temperature 25 °C, 50 °C, 75
°C and 95 °C.

The corresponding maximum distance at short time (t =5
tg) is close to 3-4 um. The distance increases to 10-15 um at
t =50 te. The higher clay porosity allows more walkers travel
to longer distance between micro- and macro-porous regions.
The pore-lining sample with lower clay porosity presents less
diffusion of magnetization than pore-filling with higher clay
porosity. The reason for that may be, that strong surface
relaxation is dominant in tight clay pockets. On the contrary,
the pore-lining sample always presents higher Mcx(d,t) values
when walkers travel from micro-pore to macro-pore (Fig. 12b,
d).

3.3 Temperature Effects

The diffusional coupling effects can be enhanced with the
temperature increasing due to alteration of diffusion
coefficient and surface relaxivity [6, 7]. In this section, we
noted that we only focus on the contribution of diffusion to
magnetization exchange. We simulated the NMR relaxation
response at 25 °C, 50 °C, 75 °C and 95 °C with diffusion
coefficient 2.15 x 10~°cm?/s, 3.97 X 10~°cm? /s, 6.10 X
1075¢cm?/s and 8.07 X 10™5cm?/s , respectively. The
magnetization exchange between micro- and macro-porous
regions with integrated time are recorded in respect to
particular EDT shell M,,(d,Y t), that provides the local
magnetization  evolution in  approximate Gaussian
distribution. The correlation of the fitting amplitude for
M,,(d, Y. t) and Euclidean distance at different temperatures
is presented in Fig. 13. Here we demonstrate pore-lining and
grain-coated clay morphological types due to their stronger
diffusional coupling effects.

As expected, the diffusion of magnetization is enhanced
with increased temperature. For pore-lining sample, the
diffusion of magnetization becomes weak when distance
exceeds 20 um, the maximum Euclidean distance employed
here is 22.05 pm (around 40 voxels) from macro-pore to
micro-pore. The amplitude of the magnetization exchange at
95 °C is around 1.3 - 1.4 times higher than that at 25 °C within
the short distance. While, in the opposite direction, the
walkers can penetrate slightly deeper into the macro-pore
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space. For the grain-coated type, since the distance values
around the solid are small, the corresponding penetration
distance from macro-pore to micro-pore is around 5 um. On
the contrary, the walkers can still invade macro-pores with
distance around 22 um.

4 Permeability Estimation

In this section, we analyze the coupling effects on
permeability estimation for pore-filling and pore-lining
samples which are the most common clay patterns in
sandstones.

Table 3. The permeability simulated by LBM for pore-lining (K1)
and pore-filling (Kr) samples with different clay amount.

Clay (vol%) K; (mD) Ky (mD)
6 639.35 746.41
11 226.59 355.07
16 63.91 109.79

We first calculated permeability by LBM for synthetic
clayey sandstones, assuming the clay regions provide no
contribution to transport (Table. 3). The permeability values
decrease with increasing clay amount. The pore-filling
samples exhibit higher permeability than corresponding pore-
lining samples of same clay amount. The following analysis
of coupling effects on permeability estimate using SDR and
Coates models is performed in respect to corresponding
prefactors.

4.1 SDR Model

The implications of temperature on the shape of the relaxation
time distributions are shown in Fig. 14 [a-f]. We calculated
the dimensionless lithological parameter ag following Eqn. 2
for both coupling-on and coupling-off scenarios by
employing the absolute permeability in Table 3. We report
the prefactor ag; for pore-lining sample and ag ; for pore-
filling sample with different temperatures in Table 4. The
temperature effects are weak when the clay amount is small
leading to limited contrast between the coupling-on and
coupling-off scenarios. However, as clay amounts increase
the temperature effects are enhanced, resulting in a prefactor
change of around 1.6 times for the pore-lining sample with
clay amount of 16 vol%. While, for pore-filling samples, ag
presents weak dependency of temperature due to less shifts
and distortion of the T distribution due to diffusion between
micro- and macro-porous regions.

4.2 Coates Model

Consider now the permeability estimation via Coates model.
According to the coupling-off T, distributions (Fig. 15 blue-
dashed line), the separated fast relaxation peak corresponds
to the bounded irreducible water (Swirr). The normalized BVI
is obtained by plotting the cumulative T, curves of Syirr in Fig.
15. The T» cutofr is determined by horizontal projection of Swirr
curve for Sy, = 100 %. The cross-point is then project down to
the x axis with relevant T, value, which is T2 cutofr [18]. The
correlation between Tocuwofr and temperature for pore-lining
and pore-filling samples as function of clay amount is given
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Fig. 14 The comparison of T distributions of pore-lining (left
column) and pore-filling (right column) for samples with clay
amount [a, b] 6 vol%, [c, d] 11 vol%, [e, f] 16 vol% at the
temperature 25 °C, 50 °C, 75 °C and 95 °C.

Table 4. The SDR model prefactor for pore-lining sample (
ag ;) and pore-filling sample (ag, ) at temperature 25°C, 50°C, 75°C
and 95°C with different clay amount.

Clay | T ag, ass
ol) | (°C) S;l)upling— 0Cg‘l.lpling- g;l)upling— 0Cg‘upling-
25 1.06 0.94 1.22 1.07
50 1.34 0.94 1.54 1.09
° 75 1.47 0.98 1.67 1.10
95 1.66 0.98 1.91 1.10
25 3.66 1.89 4.36 2.96
50 | 5.03 1.94 5.27 3.13
! 75 5.39 2.03 5.50 3.16
95 593 2.04 6.39 3.17
25 | 3.97 1.37 6.06 2.28
50 | 444 1.40 6.47 2.28
1 75 | 4.62 1.41 6.81 2.35
95 6.51 1.41 7.10 2.37

in Fig 16. The overall trend shows that T» cuofr values decrease
as temperature increase. This may result from the decrease in
amplitude of the slow relaxation peak, and the tendency of
the bimodal T, distribution towards becoming more unimodal
with increasing temperature, especially for higher clay
amounts (Fig. 14). Since pore-lining clays exhibit stronger
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coupling effects, the related To cuwotr values are lower than for
pore-filling clays. As clay amounts increase, the contrast
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Fig. 15 The cumulative T2 curves on fully saturated (Sy = 100\%)
sample with 11 vol\% clay amount and on irreducible saturation Syir)
are utilized to establish a T5 cytofr via BVI.
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Fig. 16 The correlation between T2 cutofr and temperature for pore-
lining and pore-filling samples in different clay amount [a] 2 vol%
(original clay amount within Bentheimer sandstone), [b] 6 vol%, [c]
11 vol %, [d] 16 vol%.

Table 5. The Coates model prefactor for pore-lining sample (a ;)
and pore-filling sample (@ ¢ ) at temperature 25 °C, 50 °C, 75 °C and
95 °C with different clay amount.

Clay (vol%) T (°C) ac; acf
6 25 10.03 10.09
50 9.58 10.03

75 8.85 9.71

95 8.64 9.59

11 25 45.77 66.55
50 43.42 63.01

75 40.59 58.25

95 36.13 50.73
16 25 92.37 114.82
50 86.53 107.67

75 77.39

95 72.38 95.14

between the two clay distribution scenarios is growing. When
clay amount reaches 16 vol%, the T cuorr for pore-lining
sample decrease from 42 ms to 30 ms at temperature range
from 25 °C to 95 °C. While the reduction for pore-filling
samples is from 74 ms to 65 ms.

By applying various Tacuworr, the FFI/BVI ratio can be
obtained via T, distribution of each sample. With known
permeability, porosity and FFI/BVI ratio, we derived
prefactor a. in Coates model according to Eqn. 3. The a,
values are reported in Table 5. The results indicate that the
prefactors are not affected much by temperature when little
clay is present in the rocks. However, when the clay amount
is higher than 10 vol%, both pore-lining and pore-filling
samples show dependency on temperature. The smaller
Tocuott Values lead to higher FFI/BVI ratio, resulting in
decreased a. as temperature increasing. Therefore, the
permeability may be overestimated if only fixed T cuwofr 1S
utilized without prefactor compensation.

99.19

5 Conclusion

This study evaluates the magnitude of diffusional coupling
effects on petrophysical evaluation of clayey sandstone based
on NMR transverse relaxation depending on clay volume
fraction, distribution pattern, local porosity, and temperatures.
The magnetization exchange between micro- and macro-
porous regions with aid of EDT map is employed to
characterize the diffusion as function of time and penetration
depth. This in turn enabled an analysis of potential impacts
on permeability predictions. We draw the following specific
conclusions:

1. The rocks with coated and pore-lining clay distribution
present stronger diffusional coupling effects than pore-
filling and laminated one. The distortion of T distribution
can result in an overestimation of micro-porosity.

2. The magnetization exchange between micro- and macro-
porous regions due to diffusion is demonstrated as
exponential function of penetration depth (Euclidean
distance) and Gaussian function of observation time.

3. The log-mean of transverse relaxation time demonstrates
linear dependency on clay amount. The slope can be
altered by different micro-porosity, especially for rocks
with pore-lining clay distribution.

4. The diffusional coupling effects are magnified with
increasing temperature. The prefactors of SDR model and
Coates model exhibit temperature dependency in higher
clay amount rocks. The NMR-related permeability can be
overestimated if fixed Tacuorr 1s utilized without
consideration of prefactor compensation.
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